Fecha

Julio 26

Julio 28

Lgosto 2

Agosto 4

Agosto 9

Dur

17 a

17 a 18:30 h

18:30 a 20 h

17 a

17 a

17 a

ANALISIS

acioén

20 n

20 h

20 h

20 h

)

DINAMICO DE ESTRUCTURAS ESPECIALES

Del 26 de julio al 18 de agosto de 1977.

Estructuras sobre varios apoyos. Puentes.,
Edificios alargados.

Prospeccidén sismica

Interaccién Suelo Estructura

Estructuras muy rigidas o muy flexibles

Estructuras fragiles. Estructuras rigido-
plasticas con relacidn simétrica fuerza-
deformacién. Estabilidad de taludes peque
fios. BEfectos sismicos en taludes, muros
de retencidén y presas de tierra y enroca-

miento. Presidén hidrodindmica en presas.

Proteccidén contra maremotos. Puentes col-
gantes.

Torres, chimeneas y equipo eléctrico

Idealizacién como vigas Bernoulli-Euler.

Efectos de la inercia rotacional, Deforma-
ciones por corte y rotacién de la base.Mo

> - .
mento de volteo. Efectos sismicos en equi-
po eléctrico.

Estructuras sumergidas

Masa virtual. Limitaciones de la teoria
ekmental

Profesor

Prof. Arturo Arias S.

M. en I. Belsay Martinez

Dr. chobo Bielak

Dr. Emilio Rosenblueth

Dr. Emilio Rosenblueth

Prof. Arturo Arias



Fecha

Agosto 11

Agosto 16

Agosto 18

D

ANMALISIS DINAMICO DE ESTRUCTURAS ESPECIALES

Duracién Tema
17 a20nh Tuberias y tineles

Deformaciones causadas por ondas sismicas.
Cruce con fallas activas.

17 a 20 h Cimentaciones

Introduccién. Determinacidn experimental

de las propiedades dindmicas de los suelos.
Variacién del médulo de cortante con el ni-
vel de deformacién. Amortiguamiento en sue-
los. Vibraciones verticales, horizontales,
torsionales y de cabeceo en cimentaciones.

17 a 20 h Tanques y cascarones

Presidén hidrcdindmica. Chapoteo. Efectos de
la flexibilidad de las paredes. Pandeo dind
mico no lineal de cascarones.

Profesor

- prof: Arturo Arias Suirez

Dr. Ralul Flores B.

Dr.

Porfirio Ballesteros B



<t> DIRECTORIO DE PROFESORES DEL CURSO ANALISIS DINAMICO

DE ESTRUCTURAS FESPECIALES

POR. ARTURO ARIAS SUAREZ
Investigador

Instituto de Ingenieria, UNAM
Tel.: 548.11.35

DR. JACOBO BIELAK R,
Investigador y Coordinador
Area Dindmica

Instituto de Ingenieria, UNAM
Tel.: 548.54.79

M. EN I. BELSAY MARTINEZ ROMERO

Investigador

Instituto de Ingenieria, UNAM
O Tel.: 548,54.79

DR. RAUL FLORES
SECC. DE MECANICA DE SUELOS
INSTITUTO DE INGENIERIA, UNAM

DR. PORFIRIO BALLESTEROS BAROCIO
JEFE DE LA SECCION DE ESTRUCTURAS

DIVISION DE ESTUDIOS SUPERIORES
FACULTAD DE INGENIERIA, UNAM

TEL.: 548.65.60 Ext.637

O

'edcs. 21,VII.77.







M. EN 1. BELSAY MARTINEZ R,

~Agosto, 1997,
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SUEAYLL DT PR
METODOS DE. PROSPECCION
SISMICA
By
AR oy A \ y LU Ry b
\,} rAL : VOO 2T r [T
) ' ‘ SONDEQS,
/ DIRECTOS 4 PRUEBA
: DE PLACA
METODOS ~ :
DE.EXPLORACION .- » 1 = Do [ SISMICO.
| SRTRETE T INDIRECTOS ) ELECTRICO
(GEOFISICOS) .. ~GRAYIMETRICO
i masd L | MAGNETICO
FE B AT (T

. N
. }1:f &k»

LOS METQDOS GEOFISICOS SE HANZAPLICADO'
el T CYEN-LA DETECCION DE:

MINERALES
PETROLEO
2alo ol AGUAT LDy

EN ING. CIVIL SE APLICAN EN:

- CONSTRUCCION
DE VIAS TERRESTRES

m,wc

- IRAZO DE TUBERIAS CANALES
TUNELES, ETC.

. DISERIO DE AEROPUERTOS

- DISENO DE CIMENTACIONES, ETC.

)

o

LOS METODOS ELECTRICO Y SISMICO SCN
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 4
ONDAS TRANSVERSALES: S

(DE CORTANTE)

ONDAS DE RAYLEIGH: R
DE SUPERFICIE

ONDAS DE LOVE: L

PRINCIPALES CARACTERISTICAS:

' | G
Vp = >\+PZG Vs = \/; => Vp > Vs
A = CONSTANTE DE LAME
G = MODULO DINAMICC)DE RIGIDEZ
AL CORTANTE
p = DENSIDAD DEL MATERIAL

SOLIDO ELASTICO, HOMOGENEO E
ISOTROPO
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b) Frentes de'los impulsos de las ondas P, S y R
después de su iniciacién en el punto "O"
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Caracteristicas de las ondas elasticas en un sélido




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 (VS2 ).

Sl VS'I < VS2 => VS < VL_< VS?

]

LAS ONDAS L SON DISPERSIVAS, 1.E. Vv, 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, V - ZRELACION DE POISSON, V
V, ONDA LONGITUDINAL

Vs ONDA TRANSVERSAL
Vp 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

<=z~ & e; ¥, 7) v

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

6,%>7%,4

U @:%:7,4;%



POR LA PRESENCIA DE UNA INTERFASE LAS ONDAS SISMICAS SE
REFLEJAN Y SE REFRACTAN

Coee ooeQbanayd
\

LEYES -DE LA REFLEXION

= ?ﬂa

T ~~<~LA ONDA IN&IDENTE LA ONDA“REFLEJADA Y LA NORMAL"“—‘
"ANLA SUPERFICIE EN EL PUNTO .DE INCIDENCIA ESTAN L
CONTENIDAS EN EL MISMO PLANO ‘

S 3 l r ‘\ b
2, EU ANGUEO“DE INC!DENCEAﬁES IGUAL AL ANGULO DE: . -
_ 4REFLEXION A ‘ , ,f

Vo B -, N
N Hoae JLJ FY A, . L, W ~‘. rd

xLEYES DE LA REFRACCION o

Sgracsios. toowe e W

1. LA ONDA INCIDENTE,\ LA ONDA REFRACTADA Y LA NOBMAL*
A TA- SUPERFICIE. EN, EL PUNTO DE INCIDENCIA ESTAN -

CONTENIDAS EN EL MISMO PLANO . =T

[SETR S AV TR s ST

e L
vt T § owoe
N

o

2. LA RELACION ENTRE EL SENO DEL ANGULO DE INCIDENCIA. . .7
Y EL SENO DEL ANGULO DE REFRACCION ES CONSTANTE™ *: '

(LEY DE SNELL).

AT

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 OMNDAS S SE CLASIFICAN
SEGUN LA NATURALEZA DE LA PERTURBACION

: - EXPLOSIONES SH, SV

TRANSITORIOS

(VIBRACION LIBRE)
IMPACTOS  SH, SV

VIBRADOR MECANICO

ESTACIONARIOS

(VIBRACION FORZADA) 1
| 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)

O



1

METQDOS TRANSITORIOS

A(' ._v' R ’
BRSO

A) PROSPECCION HORIZONTALS (REFRACCION)

M /7 /7 ‘PRIMERESTRATO

SEGUNDO ESTRATO

S LI S S S LI d
B) PROSPECCION VERTICAL (ONDAS DIRECTAS)
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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 VIiBRADOR, A LA FRECUENCIA
DE RESONANCIA

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

p = DENSIDAD DEL TERRENO

a = i"\-/—'— (FACTOR DE ERECUENCIA)
s i
b = m (RELACION DE MASA)
pr
2Ard

Ans woprs y (FACTOR DE AMPLITUD PARA UN VIBRADOR
F MECANICO)

A= —F u (FACTOR DE AMPLITUD PARA UN VIBRADOR
ELECTROMAGNETICO)

PROCEDIMIENTO

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

wr
=> = e————
. VS qQ

CON b Y Vg SE OBTIENE Ap O Ae

]
!
|
i
|

EN EL PRIMER CASO U

|
i
|

EN EL SEGUNDO U
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PROCEDIMIENTO PARA EL CALCULO DE Ve

POR EL METODO DE LA RESONANCIA
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B)

SE COMPARAN U CALCULADO Y 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 ( X ) DE LAS ONDAS R, OBSERVANDO

LA FASE DE LAS SENALES DE VARIOS GEOFONOS COLOCADOS

EN LINEA

ENTONCES v = 5@7?)‘

DE LA RELACION Vg /Vg SE OBTIENE Vs
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¢ SUPERFICIE DEL TERRENQO

D
o 'y R E ’. ‘. o
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b) Material homogéneo
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PROFUNDIDAD R X
DEL PRIMER ESTRATO: - Hy %

PROFUNDIDAD
DEL SEGUNDO ESTRATO:  H, =Hp(Li-R).+

A

VALORES DE R
1.1 .39 | .17 | .12 | .08 | .03 | .02

—
.
(4]

.56 | .31 | .21 [ .12 | .07 | .03

.60 | .34 L2401 .15 .08 .04

[3V)

.63 .36 |- .26 .16 .08 .04

(2

.64 | .37 | .26 | .16 | .09 | .03

w
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MATERIALES TIPICOS CORRESPONDIENTES A =
DIVERSOS RANGOS DE VEL.OCIDAD DE ONDAS P..
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MATERIAL

( en m/seg)
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1330 - 2660
= 0mas

3000
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‘tales, fanges, pantanos.
N “ [

< 7 B =~ " B N
s 5. LA ae - .. -

Suelos superficiales, tierras vega

I
4
3 P

Arena seca, gravas finas.

v, -
(A » 5 E
Sy

Gravas medtanas, gravas con ar -
cilla,

|
" s \»i"/‘ j ‘{“f

Gravas humedas tﬂhtas compacta

das, rellenocs, estratosar*clllosos.

Lutitas, pizar*r‘aé , areniscas, gra-

vas cementadas, granitos alterados
Roca sana, sin intemperismo o
fracturamiento. -




RELACION ENTRE LOS PRINCIPALES PARAMETROS ELASTICOS

DINAMICOS Y V., V

5 Vp
- SE TENIA
Vp = )\;;ZG (1) vs=/—§- (2)
- DE(1)Y (2)
2
- DE LA TEORIA DE ELASTICIDAD
\ = - w AG L 1-v
Q+v)(1-2v) A %
- COMBINANDO (3) Y (5)
a2G = A (11/-1/) @

- SUSTITUYENDO (4) EN (6) y RECORDANDC

G=t )
2(1+v)
- SE OBTIENE
2= 20 -v) @®)
1-2v

- DESPEJANDO v

2
2~ (VP/VS)
v = (9)

2 [1- (Vp/Vs ]
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= ‘2
- vslo (}O)

2G (1+v ) an

E = ..

>
3v;-4v§

2. p (12)

- EN LAS ECS ANTER]ORES

RELACION DE POISSON

MODULO DE RIGIDEZ r DINAMICOS

MODULD BE ELASTICIDAD
VELOCIDAD DE PROPAGACICN
DE LAS ONDAS LONGIiTUDINALES
VELOCIDAD DE PROPAGACION
O LAS ONDAS TRANSVERSALES

DEMNSIDAD DEL MATERIAL
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VENTAJAS DE LOS METODOS Dt 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 DINAM

QUE CARACTERIZAN EL TERRENO (

X
@
~-
m
~
m
-

ADVERTENCIAS

BAJO NIVEL DE ESFUERZOS COMPARADOS CON LOS QUE
PRODUCEN TEMBLORES INTENSCS

!
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
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RMobar ANALYSIS FOR BuUiLnmg-Sos,
INTERACTION
By Jacobn Rielak.' A, M., ASCE

INTRODUCYION

Comphance of the sol foundation has hecomn recoginzed as a potentelly
wporiant faoror me desien of carthiuake resistant siructures  Severa' metheds
have conseauently been developed mrecent years teanalyze the dynamic response
of structures suppoarted oa flesible soils ) mctedimg apphcanons of Founer analyses
37817, Laplace uoansfurm techmgues (2.7, Foss's method (7). the fimte
clement inathod (4,514,761 and direct step-hv-step numericnl ntepsition {1H

Modal superposttion has perhaps been the most widely used techirgue in
‘the transient analyss of hume v arant e systems, This method, however,
g5 not ngoreusly appheable to the study of soif-straciure interaCiion because
the foundaton stffness and damping coctficients are trequercy dependent, and
therefore, the buldimg-foundution system does not possess classicad norma!
sefea Ao G e spcpo i i ed tonteraction studios rovertoeles
remarns destable, provided the resulting toss i accuriey 15 not too great lhl\

anproach makes the requited caleulations equivalent to thaze for one-degree-of-

frecdom dumped oseitlivors, along with giving physical msight mto the dynanaes
of butding-foundiction systems, Moreover, the 1esponse of many stinctines s
often dominated by only one or a few modal components  tven tor complex
systems of this type, analysis viaemodal superposition can be particnbardy etfective
s only u few terms need be considered

Varous apptosimate metheds of superpositon for the mlesaction pl()h'um
‘have been recently proposed (9,10,12,13,15%,

Thé methods bave differed in the way 1n which modal damping s cateulated
Roesset, Whitman, and Doty (13), Novak (9,10}, an d Ramer (12) assigned.
wcvgh ¢d values of d. mwmx_ based on the caerey ratto critenion due to Jacobsaen

Note —- Discusston open untl, ‘vL:rd) I, 1977, To cw!cnd the closmge date one mnn.h
u Mmul reguest must he filcd with the Ydvor of Techimeal Publicanions ASCF - Thie
nuper 1s part of the copyrighted Townal of the Engincermg Mechnes Division, Proceedns
of 1he Amerwan Soctery of Civil T ngineers, Vol 1020 N0 TS, Octeber, 1976 AManosorone
was submtied for review for possible publication on February @ 1976 .
tResearch Prof | Inst do Ingenseria, Unrversidad Naciona! Autononra e Mexeo, Mexico,
01 Mevico o

¢
v

71 -
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O for evoluation of cquinalont modad dampmg i coaposiic st aind michastic
stuctures, whareas Taawe (15) calculated the madal ooy by iiching the
vact and normal modal solenions of the amplitude transfer function for o cortoam
stroctuzal focation While the latter mothod ensues that the poak values of
the <teady-state response comerde for the cvact and modal analyses dt aogiven
locationaatrequires that the exact solution be ohtamed before the modal o mpng
can be cvalugted Alol the resulting dainpang coefficent Joes not differentate
Letween idividual sources ¢f energy dissoipation

The present paper praposes wn altaatine cxpression for the modal da nping
m the <ystem This approsimation s obtamed as a fonmal vtension of the
clasacal method of modal talysis which s o cqunalent to the LnuL\' 1alio
cnterion proposed by Tacobsen By niahing ‘nse of the modal \'mpcs of the
fined-hase supastiocture modal . dyping mthe sy stemas expressed, 1y aweighted
sum of the cntical damping 1abos of the supastingctue plus an .add!lmndl m
tepiesenting the energy discipated by the <oil

For wungle-story buildings the degiee of accuracy achicved by the method,
proposed haein s studied by companing the exprossion for the effective damping
ratio with that found previcusly from an exact soluton Several examples are
used to ilustiate the applicability of the modal method to melustory stouctunes
supported on viscoclastic <ors Results obtamed by this method are compated
with exact ~olutions in the ficquency domain. and the individual contiibutions
of the soil and stiucture to the ovcrall modal damping of the buddimg-<oil system
are evaluated as well,

Anacvsis of System

|
Assiming hnear behavior of <ol and <tracture, the equations of motion of
building-foundation systems can be wiitten as

Mu+Cllwlu+ K (wyu=P . . ! 1)

when sabjected 10 sieady-state harmonic exaitation in which M. 'C” and K|
= mass, damping, and stiffness matices. w - areular T gquoney of excitaiion
and v and P are displacenient and <1eady -~tate disturbance yvectors. respectively
Eq 1 governsthe osallations resulting fiomfoices apphed diecty 10 the structure
as well as those produced by the ground motion

Matrices € and K include elements that descibe the time invanant damping
and ~uffness propeities of the superstivcture. oad edditionel e ments that refer
10 the ~ume properties evaluated at the mteiface betweon Bolding and soil
These clements can be evaluated using an anahytical approsch for the case
of a simple foumdation such as a ngid disk resting on the ~surface of 4 viscoelastce
half <pace (18) or stiatum, or by the fimte element method f the ~soif and
fOlmddHOn models are more complex (16) Simce the resulting functhions vary
wn,h the ficquency of cxcitation at becomes clear that the m.mu es € and

o 150 will be frequency dependent.

Ahhough Eq 1iefeis ta the steady-<tateresponse of the system. the transient
excitation can also be , radily desciibed by this expressionaf Fog i w\imerprcled
as the Founer tansformed voraior of the govaining equation The vector P
must then bs@wim as ihe Fourer transform of the tanvient vaaitabon,

O
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Py Svah s iepnet s on e eoent o oscmay b ohiicd by taking
1 torsf i of Fg o
Tn this ~tady g alicio e inoddd acthod for the vahvas of the tansient
response will bo prescnted  Te sl be wssuncd that the frequeney dependent
domantsin K (w) do not vary sigmficantly with o over the mterval of interest.,
and may be approvimated by o constant vatue corresponding to the fundamental
tcsonanee frogqueney of the B ooldig-Toundation system. sinee the Tundamental-
wede contrbation s usaally the most sigmficant one 1o the total 1 cponse
Fhe varmon of € o) with ficgoaney o ore tapid and, thaefore. will be
con Jdoad ovpbaity i the anadysis '
Approsiate Modad AMdhod of Supa pasition. T et Ql be the jth oithogonal
the conesponding natural crcalar ficqueney <of the undamped
Boilhing forndabon sastam These gamtiies are defined by the eigemvalue
pluNLm . -

maode and

K, @)X, =0V K . (2)

which can he solved eithar doectly or by the partihon or modal synthests
techniques {4 7.15,16) .
Now stppose that Bq 1 adants 2 solation of the foum

N
wit) = X g0 . L R )

=1
i winch the sum s over the total number of indepondam degiees-of -ficedom
of the stiucture-foundation system, and g (1) are the gmu.nhad courdinates
of the pioblem \
Sub~trating this so'uthion inee BEg 1 opromaaiphvang the result by the transpose
of Q,\ and neglectmg the tams cont mung the 7 odudt ‘.([C“.‘:(J. for & nat equal
10 4. 1the following equabion s obtained

q(r)¢mnqd)+m q,(1) = p ) j=1.2. ..N . .. (4)
(u) )\ .
in which G)]z = -— . . (5)
)\T‘\l X
XTC @)X
N0, > L - - . . . (6)
XT™ X,
X7 p(t)
1) = -t —— . oo . : N
XI'v X

.
Noie that K, 1s tahen 1o be a constant matrix for ali values of frequency
The inatnin. €. on the other hand. 15 asvigned the value of the natural fiequency
of the mode in question for the caleulation of the cuivesponding modal damping
Siccessive appronmations are requited 1o obtain the fund imental imode shape
and nawural frequency as K (@,) 15 not hnown at the outset With K (@,)
established. the 1emaming modes and natural fiequenaies can be deternined
as for a constant matnx No nerations are needed to celculate 7,

The method just descithed does not provide a nigorous \O]U(I(}T\ 10 Eq 1
hocatee the twy assumptions reginred for ats exact .mph«_dblhly—\)lhm K,
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be independent of frequz~cy and C (w) orthogonal with respect to the noimal
G

modes—are not satisfied ecnu“! Yet transfer furchons conesponding to
steady-siate 1esponse of bu khng-found ban wystems genen iy enemblie thse
obtaned for hinear syste wath ume mvanent proparties having classical normal
modes. [tis ther2fore expeoted that the mod Isumpositon me sthoad con ‘rodin
sufficiently accurate acprosinietions frocy inengy ociny standpomt espeoi!
if the structure itself admits normal modc decomposition

Modod Damping in Terws of Soil and Stractucal Proge ties - - The averall dampinz
for a given mode of the building-foundtion syate 1 s o compasiie value made
up of the energy dissipe od by the sinvcrure and energs osses from anternal

1\

friction and wave 1ad ' on nto the fouadot,on mediuy In the structure dself,
dampirg is usually spes Tod as de npoag rating for the structira! modes while
energy dissipation an the o s mweasurad by the coefficients of equivalent
freqrency-dependent dampers related to the imaginiry pait of the tmpedance
functions between the bl bng foundation and surrannding sod 1t s desitable
to find an expression for the overall damping oo the svstem o terors of these
quantities  This 15 acconrnhshed by introducios the mod ! configiiations of
the fixed-base superstructurz in the expression for 7,

As an dlustition, cor~dder the building-found ion systeman Fig b consists
of a hnear viscously darped n-story structure with one degree-of-frecdem per
floor. resting on the sutface of 1 homngenzons hine o viscoelistic half space
For fined-bose response. the superstructiure has a stffpess matira, K a mass
matrix, M. and a dampag matnin, €0 osuch that the supeistracture adnurs
decomposit.on into classical normicl modes The steuctural base 13 assumed to
be a rigid plate of radius @ and neghyihle thickness, and no shppage 15 allowed
between base and soil Formuhtcd thus, the bustding-foundation system has
n + 2 significant degrees-of-freedom, 1 e | honzontdd translation of each floor
mass, hortzoatal transiation of the base mass, ~nd rotation of the system in
the plane of motion

Assuming smiall displacements and steady-stare peniodic excitotion the eyria-
uons of motion of the binlding*foundation model shownin Nig 1 can be avprossad
as

M M, v C 0 v K 0 v
MT M, Hlv, 0 Cwilly, G O K,eily,
= fv (. e oo . NG

In these equations, v = (v}, a column vector, v, = horizortal displacement
of the superstricturs at the ith floor relative to the hose nnss, evdhnd ng rotations

= (v, kb)) vectn of the bass mass gencoolosed disptocoments 1) =

truashation of the bose moss rel Gve (o the froeo Deld moetas, & o= rof Hon
of the base mass. v, = free-ficdd surfuce displicament, i) = heirbt of the
Jth story above boase mass, and

M] - = | .
m, h "om b oL h i
i - - - S - -
L h . Z 4"1 ‘:' fi 1 k

O O ‘
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. T . o r N e
ord £ = (m,, im,. mn LomoEm ) (B0 om ok Jh ) the entecn
foren vector. o= anass of the gih floer mr) = base muss and 1 o= centioda?

mament of inertia of the base and top mys<oy The dispiceenent hyd s uved
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FIG 3-—-Mode Shapes and Undamped Natural Frequencits of Flexibfz-Base Structure
and Fixed-Base Structure, Dashed Curves Represent Base Rotation (a) ¥V, = 100
m/s. {b) V, = 150 /s, {c) V, = 300 m’s, {d) V, = 66U m’s, {e} Rugid Soil
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Matrniees € fw) and K ta) appoanng in the systam 7 pag and soffoess
matnices consist of terms representing the anazin uy ond real paats, respocinely,
of the ficquency dependent dynamic suffness of the feandation medium at
the mterface with the stioctural base Those terms can e mterpreted as the
damping and stiffness codfficients of equivalent fiequeney -dependent dampers
and spungs  In this scpresentation, the sprimgs wecount for the flevibility of
the ~oil. whareas the dishpots account for the offect of enargy dissipated by
tadiation and mnternal fuction of the <ol maenal

The modal dampmg for the system under study can be obtained fitom Eq
6 since Eq 8 is of the foom of Eq 1 To find an evpresaon for 3 i terms
of the usual stiuctuial und soil propeities, let the modal confliguration, X,.
of the hullding-foundation sy~tem be partitioned mto its stinctural components,
the conesponding vector being denoted by Y, und the conesponding base mass
ngid body displacement, represented by Z,T ={v,),, (h;d)):

XT=(YT.zT: j=12. . N. .. . ... . ... ....00

Vector Y, may be expressed as a lincar combimation of modal configurations
X, of the fixed-base structure, for the sct of these vectors, X, is a basis for
the superstructure displacements, v. Thus

Y,=Na,X, oo D
=1 ,
XTMY,
mwhich a, = ———........... O 3
XTMX,

The conespording expression for M is obtained by <ubsiituting Egs. 10-12
nio Eq. 6 and muthing use of the orthogonality of fixed-base modayl configurations
)
X, with yespect to the mass matnx, M:

ﬁj:}_:ﬁhnk+)\r =12 N . Nk
L=}
(XTMY)? )
inwhich B8, =-=- e 1)

NIMY OXTM X)) &,

1 2/C  w)Z, :
Ajz-—*—*’: s § b))

296G ;T {

%, NXTMX|
and o, and 7w, ire. respectively. the natural circular fiequency and damping
ratio of the jth mode of the fined-base superstructure. Eq 13 shows that all
the structural modes contribute to the overall dumping of a given mode
Coefficients 8,, moasure the contnbutions of the vanous modal fractions of
critical damping of the supersiructure. and A gives the damping ratio due 10
the energy divsipated by the sail. From Eq 14 it follows. however. that B,
will.be~small for A # ; whenever the ~tructural configuration of a given mode
o % H s M tiy Tt -
of the building-faundation system does not depart appreciably from the oo

wponding mod:z-shupe of the fived-base superstructure

The expres for i, gren by Eq. 13 wes oblained {07 192 structure v
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m P Foles Coar from the Jamation of L s oo bon tha the formula s
coally apphicable te any Toear sapastiaciare hasog osacadd nonmad maodes
provided s base can he wleahized ac a nod body I the Ruitding foundation
1< not ngid. nd thaidfore axpanences diffcaental sctements, the of f-disgonal
Lanping and suffoess matnces i Eg 8 will not vash, the cavpiession for
N, will mddude an addinenal tam sepresanting the cnargy (hwlp:nml in the
sapanstivctuie as areultof the sdlative disploce wcats of the foandatnion Becatise
of the cqunalonce for hnear systans baween the modal method of analyvsis
and the corresponding modal damping factor daned fiom the cpergy ratio
citenron (1), Eq. 13 includes speaial cases rules (9,13) obtamed for vanious
spedialized sy<tems on the basis of this energy cntenon

ArpPLICATIONS

The steady-wate respanse 1o sinusondal excitation of <ome wealized building-
foundation sysiems wall next be examined 10 test the vahidity of the modal
method picviousty developed. In addition to numenical examples. formualas for
~ome of the mure mimportant patamneters of respanse for single story <tructure-
foundation sy ~tems will be presented and compared with those obtuined earher
(7) from an ohact solution i

Single-Story Structure an Viscoelastic Half Space.—For the first example, an
dealized single-story interaction system will be considered. as shown in Fig
2 The wingle-story structure of height h, 1s lincar. viscously damped. and has
a base mass resting on the <urface of the half <pace with density p.' shear
modulus G. Poisson’s ratio v, and hnear hysieetic damping coefficient D, defined
as 1/4% times the ratno of the encrgy dissipated per cyvcle by a <oil specimen
under a ~tcady-<tate haimonic motion. 10 the maxvimam <tran e gy stored
in the ~pearmen Coefficient D is indopondent of the exetetion ficquency For
fixed-base response. the structure has stiffness A, mass m, ondnped natoral
circular fiequency w, = (k,/m, )2 dashpot coefficient ¢,. and damping ratio
n, = ¢, /Q2mw).

The equations of motion of the system under study are given by Eq 8 with
n egual to umty Matnces M. C. and K must be replaced with scalars m,. ¢,
and A . respectively. and the displacement vector, v, has only one component.

Yy

An exphicit solution for the 1esulting version of Eq 8 may be obtamed under
the assumption that the effect of the base mass, m . wad contiendal moment
of merha I, of the base und top masses on the response 15 ~mall and may
be neglected N

Another approximation frequently introduced 1n the analysis of the vibration
of bullding-foundation systems resting on the surface of the ground is to neglect
the couphing terms in the matnces. C,, (w) und K,, (w), which appear in Eq
8. because they are generally small comnpired 1o the conesponding diagonal
tertms  Thus 1t 15 customary 1o assume that €, (w) and K, (w) are disgonal
matrices of the form

¢ Aw} (] §

(%%

Ty tw) = J Cee . . . (16
L h € ool Q
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’\“(uj) 0 -E
and K Cplw) = ; (17}

0 k]

Functionsc,, . ¢ . andk kg grepresentthadanping and stffness cocfficients
of the equnalent fiequoney-depondent dampers and springs arismg from the
micraction force wnd monent between the base mass and the soil, and are
aron by

K_a K.é
(= Secta,w.DY e, = - cea, v D) oL o0 o0 U18)
v, v, ki
K,
k., - K khlia, v.D) k®=',~:k;mu.r.l)) e e . U9
i

i »hich K: = static shffpess of the base mass in the duection, j. and

1\ 3
K =--"—9(~‘—— . e e R . 120
(-

~

V= (G /p)/3. the shiear wave velooty of the soit medinm, wnd &) and c;
= dnessionless teal valued functions of Poisson’s ratio, the loss ratio. D, and
of the dimensionless fiequency parameter. ¢, = wa/ V. Closed-form approxi-
muztions for these functions are given n Ref 18, (The notation, tan 8. is used
for 2D in Ref 18)

With the first smphfving assumpuon desanibed. the method of superpesiion
lcads 1o an exvphat solution of Eq 8. with only one associated imode  Thus,
the cigemealue problem

K, (o8, =@M X, . . . - n

which defines the natural fregrency and inodal shape of the single-story interaction
<y stem, has the closed-fosm <olution

-~ r -1/2
o, : k (o} kot )]
- k, h .
and \(,T==<1 e . ) Ik
L@ ) k,, (6}

With this, the corresponadmg faevon of cntcdl dimping can be obtained

iraedately fiom Eg 13

@)’ ! fc @) c (@,
7, = {——’-\ + _(af,-n-.llm—«—‘— + —-ﬁi-J‘J S (24)
7 (@) 10,6,

in the notstion of Eq. 13, By, = (@,/»,)" for this problem [Convderetion
of structural (fogiensy wadopendent) danping would have fed o un cvponent
of only wo ] Since u‘/ml <1 for conplant sonls, the comnbution of the
cupersiructure to the overalt dampmg i the system van be considerabiv smuller
than m, even forjelainely buge valies of ©,/w,

Having <pectfied the natural frequeney and damping of an eqinvialont simple
oscillator, the 12spanse of the mterachion sysiem to the carthgushe noton.

O
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Y

Vo mey beocde o tad from Fygs Tana 3 frie o ins o evaluate e Jfoenve
exartatiore g iy U ng Fg 7o this parpose wond the vapulse 1csponse funcion
for toe stagele osalter shosanbad by Fg 3 the followimg solation s obtaned
for the system dbsplacements a () = (v () (0 h b))

1 . . :
u(!)‘—‘—*_—x,j exp{~%,0,(f - 7] sn [&»;,(t—f)]l;(-r)d-r . (25)
Wy Ja
mwhich @, =a, (0 /Y2 ... .0 . Lo L L)
@, 2 .
and  wnfn) =1 = v (1) e O .95
W,y

Facept for diffarcnces ain notation. the 1esult in Egs. 22.27 is Wdontical to
that presented by Iennmings and the wnler (7)) The cather result w.is ohtarhed
from an exact <olution by setung m, I,. ang the off-diagonal terms in C, ()
and K, (w) equal to zero, asan the pre<ent analysis In addition, only first-ordér
soil and stroctueal domping teems were retained in the C\prf.ﬁ\l()n for Hu overall
damping m that olution.

The forcgong cquattons «how that assiming the eastence of uncoupled classical
normal modes for the budding-foundation sy<icm undes <tudy 15 cquivalent to
neglecting the second-arder and higher-order seul and Structural damping terms
in the exact expression for the system damping coefficient The error inmvolved
n this appronvimation is generally small .

To culvulate the sy<tem displacements from the response of a one-degree-of-
ficedomosaitatoriesting oniipgid ground, the onginal excitation has been replaced
i Eq 25 by an equivalent one with a factor (&,/w,)* This replacement 15
not necessary in deterimining other response quantities,
shear, Q. of the intcraction system 1s given by

¢ g . the marimum base

- Po= 20 ) h)

QG=hk v, =maeii, .. G - . N )]
in which ¥ = the peak value of v (1) Let \?, ne the masamum velue of the
relatne deplacament. w, (1) of o sumple oseillater wath cireulur naiury ! ficquency
@, «ad dunpmg 1ahio 7, subjected o the origingl excitation, \g(f) Clearly

v, and W are related by

. (‘”l\zA 5
\I: - = “: . . . . - . . , \-9)

Q=maiw, . . . . . 30

This cquation shows that the maximium base ~hear of the single-story bailding-
foundenion system <hown m Fig 2 g2 gihven Ji ectiv in tarms of the <pectial
value of the pseudosceeisiation of the simple 0<cli‘.uor coirespording 1o a base
aceeleration, v (1)

The picceding analysis was doveloped for a direct model of a one wwory
building-foundation systan More gencrally 1t iy be viewed as the first-mode
approvimation of a maliisiony system  Appros.ante vabues of the Tund.mental
frequency @ . and dumpine factor f, can be obianed o Egs 22224 prowaded
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the parameters. h,. m,. and h . are replaced with the vorresponding mudal
parameters (7). With @, and 7, determined, the approximate response of the
fundamental mode can be calculated from

E m, X,

T - ! @, \* T
GT( vt h b)) = ———— | — X/ .
. N W,
z m, X, .
ky ki . i
— X, X,)w, (). . ... B T €2}
ki (o)) Koo (@) )

in which w (r)1s the pieviously defined relative displacement of the equivalent
single-degree damped osaillator
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FIG 4 --Amplification Ratios for Frequency Response of Three-Story Building-
Foundation System (1) ~ 0) ‘

Multestory Stracturos on Viscodlwtic Halt Space - The ste wdy state response
of an wdcalizad thicostory systoar of the type ~hown o g T owill be used
to~how the applic on of the s osis o wilisory badding foandation systeins

Tocevaluatc the wccnmracy attwead by thomed pproe O rosndtswill be comprar |
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with those from an exact solution Additiondd examples are proviged in Ref.
1.

The structure has musses m, = 15600 kg (16 6 ton), base mass m, = 30.000
kg (33 1 ton), story heights of 35 m (115 ft): and a circulur base mat with
radius of 1 75 m (5.75 ft) The cotresponding natural frequencies and muodal
configurations are shown in the first three columns of Fig 3(e). A uniform
modal damping. 9, = 2% cnitical (j = 1,2, 3). has been assumed for the fixed-base
structure.

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

wiwisrvg wflv]'/;g
£ T ) 3 T T3
3ef- —— Eaact saf _5
[ -—-Moeo aray,ss : ]
on E
5| 5
L 3
- 4
£ -
E
E
3
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3
NPT ST
3
WAy
S PR WU W—
Wiy

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

ratio v. of 045 Four different sorl 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 fp~), and 600 m/s (1,967 fp~)

The response of the wdealized structure to a steady-state acceleration, \g(r)_
of amplitude v, has been calculated for several sol conditions Figs 4 and
S gne fiequeney response cuves for the amphtudes of vievichd oand
indimensionle s form fuor diffaiont vadues of Voand the mateniad damprg facton,”

D To assess the waurady of the approsimate analysis, two fo e cirees

ha e beonmimncludad i those fizurcs o obamed by theniall apised s b speafiea

-
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by FFgs 2.7 Gnd 13 and e other by the ov ot mathod the Liner conresponds
to the Joedt L omcocd soletion of the systen of ddgehine cqunations obtaned
from g M for cacl salue of the oxamimg crcular frequeney, w  Agicanent
hetweon the two sets of caves s esectient even when effects of ~anlsniucture
e < ton awe eghly proneanced This suggests thiat no siemificant differences
are o be expected m the sospanse to carthgcb e motiom of the sy stem anadyzed,
as valcabed by the medad method or by a more neorous approach. sich as
that prosnded by the Founcr oporabional inethod (3.7.8.16),

Figs. 4 and 5 ~how the man offects of soil-<incture interaction on the
steady-state rosponse of buithing-foundution sy stems  Interaction reduces the
tosunant frequencies from those of the stocture on angid ba<e. and the magnitude
of the peak vidues of the ospanse changes wath respect to that of the building
on nid gound, rcflecting the chunge in the entical damping ratio from n,
1o fi,. heee changes in natural frequency, effectrve amount of damping, and
meode shiepes, are shown o greater detal in Fig 3 and Table 1.

Vibraton modes and conresponding und. mped natural cireular ficquencies
of the three-story vrocivre are shown in Fig 3 for <everal values of V| The
restilts <how that the fandanental frequency 1s seduced conidarably or soft
<oif, but that the remaning fiequencies cortesponding to the <tructural modec
decicase moere stowly. The two «dditional fiequencies, which anise from the
intraducoon of soching and relative lateral motion of the base, decrease mona-
tomically from mfimty for decreasing V,

Five modat shapes are depreted ineach case, thiee assoctated with the stiuctural
modes, and twe additional ones, ansing from the introdaction of nigd body
motion of the base For the jigid case {Fig 3(¢)] the first thhee curves yive
the modal <hLepes of the superstrocture and the others 1epiesent the hinuting
cases of the two addimonal medes. one corresponds 1o a lateral displacement
and the other 10 a rotation of the base. The structural masses remain fived
for these two modes,

The rcmasming éases show the refative contribution of the sty uctrral defor mation
and of the hase translation and roching 10 the total mass displacements For
cach vaue of ¥V the modal configus ions are «ninged i order of ':m‘gcndmg
freauency In this arrangement the first three modes represent essentially
periurbed versions of the conesponding rgid-buse modes. provided l}he soil
s relatpeely suff For soft soil a change occurs and a perturbed structural mode
becoines associated with a higher frequency as shown mn Fig 3(b), where for
V= 150 m/s the fourth inude shape = related to the third structiral mode

Tubie 1 poesents the critcel damping ratios. . of the three-story sysiem,
for D = 0.10. This table includes individual contnbutions of the structure and
of the foundation damping elztnents 1@ the conposite dampmg in the system.
as determened {rom Eg 13 For 2 given incde of the system and vyalue of
V,. the carresponding Hnc in Table 1 vields the value of the <oil (}!{fmping
due to roskiag and hateral iraasiation of the foundation base and of the rndin rdual
~siractnral madal dompang contabutions Each teinrepresenisa fracuen Qf critical
damaping ond the sum of these terms gives ), Resulis in ths tuble 5l?ow that
for the perturbed structural modes. the off-diegonat participation factors. 8, .
are significantly smaller than B, <uggesting that for practical .1ppl|c:ﬂjn0ns the
summation e BEg 13 can bereplaced with B m, In this case, however, ‘ful\\cnpl
prasges only over the nvalaes conesponding to the periurbed structural modes
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This simplification 1s not applicable to the two new moues for which 8 (A = )
can exceed B

Participation factor B remained m all cases below one for the examples
conwidered in this study  Attempts to prove the validity of this ob~<rvation
for arbitrary structures were unsuccessful However 1t can be shesn from
Eq 14 that:§, always satisfies this condition and that @ /@ 15 an uppz- bound
for 8, -

Table 1. Figs 4 and 5, and the additional results presented in Ref 1 indicate
that the contnibution of the sotl to the overall damping factor 1s strongly dependent
upon the maternal damping. showing a definite increase for mmereasing values
of D This effect 15 predominant 1n rocking but is also present in the relative
lateral ranslation of the base Systemdamping assocrated with the medet damping
of the superstructuere 1s, as expected, practically mdependent of D For the
multistory building-foundation systems used 1n the examples howerer. soil-
structure interacton produces a significant reduction on the fundomeniai mode
contribution of the superstiucture to the totdd damping 7, thus leeding to
a net reduction (7}, < m,;) when mateiial damping 15 not included in the unalysis
Net increases result for D = 01 The effects of these increases or reductions
clearly affect the tesponse of the system Thus. in Figs 4 and 3 1t s secn
that whereas the puak ampliude of the response grows for decreasing values
of V. for vanishing D the opposite 1s true for D = 010

Bumsasny ann CorcLusions

A method of modal superposition has been presented for calculating the
earthquake response of linear structures with foundation interacuon  Modal
dampting in the system, m,, was determuined by formally extendding the classical
method of modal analysis. To estimate the accutacy of the method suggested.
analyticd and numerical studies were performed The first example concerned
a sigle-story three-degice-of-frecdom building-foundation system which has
substantial vatiation i the damping and stiffness of individual components
An exphut analyucal sohution for the earthquuke 1esponse of the system was
obtaimed by the modad method and compared with the reselts of un exact analysis,
this showed that apphication of the approvimate modal micthod of superposition
1s equivalent to neglecting the second order and highei-order sorl and structural
damping terms i the exact analysis Numenco! evunptas ilfustrate the apphica
bility of the modal method to multistory structures supported on viscoclastic
soils with hysterctic damping  Results of this method and those of an exact
analysis are presented in the form of transfor functbions Fxcellent agreement
is found between the two solutions

From the cases stubod it seems that the proposd modal micthod of anatysis
providos a sufficiently accurate techmgue for detarmmmyg the tosponse of hincw
building-found *tion systeins The method shodd prove most useful when the
response iy domimated by onty a few modal conmponcats

In the development of the theory it was assimscd thet the stffncss nnatin
K (0}, may be approvimatad by the constant vahie K (6 ) This s reason Fle
wheocs o thosodstitiocss corep noais d v ot vors oo P owothinb e onaiehion
frequenoy o when the fuadianentod mu 70 doeeo s the system 1tesporae IF

this 18 N e the actual vilucs of K may Bave (o b consndenad fo
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the evaluation of each natural frequency Further comparative studies may be
in order to determine the range of applicability of the method to o more general
class of problems governed by Eq | than the ones considered in this paper
Satsfactory resuits would be expected whenever the corresponding transfer
functions have distinct peaks that résemble those obtained for time-invariant
hinear systems having classical normal modes
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The fo/louing symbals are used in this paper

pa, dimenstonless frequency parameter, .
d.Co = damping matnices of fixed-base structure and structuie-foupd--
tion system,
. C,, = damping matrin of foundation medium at interface with strue-
tural base.

c,,b;v.cw = dashpot ““constants™,
D = hysteretic damping ratio;
K.K, = suffness matrices of fixed-base structure and structure-founda-
tion system, ) '
K,, = stiffness matrix of foundation medium at inteiface with strue-
T tural base;
K, = suatic stiffness of disk in j direction,
k. k., .k,, = spring “*constants™.
ky.c; = dimensionless real-vatued functions of v, D, and a , (17);
M.M_ = mass matrices of fixed-base structure and foundation-structure

Systcim,
m_m. = mass of base-and structural floor,

Q = maximum base shear,
q, = generalized coordinates of pioblem (sec Fq 3):
v i = displacement, velocity, and acceleration vectors.

V. = shear wave velocity of soil,
displacement vector of superstructure,
v, = translation of base mass relative to free-field motion,

<
[l

(v,), = modal translation of base mass relative to free-field motion,
v, = anput fice-field acceleration,
ER = amphtude of fiee-ficld input acceleration:
X,.X, = modal shape of fixed-buse structure and building-fuuadation
system. .
Y, = Ymodul displacement of superstructune,
Z, = modal dispilacement of base mass;
B, = weighting factor (see Eq 13),
n,-7, = critical damping ratio per mode of fixed-base structure and
butlding-foundation system,
A, = soil contribution to overall damping (see Fg 13):
b = roching of base.
(cb)' = maodil base 1ocking,
o = arcualar fregnency of excitution amd
w .o, = cucular netacal fregnonay of foved bose stiuctore and baddine.

founmtation system
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APPROXIMATE DESIGN FOR MULT!COMPONENT 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 =arthquake, 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. |f the component
accelerograms are ideaLized as zero-mean Gaussian processes 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, héwever, 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

E(SX/SY) is an increasing function of (Si + 33)1/2, where E(*) =expectation, and
that when (Si + 55)1/2 > 4.5 the expected inteﬁsity ratio exceeds 0.9. Now, in

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

172 _ 4.5 corresponds to an intensity somewhat smaller than 5 in the

(Si + 55)
latter scale. Consequently E(SX/SY) will almost always excegd 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. It 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 !
Var i = S 2 dr (1)
Cov (i ,V) = fg uv dr (2)

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

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

O
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X'= Var

Assumlng that ground trdns?atjon is the result of superimposing three ortﬁogonéi,

stochastlcal!y independent motions, two of them horizontal and having eqdal ‘Arias

intensities, implieﬁ?tﬁat thg{e.jﬁ,no.cprrehation
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Ground accelerations,are. zeroymean processes, for. their probability densities
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X, Y. and Z, of which the ]atterlﬂ§.werﬁ}gab,jgrenuncorre1atedfnUnder‘theéé con-

ditions the responses of ,any linear structure to these~three:disturbances are also
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uncorrelated. This statement follows immediately from-the'relation:
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F s (t) Jf x(r)qf .( - 1) dt (W)

Var ii as defined in Eq, 1 1s known as the, Anias:intensity {2) in the direction

ibetween motions -aloig any pair of

where rxf(t)L= ith structural response of interest; (generalized force or generalized

A

deformat!on) ~at time t due to the disturbance Eogandrwxi«ﬁwtransfer function for

{ . - .
response r . . ‘ oy : - -
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The ‘state of the system or of any part thereof (even the state of any arbitrary
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cross section of a membe. in the system) at every instant t js.defined by a set of
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responses r,{(t), i = 1,2, “.., n, where r.(t) = r ., + v . {t) + r . (t)+r_.(t), and
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Foi 1S the value of r. due to gravity loads. When Fei? ryi’ and r,, are uncorreiated,

the variance of ri(f) equals the sum of the corresponding variances. If the state
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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 E(r) lies at I, = {roi}, for if X, ¥y, and Z are zero-mean processes so are

r ., and T and hence so is re The square roots of the ccvariances of vector

xi’ ryl
r(t) define an ellipsoid in this space, with center at ro,e !f the ground acceler-
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
finaing 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-

!
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. Q:)

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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the corretlations nnto account. A more difficult situation arises when the correiated

N T

components excnte natural modes whose frequencies lie cliose to each other. This case
e o T q e

wiil not be<dealt‘with here.

IR s o0 eno aY L. - ' s

Other, Ground-Motion Components : - : g . N

. bThe.foregoing\scheme carries,over to- other.earthquake components under many
practical situations. For example, the rctational component abouf a horizontal
axis in Rayleigh waves of a given frequency is completely ccrrelated with the
horizontal component perpendicular- to this axis, as it is with the vertical com-
ponent. In Leye‘waves of given: frequency.the rotational component about a vertical
axis is.completely correlated .with the horizontal component perpendicular.to-the
direction of wave travel (9).-One/can:also expect some correlation, . after -appropri-
ate time shifter.émong the ground motions that.excite the different piers of a.
bridge. In most cases of practical jnterest;such correlations.can-be incorporated
in the analysis ard -one is left.with.a:stractural ,system (or subsystem or critical
section) whose- response to gravity and:;earthquake;-for:any.given exceedance proba-
bility, is defined in the space-of-vector R-by an'eliipsoidcwith center .at 50 and

mo 2 )1/2

with radii, paralle! to the coordinates, equal to Ri‘= (j§1 Rij

script i refers to each coordinate -in the state.space and subscript j.refers to

;, where sub-

each of the m ground-motion components.

Failure Surfates

For every structural -member sectlon, structurai subsystem and system and for
every g|ven lumlt state there is a surface defined by F(R ) = 0, calied the fallure

, L .
surface, such that lts |nter|or called the safe domain, contains all points associ

ated with eonditions in which the section, subsystem, or system does not enter the
given limit state. At a prescribed level of probability, the section, subsystem, or
structure does not enter the limit state if and only if the pertinent ellipsoid

lies completely in side the 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 underilongitudinal 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 state ellipsoid.
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a failure surface: thatawi 1l lie” just? olitside- the' el1ipd
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for,routine design. An approximate”procedure wiﬁifdccordlngly be expodndcd which

replaces the ellipsoid.with 2 n# points;“ithefe n = numbér of ground-motion com=
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-ponents. With what is usually.a.smablusacrifice of ‘acélracy thé procedure will be
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. The coordlnates .of these,po:ntsﬁwhllﬁbe‘chosen to be those of ‘the vectors
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The linear form of Eq. 3 is chosen forqthe sake of sumplncnty Also for this. sake

LA a b
s

~

the cond|t|on‘w111 %eh

S
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t .depend,on .the 'structure nor
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on the disturbance. In principle the a's should be computed so that utility: be

maxnmlzed taklng rnto account the relatlve Frequenc:es with.which different types

o T

of structures WIII be des;gned the dlffehent types of earthquakes that willnoccur,

’

the nmpllcatlons of the chonce of the @ ; on lnzt|a¥ €osts and failure rates, and -
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the consequences of failure. Lacklng ths, the,coeff:cnents will be. computed so
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that the maximum possible errors. lntroduced in the amp}itude of the seismic
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response vector by Eq. 3 will/ be mlnumum under the assumptuoa that.fiailure surfaces
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are a]ways convex. in what follows the term “error will be taken to mean .the

. . oy e .
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difference between the length [[R][of vector R computed using Eq. 3 and the "exact'!

o

q-.el
'lﬂJ[, divided’by,mheiﬂexact“_]]R{L_ Quotation marksﬂaqe}used around the -word exact
chiefly because, consistently with current (1976) criteria, it is .the distance-in
Lo SR N D b y
the response space between the origin and the point of tangency of the response

ellipsoid, obtained from a !inear analysis, and the failure surface. which ordi-

&




narily corresponds to markedly nonlinear 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 54 and -54 must be represented in
the state space (response space).

When a structure responds to a single ground-motion component, only o4 is of
interest. The error introduced by Eq. 3 is then nil if one chooses a, = 1.

When n = 2, both oy and a, are of interest. The maximum error on the safe side,

as a fraction of the actual response, obtains when R, =9, ||E4|| = ||52||, R, is

perpendicularf to 52, and the failure "surface' is circular. Then, with a, = 1,

IRl = !Lﬂ]ll while Eq. 3 gives [|R]] = (R + a§)1/zlLﬁ1||. Maximum error on the
unsafe side is found when 50 =0, IIR]l' = IIRZII, and 54 and 52 are colinear. Then,
with a, =1, IIR]] = |Lﬁll|/f while Eq. 3 gives ||R|| = (1 + a2)||54l|. (Fig. 3

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

found from equating the maximum errors on the safe and unsafe sides: <:)
V2 - (1 - o)
V2

2,1/2 _
) TS

(1 +a

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

Somewhat smaller values of o, and much smaller errors are obtained when not
all the_&i's are assumed equal. For example, when ||51|| = 2[|52|| and R, = 0 for
i >3, choice of oy = 0.336 gives a maxinum error of 4.5% on the safe side aqd
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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The approxnma e pro focedure d eveloped here“is applied as .follows.
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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 + alMyI = a function of the total vertical force,
where o 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 ;n the
unsafe side, plus errors due to neglect of the vertical and other components of
ground motion if these were neglected. With ai = 0.5 for i > 2 the error will lie
oﬁ the safe side. The maximum error, when the entire disturbance consists o%
horizonta! translations, would be (1.5 - v2)/v/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 - /?)//? = 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 phencmenon
has been observed in free-vibration experiments with a real stack (5,10). Under
.Small oscillations the superposition of éffects is sufficiently important to
believe that the coefficient 0.5 should lie closer to 0.7. However, pending in-
dépth 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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Examples

<:> Py T,
, Both examp?es chosen to illustrate the procedure piroposed concern a circular

o FEPEARND O

§¢QF§9"’Qf[Iﬂian{C¢ﬁ concrete.columns in buildings. Im"both, only three trans-
lational components of ground.motion will be taken intosaccount assuming that the

significant effects of the rotational components about horszonta! axes has been

. . -
e RSN Y

incorporated in ‘the computatlon of modal reSponses to the transiatlona! components

[

because of complete correlatlon between both knnds of response.

EEPI S
vy § SR
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Example 1. The aim is;.to design a column having circular cross-section to resist
shear. In accordance with ACL 318-71. (1), iin the' range of. intérest the shear
resistance is V= V' + 9,091#féN~where V' =.capacity that thesmember would have

in,the)absence of longitudinal @orce; N'= longitudinal compression,: afd fé”= nomi-
nal compressive strength, in. psi (EF;fé s, lnwkg/cm% coeff|C|ent 0,007 bécomes

o~
N :

!

0.0038). The failure-surface in this range.is-as shown~in Fig. 5-for fl = bOQO%psF

(280 kg/cmz). Let results of. analysis. be -thoseriniTable 2, iinvwhich the first

!

subscript of V indicates, the direction, iniwhich ithe ;shear ‘acts’ and ‘the setond
subscript identifies the ground-motion component producing the response; thus

ny = shear in direction X due to ground accelerations in direction Y; the

subscript of N indicates the component producnng longltudlnal force, pos:tlve
V's are directed toward the bulldlng s interior when seen From above, and

ppSltive N 5 are ComprBSS|0ns.
e . Voo, R e Iy

Flg 6 shows a vertlcai and the horlzontal prOJectlon of the vector result

R 3, . "QK‘VZJ> ﬂm.r

ing from applylng the p*ocedure descrlbed The capaC|ty requured in shear if no

3 - bt £

axial force were actfnb‘was computedyas follows for the combination R + O 3R +
By + 0.3R (which governs the rcou1red concrete atrength or column radlus) It
was found that V' = 298 kip (135 metric ton).
(:) Actually other combinations were tried. With R+ R + 0.3R + 0.3R_, V! =
-0 X —y 4
253 kip (115 ton); with R, +‘5>< + o.'35y - 0.3R,, V' = 244 kip (111 ton). Also

shown in the figure are the projections of vector Bo + 0'3365x + 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 vaiues in the table refer to

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

Example 2. It is desired to 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 that 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 + O.3_Ry + 0.351, Bo + O.3_Fj\_x + Ey + 0.352, and Bo +
0'3Bx + 0'357 + 52. 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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=

points defined by vectors R = 50 + Egiaiﬁﬁ’ where subscript o and i refer respec-
tively to effects of gravity forces and of the ith component of ground motion, n
is the number of potentially significant components, and vectors 54 are taken with
the most unfaverable sion combination and in the most unfavoreble order. {L is
shown that o, = T. A further simplication consists in taking o; = 0.3 for i > 2.
For towers and chimney stacks, though, it is suggested thai o, be iaken as 0.5 tor

'

i > 2,
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Appendix |1 -- 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; f

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 R, = max|r(t)|y " =~ ‘ ;
' - t

- o3
Ctime;
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structural response at a given instant;

Housner spectral™intensity; =
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harizontal cgdrdﬁnate;
LA+

. i ’ " 1\“ \ ;1\ (
horizontal g@oqndvd$splacemen$;
horizontal Féoﬂdinate; Sl

Ry

horizonta: ground displacemént;
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vertical coordimate; 5
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vertical ground displacement;

coefficient in the ﬁaiiwre surfaces of towers;
coefficient of the ith component of R;.

Dirac delta function; and

transfer function.
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Table 1. Values of a. and maximum errors in amplitude of

seismic-response vector

iorn o 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

4 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 0.3 241 -5.8

8 0.135 14.7 0.3 27.7 -9.6 -
9 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

Concept Magnitude kip (ton)
Vox 88 (4o)
voy 88 (40)
N, 2202 (1000)
Voo +176 (+80)
v +44 (+20)

Xy _ -
N +440 (+200)
Vv +88 (+bo)

yx - -
vyy ;?20 (EIOO)
Ny +440 (+200)
v +22 (+10)

X - -

v +44 (+20)
zy - —
N +440 (+200)

N
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Fig 1. Failure "surfaces" for moment —axial force in reinforced
concrete column
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EFECTOS .DEI: COMPONLNTE SISMICO ‘VERTICAL
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A veces somos demasiado conscxenves de que. las estructuras llamadas a resistir
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temblores se dxsenan para que zesistan la acci6n de la gravedad., Ello conduce a

‘s e -

ctine SRadmd Deoa@g T TR0 T
deSPrPCIGI en disedo sismico los efectos de la aceletacxon vertical del terteno.
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bajo la hipoteszs de que el disefio por cargas gravitacionales asegura la ‘resisten-
cia s ggtexcoppopén;gﬁs;sm;ccs:gLa;faltaadéﬁeiperiedCia’con”el'comportamientb de

edificios altos y»eitrug;urujbde gzandes claros -anzonas* pzﬁx:mas a lus eprocos

de maczos;smoa .ha hecho:que- solo muy xeclentemente ‘comierce-a* acumularse evxden°

/(‘«Ll -~

. cia de que el pggpoqgggewygxt;calypuede‘serflmportante-éh‘condrcnones‘practicas.

.
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Vale citar las exberiencias de>Acapu1céH 1962, asi éomo durante otros sismos de
los ultlmos _afios; San; Salvadors» 1965, _y.San- Feznandos. 197157 faiz ‘de la mdjo-
.xfa de los temblores mag;intensostdeaAcapulcOJSe“han récbgiab'Y#fdtﬁééhaéﬁiestil
99§L93ulares en cuanto a_que_alyunas .vigas thabian ‘golpeado* contxra elementos no
gst;qggu;a;gshsitggdos\ar:iQa(ﬁe;kllas~ymeﬁ un ca§é“érﬁgblbéi$6gdéj6‘ﬁy@ildsivf&

sibles. Ello indica lalapariciﬁhﬁdeﬁaceleraciénés vérfiiﬁlés;fuﬁhfvéz*éﬁpfifiéa-

AXE]

das por el comportamiento dinamico de 1a estructura. mayores que Ja- aceletac1oh’
de la gravedad, kdem&sﬁse.peteptaibn;algunas‘faldasxde“compréki6h3y“gtiéyés’hdk
la, gzavedad, a8, se. cetectal .

./ I N IR . -~ S e B . emm o st s eon (g
rizontales en columnss. que parecen’ confirmar esta aseveracion:’ Siw-embargo; ‘las
fallas y grigta§“§u¢igrqq;hgbg;sd’debidoyagmomentosuHévvoltébe‘a§§3£ﬁﬁiéqio§’di-
ferenczales 7.seria dificil hoy dilucidar-la causa’ -principal,. ‘Envel "sismo’ de -San
SéLvadgr oqu;riqrdg(aquggsL{allas locales que no -es facil explicar sin’sdmitir

aceleraciones verticales del terreno mayores que 0.7g. Durante el temblor de San

% Investigador, Instituto de Ingenieria, UN.AW, México, D F.




Fernando, Cal algunos instrumentos instalados en edificios de alturas moderadas

y grandes (miximo 42 pisos) registraron aceleraciones verticales mayores que U.23 <:>
en la base y que O.4g en el extremo superior del inmueble (g = aceleracidon de la
gravedad.) Los instrumentos no estaban situados, seguramente, en los puntos que
experimentaron las miximas aceleraciones en cada edificio y, por otra psrte, nin-

guna de estas estructuras se halla en la zona que experimentd las sacudidas més
violentas. Es de suponerse que este evento habria causado aceleraciones verti-

cales mis elevadas que las registradas si hubiera habido instrumentos estratégi-

camente situados en edificios ubicados wis desfavorableuwente.

Usando un registro de movimiento vertical del terreno en San Fernando, se han
calculado las respuestas de un edificio de diez pisos con estructura constituida
por marcos?. Se encuentra que la aceleracidon vertical del terreno 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 ierreno, estaria desproporcionado exigir tal analisis en todos
los casos. Vale la pena analizar aqui edificios idealizados de manera sencilla
para conocer el orden de magnitud de las respuestas y la influencia de algunos
paracetros a fin de establecer criterios pricticos, asi sean aproximados.

Idealizacidop de la_estructyra

Por sencillez idealizaremos la estructura de los edificios altos primeramente
como una barra de seccidn uniforge a la que estan fijas ladminas flexibles infini-
tamente proximas entre si y de masa uniforme a lo alto del edificio (fig 1). La
barra representa las columnas del edificio, y las liminas los sistemas de piso.

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

crece gradualmente hacia arriba.



?

' "Para conocer el orden de magnitud de la rigidez de la barra notezos que en una’

‘> estructura -metilica las coluknas de los prxmeros entrepisos estan bUJULdS a un

. esfuerzo normal wedio (despreczando momuntos flexlonantes) del oxden de 1 ton/cmd

ante la ‘accibn 'de 'Ia gravedad y que su modulo elastlco es 2100 ton/cmg.. Por‘

tanto su unidad de longitud posee una rigidez del orden de ZIUOghm, dande h y m
son’'la altura y wasa por unidad de altura del inmneble° Tratandose de columnas

5 .

de concreto reforzado el esfuerzo notmal medio (obtenxdo «comno la fuerza longltu=
dinal entre el Aarea trasformada suponiendo concreto con resistencia a 1; compre=
sién de 0.4 ton/cm?) es del orden de 0.08 ton/cm y el modulo elistico de 320
ton/bmz. Por consiguiénte'iaréigidez de un éle@ento de longiiﬁd unité&xa es del
or@gq dgl,dqp}e que para las columnas de -acero. El periode fundamental dé‘un edi-
figgq con columnas mz;é}icgs_yjpisosviniinigamentearigidostvaldriadTl z
45@/1()1/3., donde h =, rigidez, de, Qas~’c\plumpas;,*es’_.decir‘v'.[‘l <. 4(k/21009) /2, -es-
tando h en centlmetros.“ fonvh = 3. m/piso los edificios. de 10, 20, 50y IOO‘pisos
tendrzan periodo fundanental de aproximadamente 0.15,” 0.22,:0.34°y 0.48 seg res~
pectivamente. Si su estructura es de concreto reforzado-estoa valeres se reducen
a 0.11, 0.15, 0.24 y 0.34 5€ge Si el irea trasversal de ias columngs disminuye
hacis arriba, el periodo fundemental excede al calculado com base en las columnas
de planta baja. E;\exceso’es cercano a.20 por ciento cuancdo la veriscidn én érea

es lineal entre el desplante y el extremo superior y'el. drea minima vale 20 por

ciento de la mixima.

Las flechas de ;as v1gas pr1nc1pales (trabes) ante carga,graV1tac10na1 suelcn li°
mitarse a una fraccion de su claro y lo misso es cierto, directa o 1ndlrectawente.
de las flechas de las losas o vigas secundarias. Dicha fraccidn depende del re-
glamento que se sdopte pero dificilmente excede de 1/300 para cada viga o loss
respecto a sus apoyos. Al centro de un tablero podrin presentarse valores del

doble de este, es deecir 1/150 del claxo. En sistemas de piso de concreto xefox-
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zado se limitan las flechas a largo plazo, y €stas rargs veces son menores que el

doble de las flechas instantineas. £s razonable, en resumen, suponer que em sis- <:>
temas de piso metdlicos o de concreto presforzado la flecha maxima bajo la accidn
estatica de la gravedad puede alcanzar 1/150 del clarc y que la correspondiente

flecha ante cargas de corta duracion en concreto reforzado no pasa de 1/3C0 del

claro. Los elaros usuzles en las plantas tipo de la meyoria de los edificios

altos estan comprendidos entre 6 y 12 m. Para sistemas de piso metilicos halla-

remos, pues, flechas estiticas menores que 1200/150 = 8 cm y en los de concreto
reforzado, de 4 cm. Estudiaremos también edificios metdlicos en que las flechas

sean de 4 cm pues en principio cabzia la posibilidad de simplificar los requisi-

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

Empleando un m%todo energético puede calculsrse de manera aproximada el periodo
fundaiental de vibracion de un sistema de piso, apoyado en columnas que no admi=
ten desplazamiento vertical. Se demuestra en el apéndice A que en condiciones <:>
representativas este periodo vale, en segundos, 0.16‘/23, en (ue z; = flecha en
céntimetros. Dado que el periodo ratural de un sistema con un grado de libertad
vale 0.20./2z¢, concluimos que los sistemas de piso cuya masa y rigidez por unidad
de sltura del edificio valen m y k, respectivamente, y cuyo periodo es 2Tr(m/k)l/29
equivalen a sistemas como el representado en le fig 2 con masa m y rigidez
(0.16/0.20)29m/is = 0.64gm/z¢ por unidad de altura, Notsmos que para edificios
con sistemas de pisos flexibles com c¢olumnas indeformables el periodo natural ma-
ximo de cada piso es del orden de 0.45 o 0.32 seg segin 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 a €.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 raiz de 13 sume de los cuadrados de los <:>



'periodos .con ‘columnas ‘indeformables 'y con piscs infinitamente xigidos. En todos
- los casos -de ‘interés préctico el periodo fundamental .cae -en wn intarvalo en que

las ordenadas espectrales de aceleracion son considerablecente mayores que la

maxima -aceleracidn wvertical dal terreno. - -

Idealizaremos aquﬁ»hn.edxfxc;o alto como una ‘barra uniforme carente de masa, cuya
rigidez -en wn tramo‘unztarlo‘vale K y a la cual'estan ligados elementos elésticos
de rigidez k ‘y ‘Masa ‘m Por unidad «de altura. Sea z{(x,t) el despiazamientoAde-un
punto -de 1a ‘barza situado a la<altura y 'sobzre el terreno, ‘en -el instante t y sea
y(x,t)feledesplazamianto'reTat%vo:de:unuﬁmaéa,;sftuadasa.iaxmisma altuza.Jcon
zespﬁcto»aWunzquor&ewlenwel'misﬁoAinsm%nteb Al considezar lﬁgérué§25$i£¥éétﬁcas

y de inercia-que obran en un elemento’ de longitud dx Kfig33¥m¥31?§f§nqip§b‘dév;

I3
PRI

D?&leﬂbetf5~permite:eScfibTx R
2 e . 1
e . {g_'.K‘-u b, k)u =0+ . v R . (1)
L exe
N 2, .3 N
m @—%;;-z—l s ‘ky = 0 (22
[»{rx. ‘A'i 't"f . ',Mf 7; " o A : . [

Las ecuaciones diferenciales han de resolverse suponiendo -que y y :z..son funciones

de x por una funcidn armdnica de t.'y .que deben satisfacerse .las :condiciones .de

4

fronters \ :
2 (ovut‘) = \0 ; L i (3\)
2z k ' ‘
8x%{y 0 L S .- F4)

(La ec 4 proviene de }a condicion de que no se aplica minguna fuerza al extremo

supcri&r del edificio.) E1~siste%a de ecuaciones se resuelmeyenwel apéndice B,

donde se -encuentra que la enésima frecuencia natu xal vale

- k/m )1/2 €5)
1+ ‘k/h{) - )
donde
(20 = U ‘
Ba = % 6)




el enésiuo modo nztural es
z, = sen Ppx N
o * (502, 8)

y el enésimo coeficiente de participacidn vale

ap = Q)

1 + KR2/k
De acuerdo con las estimaciones anteriores tomaremos como propios de estructuras
metélicas con flechas hasta de 8 cm los valores minimos (k/m)l/2 = 14 seg”l,

(5/m)1/2 = 1435 h1/2 2 1400 n1/2, Con flechas hasta de 4 em, (k/m)1/2 = 20 seg”l.

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

En la tabla 1 se consignan los primeros seis periodos naturales Ty de edificios
de #cero con diversos niumeros 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;
seria aun mayor de haber considerado reduccidn de K con la altura sobre el terre~
no.

Modos_nezturales de wibracidn con columnas de seccidn varisble

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

una variacion gradual con la altura mientras k y m se toman como constantes. En

estas condiciones la ec 1 se convierte en

'22—z-+ﬂ(§3'4+k 0 (10)
ox2  ax ox Y

Las ecs 2-4 siguen siendo vélid?s,
‘ -

Yo = k/nm% =1

Y & se obtiene al satisfacer las ecs 3 y 4.

(11)

La variacidn del area trasversal de las columnss con la altura en los primeros

niveles de un edificio constituido por plantas tipo es bastante mis lenta (ue lo

O

O
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.+ que daria de ser proporcicnal a h = x. Adenis el frea. es finita en el .extre.o su-

\

~' perior. Tomoremos como representativa-la variacidn .

Gt el o _v%ﬁKg=1(1\"JO.sz/hlebﬂi~ S o (12)
- donde XKy = rigidez acnivel dé desplante (fig 4).. Enfel éxtremo;supe;iqf; K =

- 3 . M N L [ o . N 5. . oy N LI . Pen
4 Qozx‘oo P L NN S B [T B P A L A B Y
!
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S (e " i
Si baen eq poslble reselvex analiticamente este sistema de ecuaciones se prefxr
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hacexlo nunericamente. En la f1g 5 se compara el modo iuncamﬁntai de un edxflcio

oo n — 5 - .. ) T 1
T R A A I cee L LA el Dt

cuya xxgldez de columnus varia segun ia ec 12 con ei de 1o con rigzdez unxforme.

K . sy . -
v * P s Y 5 Y SER NN a3 0 4 280

Con pisos xnfiﬁitamente rigndos el pozlodo fundamental es 13 por clento ‘mayos

. v
L ST ‘Jp',a:}, ! i [ A R . 5L i wooL L

que si 1a rigidez fuera uniforme e igual gz Ky Con oisos flexzbies las diferen-

.elas en periodos. nauurales -de ambos tipos de:.edificio son~bﬂstante menoreso :

¢ K » v -

Esgectros del componenie vettzcaﬁ T o e

" Es sabido que 13 aceleracidn yerticalvméximé;del_terreno‘comO'fraccién de- 1a hori-

-~.zontal crece conforme noz. acercamos .al. epifoco.-’ En las inmediaciones' de este
, : !
' - ® . s {l -' N h - / 5 '3
ambas aceleraciones son del mismo orden e incluso quizés la vertical sea superiox.
IE’ ‘

L
%

Dada 1a tendencxa a estrat1f1c30101 horlzontal de roca y suelosv sobre todo en

» - .- R S oie
,”5 R

105 vallps en que SP asientan las grandes ciudades° en el componente vertical

T N O e e owh P

pzedomxnan las ondas long1tudinales mlentras que en el horxzontal lo hacen las

Nk

’

n N o O " v
s 4 R T wa s s

de cortan‘*"e° Los contenxdas de frecuencxas difieren por tanto en amhos compo- ;

3
A . ~ . . . s L . “ s N - A . -
o, R I o [ PRI o) 5 : " . . RN S R 1 Lol -

nenbes. Cabe edtimax que los ESPEthOS para el componeute vertzcal serdn pareci-

s." PR
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dos a los de un componente h0“120ﬂ al con modaflcacxon en la escala de ordenadas

N . P 3 o
‘J u - ,’-4, vi‘ - Im\i’! T b}l i “ . :* ‘\\ < i

esnectrales y reducczon a un 70 por ciento en la escala de perxodos.

Atggdiendo a estas consideraciones y a que cuanto mayores som la magnitud y 1a
distancia fpcalgﬁe un tenblor mas iargés son sus periodos dominantes® y a la luz
de varios espectros disponibles del componente verticala, se postuls para %mortiu
guamiento igual a 5 por ciento del eritieco, el espectro que com trazo interrum=

pido muestza la fig 6. Si- bien es pequefia la ductilidad asociada a los efectos




estructurales de la aceleracidn vert.cal no perece exagerado suponer wue el cua-
portanicnto de la estructura egiivaldrad al desarrollo de un factor de ductilidad (:)
de 3. Con esta hipdtesis se ha estiiodo lp linca llena en la fig 6. (Probable~

wente sea admisible la hipdtesis de factores de ductilidad apreciableomente mayores
cuando la cedencia plastica de la estfuctura estd ohligada a ocurrir en las vigas,
sobre todo si estas son de concreto reforzado, pues entonces podrd 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=deforia<

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

cion de la gravedad y pucden acumulsrse los dafios debidos a temblores sucesivos.)

Llevaremos aaelante el anilisis 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 yue para los componentes horizontales contienen la ref
7y el estudio que actualmente estd en marcha en el Instituto de Ingeniexia para
mejorar ¢sas cartas sismicas,

Célculo de respuestas

Cuando las frecuencias de los modos naturales que contribuyen significativamentes

a una respuesta estructural difieren apreciablewente entre si, pueden combinarse

las correspondientes respuestas modales como la raiz de la suma de sus cuadrados®,

Cuando mo se cumple esta restriccidon -- y evidentemente en el caso que nos con=

cierne no se satisface ni remotamente == es necesario acudir a8 una expresidon que

contiene los dobles productos de las respucstas modales afectados de ciertos co-

S > .2 ) ‘
o expresion Jue pucde ponerse en la forma

0= (z AU 51/ (13)

LJ1+EiJ Q

gficientes

donde



£. - —v-'w‘l‘:in-%'— (1“)
ij Zivy * ZJUﬁ

ol * w1 (D2 (15)
cuis iésiwa frecuencia circular nctural amortiguada
L A (16)
éi = grado de amortiguamiento del iésimo modo natural
s « duracidn de un segmento de proceso gaussiano estacionario equivalente
g la familia de temblores de interés
Las respuestas wodales ¢ deben tomarse con el signc de su coeficiente de parti-
cipacidn., Adoptarenmos Z; = 0.05y s = 20 seg. NoOtese que si las frecuencias na-
turales estén bien diferenciadas y &4 es peyueiio, gij <<} cuando 1 £ j pero
511 = 0 en todos los casos, asi que la ec 13 equivale sensiblemente a la raiz de

suma de cuadrados. Si en cambio todas las frecuencias natursles fuesen iguales

eatre si tendriamos eij =0y la ec 13 equivaldria a 9 = £ Q.
i

Empleando la e¢ 13 'y los resultados de los calculos anotados anteriormente, se

han obtenido las distribuciones de aceleraciones miximas en leos pisos y las fuer-
zas axiasles por siswo en las columnas que muestran las fiys 7-10. Las curvas que
representan aceleraciones méximas en los pisos se han ajustado en el tramo infe-
rior de cada edificzic, en una longitud del orden de un décime de la altura del
inmueble, psra hacer coincidir la aceleracitn en la base de la estructura con la
aceleracidn m3xima del terreno. Las discrepancias que en este concepto arrojd el
cdlculo realizado son atribuiblés a la discretacion de la estructura y posibleaea~
te al criterio empleado para la combinacidén de respuestas modules., Dicho criterie
ha sido calibrado, y se lo hallado satisfactoric, en sistemas con dos grados de
libertad6 pero se desconoce la bondad de la aproximacidn que suministra en siste-

mas con nimero elevado de wodos naturales significativos. A alturas mayoxes de

los inmucbles no ¢s de esperarse que introduzca errores importantes en vista de
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la preponderancia de los primeros modos naturales de vibraciones especialmente

el fundairental. (:)

Para el espectro supuesto, reducido por ductilidad, las aceleracioncs verticales
de disedo auwentan mode;adamente, en términos gencrales, con la altura sobre el
terreno, especialmente cuando las riyideces de los pisos no son pequenas y cuando
las de las columnas disminuyen con esa coordenada. Se alcanzan las aceleraciones
maximas en odificios de altura intermedia. Las fuerzas axiales en columnas soa
muyy ligeramente menores que la integral de las fuerzas en los pisos evaluada des-~
de 1a azotea hacia abajo y, en general, exceden solo en unas decenas por ciento

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

La variacion de aceleraciones con la altura sobre el terreno es bastante menos
pronunciada que la que manifiestan la mayoria de los registros disponiblésn3

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

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 cederan plastica-

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

las vigas tendran que desarrollar ductilidades bastante mayores que las supues-

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

préctica con tan sblo tomar precauciones menores en su disefo; pero la situacidn

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

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

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

concluye la conveniencia de adoptar criterios mas conservadores para el disefio de
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colunnas ante carga axlal que para el ixgeno de toJos los miczbros est:acturales.

1ncluyendo las columnas, en flexion.

. Co. . .- - - ' N i
i B P . e . [N . - .

Si- bien los resultados gue consigna el presente articulo no .manifiestan la apari-

cion de aceleraciones verticales sismicas en la estructuras mayores que la grave=

I

dado si deJan poca duda respec»o a QLe aceleraczones elevadas se podran pzcsentar

cuasndo la estructura sea lncapaz de desarrollar ductllidades 1mportantes. De

aqui que en toda v1ga de concreto reforzado 0 presforzado deba suministrsrse su-

ficiente refuerzo longatudlnal,[en el lecho opuesto “al que 1nd1ca en cada seccxon

N

lg aceleracxon de la gravedéd para asegurar capacidad y ductilidad adecuadas,

4

Las ‘cuantias requeridas son pequenas pues el concreto refﬁxzado desarrolla gran

ductllidad cuando cede por tens1on en flexxon ¥ esth subreforzado. pexo ﬁeben ser

L

sufxcxentemente grandes como pﬁra éue la capacidad sea mayor que ln del concreto

drve gt f 3 I

LI P !
51mn1e (que fallarxa fragllmente) para distribuir las grxetas por flevion. Con

T ” . -

estos flnes son adecuadas las’ cuantlas minimas que suelen flJGI los reglamentos

e N e . AN 9

de construcc1on para el acéro en la ‘cara de ten51on,

Kl " N T .
. v

Por las mismes razones ha de preyverse 15 .aparicién de temsiones axiales pequefias
en las columnas. Ello se reflejard en el disefio de conexiones de columnas wetl-

licas, en, la eleccidn de dispositivos de traslape para el acero longitudinal de

las de concreto y en tedgp@ignes,dghla.capacidpd de estas para resistir fuerzss

cortantes, .. ... -, e S T s iE

El espectro eléstico que adoptemos en el presente andlisis se basa en una inter-
. i - Wt o : .- s L *oL ¢
pretacion somera de datos pirciales sobre los efectos de un sole tambior, Sin

e

duda’ en la practica scurrirén sismos cuyos con&en;dos de frecuenclaa difieran

apreciablemente del que supusxwos°‘ Aunando a esta consideraciénria incertidumbre

en periodos naturales de VlbIdClOQ y de-manera destacada la Qque prov1ene de posx°

ble interaccidn suelo-estructurs, se vuelve palpeble que seria premature edoptar

<

11
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criterios de diseiio en los que la aceleracidn vertical variara sensiblemente como
indican los presentes anflisis en funcidn de la 2ltura sobre el terreno y de los
demas parfimetros pertinentes. Es claro, por otra parte, que si se adoptan crite-
rios sencillos y aproximados no cabe hacer distinciones en funcidn del material

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

Usa manera sencilla de cubrir los resultados obtenidos y su extrapolacidn a condi~
ciones probables excluidas del anélisis consiste en especificar que, en zomas don-
de sea alta la probabilidaa de que durante un lapso de varios decenios ocurran tem=-
blores intensos con epifoco cercano al sitio de la construccidn, se incremente 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 dicho factor,
por encima de lo que serfa adecuado de no obrar aceleraciones verticales, cubriz{a
une aceleracidn mixima de 0.44g sin requerir de ductilidades mayores que las su-
puestas en estos andlisis, 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 aceleracidn vertical de 1.2 x 1.33/1.11 = 1 = 0.44 de la
aceleracidn de la gravedad. En las columnas esta reserva se ve disminuida porque
la carga viva que se toma pare su diseflo ya se halla reducida pero debe tenerse en
cuenta gue los efectos més desfavorables de las aceleraciones verticales en estos
miembros consisten en aumentos de ls 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 cowbinzcitn de ambos fendumenos puede aproximarse to-
mando {nteyro el efecto de momentos de volteo y 0.3 de los de aceleraciones verti-
cales?. Asi, si los efectos de fuerzas gravitacionales son del mismo orden qus
los de texzblor, un aumeato de 20 ciento en el fector de carga de los primeros pex-
mite resistir aceleraciones sismicas hasta de 0.56g., Como una acelexascidn méxima

de 0.44g en los vigas significa una aceleracidén media uenor que esta cantidad eusl-

O

O

O



13

Ay
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o - 1

quiera que sea el tramo wertical que se considers del edificioy les fuerzas ver—

ticales inducidas en las columnas son poce menores que ia 1ntegral de las que. obran

en las w1gas, el crlterxo es conservador para las columnas. como ers deseableo

h
25 . T N sos
. -

Dado que lsz @celeracicnes verticales:del texreno pﬁedeé-hé'sélé'éuméhtar”siho
;gﬁ?iéﬁ disminuir desfavorablemente las cargas gravitacicazies (por ejemplo én
sdecbros estructurales verticales en que ls cozbinacidn de estas y de los efectos
dé,gumeths»de;velteq ianrcduzca;tensioneéwo*disminuya!ia‘capaéidad parafresisfir
fuerza cortaste, capacidad que ea.:un amplio lstervalo de interés prictice créce
con la compresida axial), pzocedezéntambiénwrevisar lz estabilidad ante‘ia‘kumSina-

cion de fuerzas gravitacionzles y laterales redac1endo el factor de _earga de las

{ et LS B - -

A, e M

Primeras multiplacandolo, d1 amsse po& 0. 8 L C e

- . < ut .
. - e
t P - - v v

On criterio sencillo, poco mas refimado que el que anteceéde, haria variar el fac-
tor de carga con la alturs sobre el terreno, peros diffcilmente se justificeria en
la preseate etapa. : S R S

Conclusiones o

Los anflisis realizados sefialan la. aparicidn de aceleracioues verticales, en les
pisos de edificios altos, que.som en términcs genmerales funciones moderadameate
crecientes de la altura sobre el terrenc.. La amplificacidn dirfmica que se er~

cusntra es bgja'en‘geiaqién;connlosLreg;streﬁ{chtenfdcsfdutanté sismos en proto-

tipos debido a.la ductilidad que sé ha/supuesto»que‘sendéSarxolla. Dicha amplifi-

1

cacidn es cis nronunciada cuanto mas xlgidos son los plSOS en coupa cion COﬂ‘las

. . . r

t . .
qo!umnas y cuanto ds tcpidamenze decrece 1a rxgldez de estas con la altur&o

v yes g
Son caxizas las aceleraciones en edificios de altura intermedia {20 a 50 pises),

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

Para asegurar el desarrollo de ductilidades adecuadas, las colu=nas han de dise-

fiarse mas conservadorzmente ante cargs axial que las colummas y las vigas
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que la integral de las que en las vigas, el criterio es conservadur palLa

las columnas, como era deseable. ) <:>

Dado que las aceleraciones verticales del terreno pueden no solo aumentar sino
tambhién disminuir desfavorablemente las cargas gravitacionales (por .ejemple en
miembros estructurales verticales en que la combinacidn de estas y de los efec=
tos de mouentos de volteo introduzca tensiones o disminuya la capacidad para re-
§istir fuerza cortante, capacidad que en un amplio intervalo de interés practico
crece con la compresidn axial), procederd también revisar la estabilidad ante la
combinacidn de fuerzas gravitacionales y laterales reduciendo el factor de carga

de las primeras multiplicéndolo, digames, por 0.8.

Un criterio sencillo, poco mas refinado que el que antecede, haria variar el fac-
el factor de carga con la altura sobre el terreno, pero dificilmente se justifi-

carfa en la presente etspa. <:>
Conclusiones

Los anidlisis realizados sefialan la aparicidn de aceleraciones verticales, cn los
pisos de edificios altos, que son en términos generales funciones moderadamente

crecientes de la altura sobre el terreno. La amplificacidn din2mica que se en-

cuentra es baja en relacion con los registros obtenidos durante sismos en proto-
tipos debido & la ductilidad que se ha suéuesto que se desarrolla. Dicha ampli-
ficacidn es mis pronunciada cuanto mds rigidos son los pisos en comparacion cen

las columnas y cuanto mis rapidamente decrece la rigidez de estas con la altura,
i
I

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

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

Para asegurar el desarrollo de ductilidades adecuadas, las columnas han de dise~ <:>

fiarse mis conservsdoramente ante carga axial que las columnas y las wvigas en
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un temblor intenso de epifoco cercano es sumamente pequeiia.

Q

Merecera asiwiswo atcncidn wls profunda jue la que le hemos dedicado el efecto

del comportamiento no lineal de la estructura.

En la ref 9 el lector hallari un tratauiiento paralelo e independiente de los tewmas
equi cubiertos. Las recomendaciones de la ref 9 son mds 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 frecuencia

circular funaamental5 es

.2 /Bl (al)
® L2/P ‘

donde L = claro, E = modulo elistico, I = momento de inercia de la seccién tras=
versal y p = masa por unidad de longitud. La flecha de la viga ante la accion

estatica de la gravedad vale

4
zsp= EQEL._ {(A2)
384E1

De aquf que su periodo fundamental 2m/w sea (2An)(384/5gzs)1/2 = 2v(0°78825/g)1/2,

que ha de compararse con 277(zs/g)1/2 para un sistema cor un grado de libertad.

Consideremos shora un sistema de piso constituido por vigas ortogonales continuas.

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

O



recciones, con respecto a los correspondientes apoyos. Ademils suponuremes que la

§e£iexi6n a los cuartos del claro es igual a la wmitad de la flecha. La configu-

récién supuesta se exhibe en la fig Al. Por simetria, para estimacidn del perio~
, do fundazental basta- ‘exominar un octavo de tablero° ‘como se muestra en ‘a ilg A2

con Lasuflechassy aress tributarias que'corresponden al apayo. cuar;os y centros

de'las vigas ertogonales.

La frecuencia fundawental puede aproximsrse satisfactoriamente mediante el co- _

-
¢

clente de Schwartz®s ~ -

gIFiz 2

donde W; = peso de la iésima masa supuesta concentrada. medxanﬁe cuyo conjunto se

R RO
L
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discretiza el sistema, zg desplazamiento correspondlentn y Fy = fuerza de imercia

(

que obra, en dicha masa. ; Aplicando: esta ‘expresion encontramos el perlodo funda-

mental 1gual a 2#(0.62528/g);/ —donde 2z = flecha al centro del tablero.
”;‘"« K r - :

En un piso tipico habrd genezalmente un nimero dominauteﬂdé‘tablérbéjC&yés'condi°

- T N ~

clones de apoyo y coutxnuidad se aproximen a las del que acabamos de analizar y
, ».‘ K

"! )

algunos tableros o voladlzos cuyas condiciones de apoyo y continuidad estén mas

PRI
o "

proximos a las de una viga libremente apoyada. Po: tanto es razonable aproximar

el periodo fundamental como 2w(0Q. 064zs/§)1/2 = 0.2(0 6425)1/2 = 0, 16‘/2 estando

ﬁ-. -~ \\-*}

z, en centimetros y el periodo en” segundos.

Apéndice B, Modos naturales de estructuras uniforzes

ées;amos resolver las ecs 14, L?s ecuaciones diferenciales en cuestidn son se-
péiables, Supocagamos z(x,t) = zti)e(:), y(x,t) = Y(g)@(t). ;g hig5;esis;es»
cong%uenté‘cbﬁllh éénéiéién de vibracién libre en un modo natural. Sustituyendo
en las ecs 1 y 2 obteneuos

KZ°g + kYe = 0 {B1)

m(Y + 2)8 + kYe = 0 (B2)

donde las primas significan derivadas respecto a8 x y los puntos respecto & o Es=




tas expresioncs deben satisfacerse para toda x y toda t. Por tanto podermos divi-
. . 34
dir aubos mieubros de la ec B2 entre kYu:

a g - w - (B3
(1 + & g )

E]l primer miembro no depende de x y el segundo no depende de t. Por tanto awmbos

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

-6 = w8 (B4)
Z
Y = ——— (B5)
k/mf = 1

Salvo por la amplitud (que es arbitraria) y un desfasamiento (que es irrelevante)
la solucibn de la ec B4 es
8 = 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

kZ
!@""’"""“—’0 (37)
k/m = 1

L4
cuya solucion general es

Z = 3 sen [(—/—k‘?ﬂ(——l) l/le + b cos {(-7;—:)2&-—;) 1/2)(} (B8)
k/my= = k -

donde a y b son constantes, Ue la ec 3, b = 0. Por la arbitrariaded de la am-

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

k/k 12 @n-Dr
( ) - (B9)
k/med = 1 2k

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

tural.

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

ls 8.

El coeficiente de participacién5 se calcula mediante la expresidn

O
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_ Shm(yn + 24)dx

, ay = Sn m(yn - zn)2dx (B10)
6 0
?qs;{;uygggfryn,y zp de las ecs 7 y 8 obtencwos la 9, | .
Notacign ey s i el
j A = aceleracidn espectral e
a = coeficiente en la expresidn para los, modos naturales
b = coefi;iente{eq,1gchgre516pwpararlos modos naturales.
E. = mddulo de elasticidad o N )
F = fuerza de inercia
g = aceleracidon de la gravedad
h = altura de un edificio
I = momento de inerxcia T T ST M P g
= pigidez axial de un tramo unitario de columnas; . . . - -

K
Ky = valor de Ken x = 0
k

= rigidez de los sistemas de piso en un_ tramo de. longitud unitariz:de
T T e ‘ -

las'ﬁé%uﬂgaiiull:,di oo, B oommatr) RITE A - SN S s
L =elarodewmnawviga, . .. .. ;. = ..
m = @353 por unidad de altura dqfuqneQiﬁiéjg
: N = nﬁmego-de pisos o N e
Q = respuesta estructural de disefo = _ .
s = éufagién ae:u? prégégc §§tgfi??3r}9:eéu#vé}e§§qf; la gam§}§aﬁde\tem°
‘bao;és:de disefio o

T = periodo natural

t = tieapo . \ (

¥ = peso de un elemento que integra un sistema estructural

v Rl

x = coordenada axial de un edificio

(:) Y. = funcién de x

(]

desplazamiento relativo méximo entre un piso y las columnas que lo

<
]
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soportan

Z = funcidn de x i:)

2 = desplazamicnto de las columnas en cualquier punto de un edificio

zg, = flecha al centro de un tablero ante carga gravitacional de corta
duracidn

a = coeficiente de participacidn

B = parimetro requeridv para satisfacer la condicidn de frontera en el
extremo superior de un edificio

{ = grado de amortiguamiento

!’ = grado equivalente de amortiguamiento

® = funcidn de t

p = masa por unidad de longitud de una viga

w = frecuencia circular
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Tabla 1,

Periodos naturales de vibracion (Ty, seg)

Pisos flexibles

Pisos infinitamente rigidos

r N=]0 N=20 N=250 N=100 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
3 0.4499 0.4510 0.4542 0.4596 0,0313 0.0443 0.0700 0.0990
o 0.4494 0.4499 0.4516 0.4543 0.0224 00,0316 0.0500 0.0707
5 0.4491 0.4495 0.4505 0.4522 Q.U174  w.0246 0.0389 0.0550
6 0.4490 0.4492 0.4499 0.4510 0.0142 0.,020% 0.,0328 0.0450
(k/m)l/2 = 14 seg’], o

(k/m)1/2 = 140001

h = 300N ca
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Fig 4. Variacion de la rigidez de columnas
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Fig 6. Espectros supuestos para movimiento vertical del terreno
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Fig 8. Fuerzas de diseno correspondientes al componente vertical, flecha
estdtica en pisos =8 cm, edificios de 50 y 100 pisos
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Fig 9. Fuerzas de disefio correspondientes al componente vertical, flecha
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Fig 10. Fuerzos de diseno correspondientes al componente vertical, flecha
estdtica en pisos =4 cm , edificios de 50 y 100 pisos




Fig Al. Tablero del sistema de piso
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Fig A2. Flechas y dreas tributarios en
un octavo de tablero
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En diseno suelen idealizazse Ios temblores como si solo tuvieran un- componente y

este actuara en una de dos dlzecc1ones horxzontales ortogonales & la -vez. -El

LN TP o

presente articulo examina la 1nfluencia de otres componentes. -Se toma el movi=-

“ 2 (R

miento ex campo libre (es decir. el que, tendria la superf1cie libre del terreno

PGS AN
e :

si sobxe este no existlera estructuza alguna) como consistente -en dos'componentes

v AR

horizontales de traslac1on y tres componentes rotacionales. ,y- dicho movimiento se

N,

promedxa en lo que es la base del ediflcio. Pox-lo _demés no. seﬁxxene*en cuenta

- W

1a interacc16n suelovestructura. No se incluye un tratamiento de la- traslacion

vertical porque la ideal1zacl6n que aqu1 se adopta del comportamiento de los edi-

V‘* Wl e g

flcios no se presta a ello. Ante la ausencia de registros adecuados:-el movimien-

/r;/‘
J RPN

to del terreno se supone coxncldente con las soluciones te6r1cas para formaciones

P P TR RN J o y e

de suelo regulares y homogeneas.» El ed;f1cio se; idealiza como; una. viga uniforme,

L Ty “ -

R Yy

de comportam1ento lineal que solo admite deformacxones -en- corte-y-torsidn,
ﬁ'. ARt St ‘-

El trabajo se basa en‘la'ref 5 que a su™ vez tbmo como fuente la ref 4 hac éndole

ciertas correcciones. Existe un estudxo paralelo que -se - reflere -a edificios: con

planta de forma arbxtraria quetos 8 ondas de cortante que inciden-s ‘un angulo"

i LV

cualquiera6 hn él algunas h1potesxs dxfleren de las - que. aqui;se adoptan. -

Y
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Supondremos que 1a estructura tiene modos naturales clasicos de vibracién; es de-

o .- K

[T

cir, que es capaz de descr1bir, en vxbracién libre.,movimientos dados por el -

producto de una func1on de posicion y. una funcion del tiempoz. Tal no es riguro-

N \ i

samente cierto aun para le meyoria de las estructuras ideales de comportamiento

& Investigador, Instituto de Ingenierfa, UNAM, Méxice, D F.




lineal, pero el error que se introduce 2l suponer que la estructura esté provis-
ta de modos clésicos es sumamente pequefio cusndo sus grados de amortiguamiento
son pequefios, digamos de no mhs de unos cuantos por ciento, cual sucede en la

mayorfa de los casos de interés préctico.

En ciertas condiciones, cuando se imparte el movimiento a la esiiuctura a8 través
de un grado de libertad de su base y aquella posee modos clésicos de vibracidn
puede aproximarse la respuesta de disefio que corresponde a una probabilidad fija
de excedencia como la raiz de la suma de cuadrados de las respuestas modales
asociadas a la misma probabilidad de ser excedidas3. Para ello se requiere que
los modos naturales que contribuyen significativamente a las respuestas cumplan
las siguicntes condicioness: 1 sus frecuencias naturales no son demasiado eleva-
vadas, demasiado pequefias ni demasiado proximas unas a otras, y 2 los grades de
anortiguamiento de dichos modos son pequeios. En términos cuantitativos se re-
quiere que cuando mucho una frecuencia de los modos en cuestidn exceda aprecia-
blemente al cociente de la aceleracidén a la velocidad méximas del terreno; que
cuando mucho una de ellas sea menor que 27 entre la duracién de un segmento de
movimiento estacionario equivalente al temblor en cuestidon, y que las diferenciss
entre las frecuencias naturales de interés satisfagan una limitacidén contenida

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

La manera éﬁ que han de combinarse los efectos de movimientos segiin los grados

de libertad de la base es funcién de la correlacibn que exista entre tales movi-
mientos. Consideraremos dos casos extremos. Cuando no hay ninguna correlacién
entre los movimientos el efecto de su combinacidn es sensiblemente igual a la
raiz de ls suma de cuadrados de las respuestas a cada componente. Cuando la
éorrelacién es total debe calcularse la respuesta en cada modo natural sumando
los efectos de todos los movimientos de la base y después combinarse lag respues-

tas modales,

ja¢
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semiespaclos homogeneos y en suelos estratificados° Consisten en oscilaciones

vorticral v horizontal euvas amnlitndes deerecen con 1z vrofundidad (decrecen ex=




de Rayleigh depende del coeficiente de Poisson del terreno. Cuando estc coefi-
ciente vale 0.25 le velocidad de las ond«s en cuestidn en un semiespacio homogé-
neo es 0.92 de la velocidad de las ondas de cortante2. El componente rotacional

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

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

uno de rotacidn con respecto a un eje vertical. Ambos componentes estén total-
mente correlacionados. Las ondas de Love también son superficiales. Su ampiitwd
es maxima en la superficie libre del terreno. Se presentan en suelos estratifi-
cados. Las trayectorias de las particulas son normples a la direceidén de propa-
gacion de las ondas; de aqui que den origen a rotacién con respecto a un eje
vertical, La velocidad de propagacidén de las ondas L depende de la frecueuacia

de oscilaciény es decir, de la longitud de onda. En formaciones que constan de
un estrato horizontal que descansa sobre un semiespacio homogéneo la velocidad de
las ondas cuya longitud es pequeiia en relacidon con el espesor del manto se apro=
xima a la de ondas S en dicho manto; la velocidad de aquellas cuya longitud ex~
cede apreciablemente al espesor del manto se acerca a la de ondas S en el semi-
espagioz°

Bespuestas estructurales

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

promedio de las traslaciones basales del edificio, cuando estas son senoidales y
se deben a ondas R y L, multiplicando su amplitud por (sen A)/A, donde A = 7B/L,
B_=\d;mensién/de 1a base en la direccién en que se propagan las ondas y L = lomn-
gitud de onda., La amplitud media”de 1a rotacidn basal es (2/B).sen X por la am-

plitud de las oscilaciones verticales u horizontales segiin se trate de ondas R o

L respectivamente.

En un edificio de planta simétrica, las ondss S sélo causan cortantes de entre«

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



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

piso, momentos de volteo y torsiones de cntrepisc.

')Pata'1a§'oﬁda§ R cada respuesta modal incluye los efectos de. rotatxén y trasla-

¢

cidn, El momento de volteo (mas no asi la fuerza cortante) que resulta de combi-
St T Tl G PR S

nar estas respuestas modales se combina a su vez (empleando la raiz de suma de

cuadrados) con la respuesta que daria el sistema si fuera una barra rigidas

PRECESIL L W
125 r

Aqui M = mamento de volteo, H= altura del inmueble, W = peso del mismo, g = ace-

N [T
e i A fﬁ P IN R Y “"” v

leracidn gravitacional t ﬁ'tiémpo. 6 = rotacion basal la testa indica promedlo

en el Area de la base y los puntos sign1f1can derlvadas con_respecto al tiempo.

0

Iei es igual a 1/B por la diferencia de acelerac1ones verticales z entre los ex~

R ’}\f.

tremos opuestos de la base. 31 z es un proceso gaussiano estacxonarlo (es decir,
si la distribucifn de probab11idades de z es normal e independlente del tiempo)

?

en la vecindad de maxkﬂ. el coclente maxlB‘/mnxlzl es’ igual al cociente de las

. . Lo
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desviaciones esténdar de ¥y Z, pues la esperanza de cada una de estas. variables
R -

es idénticamente nula. Por consigulente° - , Loy

mgxlei = ./2 - 2p(t1) maxlzl/B o ‘ (@)

donde p = coeficiente de autocorrelacion de z (es decx:; p(t)) es igual a la es-

e \, U_C,

petanza de Z(t)Z(t + tl) entre la var1ancia de z). Segun la zef 2, .traténdose

et

" ¥
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de temblores én terreno firme puede aproximarse o) mediante la expresion

p(t )=e alt I'cos Bt B T &),

e

donde ¢ £ 8° seg y B = 14 seg -1, (Son de esperarse valores de ¢ y . considera-

- .
e T [

i '

bleniente mayores para las ondas R en las que predomlnan periodos muchs mfs large
que- para €l temblox’ en su conJunto.) usta relacidn solo seri aplicable cuando B
-no sea excesivamente pequehao, phes o) eété peco definido cuando ty tiende a cexo.
E;lidentementev max”gl < max|§i, y esta Gltima cantidad puede estimarse acudiende

a una sugerencia de Newmarkl:




6 max{z2)

nax| 8] - S22 (a)
t cr max 2
donde ¢, = velocidad de las ondas de Rayleigh., El coeficiente 6 se sugiere con

base en el registro del temblor de El Centro 1940, Tratindose de otros movimien-
tos del terreno dicho coeficiente puede yacer entre 5 y 15. En el andlisis toma-
remos max]@l como lo suministra la ec 2 pexo con una cota superior igual a la que

da la ec 4,

Cada tipo de onda corresponde a dos direcciones. Los componentes del movimientio
del terreno segiln estas direcciones estén parcialmente correlacionados entre si3,
y tal correlacidn deberfa tenecrse en cuenta al combinar sus efectos.

Ejemplo

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

este intervalo., Para ondas R y L consideremos asimismo un espectro plano de ace-
leraciones de diseno, es decix, cuyas ordenadas son independientes del periodo eon
todo al intervalo de interés. En lo que toca al primer espectro asignaremos a a
y B la mitad de los valores que se consignan a continuacidén de la ec 3, y en lo
atafie al segundo espectro, la décima parte de estos valores. Tomemos cy = 300
m/seg. Al analizar los efectos de las ondas L supondremos que el edificioc se
apoya en un estrato horizontal de 30 de espesor subyacido por un seﬁiespacio de
roca. Las velocidades respectivas de ondas de cortante valen 300 y 3000 m/seg y
el cociente de los modulos de rigidez en ambos materiales es 100, Las velocida~

des resultantes <, de ondas L se muestran en la fig 1,

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

pecto a la aceleracidn espectral asociada al modo fundamental, Aj. Ameritan ser



'"comentadas tres particularldades de estas curvass J La fuerza cortante basal
para ondas Rsexcede a AIW/g siendo que nunca sucede asi en respuesta a perturba=
ciones«puramenre traslacionales2- tal resultado refleja la contribucidn del com-

ponente rotacional del texreno. 2 La derivada del :momento da vélteo, dd/dZ, -es

finita para las ondas R en el punto Z = H mientras -que. tal: dexlwada es 31empre

nula en respuesta a perturbac:ones de traslao1on‘pura, Ja diferencia proviene de

108 momnntos que suminlstxa T2 ec 1; la omisidn de estos filtimos momentos -intro=
duce grandes errores en nomento de velteo cerca del extremo superxor del edif:cio
si se -cempara con . los&momentos de xespuesta modal pererstos;son tan-pequenos
que no consta que el errox mencionado ‘deba conduclr a modlficaciones en el di-
sefio de las estructuras usuaies, y3 Las ‘torsiones de entrepiso :son grosso modo

constantes a lo «@lto de -casi tods la estructura mientras que los requerlmxentos

~ Ty w
Py

'que generalmente contienen los reglamentos establecen torsiones accidentales

i . wlo

de entrepxso proporcionales a las fuerzds cortantes de entrepiso; puede expll-

-

carse este,resultado alfobservar que cuando los modos naturales de orden 1,2, 3

eoo “se normallzan con reSpecto a la respuesta mexima, su importanc1a relativa en”

una viga de corte quetaAa una perturbac1on horizontal de traslaclon con espectro

hiperbdlico de<ace1eraciones se halla en la proporcion 1wl/3tl/53 ..,a estos co=

, 5 a3

cientes han de dividizse entre 1as correspondientes 1ong1tudes de<0nda (las cuales

! .
y [

son inversamente proporclonales~a‘1as ro?aciones medias del terreno) para ontener

Ve

-~ ,m

la 1mportancla relatlva de 1as torsiones modales, asi que'en un intervalo de pe=
L

riodos en que la velocadad cf fuese constante todos los modos waturales sexfan
igualmente importantes; en e1~eJ?mplo que hemos resuelto predomlnaﬁ los mnaos 4
5 y 6 debido a la varlac1on de c’2 con el pexiodo y al cortexen elrespectro de

disefio que supusimos en un perlodo de 0.2 seg.
Conclusiones ' : ‘ . v
Se enconted que los siguientes efectos de componentes del movimiento sismico, adi«

cionales a los de traslaci6n horizontal ameritan atencidns 1 la cortante basal




causada por las ondas de Rayleigh, pues excede sl producto de laz masa del edifi-

cio y la aceleracidn espectral que corresponde al periodo fundamental de vibra- (:)
cidn; 2 los momentos de volteo cerca del extremo superior del edificio, origima=

dos por rotacidon 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 entrxepiso.

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

registrar simulténeamente los seis componentes de los temblores y adoptar idea=
lizaciones mis realistas de las estructuras.
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Nomenclatura

A = aceleracidon espectral para el periodo fundamental de vibracidnm en cor- (:)
tante




B = dimensidén de la base del edificio en la direccién de trasmisién de las

<:>. ondas

cp = velocidad de las ondas de Love’

¢, = velocidad de las ondas de Rsyleiﬁh
H = altura del edificio

L = longitud de onda

valor de disefic del momento de volteo

=
[

S = valor de disefio de la fuerza cortante de entcepiso

T = periodo natural

t = tiempo

t) = tiempo de recorrido, de la ba§q del edificio, por una onda
Z = coordenada vertical

z = desplazemiento vertical

a = coeficiente que aparece en la funcion de autocorrelacion,

O

coeficiente que eparece en la funcibn de avtocorrelacidon
6 = rotacidén de la base con.respecto a un eje horizpﬁta!

A = mB/L {

p = coeficiente de autccorrelacidon en los acelerogramas
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1. GENERAL PRINCIPLES v ‘
L1. l\"llt()L)UCTl()\ TSN o A R R I

;. I‘vcrv key mbtdlldtan COﬂatltuUﬂg a water supply-system shall hav,e ltS struc
ture dttt rrmnt?gl thxou"h, ar easonable computanon ba:,ed on due 'evalu‘mon of the

PO H [ R SN

effu t> ot an earthqull e B R R P Y T P

I ot; such Ins

1llalu’ms wlnch may not be sufﬁuently protected agamst an earth-

qunltt dUL to: ﬁnantml lumttltluns the fullow!nrv premuttonb stall Lﬂ'e\:uused
gl; Fo adopt means to conﬁnet amages caused by an- 'earthqualne to a certam

ARSI )

extcht . P e,
(2) 'I:(\ ar)ply dLVlLGS :to facxhtate recovery of the earthguake- damaged units.

Sf A

(3 ) lo prov 1de measuree to prevent swondary errects of the earthqutt]\e ddmageg
3 SLIL]\ ln\ta”dtli)p% \\'hl(_h are e;pecnally 1mportant which are hable to earthqu'tke

A 5, 3T
dam.u_,es due to struotural Cha!'dCtEl’lbthS, w hich may develop damages not eastiy

detecmble or w hlth wxll pxesent dllﬁcultles m or demand a lm;r duratlon for re-

covery hom the emthquake da?rgageb bhall not be bullt as an mtegrdl unit, but

RS £

her d'"l‘u.d mto two sem*ate u'ut% ot equnppc,d w1th an emergem_y mstallatlon

. It 1s dcbllablt. to p.nee the mstallatmn: on a sohd umtorm founddhon. In
i RN PRI Th 2. ’

order to Scertain the quahty of a groun{.l character' tlcs of the ground hexght of
P SRR I Kt

gro.md water leyel bearmg capacnty ett. shall ,be’exammed carefull}; through an

TN Pt
exammatmn of geologltal btlULtuTCS ~and, \vxth )the 'lboye result earthquake proof
i O (LR - eI sl el TP

meaqurea shtlll be ac‘opted m construction of e”u.u mstallatlons RN :
e \»- “

When placmg them on a soft ground due to 1nev1table c1rcumstances the ground
shall be treated to rrial\t a solnd umform foundatlon by pxle dnvmg~ 5011 replacmg,

W

tlghtenmg. consohdatton by drymg, soht'itfymg and other smtable measures
The lﬂbta”dtlona ehall not be bunlt oﬂfeuch matenalsnas wood or bnck stone

2

"

. Al

etc., as‘a ! ”_llt of steel or' remforced concreter TR I
K vl
- 6. For such‘ mstallatnons =wh1ch equu:ea water t)ghtne s:suﬁiment -care shall be

w.uvﬁ PPN AUREEIGIRS (B

e\erused in: dcelgn and (,onm uctlon bout mtx of LOIICT&:L?‘,:thlLkn\,SS ofr wall water-

Hta gre on Frana R | SRR s

pront me'\.bure: expahsxon jOll’lt so that the \\ater tlghtnese Jmay not be 1mpa1red by

an earthqdhke ' 44 e :’; L ot . .u_«\“ O
7. th,n 'connectmg the structures of eXCeedmgly varymg ngldmes the earth

’v(n
e Sl RIS e s R

ts shdll bt. placed bttween them

%‘“r‘.‘} JOEICHA

ed-1tems "shal} be uéec}. . "

B L 2, f““. 4_ a5 T :‘._ 5 v?.: P
9. 'lhe 3 rroundmg co dmons shall be etudled in advam_e to determme the con-
S ul el . SUTESEDMETA A bh T e s e e L

structlon sxte of - adequate safety. for- the earthquake damages occurrmg at the
ne-qhburhood (namoly, collt.pse f'nlure or other types of destructwn) are‘ apt etther

tu dIfCLt su.et)
PUIRE TS g . 3‘.,il‘r,qf,.x S
.mq W hLl‘C \uch precautmns are 1mpos>tble a proteetlon b tk shavl,l bé prgwded.
RS A LS P I SO A
10. I‘he dtangn and practxce of plam and remforced concrete stractureb shall

.
ke AN b2

comply mth btandard bpecxﬁtattona for Concrete (1906) ]apan Soc:tety or Cm} Eh

EA AN i

S

”neera R - -
11. T}?‘: Earthquake-proof computation and details of construction of buildings
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"shall- 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 established by Architectural Institute of Japan.

1.2, CRITERIA OF EARTHQUAKE-PROOF DESIGN

1.2.1. Design Seismic Coeflicient

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 constdering the characteristics gf regional geographical settings and within
the ranges shown in 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 1s less than 0.1, the design
coefficient shall be assumed at just 0.1, and when it 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 I Tower-shaped
Type of foundation installation and structure and Subsoil pipeline
open chanaet | ~aqueduct ’ -
Rock foundation and solid T
sand gravel tayer gl" l 0.3 —— 0.3
~ |
Dilluvial layer 0.7 I 0.7 0.7
t
Alluvial layer 1 ‘ 1 1
Soft foundation 2 l 2 2
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Da WP aur L ot e, P + T f . . g
e te T i H ; Co - - - ,
}.*2... Uiiit Weights '+ 7~ - A T, TP 1t
Y The it 'weights of ‘matenals to*bé used for désigning: shall refer' to the values
shown n the follow'ng table, with exception of some special items: coooient
Oing feds = ~’:1‘< O T R R TR Nt KPR
. “‘Table 2. Unit Weight ) e L
} Materials \ ll \i\‘c:ﬁ: : JL; : ’lifz;i:e)r‘mls” )«Mil }f f‘;lch.\;;],(“ :I - by :;atermls \\lif‘-:gﬂi
. }’ /kg,m;,wr,s ,1 o e i (k‘f’_/_"‘?"l ,if’.)- o ,'u/m’>
Twaer T Lo L-'@i“ ‘Sredi v o P s | ostene 5o 0 2,600
Rewnford Cancrete l[ 2,40 ‘InV}WEn:‘-;S{e;~ T , " 7.8';(-)—“:t “-G'rj::,\;er;)-rwﬁt;c;(ml-'raénigmt 1,500
Plun Concrete i 2,30 ' Cast Iron e rzo ffoSand e . 21,90
‘Martar !! 12:‘1(:{0: 1: Sast-lron.Pipe. .20 ”!e Sol: - L 1,600
Brick i 2,000 : i’ Wrought fron 7.800 ﬁ Timber / 260
Prestressed Concret l 2,430 'l i Lead T 11,100 i Ce ,
T i i i[ " Copper 8,900 l o -
Unit welght of sand, gravel or rock, fragment 1900 l\g/m3 is that m case saturated
with water. e ‘ o T e

!\;“-‘-: Eﬁv(i"‘ L. a\rvg r, b1

1.2.3. Allowable Stréss T i I T A
1. Allowable stresses of concreté and metals shall he determined, making reference
i1 to Standard :Specifications ¢ for Concrete, Japan Socnety of Civil, Engmeers ;Desngn
By 'Specmcat ons for. Steel. Road::Bridge, -Japan:Road. Assocxatlon Bu:ldmg Codes Pro-
“1visions for Building. Codes _and-various, criteria of, structural computauon Archl-
L titecturald ln:ntute of. Japan. SRR

kl./

(S

R T U R S P o ST S
R The allowabierstresssof:a foundation shall be deiermined, by, T1ble 3, through
i .an’examination of=géologicali structures. in site..  Howey en,for.such structures tyhlqh
are espeeially important, actual loading test shall be,.exercised. B
Allowable stresses under earthquake condmons shall be the same, vames as those

,in, Table 3 for, foundatu)ns eﬁcept rock foundanorp and 15 timds these values for

RO VRN L6 iy P A PR idernt, -7 -
rock fuundatl()nb L ,
e BRI IV ST L st e e L
. . [ v g . " P 1=, v
fo ‘Table 3. Allowable 'Stresses of-Foundations; - wiix . i
N + ~J(ef. Provisions for; Building: Codes, Qrdnance Ny\.;%)p T
1 L L TORARLE 0 AP S BRSO BESSY:
- - -
LA 2 S T e b
\ Gt e L8 Fondauon 46 THrdEe Allowablé ::lresses Remarks
- S s - (t/m?)
- - - \
Yers 11780 ‘l A RY :F" “ h v ey »d, R RN A4
. hed AP igneous’ rnrk< wr 1« “eranite, ‘dioriges | Wt ‘e ‘- >
ST A JHar”u‘ N‘K h‘d : |' gness! bas..\l( etc or hlrd n.unylumelaxe ruLIn etc :00
- % A N L R T B
] T . .
! A bed of aqueous rocks. such as'slate, Schstiferé 7o dann 2025007 ¢ e
Soft rock bed i -
-~ bt a ta was e ayals |
i A bed of shale. mudstone, PITECIEE MO S TACH - (AR AU 117 R N
ﬁ'},"!‘l e R I I P -
BN - . - L e, e PR Yo, e Hay f
Gravel k]
-~ R T ' N ' -
Mixture of grave! and sand - 20
Sandy clay or luam : 15
dand ur clay 10
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For the foundations not specified in the‘ta;bief above; the allowable stresses shall
" be determined analogously 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 {. Allowable Bearing Capacity of Foundation Pile (
(¢f. Provisions for Building Codes, Ordnance No. 93)
Methnd of Pile Driving Loag Time Allewable Bearing Capacity % Short Time Allowable Bearing Capacity

Drop Hammer or R= WH
Singlc Acung Hammer . 55+40.1
2 times Long time Allowable Bearing
Capacity
Duuble Acting Hammer R= ul
55+0.1

Denotation ," R = alluwable bearing capucity of a ptle (t)
"W = weight of 4 hammer (1)
H = drop hetght of a hammer (m)
F = shoch cnérgy of a double acting hammer (t—m)
S = final penctration 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, 1.e., the mass of
the structure multiplied by the design seismic coefficient, acts statically in a hori-
zontal direction. It 1s also- assumed here that the magnitude of the coefficient 1s
uniform for the entire members of the structure. For the structures which are apt
to reasonate at the time of earthquake;, liowever, 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 pos:-
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 dirzction. 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 pressure during earthquake
The increment of water pressure against a containing wall occurring due to earth.
quake is given by the formula

T e
P=§1\w~/Hy

— -



O L L F * H
: c -1

= where: . p.=increment of water pressure due to earthquake, (kg,’m ) .

<. (HN=seismic coefficient, ¢ - .., - A )
=wéight of a unit vo]ume of water (kg/m’) o
ot teprls Hn_‘waterl depth im);, Coon b ke [T ‘“\,;_, . -
. waeso Ly =depen belowy surface at tl*e acting :position of,,b(m) He e e

‘

The water pressure may. -also, be obtamed hydrostatically -on rthe ,a;sumptlon t}}at
in time of earthquake the- free surface exists at an imaginary level & above the
estlmated hlgh water leyel, as shown by the 1ollowmg “foimaia: f'_" ;

M ( TR YR [ R ted L 80023 U

h=2K:l (m), e

1.3.4. {Farthquake-proof- computation:of a retaining wall - ‘ ; -
In*thé bearthquake:proof . computation of a retaimngawall -the -forces acting on the
wall surface shail include the earth pressure in time of earthquake, the weight,
‘earthqiakéforce and“‘iiubyzindy' of :the wall, the resistingpressure.of the soilin front
of the wall, tiie ‘diZference of the aw ater levels before and-behind .the wall, the wexghr
oftand redrthquake effects’ of.the surcharge_load .on.the ~surface-ofrthe retained- soil.
The combmed horizontal component of these forces shall not -exceed the frictional
resistarice of the wall foundation; the maximum’ pressure occuxrmg at, the bed shall

o

oot exceed the llowable stress of 'he foundatxon durmg earthauake and the re-
s sultant vector of these forces shall not ‘all beyond 1/4 oF the base length from the
center of- the ba»e HO“BVCY thrs ‘proportxon may, be mcredsed up to 1/3 for a strong

foundation; ;. LR L el B B f e LnERE R OSTILIAL T Y e e <
2egry bzl £ 10 ‘_,' Vot W sk s B s e wonih .
w0 e o 2‘ DETAILED TPFA?IS"E e L
2.1. WATER SOURCE INSTALLATIONS st
2.1.1. .River sources . Co L
" +1.)"EVen ‘at ‘dtdindry ‘times good 'care shall be éxercised 'to' prevént “denudation of
.of the hill slope in the watershed. > T e

2. Careful precaution shall be exercised 'so that itakes of gate and pipe type
may, not be clo"ged by'sur{ace) soils. and rock debris ogiginating from adjoining hills

at the nme of ea.rthquaL

ssomr oRi 1t v cantte Ut o Y AL P "
3. The mtake -pipe crossmguan e;ni)ankment sh;li be made of ca;t 1ron{ ductlle
- cast aron ;or.steel, laid upon.a strong SOlld foundatlon well protected thh concrete
and refilled with specml CATe. . in | cicd sapee, s Lt e
4. Intake tower: ]
(1) The most desirable type of an intake tower: is:a“reinforced:concrete structure

v

>

of a cylindrical appearance. T ‘

(2) The 1nt'1!\»e tower shal] be_ glven a reasonably deep embedment mto a %t!‘O"u,
foundatlcd When a‘ sunk-well tech‘nque 1s apphed the embedment depfh shall be
smﬁclently deep. and the bottom shall be lmed w1th concrete to a consxderable

thrcknc:m,_,r s e .y

(3) The conduxts leading away from the mtake tower shall be of cast iron pxpes
ductile«cast iron pipes or steel pipes, and be constructed strongly.

— 0 —




t4) A foot bridge approaching the intake tower shall be as light as possible, so
that the tower may remamn free from any extra load.

(5) Tt shall be avoided to locate the intake tower at such places where there 13
a possibility of bunal due to collapse of river embankment or hill s}opes, or of scour-
ing due to currents

16, 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 shoucks 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 Comnuttee on Large Dams, Specifications for Dams.

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

1936.

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 wem 2.1.14.

2.1.3. Infiltration gallery

1. A perforated reinforced concrete pipe of sufficient strength with socket shall
be laid on a homogeneous foundation; the spigot shall be inserted sutficiently 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 pipeline; 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, OPEN CHANNEL INSTALLATION

2.2.1. Open conduit and covered conduit

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

2. It 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.
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DA P

The expansion joints shall be installed at dp')ro:umatel) 10 to. 20m mtervals

théy shallzalso-be-used at.suchr places_ where. different geolo;,lcal formatlons meet
and -before_and- behind a bridge, weir, m anhole and gate etc.

4 ¥
shall

Dr\

Since: the. toe and' shoulder of @ hlll s\ope are .apt. to col‘apae sutﬁment care
be exercised' in location and ac.tual constlucnon
Ati:such places. where they. cross rivers and other concave toponraphles by a

siphon or ,pipe ,bridge, the earthquuke:proot measures shall comply with the ltems

clEe
o

2.46 and 2.4-7
2272, Tunnel ECEE T . y
1. Asja rule a tunne! shall be lined with concrete.
BE-% "Fife routesshall avoid- siéh- places ‘as a-hilleslope which exerts a biased load.
3. Since the entrance and exit are apt to coltapse, they shall he' protected
’ adequdtely T v S " - - : .
4. The cross-sectional shape shall- be ‘as:circular asrpossible: When the horseshoe
“shape ist Gsed thé- hottom: shall:be 'an.inverted arch..of .considerably large rise and
" inéreased thickdess! at. both ends’ - «. . - S R S

Attsiichiplaces whérerthereis?a fault line. vunmng in the ver.tncal du‘ectlon or

-where? sharply differring: geological . formations. meet,, the lining: snall he’; msuldtea in
the long'tudmal“'chrectmn and. therlining ‘before and'behind’ tliis: pomtlon partxcularly

A

earthquul\e proof de:.u,n slmll comp!y w1th the pmwslons* specified’*for "ordinary

Sl

-

2

v oy

strénigtliened. 177 o S w o ATl L e

= 6v

ooy ~
H .o PR U LA )

In"the:case. of a clear~watergconvey ance tunnel, expansion.joints.shall:be maerted

at.-construction’ Jomts and the msulahon places ;described in the item, 5.,

2.2.3.
1.

bndges

o

: '
EN IO . o

e Ve P 4 >
€ 3 wlRah PRNEY § - e

Aqueduct brldg
An aqueduct bndrre shall be’ bullt of relxlforced'concreteﬁor steelt and its
) R s CERT

. P
‘- iln

Since the structure 1s- top- neavy, the design. shallt be” 50’ ‘arranged as.to' present

it fromvfalhng off* the bearmg plate ‘due.to a horizontal thrast caused: by an earth.

quake
conne

For ‘$uch purposea s qdvlsable‘ to extend! armis from: bndge piers, and
ctithe bridge piers to the’ aqueduct beams: with" ‘diagonal: members so. that.both

tensxle ﬁud‘comprebswe stresses’ may "be transmxtted dnectly to the plel‘sf .Y

3.'r

post 'to prevént overturning due:to -earthquake., - - . RS

4.
- -8,

8.
‘of the

1he*br|dge ‘plerst ‘shall” be equlpped \Vlthﬂapproprxate transversal straddhng

n N .

The. pust-of thepier and the  foundation ehall bey connected ac.quately

The abutment:. whichsis: generaily: vulnerable to earthquake shocks,. shall rest
on a.firm solid foundation with a large embedment depth:

N -

' Special- cares shall' be exercised im desmnmg,and constructing, the wmg walls

abutment.tosniake them substantially earthquake-proof, so that ‘the back ﬁlhng

may’ not, be: washed, due - -torcollapsing of the wing. walls to 1nv1te deatructlon of the

condui
7.

1t
Since the connection of the conduit and aqueduct bridge constituies one of the

most vulnerable points, an effective expansion joint shall be mstalled at this position.

In casés where an mntensive earthquake shock 1s expected, a further safety shall be

—G7 —
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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 like a basin or well, such as a grit chamber, a mixing
basin, a sedimentation basin, a filtration basin, a clean waler basin, a distribution
basin, a conveying pumnp 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, 1t shall
rest on a pile foundation or reinforced concrete columns supported on the existing
ground, and 1 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 profile and
devoid of abrupt changes in configuration is advantageous in resisting earthquake
shocks. Accordingly a circular plan shape 1s 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.

9. 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-
plied 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 thg safety of the
protection concrete or mortar coating for a water proof 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 20~30m for a thick wall. The gap of the joint shall be ordinarily 1
to Jcm.
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12. A ngxd frame structLre of remfoxced concrete shall be prov1ded with bar

arrangements not in the manner .;hown m (a\ but in (b), Fig. 2
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ﬂexnhlc )omts such as mcchanu:al ]OllltS or Glbault Jomts shall be inserted

in both the m‘et plpe and the outlet one at the connectmrr portxons to the basm
14. 'Fhe axial bars n @ column :hall be uell buried in' thé concrete up and below
The effecta of hooks bhﬂll n0t be counted in comuutmg the bond stress. The end
portmns. of the co‘umn shall have partrculall) dense arrangements of either tied or

RS T T 7 . , .

spiral bars.

.

15. A canopled basm‘ shal!' be deaxgned' in such % a “manriet as-to allow safe entrance
=] Lt s T . SIFPR It LR M) AR I
and exist even m tlme of eaxthouahe - i o "

16. %mce tne door way and mspectlons WlndOWb are vulnerable t0 local ‘damages”’
due to earthqual\e thev shﬂ! be remforced‘ wrtlr soecrﬂ care! . '

B N S ) ‘
2.3. 2, Water tower: o ol el sl e '
“THe "fotindition!df aswater :tower. shall. -rest on.a ground oft.partlcular reliability.
lt is desirable even on a favorable ground. to-secure as.great an embedment.-as
possible, - vty Tbrg ot s R R A

2. A cylindrical structure’ of “ater ‘tower. ls«advantageous to-safety agamstaearth-
quake.’ - v o T e 0 L T S T '

" 3. The riser porticr of ansinlet pipe: whxchI is housed msxde the tower shall be
supported ‘along’ thé“wall surfacel- -It shalli-be born, if available,-by- the columns,in
the center which support a: canopy for a large tower. It is advisable to connect the
columns with horizontal diagonals. ’ w

4. If further the’ingde’ face,of the tower “wall- 1s made “water- tight by Immg with

steel plates more than 3 mm thlck a fe fear of leakage‘ will’ be much relieved assuring

I SR A I
extreme safety anamst earthquake shocks *[ b

ks b md ot e o G

2.3.3. Elevated: tank.
1. The material for an elevated-tank- shall be steel in preference to reinforced
concrete ine view of safety arramst earthquake shocks,

2. The nser portxon of various attached pipes shall be equipped with earthquake
proof jeints near the groundwsurface z L

3. The design-value of seismic coefficient for an elevated tank shall assume that
specified in item 1.2.1 up to the height of 16 m: for a portion beyond this height the
coetficient shall ne increased by 1/26 trmes this value per each height increment of

4m,




1. The elevated tank shall be provided with 4s many supporting columns as pos-
sible, with hortzontal and diagonal members adequately arranged to prevent buckling.
5. The tank shall be tied fast to the supporting frame.

2.3.1. Pressure tank
A reclimng type 1s recommendable as safe for a pressure tank.

2.4. PIPELINE AND APPURTENANCES

(&

.4.1. Pipeline 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 bend 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 pipcline is laid on a refilled earth, the site where collapsing of ground is
likely to occur, such as shoulder of road, shall be avoided.

4. The emhedment depth of a pipeline shalt be arranged in such a manner as to
allow conveniert maintenance as well as easy repair.

5. A sohid 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 reinforced by ladder struts, plle‘ 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 installations under 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 poeservor

Tt

=

Lo

T

—

— = — — —main pipeline + valve
(diameter 250 ~300mm)

branch pipeline o hydrant

Fig. 3. An example of block system
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sthle, and- bupplym‘" of - \»dter could’ be begun again as :uun as posstble after repair
of “earthifjudke ‘damages. B R : ' :

10. Even such types of pipe ‘as a wa’ter 'colweyanle pipe and a distribution"main
pipe: which"do-not " possess: Granch pipes shallibe* equipped with' valves at an mterval
of about 300m to 1000 m,

1. It shall be avoided to lay the*special’fittings cc;n'tnuuoulsly. A straight pipé
or a cut one shall be nserted between two-adjoining special fittings, . .y

12, Near the po:,mon ot a tee or cross plpe of a key. plpelme it is desirable to
tn:tall ll(.\ll)le jOllltS at the two plpelmea meeting at right angle.

13. W hen a bend plpe or atee pipe is protected with a concrete block, 1t is, de-
sxmble to avmd to m:.ull the pxpe deeplv inside the concrete block. - .

M. \\ hm mscrtmg along. the pxpelme such '1ppurtenance= as a fire-hydrant or a.
gate val»e etc., w lll(.ll present dlfferent characteristics of v1brat10n due:to earthquake
from that ot the .pipe, 1t is desxmble to-mstull flexible Jomts before and behind it.

Varxous types of plpe wluch penetrate through the 0urroundmg wall or bottom
slab :.hall not touch the wall body dlrectly When lt 1s necessary to | install, them in
direct contact to the wall in order to ensure water- twhtness, flexible joints shall be
installed apart from but near the wall: The same procedure is recommendable be."

2 ‘. - Y
R AP SACIE Ab A AU T R Pl FLI

tween alpurnpand - stiction- or‘dellvery pipa et £h 2l
16. -A¥ suction- pipe: ‘WlllCh"lS buspendeu -down'-at pump’ well shall be fixed to the -
wall withstrong metalifittings to ‘prevent it*from vxbratmg ina mode‘dlfferent'from
that of vibration of the wall. ' ' ’ s
17. - When a -pipe-is“laidion 4 steep slope- fieat? a"dlstrlbutiorf“re§érvoir,‘°T thé “pipe
shall 'be fixed in the"grotnd by anchor blocks, for* instance in-'such’a manner-that '
it is fixed by steel bars to the dented anchor blocks and expansion joints shall be
installedwbetweem them's £i'e L axh o ©lnls T cn e e s ‘

n DR TR SRR A £ 1Yot s 0 T AU RS SN A Sl Do

2.4. 2 Ductlle “cast-iron’ pipe for water works and cdst-lron plpe for water works

1. In case a ductile cast- iron pipe, for water, works or.a cast- 1ronl pxp:, for water
works, is; used as a rule that of mechamcal )omt shall be used L

2. A tltmqe joint shall not be used e‘ccept betore and behmd a valve or at the
positicn of the pipe appurtenances to a pump wluch is subject to occasxonal removal

AR C I S AL A

and liable to vibration.
-Axfavorable ground shallbear the pipe" mrectly on the’ natural surface avmd

A N

lng,vlf Possiblé; the e of'the! fouudatlou block:
4. When the foundation block is used, the bearmg area shall be adquately large

RS

lest ‘it-present-a: ¢oncentrated” 10ad on thé pipe* * ™

2.4.3. Gal\amzed stecl plpe for water gerv, 1ce and coo.ted steel pxpe for wa:ter service
When gdlxumzed steel plpe for’ \\ate_r :erv1ce or codted steel pnpe tor water service
is u:ed screw Jomt or:arc \Vlet,Cl jOll‘lt sll(lll be u:ed asa rule und when necessary,
ex[)dllall)ll jomt slmll be mberted . -
2.1.4. Centrifugal reinforced concrete pipe and prestressed concrete pipe
1. The allowable head of a pressure pipe shall be ba:.ed on an adequate factor of
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safety regarding the pressure bearing capacil'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 1n the plan and elevation. !

But in case of prestressed concrete pipe it 1s not necessary to comply with this
item,

3. The foundation shall be particularly strong.

2.4.5. Asbestos cement pipe for water service

1. 7The 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 msert 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.

2.14.6. Siphon crossing

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

2. A siphon crossing 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. )

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 l'arge-cahbered 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 ore-
vent 1t from failling oft the position in time of earthquake.
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vt %, *The' provisions for ‘a’ brldge pler abutment and wing wall shall comply with

r.hose specxﬁed in the:item 2:2.35- w-i! - .
w3 0TS 'safe to7dse & steel pipe for a bend pipe or an offset’ pipe which connects
a bndge-born pipe to an underground straight pipe behind thé abutment:’ -~
It is advisahle to treat the joints of the steel pipe by elecmc weldmg
8. A bridge-born pipe shall be fixed to the superatructuze at each span, and
- equipped: with an expansion-joints’ also at each span. - ..
9. For a bridge-bori pipe made of cast-ivon-a-flange -joint shall be .avoided.
10.+ At the ‘position 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 anchored to the abutment by .a anchor band. .- - -
11. A pipe mounting to the abutment shall be sloped by less than 45° and flexible
joints shall be installed at the connectmg pornons to the straight pipes before and

behind the bridge. (See Fig. 4) [ <1127,

‘ : Ll ilr.expansion:joint - v e 00
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. The, both ends of a,‘bnd"e born p\pe shall not be ﬁxed to the abutments but

allow for a considerable clearance around the pipe., - | oo

13. Special care shall be exercised to refilling the banking behmd the abutment
and a foundation supporting a bend pipe shall be particularly remforced by pile
driving. : ) )

14. Pipebridge having the steel pipe atself as the main girder shall be equipped
with flexible joints on the abutment and piers, considering the ground sinking.es-
pecially on a soft ground.

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

16. Pipebridge of a considerable length shall be equipped with an alley on ather
one of the sides or, if possible, both sides of the pipe to facilitate checking and
maintenance. )

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
eastly 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! chluride pipe
t'or‘water service, or copper pipe for water service is used as a service pipe, a lead
pipe approaimately 500 mm long shall be inserted before and behind, the connection
to a ferrule, curb stop or water meter, and it 1s desirable that an adquate sag 1s

given to the lead pipe.

2.5. POWER AND PUBP

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

2, When only the electric power 1s 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-
ward.

APPENDIX

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

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 locauons of the dumps shall be selected
from aynon;g such places commanding exceeding advantage of traffic and free from
‘ﬁr:c/: hajards, sixi‘cg in event of an earthquake the effective road width may be ham-
pered by the collapsed houses and since the traffic is jamed due to transportation
of relief 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
préarranged at ordinary times concerning reconstruction of establishments and emer-
gency water supply. If possible, 1t is desirable to connect the ends of distribution
pipelines of the adjoining cities with each other, so that mutual assistance of water
:supply can be exercised in event of disaster,
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Chapter. 16 -.

EARTHQUAKE RESISTANCE OF WATER WORKS

16.1. INTRODUCTION

In great earthquakes i in the past, severe damage to water works has occurred
repeatedly. Actually, however, it is impossible for-structures of water works
facilities, which function as a unit while being spread over a wide area to escape
earthquake damage entirely. Thereforc the fundamental thinking in planning
such facilities is based on the followmﬂ three points: '

I. Methods of locahzmg carthquake damage as much as possible are to be
adopted.

2 Cons:deratrons should be taken to make repalrs of earthquake-damaged
"' portions as easy as 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 buried

-‘plpehnes, was inevitable. Now that water works facilitics have become so rm—

- portant, - posmve measures’ must be taken for earthquake res:stance even rf

difficulties exist.” =+ - - - S !

" Damage to water works consists of damage to watet quallty and damage to
the structure. Since 'water quality'is ‘impaired due to devastation of the: water
source area, it is necessary for locations with little risk of devastation’ to be selected
as water sources and for erosion contro! to be exercised in' these areas. As for
structural damage, those typés peculiar to water works are destruction of under-
ground pipelines, reservoirs, water pipe bridges; mverted siphons and water tanks

'16.2 7 UNDERGROUND PIPELINES

H

(l) Rel.monshrp of Depth and Dlrectron' of Underground Plpe!mes to
Earthquake D.rm.wc o
Earthquake damage to’ underground pipelines -consists of pull-outs and
cracking. The degree of hardness -of the: ground is: intimately’ related-to such
damage. Figure 16.1b indicates the damanc to pipe lines'in Tokyo atthe:time of

- the Kantd earthquake. On lool\mg 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 e.lstibetwecn Furu River and the Sumida River. These areas
were followed by the a!luvml area on the left side of the Sumida River, thnle

y
£
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492 INTRODUCTION TO EARTHQUAKE ENGINEERING

there was little damage in the western higher areas of Tokyo. The same trend

was seen in the distribution of damage to sewer lines. Figure 16.1 (a) indicates the

damage to buildings in Tehyo at the tme of the same carthquake. It is interesting

to note that the areas of pipeline damage were somewhat different from the

distribution of damage to wooden buildings. Although there is general agreement |
that damage was greater in the lower areas than in the higher arcas, the damage

to wooden buildings was the greatest on the east side of the Sunuda River while

the damage to pipclines was the greatest in the arca between the Sumida River

and the western higher areas.

®© Imperial palace
2} Sumida river
@ Furu river

k @ Kanda river

EESeverely dameged area
Fairly damaged ares
(a) Damage to houses (b) Damage to service pipes

Fig. 16.1 Damage to buildings and water supply pipes (Kant6 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 in the area between
the Sumida River and the western higher district, there werc 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 Jocations in the latter case. This is thought
to have been the reason for the great damage to buried pipelines.

Taking this into 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 intermingled is thought to be
unsuitable.

Besides the hardness of the ground, the depth of embedment also influences
earthquake damage: in general, whe 1 the depth of embedment 1s great the earth-
quake damage appears to be small. The distributing pipes of Hatano town,
located near from the epicenter of the Kant6 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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embedment such a difference in éarthquake resistance was entirely due to the

. effect of: depth of embcdment.

However, it cannot immediately be, sard from this that seismic intensity is
small at 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 conhnmg earth pressure. In which case the depth required for earthquake
resistance is related to the diameter of the pipe and therc-would be little effect
unless 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 when'the depth is greater than 3 m even with fairly large pipes.
However, from the standpomt 'of maintenance, control and ease of discovery and
reparr of damagcd porttons makmo the depths too great should’ be consrdered
carefuny Actually, in urban areas the depth of ‘pipes is usually determmed by
their relattonshlp to, other underoround facrhtles

S Itis readlly concetvable that the dtreetxon in which a ptpelme is lard ‘and the
major directlon of vrbratron of earthquake motion are related to earthquake
damage of the ptpehne A prpehne is deflected when subjected to vibrations in the
direction orthogonal to the pipes. When the deflection is great there will be strains
at Jomts and thc pipes will break at. these portions. When pipes are subjected to
wbratrons in the direction ‘of the pipeline, they will be pulled out, torn apart or
will collide wnh each other to form longitudinal cracks-and ruptures. Therefore
although it:can be expected that failure of a pipeline will related to dlrectlon 1t
is difficult to say in general terms which is more likely to cause farlure :
. Inan actual r'ase ‘water mains laid in a north-south direction in Fukur were
severely damaoed in the Fukui earthquake. In Fukui the dxrectron of crustal
movement in' this earthquale was in a north-south. direction, and although the
direction. ofthe main vrbrauons is not clearly known Judgmg by the dtrectton of
the movement of bridge. nlrders in the crty, 1t 1s thou0ht that the ] mam vrbrattons
were rouvhly ina north south dlrectton f .

The dlrectlon of the main vxbratlonsm Tokyo in the Kanto earthquake was
gener'tlly north northwt.st to south southeast The water. main from Yodobashi
to Hongo 1,100 mm in. “diaméter; was rouohly orthooonal to'the direction of the
wbrauons, fwmlt. the- mam of rdentml diameter from Yodobashn to Shiba was
generally di: monal to the Vibrations. The ground .was mainly loam strata in both
cases and is not thought to have been too complex. Thé former pipe_was fup-
tured at eight places, whereas the latter showed no- rupture. In skiort in this case,
the direction orthogonal to the main vibration suffered more earthquake .damage.

*In this eaithquake the extent of. damave to sewer plpt,s m connectton wrth thé

dlrectron of la} ing was mvcstlf*ated but no cortclatlon \\as recoonr?ed

? i
. s 7 e )

(2 Rclatronshlp of T\ pcs of Prpes and Jomts to Earthquake Damage
PIPLS used for waterworks are steel, ‘ductile cast iron, cast iron and asbestos-
cement. Steel pipes are Jomtedrby ficld \\tldmg 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 i earthquahes i the past consisted of brealung, cracking,
rupturing, pull-out and mjury to couplings Steel ard ductile cast iron are high in
ductility so 1t 1s thought cracking and 1upuring wiil not occur with these pipes.
The natural gas pipelme 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. Bur 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 Tokachr Earthquake of 1952. In the Niigata
earthquake, with a diameter of 100 mm as the border line, asbestos pipes of
smaller diameter were brohen while pipes of larger diameter, both of asbestos or
cast ron, were pulled out.

Glank

Bolt
e i
L — U__

l\r\ N
— ~.
r i ) — : _—\—3

\ 4 ( TN —
\ Y \ Round rubber gasket od piec
Rubber gaslet | ! Mortar
_Ttubder gashet | Rectangular rubber gasket Bolt
™ { | Separated gland Gland
(a) Mechanical joint (b) Inter-mechanical joint
,Bolt Rubber gasket Housing
/oeGland 5 Si @
e ySleeve S
P ~ T N >
5 —a . 7y :
I l ! 1 { Rubber gasket
(c) Dresser joint (d) Victaulic closer joint

Water-proof rubber

Flange | Pin Arm Coverl plate
N ! |

>Eﬁ| ri ‘ [_[ : mj -
| gq__u
 Janrand
’_“FJ~ : J‘ b JU \.ﬂ—-—‘
' Ellows (SUS 27)

(e) Bellows joint
Fig. 16.2 Flexible joint of service.

In order to cope with large ground movements itis 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 couplings with both expansxon and. contractlon char-
acteristics and ﬂexnblllty at places whgre uniformity of vibration characterlsucs

might be disturbed, such as points of change in ground conditions, sudden bends;
and tees and ‘crosses in major pipelines. Both the bellows and victaulic closer
joints are ductile, earthquake-resistant joints. The bellows joint can be bent about
15° and the victaulic closer joint about 5°. Therefore, if a steel pipe is installed
between two bellows joints, even if there is a prominent dlsplacement ina length
of several méters, this displacement can’ bg. resisted. Thus, where large relatlvn
dxsplacemems are anticipated such as the connection point of a water pipe and a
distributing reservoir or an aqueducts, this type of joint is used.

Mechanical couplings are at times pulled out, but have a falr deeree ofearth-
quake resistant'and can be’ bent up to 2°. Socl\etjomts are liable to be pulled out
while flanged )omts are easily broken and both are not edrthquake resistant.

+ Pipes which extend above the surface from ‘buried’ pipe are most liable to be
damaged in earthquakes. This is naturally expected from the difference in the
movement between the ground surface and the ground at the point of embed-
ment. When the standing pipes-are firmly connected to large masses such as
buildings and machines, this trend is intensified further. Therefore,‘in such cases,
earthquake resistant joints should be used and connecnons with buildings should
be somewhat flexible. S .

(3) Forces Acting on Buried Plpes during Earthquakes

1)  Introduction

The destruction of underground plpelmes Is thourvht 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, pipes 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 snde due to eccentric earth pressure. Even 1ftlus
pushing is resisted, the plpe ls 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 in its axial direction, it is pulled out or crushed;
when it cannot resist deformauon in,the direction ortho«onal to its axis
it will break. e . -

5. When the rigidity of the grouﬂcl or ol‘ the plpclme channes suddenly,

- large bending or axial force willfact locally. ' :

6. Pipes are subjected to great bgndm" acnon at bends:

1. Hydrod)namsc pressuresact on dead ends, bc.nds, tees, and tapered p:pesj
‘ There 'is- little work being done to_evaluate’ these phcnomen'y
qualitatively, which makes aseismic design of pipelines difficult.
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2) Reduciion in Beaimg Capacuy of Grownd dJue to Vihration

Ground of fine sand which 1s loose ot has a high w .rer table loses shearing
strength due to vibration, thus reducing beanng capacity, Because of this, water
pipes with large dead werghts settie while sewer pipes, which have a small dead
weight, float up. In order to prevent such occurrences, concrete foundations,
furring and pile foundations are provided, which not only mcrease bearing
capacity, but are helpful in preventing the individual pipe from moving separately
and pulling apart. When there 1s danger of hquefaction of the soil, the ends of
foundation piles must be driven mto ground which will not liquefy. Further,
steel pipe 1s thought suitable for pipchnes to be laid n this type of ground.

3) Local Shding of Ground

It would be impossible to resist and prevent local shding of ground by making
the pipe resist the movement. Since local shding 1s imited to soft ground, it would
be wise to avoid soft ground m laying important trunk lines. When 1t is unavoid-
able to pass through such pockets steel pipe with bellows jomts 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).

J(l"ku)“/o
Aty a

B
i

Q 1 Py
(1—k,)W,
3

B = B

H
Q : P
j(l—h)“’.

C===="C
F,

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;

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

Wo=(1-ko)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 voefficient,
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TN The followmg are considered as horrzontal forces acting on the plpe

L P,' : earth pressure actinig on plane BC; -

At TT '@, " resistant earth pressure actinig on B'C’ plane;t . . ¢,

' . Fi _: tangential force acting on plane BB';

A F.g' ‘L tgn%ntlal force acting on plane CC’; and o )

v =k, W, ; seismic force acting on pipe and substance in pipe, '
where I\,, dcnotes the honzontal seismig - coemcuent P, is. equal to active.earth
_ pressure W nk Q cannot exceed passive earth pressure.. When the sum of the
actrve earth pressure P1 workmt' on the pl.me AB _seismic load H,- actmg on the
ground surt“ce and selsmlc force }{1 acting on soil on top of the pipe deés not
exceed the passrve earth pressure on.the p)ane A’B’ all of this. horrzontal forcé'i is
resrsted by, earth’ pressure worlung on A'B’. When the sum exceeds thé 'passive
‘earth pressure of the plane A’B/, the shortage is-carried by the tangentlal force
£y acting' on the top surface of the p:pe However, the value of" F1 cannot exceed
the sbearmg stremth at the top surface of. the pipe. - , :

When the plpe mamtams an equnlrbrium the followmg equatton 'will be

Valld s v . ‘ :

T T Q:+F= Fr+knWa'+P,, e (16 1)
‘where 0Os cannot exceed passrve earth pressure and F, cannot exceed shearmg
strength at' the bottom surface of the pipe. The limits necessary for maintaining
*equrhbrrum of the pipe can bé obtained from the above.

.. Also, since F, cannot be greater than the shearing strength at plane BC even
when the equilibrium of the soil at the top surface of the pile is broken, Eq: (16.1),
will be valid and there can be cases when the equrhonum of the pxpe will not be )
broken. However, there, will be ground sliding at the top surface of the pipe and
the safety of the pipe will be greqtly endangered. As such an.occurrénce is unde-
sirable, considerations should. be made to prevent. breaking of the equilibrium of
soil at the top surface of the- plpe . o o

5) Pipe Deformatlon o T e e
“When ground deformation due’ to earlhqu"tl\e is. not SO larg,e as: to cause
ground fuilire, pipelines may be consrdt.red to show roughly thie same deforma-
tion-as the. glound In regard'to strmn in the dlrectton of the pipe axis, if the
velocity amphtude of surf'"tce wayes ad\anunv in “this dlrectron is v, the strain
amphtude is and propagatlon \elocxty is ¢, there isa relatlon of, ... . .+~
=£C

. . Y
. s s FANE N . i
ARV e .

/] . P
[ v R . g . S, “
o Y LSSt S rgmm—, S, T 2 .

C thi N
Should thete be no shdmg between the ptpclme and the soﬂ thi§ strain w1|1’ be

equal to the stramn in thé dl[‘CCthrl of the axis_ of the plpelme“?Thus if. E is'its’
Ny

longitudinal co;ﬂxcrunt of elastrcrty,rthe stress wrll ibg;as follows gy uitetnb
u‘\)u L Jt.,ﬁ [ \»-' Praeiins L (A ;
- vF
et a‘:—g—-. . (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 is considered to be somewhat
smaller than the valug given above.

Regarding the direction orthogonal to the pipe axis, the displacement of the
pipe will be roughly cqual to the displacement of the ground. Therefore, in the
range where ground fadure does not occur, there 1s hitle deformation of the pipe
and 1t 1s 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 miotion,

6) Influence of Non-unifornury 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 arca. This nonumifornuty will be marked by the suiface of the
ground becoming reduced with mereased depth, and also marked m acceleration
and less obvious with velocity and displacement.

Therefore, where the ground is 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 jomnts at suitable intervals. The case of the Niigata
earthquake i which sewer pipes buricd about 3 m underground were broken into
single pieces of approximately 4 m in length 1s of reference in determining the
spacmg 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 it 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 1s necessary to make the connections with the manholes expand and
contract as much as posstble and rotate readily and to strengthen adequately the
pipe in the sections close to the manholes with remnforcing 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
eelatin and a teflon rod, and the displacement and strain of the curved 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 is 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. W'hénf"aféouplinié“aibehnit;ing rotation to the joint be-
.. tween @ .bend and a straight pipé,’ or what may be called -anlascismic,joihg,ﬁ
- provided. (see' Fig. .16.4b), the axial force"rp'roduced in the dircc‘tjon’ucoinci:g'gig'g
.with:that.of.application of vibration is reduced. However, it should be noted fpgt
bending momentat:the.portion of-bend and'straight pipe in the direction orthog!
onal to the'direction of application-of vibration is increased, in contrast. -
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8) Hyarodvynamic Pressure Acting on Piye

As water supply pipes are filled with pressurized water, dead ends, bends,
tecs and tapered pipes ate 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:

- W
op.mex =k | & (16.3)
2 14 2er
" eF
OB max=¢D max SN '2— (164)
4>
07, max ™= Al OD max (165)
As
24—~
f11
OR mnr=“—_l‘UD.max (166)
1441
4,
where
op. msx © Maximum hydrodynamic pressure during an earthquake
produced at a dead end;
0s8. max © Maximum hydrodynamic pressure during an earthquake
produced at a bend;
or. mex - maximum hydrodynamic pressure during an earthquake
produced at a tee;
or. mezx . maximum hydrodynamic pressure during an earthquake

produced at a reduction:
k : ratio of earthquake acceleration to g;
T : period of earthquake motion;
w ¢ unit weight of water;
¢« bulk modulus of water;
r : nside 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 c2se of an earthquake of £ = 0.2 and 7" == 1 sec is given

below.
OD max = 3. 12 kg/cl]].s
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K ‘ .oon mnx=2-2l i(g/cm’ (0::90°)
’ ‘or. mex=1.04 -- . (A:—. 1)
ap mex=187 " (As=025 A,)

: The above are nydrodynamrc pressures when dead ends, ‘bends- tees; and
tapered prpes exist smvularly, but-actually, there are numerous dead ends, bends
and other connectrons and sincé the water hammer pressures producéd by these
mterfere with each other .the hydrodvnamrc pressures will be somewhat larger
than the'above values When the increasé is consrdered to be 1.5 times, the maxi-
mum value of hydrodynamrc pressure is estimated to be approxrmately 4.5 kg/cm2
in an earthquake of 0. 2g.

In general, 5. 0~5 5 kg/cm"‘ water hammer pressure is consrdered in addrtxon
to hydrostarlc pressure in designing pipeline$ for water supply. As it is rare for
water hamer and hyc_ rodvnamlc pressure due to earthquake to work simulta fie-
ously, it will not be nccessary to.consider’ hydrodynamic pressure during carth-
quake, in particular as a.design. load of the pipe. However, when the Oround is
soft,and the period long, and ‘moreover; strong earthquakes are - antrcmated
hydrodynamrc pressure will be a problem Also, when sluice valves are suddenly
closed- durmg an earthquake since forces of ¢p. mex Will act in opposite drrectrons
.on either side of the valve,Lhydrodynamrc pressure of 20 p. max Will be apphed to
the valve Avam in a pipeling with pressurized water there are cases when' the
pump ‘is suddenly stopped due to power failure durmg an earthquake, and on
such occasrons there is a possibility of h)drodynamrc pressure and water hammer
pressure overlappmg In such cases the hydrodynamrc pressures on prpelmes must
be consrdered in desrgn . D - e

)

N

16.3. . RESERVOERS

Damage to reservoirs consists mostly of destruction at the.bottomn, side walls
and diaphragm walls of the reservoir. Bottom destruction occurs when the
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Fig. 16.6 Damage to dischange reservoir at Euru-shinano river (Nugata earthquake of Junc 16, l964)
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ground is weak or 1s not uniform (sece Fig. 16.6); examples of such damage are
very great in number. When the structure is heavy there will be settlement, and
when 1t is light there will be flotation; in eithe  case the reservoir will be broken
into @ number of pieces. Therefore. as a foundation for a reservoir a sound and
morcover 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 due to an earthquake,
Also, when the depth of the reservoir is great or when purified water is to be
stored, 1t 15 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 confignration of a sidewall 1s best kept as simple as possibie. A
circular form 1s better than a square form, since corners comprise weak points,
When there arc 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 material for expansion joints in the past, but since this does
not permit {ree 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 sersmic 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 into two blocks, either half would be a boxlike structure
with one end open, but if the foundation is sound it is possible to build a structure
which is sufficiently durable against earthquakes of about seismic coefficient of
0.2~0.3 m an economical 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 is usually calculated using Westergaad’s formula. However,
in the case of multilevel settling ponas, 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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16.4. AQUEDUCTS AND INVERTED SIPHONS

-

; - When waterways cross rivers, either aqueducts or inverted siphons 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 mains are'

_attached, in additionto the necessity for the bridges to be fire- and earthquake-'
. proofi:the pipeline must.also be earthquake resistant. For’ thns reason ‘steel pnpes

are used-and expansion joints are provided at each-span of a brldge. The trouble
of providing-many . expansnon joints may be avonded by makmg 'the bndge
contmuous Sy DL
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Espccmllv as seen in the cases of past earthquakc damage (see Fig. 16.7),
therc Is a. larne proportion of pipes being pulled out at sections 'where pipe, rises
from behmd bridge abutments-to extend over to the bridge, Such damage’ is
" caused by the large settlement of the embankment at the’ back of the. bndnc

- abutment due.to dllhrmccs in earthquake vibration of the abutment and the

embankment. It 1s important for the embankment to be-constructed carefully. to
reduce scttlement as much-as possxbk Where pipes stind: up, ‘the: connccnons
with str.n-'ht pipes at the ends of a bridge must be made flexiblé and elastic, while
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the foundations must be secured by piles of adequate depth so that pipes them-
selves will nor settle. Sven then, an aqueduct 1s a weak point in a waterway and it
15 customary for sluice valves to be provided 1n waterways before and behind a
bridge abutment as a precaution against accident, Figure 16.8 shows asersmic
design of a riscr portion of an aqueduct recommended by the Japan Water Works
Association. h

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 i1t 1s necessary for the depth of embedment to be fairly great. Further,
inverted siphons at river bottoms consisting of alluvial deposit liable to show
licpuefacuon 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 concrete small-scale water
supply towers at railroad stations toppled. However, the water tank at Mikawa-
shima was bwilt 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 is true that
diagonal members are seldom introduced in reinforced 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 Kantd 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 (he cylinder with only slight 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 extrernely large, it is necessary to
select hard, umiform ground, and embedment should be as deep as possible.

O
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" Further, it is possible to prevent leakage by lining the inside of the standplpe
with steel.plate of not Iess than 3-mm thickness.: -

" THe seismic force requrred for calculation of stability and stress of a stand-
pipe 15 usually determined by the modified seismic coefﬁcxent method, whxle cal«

culation of stresses due.to the seismic load dlstnbutlon is carried out by stanr‘
methods-using cg,lmdncal shell theories.

- ‘ PR 3 \_‘)
¥ " ; N P - - s H
' ’ - e ~ -
- } -
. [
B
! N PRI A FERN PPN .
t -
¢ \ * . i
s 1
4
W, R y
’ ' - . s f
. ' B
s P ' .
i . . \
B . v P . -
- - I !
Lt 3 4
3 . -
v )
* . ’ ‘e N ‘ts . <
— N R . - P , < s
L aa s AT - s . e
< e e ' .
H B 3. .
; - [ P I 4 :
P - - -
P ~ - - N ¥
i ‘ A At . . N \ N
. v - ) - . _ LYy Tabi teq [ b '
[ : . -
Tl 1 - . - P . 4 1 "
‘ Yo e L i b . i -
. I o . e, .
L PR ‘ St AN -
v
Yot . v . . )
‘ ) - Kl 132 7 i S i L X} ot
o . TR 4 PRI S £} Al { 3
¢ - H ~ . . ~ B -
- ' . e , ‘-~ Noas o I NE P . i1 \ ‘- .
, R Y LT s L
- 1 -y T U Ty Ny 2 Ge ¢ i R
i ) . ¢ i ! n.
h " “ ~ bam g
N i H L ‘ 4 T ARG A}
= A - -
P ¥ FESE AR . A . . - -
. P ’ “ - M . 1 4 W
- o t e e B
.. - D -
N e — o - - - T I R S 'S B e Sl IO
U - ~ ,
N 15t + ' 4
LAY S “ ' ond -
; i Vi
- - .’y -
ook - Poe - s
N = N oy ot . Law Kwww ' P
. [ R T N e 3 e .
O 3 s hl .
e N - < e mensr ooz (PR I
' g te ) 4 P G - \ "t ‘ -
, TN R PR WP SR o ;
- id ' -
- N
' h § A SO

. oy e
e, e EXI .ty (Y L A T
B - - i) Al
¢ e - P TS S B U PL AN T TP
- BT e S Tt P 0
e
3 . H
- refae, g B
3 - . 4 N -
f P . .
[P ) ' .
o \ (RN S Dageew -, .
s \ . Yt .
. PR ) : PR SR
3 B i PV N i ,
- “ s B T . w“ B
s . ;
" ' . - N oaa ! N SN 4 ;L .
. Vo <
3 ’ oy 4
“ iy { < Y N » ' P
b g ES Y
L, -
. I
? . JUV e voaaret
PRyt [ ot x F . Sl edd
" i " K
. B . . \




Chapter 17

EARTHQUAKE RESISTANCE OF
UNDERGROUND STRUCTURES

17.1. INTRODUCTION

The recent development of underground facilities has provided eye-opening
experiences. Since temperatures 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 remaming 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 of 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:

— sinz—;—@—%) a7.1
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 s
ou 2=y 2= x
== — 0s == (1—— .
7 AY Te, ¢ T ( c,) . (17.2)

where ; is strain due to the shear wave. Thercfore, 1f
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: large, ‘and it is anticipated that failure will occur in weak ground

: earthquake acceleration,
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Bor gyt

T : weight per unit’ volume of soil;

: *L’ ‘e : shear stress inside ground;and *~ & o o ..
_ velocrty amplrtude of earthquake T
then = N . R by o S
. SR N Y T h
i o . v ‘ 2 . L
Lo IO .= e €y 09 COS T.(t-—‘?‘—) (17.4)

g

It“can be seen that stress is greater the higher the velocity of earthquake
motron and thé'Higher the propagation velocity of scismic wave. Tn the ground
there éxist: initial stresses due to dead wéight and other factors. Thus, the seismic

" Strésstis added to initial stresses. In ¢arthquakes of medium scale the resultant

stress is not so large a$ t6 cause'ground failure with the’ exccptron of placcs near
the ground ‘surface where the underground water table is high, or at ‘the edges of
cliffs, However, with severé earthquakes the stresses in the-soil will become falrly

kA f

" With respect to ground failure, in addition to failure due to. stresses caused

' by wave motion, there is failure caused by the lowering of the scil’ strength by

vibration, ‘such’ as “landslides and subsidences. Special types of ground ‘which
liquefy due to vibration or ground which is intercalated with even.a’ very thin
soft layer would be vulnerable to such failure. In this case it is generallythought
that the decisive factor in failure is not the velocrty of earthquake motron but the

g,-,

"In‘buried structures, in addmon to the elastic strain of the ground, the strain

* dué to nonuniform-movements in various parts-of the ground, is-a problem At

the occasion of the Matsushrro swarm earthquakes in l965~6 m an area near

- )
.“. . ,4 L

N )
1. ": . ”' A-," WD,T\'/\,\,
/-

: | l . '
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 takhen 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, 1s 0.4 sec slower than the waveform of Dj. 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 diffcrence between D, and Dg, but the time at which the amplitude is sud-
denly increased 1s 0.5 sec later in D, than in D;. This difference is thought to exit
because the thickness of the surface layer 1s greater at D, than at D,. From such
observattons, 1t can be seen that one reason displacements during an earthquake
of various points on the ground surface differ is because of surface waves. An-
other is because of nonuniformity of ground structure.

Measurement of actual earthquake motion underground has progressed in
the past several years. In instrument installations, vertical shafts and underground
structures are sometimes utilized, but in general, special seismometers designed
for underground observation are buried in boring holes. The results of observa-
tion, as described in section 5.2, show that within the range of several tens of
mefers, the depth at which ordinary structures are buried, the underground
acceleration is ;2 to 1/3 of the surface of the earth, while at a similar depth there
is little difference m 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 powethouses are summarized in Table 17.1, and according to this, it is
thought that underground acceleration in the vertical direction is relatively
stronger than acceleration in 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 s rock, variations are produced in the extraneous forces
working on the underground structure due to stress concentration and the rise in
pore water pressure. It is not clear how much the ground contracts due to earth-
quake, but it 1s concervable that a rise in water pressure of 1~2 m can easily
occur. Such a rise in pore water pressure when occurring in sandy ground causes
the ground to lose strength and produces w ater spouting and sand boiling. When
these occur in embankments, they cause breaking, and when they occur in ground
scrving as an abutment for an arch dam, they impair the stability of the abutment.

Furthermore, underground structures sufler severe damage from discontinu-
ous movement of the ground caused by geologic.t discontinuities. This is most
terrible, but thewe are very few studies regarding the quantitative degrees of the
discontinuous movement in actual ground.



ols

. . ke S 5
N . st - f N B 2
- b AL ¢ s
- o - P :,! - F
N " s FE MG S A - Pl I o I 41
B 4 = i
~ = e . PRy
Y Py S 5 ! ' - N
co T g K-S
& .. = . st
oo 3 Pk P
. = s e
o e L RS
~ i - “r -
. re 1 .
E e . .
- Al N ;
N oo s hes
3 = . ~
S /_ o =
) i o H
AR : . .k
R S . - e - .
- oo - toooe .
. . L - N e
L oo Ty o ’ -
- s Pt B
S . -
. [P IS - ‘ B s
- g e Pl : . R Epu.cnlral Earthquake o

LY ~§1Acol‘ogy ‘ Dcpth (m) l‘« dm.mcc - moton felt -

Earth Lake‘ , Daie»’;*
Km Mmo . 19/8’1961

Quartz | " 260, ";. . appfox. 20 km Slrong vertical
ST ~ mouon felt ©

) =, O , porphyry .
Koyna - 11/12/1967 B1s1l( cc w7 : ‘ Slront: vertical I
ST AU ST S Lo oo motion felt
pw T LT . Quartz - 2600 7' 7 approx. 30 km l—'or:mnl.rl mation
ST e porphyry~ gL aTe o W S fen L Lo
. Wc%lcrn Gifu L - R o - g . Vcrncal motion |

‘i S ok P i ‘not. fclt _—
L Sldte . 5 140 - approx 30 km ~ Fairly strong ~
DR N TR ) ' . oL, B C'mhqulkc felt- .
S e s - Klscnyama < ' Sandstone - _ 300 [ . "140 km .. No carthquake fch

Prefecture” AP

-y N w T
’ v

ECCRC i < R

ngasi ST l11968 L 6 - Kmugawm ‘ ‘Liparite -~ - ° .60 - - . 1100 km Vertical motion
Malsuyama S IR D ;‘;‘"L‘),‘ R w RO ' e - assumced to have
oo D e . SR sy ot RRE - occurred from
; e e ot o AT T .action of electrical
- T - N et - N PN - . g e [ S .
: - - ey - Cooe O T ﬁx(urcs N
7 - o 4 [N .- oo - Lo
T = Tt . ’ S T . s
- - A - . o FRE - .
: S A o
P L . R S oo . . A




EARTHQUAKE RESISTANCE OF UNDERGROUND STRUCTURES 51

17.2. STRESSES DURING EARTHQUAKES ON AREAS AROUND
UNDERGROUND CAVITIES

Although the problem of stress concentration around underg-ound 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)  Analvtical Methods

In this problem there 1s 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
circumference 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):

~ 2Gu (

2
66 == 1-5—'—,) sin 26 sin pt (17.5)

P
where

G : shear modulus of elasticity of ground;

v, . velocity amplitude of incident shear wave;

cs : propagation velocity of shear wave in ground;

¢, : propagation velocity of dilatational wave in ground; and

p  circular frequency of incident smusoidal wave.
From [hIS, the following may b be understood:

1. The section at which 44 will be maximum is the side of the openmg at

which the direction of the incident wave is inclined 45°,
The value of 00 1s 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 79 calculated
using Eq. (17.5) is equal to the peripheral stress in the case of a semi-
infimite plate with a cireular opening subjected to uniform shear stress
Guofc,. 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

)
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of simplicity, it is-assumed that the lining is rigid and will not be deformed, that
there 1s no resistance .to. the. rclatrv«. displacement in the penphcral drrc.tlon
between liningand surrounding rock, and that the. lmmﬂ and the >urroundnw rock
will not be scpamted radially. The sersmlc load on the lmmg mll be’ apprommtcl}
the following when incident waves are farrly lonﬂ comparcd to*the dlamc{;r of
the hole. : STy ;3 waT e :

rro= -—@c——’zb sin 26 sin pt - (17.6)

Hov\e\ er, since the lining actually used is flexible it-is thought the seismic load
actmc on, thg lmm<7 \nll be smaller than the value obtained by the above formula
It is ‘difticult to carry out ‘exact calculations for this case, but if the problgm is
handlr,d statically; the calculdtrons are comparatively srmple According to this,
1flhe rigidity of the lmmsz is’ lowered the seismic load on the lining will be” reduced
consnderabl) From this, it is concluded that fora hmng to withstand carthquakes
is more effective if theilining is resrlrent rather than hrﬂhly rigid but brlttle
©2) Photoelastic Method - B ; v

When the shape of the, hole is not crrcular mathemam.al analysis is drﬂicult
In such a case, the phoroclastrc method can:be uscd to solve the problcm ex-
perimentally. 1f the problem is transformed approximately into one of statics,
it will become a stress concentration problem produced when a hole is made n
a place where uniform shear stress exists. Many experiments have already been
made considering this as a case which could be solved using such hard- materlals

as plrenolrre.fAlmouohihrsha&noLbcenJaken up as a problem of asersmrc con-
sidérations, it is @ method which should be utilized more in new ﬁelds "

weclnorder. to»handle therproblem dynamlc,ally, it is necessary-to.use “the dy-
namic photoelastic method In this case, it is approprlate to use matenals of gel
form because structure models madeLOf«gel materials are suitable for expressmg
. the effect.of dead welght while the:moduli of elasticity are low and lvrbratrons are
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Fig. 17.2 Dynamic photo-elastic experiments using gelatin (stress around a circular hole).
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Fig. 17.4 Djywamic photo-elastic experiments using gelatn (stress around a angle-shaped hole).

relatively slow with large amplitudes. In carrying out a dynamic photo-elastic
experiment a structure model 1s placed on a shaking table, vibrated, and the
isochromatic line is photographed under polarized hght. As the phenomenon is
not rapid 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 still pictures. Figures 17.2, 3 and 4 are
isochromatic line illustrations photographed in this manner. In these figures,
(b) indicates isochromatic line at the neu.ral conditon and (a) and (c) those at
maximum amplitude of seismic vibration.

Stresses along a free boundary can be obtained immediately from isochro-
matic lincs. The internal stresses can be obtained from either of the methods
given below although both are fairly complicated.

I. In cases of stationary vibration, the following relation is derived from the

compatibility condition and the equation of motion:
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where s ‘

g:, 6, . normal stress;

rzy © shearing stress;

o : density of material;
- E : Young’smodulus of material; and .
g .w ¢ circular frequency of.sinusoidal vibration.
As z;, and ¢;—0, can be obtained: directly from the 1sochromanc lmes and is0-
clinic.lines, ¢: +o, can be determmed from Eq.-(17.7). Therel‘ou. all ofthc stress
componems can;be obtained. But:it"is not easy 10 obtain isoclinic lines.. \

5°2: When'u and v are displacements in'the duectlons of.x and y, respectlvely,

; lhe equation of motionds. - ' .. . wees
St A e, B N o
DI ’ OUri.'fU-':v_OO"‘" aav+3::" . aﬂv . (17 8)
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}where azo0 “anid s a,,o are‘*respectwe]y' thc va]ues ofo, 4and ¢,/ at x = \u and Y=
_whrch are obtamed drrectly from e\penments at free boundanes In this method it
’Vrs necessary 16 an\\ rhc accelerauons ofrhe spe\.lmen at’ vanous pomts These can
be determmed from 111e mode of the specrmen in thc case of smusorddl vnbratlon
The’ mode can be obtamed farrly accurately by employmg the Morre ‘method.
This is more precise than the prevnom method 1f the accelerauon can be deter-
mined accurately. - 'm S P .

.17.3. MEASUREMENT, OF VIBRAT!ONS OF UNDERGROUND STRUC-

“TURES DUE ro EARTHQUAI\ES : -

v

<

During ,the :Matsushiro swarm, earthquakes in. ]963~67 studies which

, consnsted of measurma strams and drsplacemems of prpelmes during earthquake
) f:were conductgd by actual!y buryma pipelines in the ground.

~ One etpenmem was o-’ ‘steel pipe in which a pipe with an outer diameter of

.27 cm, thickness of 6:6 mm .andTength of 90-m was buried .at a depth of 1.5 m

below the’ surface The area around the pipe was packed with sand. A manhole

~ was provrded and insulated from the pipe. The mam objective’of the experiment

was to ascertain whether or not the pipe would move integrally with the ground




EARTHQUAKE RESISTAMCE OF UNDERGROUND STRUCTURES 515

Earthquakes of various types up to a maximum 120 gal were occurring at that
time and the conclusions obtained were:
1. Resonance vibration of the pipe did not occur.
2. The deformation of the pipe was morc 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
Ta
e=-2‘f;-<? (17.11)

where

e : strain;

u ¢ constant;

«  earthquake acceleration;

T : period of seismic wave (sec); and

¢ : propagation velocity of seismic wave (cm/sec).
x 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) idicates 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 eurthquake 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
my/sec.

Another experiment was made on conctete 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 m long 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.,

i. The manhole and the ground within at lcast 5 m from the manhole showed

roughly identical movements.

2. A phase difference is recognized between the vibrations of the manhole
and the vibrauons of the pipeli.e at sections fairly distant from the
manhole. .

3. Durmng an earthquake, simultancous 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 entite length of the
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plpehnc the strdin bccomes larﬂe near 8_]01!1[ and is rapnd]y reduced with
‘ mcreased drsmnce from the’ _101nt .

5 At Jomls bendmo stress is a lnrge factor as opposed to a\lal strcss At
“a section dlstant ﬁom 2 Jomt the revcrse istrue. ... -y
6. Accordmﬂ 0 the result of invéstigations of the re]atton between accelerau
tion of an earthquake and strain;in the vrcmrty of a joint, the strain is
increased along with acceleration, but is thougzht not to exceed a certain

Irrnx[ . ¢ L
A Aln a compar:son of, stress produced durm<T strong earthquakes in concrete
prpe and steél prpe burrcd underground, for an earthquake in which
'1cce1eratlon Was 120 gal, thc maximum \alue< of stress in the concre te
prpe \\ere approxmmtely 15: kq/cm at & joint “and 5 ka/cm mrdway in
't}‘e pipe Whére the mﬁucnce from thejomt was small. At this time, stress
- ,produCcd in the steel: pxpe was: 160 kg/cme ‘and -was. approximately 10
S trmes the' stress inthe concrete plpe ~ pos oL,

Asa result of these two studies it was learned that exccpt for cases of great
earthquakes in \\lnch the ground 15 destroyed the movement. of the ground® and
the movement ‘of pipe are rn"ghly in agreement.- ‘Even in-cases when large man-
holes are connected to the pipe, the ground the manhole and the pipeline gener-
ally move toeether but it 15 feli that at this [lm\. the manhole restricts:.the move-
mént of the soil i in its’ “vicinity? It was shown that the major stress was axial -for

"both steel and eoncrete pipes, a$ had been -expected beforehand from laboratory

tests The mﬂuence ofa manhole on a pmehne is fonsxdcrably different for,steel
pipe and concrete prpe The emstence of a manhole does not make much difference

’ in the case of steel plpe but fo. a concrete pipe, it has a eovernmg.mﬁuence on the

stresses of the! plpe CIOsc 10 the manhole Thrs probao;y is. duc to the difference
bet\\een ‘connections in steel and in concrete pi pes. Also,: thc tests.of; the;steel
prpe show that the’ mﬁuence of a manhole can be g eatly reduced when msulatzon
is adequate NS S D e e e s, Cat

: Similar measurements are bemg made at ductways for:high- voltagc lines in
the downtown‘dlsmcts ‘of Tokvo (see T—"tg 17. 5) The pipeline is a circular steel

shi¢ld \\1th an outer dxameter of 3m covered by scil from 1 to,12 m deep.. The

naturé-of the soil is silt and sdty soil with a- high free water table.1 m from the

surface of the ground. There are two manholes, 78 m apart and sersmometer"
have been installed insidé the pxpe]me bctwecn the manholes. Measurements are

curremly being made but accordm" to the results obfained so far, the records,

show acceleratron in, the duct para]lel and perpendrcular to the duct axis to be

W o E -4’ 'v"‘
. . [ NN
J - \ ¢ Silr -

. 78m - ,
_3%m Ym , W4m bm, |

| MT
‘ C Q E
Fig. 17.5
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lower than at the ground surface. The ratio is 70~809/ in the axial direction and
60~70% 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 displaccment records, displaczment with a period of approxi-
mately 0.9 sec is prominent, and this is thought to 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 approxunately 3094 smaller. This is thought
to reflect the influence of the manhole. According to these observations, there is
a difference of 1 mm produced every 14 m which, when converted to stratn, is an
average of 7 <107%. 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 in surface layers of more or less uniform thickness.
However, 1n a mode! 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 prominently, 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 rigidities, the same type of phenomenon is seen
between the two layers. For mnstance, in ground consisting of two layers at which
the surface layer is harder than the underlying part, there are cases when the
surface part docs not vibrate while the lower layer vibrates very much. At such
trmes extremie deformation may occur where the pipes crosses from one ground
layer 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 m Section 16.2. This characteristic seen at the bend
of a pipeline does not agree with the results obtained for curved portions in the
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.‘ earthquakc obscrvatrons .on burie d steel plpe at Matsushrro, buL m mode! tests
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Fortunat;!y,/the”r‘e a'r‘evno cascs of underground SU'LIC(‘JALS whrch nave suf-
fered nreat d.rmnﬂe in earlhqual\ $. Thé example of ‘a power stdtron dgsmbed
”bC]O\\"lS a rare’ ‘casé of an undcrnruurd structure damaged, .even slmhtly, in'a
large-$caie” earthquake The, Koyna underground power station is located ap-
prommatd INO B undururound i the suound compnsed of basalt. (see Frg
17 6). There are l}m.e xooms,,n control valve room (6 m-x"174 m), a wrbine and
eenerator room (13 m X "00 m) ’md a transformer room.(16 m X 193 m),’ con-

necting comdors and a tmlracu tunnel 217 m long and, appurtenant tunnels.
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RS ,Eg. 17.6 . Underground-powerhouse'of*Koyna Hydroelectric Project India.

An earthquake of M = 7. 0 occurred on]y severa] kxlometers from the power
statlon and the shaht dam’me outlmed below (,ccurred Lo .
{ Al the boundary poruon between the two sectrons,{whlch Lad been lined
P drﬂerent times, cracks formed 1n the side walls and ccrlmg arch’ of the
tunnel of the’ turbmc and generator rooms. - - - E
Cracks formed at both sidewalls of the tailrace below the transformer
" room. It is thought the greater: number of cracks in the sector constructed
in thé first stage is related to the strenglh of the rock foundation.

3. Cracks formed at approximately 3 m intervals in the floor of the trans-




EARTHQUAKE RESISTANCE OF UNDERGRCUND STRUCTURES 519

former room in the direction transve:-e to .Le passageway. These cracks
were parallel to the direction of main remnforcement and were in agree-
ment with construction joints in the concrete. It is thought cracks were
prominent in the sector constructed in the first stage because 1t was not
tough due to the lack of auxiliary reinforcement.

Cracks | to 2 mm wide were formed in the sidewalls of the corridor con-
necting the turbtne and generator room and the transformer room. The
cracks formed in the wall concrete only and did not extend to the rock
at the back. No scparation was seen between wall concrete and rock.
Cracks formed 1n the direction of the tunnel at the top of the cetling arch
of the transformer room.

The tailrace tunne! had a rectangular cross section with a semicircular
celling § m wide. The hning was 30 cm thick at the celling arch and 5 cm
at the invert. A fractured zone 6 m wide consisting of clay containing rock
fragments of basalt cuts across thts tunncl, but there 1s no evidence that
this cross scction moved during the carthquake.

Although actual cases of such earthquake damage have not been seen here,
from the experience with structures on the surface, it 1s 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.

1.

[

It 1s possible that abnormalities may progress undiscovered under normal
conditions in the area surrounding an underground structure and be the
basis for a catastrophe in a gieat earthquake. For example, in a district
where ground settlement is severe, 1t is 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 15 inescapable that the structure will settle. Also, there
are many cases of large underground cavities which are excavated with
the aid of rock bolts during constructton 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 « risk ot cave-in and collapse 1n a large-scale earth-
quake. In order to prevent such accidents, it is necessary for mstruments
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
nadities are connected, discontimuity 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 foundavion piles and the other merely buried n the cround, the
former will not settle durmg an carthquake whereas the latter will settle
or float up. As u result, the joint between the two will be destroyed. In
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. ‘surface-due 1o such accidents'as failure of h.vces Even m Fmergenmes
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17 5 EARTHQUAl\E RESISTAN E OF SUB-AQUEOUS TUNNLLS o

Tea -

.~ Figure 17. i ludl(‘?t\S a sub aqueous tunnel prowded for crossmg the Tama
River by a railroad circling the outer side of Tokyo. Recently, because of ihc-
demands of urban transportation, similar sub-agquecus tunnels have beﬂun to be
laid at various places. At that case, when the ground is soft, the first thing. t‘1at
must be considered is whether the ground will be liquefied during an earthquake.,

7.

’

When there is a nsk OflquEfaCllOl] the sub- aqLeous tunncl should be abandoned ‘ y
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Fig. 17.7;. Tamagawa:sub-aqueous'railway tube,

The second problem is bearing 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 is laid.
Therefore, there is 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 cach 13 m wide, 7.35 m high and 80 m long. Tube No. | is on diluvial silt
while Tubes No. 4 to 6 arc on alluviel 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 mn the axjal direction (see Fig. 17.8).

Earthquake records obtained are shown in Figs. 17.9~12. Figure 17.9 shows
records obtained at Tube No. 2 due to a distant earthquake. Strains at either

No 4 S(rnn u-num- No 1 Strain gauge
[_ No 2 TPA (Agcelerogrnph‘
N \'u 2 TAAAccel rograph/ T H
02 Strain gagge No 1 Strain gauge _J
L tim [ 15m | i i
T 80m !
2 ELEMENT L
n No 6 Strain gauge, ! _No 7 Strain gauge
T

~—
! No 4 TP;\ \ee Iernl,raph)

T No 4 TAR Veerten
o [ 1]
No 5 Stramn gauge, No 8 Stram ;.n:;r (rokeanh!

]
0m 1 Wm | 30 m I 10 m
£ T T b ]

‘ _8om

e e e

No 4 ELEAMLN
Iig. 17.8  Plan of No. 2 and No. 4 elements of the tupnel.
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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 scen in the records of Tube No. 4 and this may ke
caused by the fact that this tube is located on a thick alluvial layer.
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Fig. 17,12 Earthquahke records observed at Tamagawa sub-aqueous tunnel (ecarthquake of Oct. 30,

197G, 3=49, 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 is 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! is connected to the ground by springs.

5. A sub-aqueous tunne!l clement will deform in bending as well as axially.

Figure 17.13 is an illustration of the mathematical model.
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Fig. 17.13  Simulation model of a sub-aquecous tunnel
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¢
C. Tamura used.this mode! to calculate thc movement of ground and stresses
of a sub-aqueous tunnel to be provnded 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 maxtmum 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  Muaximum avial force, manimum bending moment and masimum shearing force of the
subaqueous tunnel {(Tnput maximum deceleration and damping constant are assumed to be 100 gal and

10575 respectively)

From these figures, the following properties become known:
1. The earthquake motion at the ground surface is considerably different

according to the place.

2. The earthquake motion at the ground surface is considerably different
according to the scismic wawelorm,
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. [ . 3 - .
. Bending moments and shearing forces are lurge at joints between ventilu-

tton towers and submerged tube.

. Bending moment s relatively large at the connection between 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-aqueous tube and ventilation

towers.

. 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 different 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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The results on dynamic behav1ours of underground plpe lines are presw
ented, which were observed on three kinds 6f “pipe”lines’ durlng the Matsu-

shiro Earthquales, The observed stressesof ;pipescaresdiscussed in connec-
tion with' the observed deformations of ground thg wave character of ground
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uo 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;
A E !
=7
Ve velocity of pure shear wave propagating along the surfac

if exist.
A velocity of seismic wave
co—ordinate of distance
y movement of pipe line
Y movement of ground
€3€m;€m strain of pipe line or ground
2 a distance between anchors
p density of pipe material
W, natural circular frequency of rigid pipe line; = JF;EE

1, Introduction

Dynamic behaviours of Underground pipe lines during earthquakes re-
main unknown, while the structures in weak ground have suffered damages
from large earthquakes. From the aseismic point of view, the problems
lie. in the fact that ithe dynamic behaviours of the structures have little
relations to ground acceleration, but to ground deformation, and in the
fact thal such structures 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 little informa-
tions for ground deformation or distribution of ground displacement along
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 two or three dimensional properties of
seismic wave propagation in ground, and to test dynamic responses of
full sized models duc to real earthquakes regarding a ground as a large
shaking table.

In this paper a 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 Earthquekes

The Matsushiro Earthquakes occured at Aug., 3, 1965 end counted the
number of earthquake frequencies up '653,908 untill March 31, 1967, The
earthquakes are dinactive, but do not 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 Matisushi-

12

Bg



ro town, the Nagano province at first, and the region' enlarged to the"
north-east and to the south-west.. InJan. 1967, the neév ‘focuses appenred
beneath Mt Kamur1k1 and Mt. Azumaya. The term of this researches '’
contalned the thlrd period of strong activities .in Aug. and Sep. 1966 and
the forth in Jan. and Feb, 1967 (Fig. 2.2 “

3. Thq Expg?jmgnts

The test field was sited at the yard of Hokushin transtormer.station,
the Chubu Electric Power:Co. and 'is- about ‘10 kiloretres distant from’ Mt.
Mxnakaml in-the west and- about 11 kllometres from ‘Mt Kamuriki in the north.

Theanextrluems of observatlons durlng earthquakes were conducted in
order to rcsearch the dynamlc behav1ours of pipe lines;

S Y5, g . L

(1) The amplitude distribution of agceleratlon and propertles of sels_
mic wave propagaticn “in the direction of depth

(2) The -amplitude distribution.of -displacemeni and propertles of wave
propagatlon elong the aurface of ground. '

(3) The ground strain and propertles of the prlnclpal straln and the
prlnclpal angle near. the Surface. e

{4) The- dynamlc behaviour's -and" plpe straln for three k1nds cf plpe
llnes._ . rronyl -

T - PR
AL (I PR S TR

e o .
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The followlngs were reaearched relétlng to the above observau.onso
(2) Borlng Soundings to —50 o metres. L I

- L on
. \ 3R ies Sl S -
r - T - P

_(2)JIStandard penétration test and Sweeden penetratlon test., -

[ —

(3) Elastic vave soundlngs and vibrator tests on propertles -of ground
- for surface waves.: B T S Y .

(4) chro—tremour measurements

_(5) - Vibrator tests foripipe 11nes Tk
Pplp )

(6) - Measurements on dynnmlc spr1ng constant at the test ground.

°" The- threc proto-type\models of- pipe- typed electrlc transmlssion lines
for ultra high,voltage {60 kV'Z 275 kV)-wére dLested, :and” their dlmen31ons
were presenied:in Table 3,.1. The moving coil typc se1smographJ were ‘used
w1thout)amp11fler considering its stab:lliy in 1ong 1est termg\ For the
rescerch 'on propagative properties-of: séismic. wave in “the dlrectlon of
depth a part..ofithe'seismographs ‘Placed-in the ground, ‘one. aet*51t1ng in
-3.0 metres, -10.0 meires and —30.0 meires from the surface and other 'set
in -5,0 metires and :-10.7 meires at 50 metzes distance from each other,
Other seismographs distributed on the pipe:lines and in the ground parallel
with pipe lines in order 1o compare "ihe difforence of dyrnamic behaviours
botseen plpe lines and ground ‘ ‘ L , - c .

SR Rt
The' gruund qtlaln du11ng enrthqunkes was observed by onrth straein-

metlers which were newly designed by the authors used ito the same pr1nclp]e
of the selsmonrnph. The 45 and 90 degrees rosciie composed by three earth
stroinmeters was placed 0.4 metres under the ground for calculating ihe
principnl sirain of ground,

)} ' G




.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
were 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
lines showed that

(A) On the dvnamic behaviours

No difference of pipe lines and ground deformation was observed.

1
(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 nol appear at the time when
the acceleration of ground reached maximum, The maximum strain
appeared at lthe after phase of seismic waves,

(4) The strain al the connecting part of pipes and man hole did not
ldrge compared with another part for 250A pipe, but large stress
concentration was observed in the concrete pipe. The bending
sirain at the connection was. predominant, but at brief distance
from the part the axial strain beceme predominent, At the after
phase of seismic waves the axial strain at the connection became

predominant.

5, Considerations

In order to investigate pipe line stresses during earthquakes, ilhe
next problems should be decided: (1) Are there something to differ between
nipe line and ground deformation? (2) V¥hich of pipe stress predominate,
bending stress or axial stress? (3) VWhich phase of seismic waves cause
ihe mi ximum pipe Stress?

On the problem (1), the observed records showed that the pipe line

ST : B--4
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defurmation was cqual to the ground deformation, and the natural frequen-
c1es or the 1ncrea39 of amplitude of pipe deformation did not recognized,
Let thls probloms 1nspect to further details. Suppose the ground movement
as I o

Y(x, t) = a0+Sin p(t—xv) (51)
and f as constralnt of ground
f=k. 2T 1 (0 < u = ug) (52)
=C (o < w) : y (52")
vhere ' ) o
u=Y -y ]

In the range of u<\uo, the vibrational equatlon of plpe lines

in the axi@} Q}rectlon (cf Flg. 5. 1)
PAo 62; — EAp a%Y + ky = k- ao Sin p(t — g/%) (53)
ety o%E E o
The solxtlon of the eq. (5 3) is )
y(x, 1) = “z.Jv;an,;’ = § Y(x,1) o (54)
T 4"2? PP o o
The 1mpact test showed' }bg@lsm y§§_gb99t }99(9/5 for ?SOA pipe wlthout‘

,,

cable. Llf %p the case of pipe x}th\cables 9/00) may be(neg11g1b1e . ‘
compared 'with unit.” Then beglecglng he 1hert1‘feffect the ‘decrease -

S ‘ﬂshpﬁb in Flg. (5.2).
The same s1tuat10n 'was préséhted in the tran5vefs€ 61brat10 i
verse v1brat1on tests on 250A plpe‘showed that’ the dynamlc sprlng con—\
stant surround:nn plpe was larger than BOKg/cm/cm,‘even thounh 'sahd
of. 2504 plpe w1th cab}es st Jarger than” 20 C/S Con51der1ng the cycle
ground dyﬁimlzﬁeffects of*transverse v1bratlon for,many plpe 11nes are

IR e
of plpe 11ne deformat; ‘compared w1th éround
s fon%" The trans—
surroundlng plpe became the state of 1equ1fact10n. Ehe natural frequency
range of SelSmlc waves in weak ground«and “the damplna due jo Suiroundlng
ca B

negl)glble.ﬁ Fig. 5. 3 show& &hefdecrease of pipe. ]ane deformatlon for
RN A o S A S WY ) ;

transverse defprmgtlon. v o R AT SR
b - . "1\ P‘dt- i

‘ Thewcoﬁc1u51on on the problem (l) i that ike deformutlons of pipe

Aiat PR

lines used in ilie experlmont can be regarded&as tbs S&me of ground “In the

S

comparabley large earthquakes, axlal Qeformatlon 15 not equal to ground
'rms will be diScussed latjer. © 7

AR .t w‘ A

Though the axial deformatlon of pxpes Mas nearly equal to the'.

trmnsve;gh‘deformatlon, the 9x1a1 stra:n of all plpe llneg 1n all’ eathquakes

was.predomlnant.‘JThe fact, ag expla:ned by the dlffer nce of stress sensi-

t1v1ty bei&gbb axials and ixnnsverse dpformatlon. nSupp051ny ground defor—

malion as eq- (b 1) and - lottlnw the*same amplltude"aba Ihe Shme wave length,

b (8RS Y et

ihe calculmted“ratlo axlm] \traln to“bend1ng straln of plpo 11nes 1s shown
in Plg. 15 ), Yor example, ¢he ratio for 250A plpé 1S nbout 30 supposnnp

RoT R

the selsmlc wnve veloc1tv V2100 m/sec perlod T=0. S sec - or 1f ground stirain
is 30,? 10~u §}ra1n, axlnI sirain-of" pJpefllnos 1% 3Q X 10 5 stra1n whlle
bending St!&lh’féhj iOm»~qtra1n.' As the @1ameior'4of plpc 15R6E become
lorge r tho rnt:o becomo qmaller then the bending strain should he supner~
po%ed for plpo ]1nos such us ;ubwuy tunncls (See Appendlx)

»_/
B4 K f .

Ehc conélu sive notes of the problcm (1) and ( ) above mentioned in-
duce tho rclnt1on for pipe line siresses durlng curthqunkes us follows.

4s records of carthquakes abound with accelerntlon 1ecordsp let obta1n

B—q ’ BS




the relation between strain and acceleration, OSupposing pipe line straein
equal to ground strain and assuming ground deformation as eq. (5.1), axial
strain of pipe line is given as

€ = —ag- -% cos p(t—x~) (5.5)
and acceleration of ground as

A = —ag+p? sin p(t—xW) (56)
The maximum strain is (

. __ ag-p/N — 1 T-A

© T Tagp? A= gz (57)

The relation (5.7) is supported by the observed records of pi@e 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
{the appareni velocity v of seismic waves incident to 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 ihe 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 c¢f pipe
lines layed parallel 1o the surface. This demonstrated by the fact that
the strain of the 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 that direction of propagation and the amplitude
of induced wave is one half {o 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

1 . T-A
4[2n Ve
for the incidence of 45 degrees direction to pipe lines.

For the evaluation of pipe line stresses during earthquakes, it is
most importanti which phase of seismic waves cause the maximum pipe stress,
T4t was thoughi that the principal strain of ground would give good infor-
malions for the problem, so the observations of ground strain were con-
ducted 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 shéar wave along the surface was not apparent, because the
calculated waves of both principal strein were the same in phase,

(3) The variation of the principal angle with time duratlion have some

e
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‘,’<character at thc boundary of. P-wave, S-wave and after phase’s wuve
% ip seismic waves. An example in Fig. 5.5 shous the - sudden variatien
at the boundary of P-wave and S-wave. After the next varlatlon\
which is not so sudden as at the P-S boundary, the ‘surface wave be-
come to appear which .can be distinguished by the observed records of
seismic waves under the ground, i

Considering the results of ground-strazin’ in' connection with, results
of experimental studies for elastic waves and on'propagative charaeuer
obtained by the observed seismic waves,,the effective wave for aseismic de-
sign of underground pipe lines may not be S-uave but surface wave eopec1a1y
in homogeneous ground.

Aa the strain of pipe lines concerns with the perlod of acceleration,
the microtremour measurements werc concucted and were compared with: the
perlods of :strain waves arid seismic waves., The results of the meagurements
at “the Surface and - Jn,the grpund gave good agreement with. the one .0f earth-
' quaKes® aThe,Derlods whlch were 0.10 sec, 0.25 sec and;0.36 sec at _the sur-
“face correspond to the p“edomlnant perlods ‘of ear*hquakes which'were O, 15
sec, 0.25"sec and;O 40.secy whlle both periods‘differed slighily from p01nt
10 point in~the test yard . The perxod‘yhen the-maximum acceleration o
appeared is uncertain,. relatlna 1o the’ mannltude of earthquakes, -the perlod
of SOlSmchaci1V1ty and etc.. The rorlods ‘0,15 se¢ and 0.25 sec,- appeared
itostly -at/ithe. time when acceleratnon beuamc maximum, while the:predominant
perlod of pipe line, straln was, O 40 sec whlch c01n01ded with:the period
-obtained by the after phaae of selsmlc records Even though-ithere was a

“certain case of which the predominant’ perlod in afteruphase was greater

] ]1ne stchg,

i
's«

than 0.4 sec, it may be said that the predominant period obtained by
microtremour offers good infofmations to the predomlnant period of pipe
R . n : . :
“"6’"fAdditional Consxderat1on' ¢

+~-The ;relation (5 7) is in the case of whlch relatlve dlsplacement
between pipe lines 'and surroundlng”groundfls negligible, When earthquake
becomes a ceriain extent, the relative dlsplacement occurs :n ax1al direc-

{tion, The exlent is given as follows:

u=Y — y = uyg T - ) (G.l)
or ch ;
T2 1 ;
AT u {1 + : ) (6.2)
e oty
——‘Uolu’“"-"*’ I (6-2)

0fs; course, -ve assume theﬁwave lengtih of edrthquahe is contained’ in extent
of pipe lines. By quaSJ-d\nnmlc ‘test on 250 A pipe placed 1.5 metre
beneatlh the surfnce, and Surrounded by. bnnd uo was less than one mili-
2metre. AsSsuming sthe .relative displacerent utta1n to the extent at large

arthquakc and«un]form Srictionul force occurs all over pipe line, the
uppcx Lound of styain.for siraight pipe line is

N <L C ~vT

L. L (6.3)
L. 4[,)\0 1'La‘\o, S - . ] o

a Durlng large carthquakes, the movement of man hole hend "and branch
contained in pipe linc can be regarded as the same as ground movement,
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We denote 1 as a distance between man hole and branch or so on, Vhen the
relative displacement occurs all over pipe line, the mean strain of pipe
line in the distance 4 is ,

cmzz—a—f- lrSin p(l—%-)—Sin p{t“%“(l—*'%)}] (64)
The maximum €w with time duration is

A ,_;JT.A;[I_M 25 il (65
¥hen 2i= yT’ or 21 =1L,

o- X - AF (65)

Fig. 4.1 and Fig. 4,2 show comparably large strain of pipe lines at
ithe phase of S-—waves. This stirain was induced by the non-homogenity of the
test field. Fig. 6.1 is a record of ground displacement which was observed
by the scismographs distributed on the surface and placed each other apart
30 meires in axial darection, Fig. 6.2 shows the seismic displacement in
30 metres underground which was calculated from the record shown in Fag,
6.3 by the elastic wave theory (1). The calculated waves at S phase re-
semble¢ ¢ach other although the observed record at the surface comparably
differ each other. The mean strain of ground calculated from the observ-
¢d displacemeni shown in Fig, 6.1 is prescnted.in Fig, 6.3, It is compa-
rably large compared with at after phase.

T. Conclusion

The above consideratlions enable 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

ihe next relation,
TA
e =C .~ (71)
Following this, the strain concerns with
(a) the phase of seismic waves (C,V)
(b) +the softness of ground (V)

(c) +tihe deformatiion velocity of ground (T-A).

(2) The process Lo evaluale the stress are as follows:

{(a) To measure ihe velocity of elgstic waves in the ground of
vhich construction of pipe lines is planed.

(b} 7o decide the deformation velocily of the ground. For the
aseismic design, acceleration for pipe line need not to adopt
ihe same value for structures consiructed on the surface of
ground,

(1) E. Shima "Modifaications of Seismic Waves in Superficial Soi1l layers as
Verified by Comparative Obhservations on and benealh the Surface" Bull.
-of Earth. Res. Inst, Vol 40, 1962
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(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 stres:es w111 appear in non—homogeneous ground
at the S-phase. (

h
'

Fig. T.1 shows the relation (7. 1) assummg C=1/2#7 ., By Fig, 7.1; the

strain become large when V i%!less than 300 m/sec. In generaly, the Velocl—
ty of effective seismic waveokls less than 150 m/sec in weak ground, then
large strain in weak ground will odcur durlng 1arge earthquakes.; ‘For
examrple, -assuming that V =140 m/sec, T = 1.35.'se¢ ‘and- A = 100 gal the
strain’ become-about 1 500><10hm<stra1n. This, ground. straln,'may explain
some of cracks which occur in weak ground during large.eqrthquakes.

o B
8. Ackndwlegément

3
;Ju

ThlmLyaper istax part of‘the research project ."-Aseismic Researches for

electric equipments and facilities, avalllng ihe Matsushiro Earthquakes ",
This researches, were accompl1shed co-operatlng wlth Tokyo Electrlc Power
Co. and Chubu Elertrlc PowerkCo.. The authors wish' to express their sincere
thanks to- peraonnelahof both LOMP&HICS ‘and g*uupe members of the research

progect whe. Suppor$edvand carried “out .the ék“crlments 3y,

(1)

{2)

(3)

(4)

CATERUT RN e s aegeEt D

Bibliography .. .. . |

Y. Otsuki and K. Kanai: fFarthquake Re51stant De51gnJ
corona-sha, 1961 "% oo

B ~‘r‘ ‘/vuA—" |
- _,\,'.,(

P
PrR '
N

S, Okamoto: fbtxucturgr‘deslonft eth od, con51dered“earthquakesJ
“omu-shay 1954 s U0e o e T
R LT
T, Takahashi and others.f rAselsmlc Researches on” Electrlc Equipments

and facilities, availingl the Wavsu hlro EarthquakesJ
Technical Report No., 66078, March 1967, Central Research Inst. of
Electric Power Industry.. . o= -

et g PN T,
i st L7 ] )
; “ T . f N

A, Sakurai, T. Tekahashi and others° /fdlsewsmlc ReSea1ch on Under-
ground Pipe type cables for ultra—hlgh Noltage, ava111ng tho Matsushiro
Farthauakes ] Thechnrcal Report Now~ 67058 Oct 1967,*d1t+o.

\,- R
SRR O T A

! N
P-f NP

Appendlx e _4‘\, T e
LN - : oo

For pipe lines with large d1ameter, the bendxng stress mLst bp Superpos-

ed to the ﬂlAlal stress, Assumlng the ground movement as Y=-ag-. an;xt—-x/@)
the bendnng 5txa1nhof pipe 1s glvcn as, thé next rQlui1on.
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~Fig, 4.2 The strain records of B80A pipe
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_Strain of underground
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APUNTES DE DINAMICA DE SUELOS
Por el Profesor Ralil Flores Berrones'

CAPITULO. IV

COMPORTAMIENTO DINAMICC DE LOS SUELOS

T). Introduccibn: “ux

Loy

En esta parte se estudla el comportamlento de los suelos cuando
se' les sujeta a cargas o mov1m1entos dinémlcos, tales como los

orlglnados por 51smos o los provocados por alqunas méqulnas.

»g,.».,A: O

Primeramente se expllca la naturaleza general del comportamiento

dindmico de los suelos y ‘los modelos mateméticos que més se utl
lizan. para repreéentar al suela, gsi como la determlna015n de
los paré@metros que interviehen’eﬁﬁél éoﬁférﬁo ael modélo viscég
1§§tico. Se .proporcionan también algunas f6rmulas empfiricas -
que permiten éstimar a estos pardmetros y se indican 1los proce-~
dimigntos de.campo .y laboratorio que mis se utilizan para deter
minar las propiedades din&micas de los suelos. Finalmente se

dan las conclusiones y recomendaciones referentes a la determi

nacitn de esas propiedades.




IT} Naturaleza general del comportamiento dind&mico 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/cmzn
Por el contrario, a niveles bajos de esfuerzo (<3 kg/cm?), el suelo
presenta un efecto de ablandamiento (fig 3.1). Este Gltimo tipo

de efecto es =21 que sucede en la mayoria de los 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 magquinaria y desde luego por las ondas de cortante sismicas,
tas curvas tipicas de esfuerzo deformacién son como las mostra-
das por la fig 3.2. Definiendo como mdédulo secante cortante a

la pendiente de la recta que une a cada uno de los lazos de his
t8resis alli formados, y considerando que el &rea dentro de di-
chos lazos representa la energlfa disipada (debido fundamental-
mente a los efectos no lineales de friccién 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 senfiala que 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 cbtiene
este tipo de comportamiento cuande a un suelo se le somete a car
gas de compresi6n ciclicas, como los que se producen, pbor ejem-—

plo, en una prueba triaxial din&mica.



Puesto que en general los movimientos de un sismo est&n caracte-
rizadds por esfuerzos cortantes revercibles que Varianlen ampli-
.ﬁtpdfyifrecuencia (fig 3.3), puede decirse gue para dééaiciclo de
carga‘y-descarga‘se tendr& una curva de esfuerzo-deformacibén del
tipo-senalado por la fig 3.2. Dependiendo del nivel de esfuer-
zos en cada ciclo se tendrd un cierto valor del mbédulo cortante

Yy un cierto valor del amortiguamiento o pérdida de energia.

rTomando en cuenta que‘la.velocidad de aplicacién de las cargas
que se producen durante :sismos y en varios problemas de cimen-
tacién de maquinaria, es relativamente répidalen comparacién

con la velocidad con que puede fluir el-agua entre las- particulas
de suelo (de manera que no exista presién-de poro), puede consi
derarse que las condiciones de drenaje -durante- cargas din&micas
correspondé%a situaciones no drenadas: (0bV£amehte este-puede
no- ser él caso, por ejemplo de gravas © arenas muy dgruesas, e

incluso pueden haber circunstancias intermedias).

J

Del anéllsls en pruebas de laboratorlo gse ha observado que la re
s1stenc1a de ﬁn suelo puede disminuilr con el ndmero de repeti- i
ciones. La fig 3.4, obtenida de una serie de pruebas, indica el
nimero de ciclos requeridos para alcanzar una deforﬁaci@h del
R e RS ’

20%;, contra él*esfuerzo axial dindmico mdximo normalizado con res
pecto. a la resistencia estdtica; obsérvese en esta figura que
-después de 15 ciclos la resistencia del suelo empieza a disminuir

‘considerablemente.




III) Modelos empleados para el estudio del comportamiento

Una vez conocido el tipo de comporfamiento que el suelo tiene ba
jo cargas dinfmicas, o lo que es igual, las curvas de esfuerzo-
deformacifn correspondientes, es posible seleccionar un modelo
matem&tico que reproduzca a dicho comportamiento y que permita
un andlisis simple del mismo. Este andlisis se realiza emplean

dc las soluciones mateméticas que se obtienen para cada modelo.

Existen en general dos criterios para seleccionar el modelo re-
querido. El primero de ellos consiste en seleccionar un modelo
que reproduzca o involucre todas las modalidades que 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-deformacibén lineales, pero
gue proporcione los aspectos claves de un problema especifico y
tenga sus pardmetros ajustados al nivel de deformaciones espe-
rado. Con este segundo criterio generalmente se requiere un
proceso iterativo; es decir, se estiman primeramente los paréme
tros y se calculan las deformaciones, se revisan después los pa
rdmetros y el proceso se repite hasta que exista cqmpatibilidad

entre el valor de los pardmetros y el nivel de deformaciones.

Mocdelo de Ramberg-Osgood. 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 (Gmax)’ y los parémetros o y R. Las ecuacio



nes™gie gobiernan este modelo, en términos de las relaciones de

L.

.esfuerzo-déformacién cortantes, son:

y r |7 ' . R-1| ecuacibn para la curva que

y- =1 | 1+t () i desarrolla carga inicial
y v L y o .

Y=Y, 11, T=T, R~1 ecuacién para las cur
Y'*“=“‘T 1+ o ( T ) ; vas de descarga o re-
y y y carga

y Y se refleren, respectivamente, al esfuerzo Y la deforma—

.....

. - L
4 A S T F S EO I BRI S5 S Lilew - t

~i6n cortante de fluenc1a, mlentras que T, Y,Y .8e .refieren al-
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G1ltimo punto de regreso del esfuerzo.
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o es un factor que se puede varlar para ajustar la p081c16n de

[ ‘ﬁ‘ cf*’;

la curva en el eje de las deformac1ones Y. R es un. factor -que  con
A". ] B

v N ¥ - ey N ol 1.(/.,,&
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trola-la curvatura. La flg 3 6 muestra como se pueden ajustar

- T : ...!1
¢y omT e T . a5 By ThE ol 0L T

[ -

las curvas de Ramberg-Osgood a las _que se tienen en suelo§._ La

ventaja pr1nc1pal de este modelo es pre01samente la buena congcor

- ._~y N

danc1a -.con lbs resultados experlmentales, pero tiene el 1nconve

i
‘e

nlente de que su emplec es costoso. -

Modelo viscoeldstico lineal. Entre los modelos correspondientes

)

al segundo criterio, el que mis se emplea por sus ventajas que

ofrece y su buena representatividad a la respuesta del suelo bajo
cargas cfclicas, es el modelo viscoeldstico lineal, ilustrado

en la fig 3.7. Los pérametros principales que gcbiernan a este
modelo son el médulo Lineal equdivalente y el amortiguamiento

Lineal equivalente. E1l bajo costo que resulta el emplear este

7




(o)

modelo y la buena aproximacibén que con el se obtiene en la mayo-
ria de los problemas comunes de dinédmica 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 determinacibén de estos dos pardmetros que gobiernan al mo-
delo viscoeldstico. Dado que ambos pardmetros dependen del nivel
de deformaciones, primeramente se indicarén los procedimientos

mids comunes para su obtencidn junto con los correspéndientes ran
gos de deformacidn que en dichos procedimientos se producen; pos
teriormente se indicar& la manera de estimar los valores de estos

par8metros a niveles diferentes a los obtenidos directamente.

Antes de continuar conviene hacer la siguiente aclaracién. Cuan
Jo la deformacién se indica por un simple nfimero, como 10-3, 10_6,
etc, quiere decir que la deformacibn esté expresada en cm/cm O

en pulg/pulg, segln sean las unidades con las gue se estd traba

jando; sin embargo, cuando va seguida del signo %, quiere decir

que la deformacibn estd expresada en porciento. Asfi, 10n4% es

igual a 10-6.



IV) Determ1nac16n de los parémetros que gobiernan el comporta-

LV R S '

. miento del modelo v1scoeléstico

. [ N g -
40 E R ~_‘*__:>i N f & ST A e s

a) MODULO EQUIVALENTE

En. la mayorfa de'las teorfas empleadas . en la din&mica de suelos

-

se utiliza el m6dulo al cortante G o el llamado mbdulo de Young E.

Ambos mbédulos estén relacionados mediante la expresifn '

3

E L.
T (3.1)

W

-

G =37

i LA 53

donde u es la relacibén de Poisson,

El médulo G estd relacionado con la veldcidad dé las ondas al

corte mediante la ecuacién

donda S -

0w 0 tEnn . awmeld v U mg 3 l
v es la veloc1dad de propaga016n de las ondas cortantes y

peso volumétrxco ‘del suelo
aceleracién de la gravedad

B TS A

s
p es 1a(den51dad de masa del suelo (=

.por, otro lado, esté relac1onado con. la velocidad. de. ondas. lon

gltudlnales en muestras c1lindr1cas del suelo, mediante; la expre

si6n siguiente e
S E/p ) _ (3°§)
donde . )
v es la‘velocidad de propagacifén de las ondas longitudina

L
les en barras




Ambos m&dulos estdn también relacionados con la velocidad de las
ondas compresionales de cuerpo Vo’ mediante las siguientes ecua-

ciones

= E l"'Ll - _G_ 2(1‘!._1)
Vo \(p \)(1-211)(1+u) '\Jp Jl—Zu (3.4)

Sin embargo, dado gue en suelos saturados las ondas compresiona-

les viajan primordialmente a travds del agua y por tanto las velo
cidades de propagacibn de esas ondas no estén 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

médulos equivalentes.

En este capitulo se hard énfasis en la determinacién del médulo
2quivalente al corte, ya que dicho mSdulo es el que mds intervie
ne en la formulacién matemdtica de los problemas manejados en

la din&mica de suelos.

Existen tres formas bédsicas de hacer la determinacién del m&édu-
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 continuacién.

Pruebas de laboratorio

I

Los procedimientos m&s conocidos para determinar el valor de G

en el laboratorio, son:
Pruebas

1) Aplicaciébn de a) triaxial cfclica
cargas ciclicas b) cortante simple
c) cortante por torsién



2) 'vibraciones )Prueba de la
.- forzadas columna resonante

a) columna resonante
3) Vibraciones /b) cortante con torsibn 1
libres c) cortante simple
d) mesas vibradoras

4) TéEcnica
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 indicaﬁen.la fig 3.8,
La ﬁgigawprueba que en dicha figura no aparece es. la de la Téc-
nicaipulsaﬁiya; pof(lb»general,el rango de deformacién en el
qug_sei;;abgja en esta.prueba es < 10'?. o N

Prueba triaxial ciclica

La prueba triaxial ciclica consiste en aplicar esfuerzos longi-
tudinales de compresién y extensién a una probeta cilfndrica de

suelo, montada dentro de una cémara triaxial del tipo convencio

nal.

La fig 3.9 indica los esfuerzos a 1los que‘Queda sujeta 1la mﬁestra
durante 1a épiicééién'de cafga axial ciclica. En‘este caéo el
yaiof de E se determina a través de las mediciones directas de
las caracterfisticas de esfuerzo deformacibn, y para obtener el
valor de. G es necesario utilizar la relacién indicada en la
ecuacifn 3.1. Esta prueba tiene la ventaja de variar el nivel

de deformaciones a través de un control adecuado de los esfuerzos
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aplicados y la de utilizar un equipo que fé&cilmente se puede con
segulr en el mercado. Sin embargo, presenta los serios inconve-
nientes de no reproducir las condiciones de consolidaci6n y de
carga gue suceden en la realidad. (En el campo los estratos de
suelo se consolidan anisotrbpicamente y el estado de esfuerzos
durante las cargas que 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 simp}e ciclica

Esta clase de pruebas se han efectuado tanto en probetas pegque-
nas cilindricas y cuadradas, como en probetas de tamano relati-
vamente grande. En el caso de probetas pequefas, los esfuerzos
cortantes ciclicos se aplican directamente a través de las pare
dés de los aparatos que las contienen (fig 3.10); el mbédulo 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-
cibn; todo &sto conduce a qgue el valor del m6dulo determinado

sea menor que el que en realidad se tiene en el campo para mis-

mos niveles de deformacifn.

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 escala, se utiliza un mecanismo que

.permite determinar el valor del mbédulo-al cortante a trgvés de

las:vibraciones libres o QeHVibracioneSuforzadas~en%;a,muestra de

isuelo.. Las wibraciones libres se obtienen -aplicando :primero una

. fuerza horizontal en la .parte superior de la muestra (fig 3.11)

. .~
o ' A

Yy relajdndola répidamente. para medir el decremento de los despla
zamientos.o laS'aceleraciones en funcién del tiempo; el valor
dpl médulo en este caso se.obtiene a través de la siguiente ex~

pr8516n (Ret 14)- MR

2 .
24YH2 (en libras/pie?) - (3.5)
gT ‘ . )

T TGOV S-S R S
4 W ¥ 5

G =

donde

i
. v m s
oot TR,

Y = peso volumétrico del suelo; b/
. L ‘twhﬂ*mf CoaT

-
N ) ,‘-7 ot

[~
[

FLEE
kxS

altura de la muestra de suelo, pies

EO - .ot
S - et R

constante grav1tac1onal, 32; 2 pies/seg

s
Il

I

T =:perfiodo de las vibraciones libres,-'seg-

LY LY

Las v1brac1ones forzadas se obtlenen apllcando una carga hoxlzon

L

tal ciclica en la parte superlor de la muestra, de la med1016n

2 - .
N f” [V ; N

EPSA

de la fuerza apllcada y los desplazamlentos producidos se puede
obtener la’ curva. de “esfuerzo-deformacibn, 'y a partira@e ella se

determina. directamente el m6édulo al cortante.

Esta prueba cortante ciclica se utlllza sélo en trabajos de in-

~ e ARG SR ‘s

vest1gac16n y generalmente esté llmltada a muestras alteradas e}

remoldeadas de suelo (por la dificultad de obtener muestras 1nai

.50 O

teradas a dlstlntas profundidades con las dlmensiones senaladas

en la fig 3.11).
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Pruebas cortantes torsionales ciclicas

Existen dos tipos de pruebas de torsidn ciclica que son conocidas
y empleadas para determinar el médulc 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 cilfindri-
ca de suelo que puede ser sélida o hueca (fig 3.12)., La ventaja
de la probeta hueca es la disminucién de la variacién de las defox
maciones cortantes en la seccibn transversal que se analiza (En

la probeta s6lida la deformacién en el centro es nula mientras que

en la orilla es m&xima).

De la determinacidén de la carga aplicada y las deformaciones resul
tantes se pueden dibujar las curvas histeréticas; el valor del md
dulo se obtiene entonces calculando la pendiente de la lfinea que

une los extremos de los lazos histeréticos 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 inconvenien

te de no poder emplear muestras inalteradas de suelo.

La otra prueba de torsién ciclica es la desarrollada por el Prof.
Zeevaert (Ref "16) y es quiz8 la més sencilla y préctica para de-
terminar el m6dulo cortante en cualquier tipo de suelo. El proce
dimiento consiste en aplicar un par torsionante en el extremo su-
perior de una muestra cilfindrica (fig 3.13), para posteriormente
soltarla y provocar vibraciones libres que son registradas median

te un instrumento eléctrico.



~‘cia natural -amortiguada de.vibracifn, .de .la-observacifn de las vi
braciones libres del sistema se .obtiene la frecuencia circular

"natural .amortiguada del mismo. Elxvalbrfde:nG"se obtiene enton-

ces, de- la siquiente expresibn ., St oge 1o

2
WL k.,
G = nd 2h (3.6)

: Wng, 2z w’ Iy

(1-D%) = (1-p?) (=2%) ~a -P

s a w
N ad [
donde
Wog . es:la frecuencia circular natural:amortiguada del sistema

(aparato~suelo) - . . ..., 53 w00 Do .. o

DS es la relacibn-de amortiguamiento del sistema (que se ob-
t - ! i-!{) r/).‘,' {:‘ ‘} ot

tiene a partir de la determinacién'del decremento logarft

mico de las vibraciones)

"D’ es la relacién de amortiguamiento”del aparato

a
w.q €8 la frecuencia circular natural amortiguada del aparato
YIRS IO . :
w, es la frecuencia circular natural del aparato [m; = w;d/(1~D;)]

- Vo -

k es la rigidez del aparato (tanto Da’ w.g y ka se obtienen

a partir de la calibracién ‘del ’aparato)

5

h es la altura de la probeta

Ip = 1d*/32, es el momento polar de inercia de la probeta

o
vl vy

™ BN

Cuando el instrumento se disefia de manera que el té&rmino
w 2
(l—D;)(Gﬂé) sea despreciable, el valor de G se obtiene con la
; ad . AT i N

siguiente expresién

e
~

2
nd
1-D

G = (3.7)

[}

o5 o
— ED“

2
s P

Para mayores detalles de este procedimiento, véase la Ref 16.




14

Prueba de columna resonante

Esta prueba consiste en someter a una probeta cilindrica de suelo
(similar a la senalada para pruebas de torsién ciclica) a vibra-
ciones que bien pueden ser longitudinales, si lo gue se desea me-
dir es el médulo E, o torsionales (cortantes) si lo que se busca
es el médulo G (fig 3.14). La frecuencia de excitacifn se hace
variar hasta alcanzar una de las frecuencias de resonancia y poder
asf determinar la correspondiente velocidad de propagacidn de
ondas. Pcr ejemplo, en el caso de que la probeta de suelo este
fija en su base y libre en su parte superior, las frecuencilas de

resonancia est8n dadas por la siguiernte expresién

= -1) ¥
fn = (2n-1) 10 (3.8)

» donde

n es un nGmero 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 obtiene a par

tir de la expresibn

M ov? (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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Combinando entonces las dos expresiones anteriores se obtiene

- L] 5

2 2 .
M = 16pH” £° ©(3.10)

(2n-1) 2

‘e " o - LI -
. . - s { ¢ v

Eﬁ ésﬁé éruebé{ déﬁéé'el ni&el de defofﬁééibnés con ei que se tra
”baﬁéhés relativamente pequefio (éél ofééﬁ de 10“4%), las principa-
les ventajas son la simplicidad de‘su ejecucibén y la posibilidad
de aplicarla en Qarioé fipos de éuelos. Es ademis una de las
pruebas que m&s cominmente se usan en los laboratorios de din&-

mica de suelos.

Mesas vibradoras

El empleo de las mesas vibradoras tiene como fin primordial el de
estudiar y determinar las propiedades dindmicas de los suelos a

/
través de especimenes mds grandes, y por .tanto mds representati-

vos de lo que se tiene en la realidad. .Su.uso, se ha extendido
considerablemente en los centros de,invesﬁigaciﬁn, y hoy .en dfa

existen varias que ofrecen una gran variedad de modalidades.

E}ip;pced;mignto\@és cpmﬁprpgra determinar el médulo al cortante

éﬁ gstﬁ clase de pruebés,vconsiste en excitar la base del espé-
cipen a través de desplazamientos horizontales en la base (fig B,iS)
y medir la respuesta de vibraci6n libre cuando se suspende.dicha:
exp?tacién. El valor del mddulp al cortante se obtiene entonces

a F;avgs de las mismas expresiones sefialadas en la prueba de. la

columna resonante, para el primer modo de vibracién, o sea

G ,=—16pH2 f2, (En la estimacién 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
saturacién v lo difficil que resulta aplicar altas presiones de

confinamiento.

Todo ello 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 extremc de una probeta de suelo, y aplicar un pul-
so eléctrico en los cristales de uno de los extremos. Cuando lec
gue se quiere 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 elé&ctrico, se produce una distorsifén 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

O



17

extremo al otro. Con dicha velocidad el m6dulo buscado se obtie

.he en.la forma.seflalada por la ec 3.9.

. o
El nivel de deformaciones al cual corresponde el valor del médulo
obtenido a través de esta prueba es, como &a se indic6 antes,

menor o igual a 10_6

Pruebas dQ campo

Practlcamente ex1bten tres pruebas ue campo empleadas para deter

minaxr el médulo ael suelo a)_pruebas ggo§i51cas, b) emplec de

un v1brador y <) pruebas de placa. Unaydgggpipciﬁn breve. de cada

=i :

una de ellas se hace a continuacién.
S e R R 3‘,§E-‘.’3?(“-:' oSG TRew Ll

Pruebas geof181cas , ;
- N Tl (=N

- s Foo iy I
'w;,.r;vﬁ.,,.f’: SRS T

El procedlmlento que se emplea para ca;cular el m6dulo del suelo

N RIS RS s

b T P ¢iea ' . -

con51ste en determlnar las veloc1dades de propagac16n de las on-

das que son generadas en un c1erto punto y reglstradas en otro.

Dentro de las técnlcas geofI51cas las mas empleadas para deter»

m1n§; el médulo dlnémléo son las que ﬂacen uso dé hoyos para re-
glstrar y/o generar las ondas cuya veloc1dad de propagac15n se
trata de dntermlnar a dlstlntas profundidades. Dependiendo del
tlpO de ondas que se anallce, se puede determlnar el mddulo E o G,

a través de las siguientes expresiones

= g2 L1Fn) (1-24)
E-= pv, En) (3.11)

G = pv? (3.12)

VAR
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donde
A% es la veloucidad de propagacibn de las ondas compresionales
o dilatantes

v 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 gue las ondas compresionales,
cuando se propagan por medios saturados,; no resultan de utilidad
en la determinacién de las propiedades del esqueleto de suelo, ya

que ellas viajan fundamentalmente a través del agua.

Las técnicas que mis se emplean son las sefialadas en la fig 3.18.
El principio usado es el mismo en todas ellas, aunque existen des
de luegq ventajas de unas sobre otras, dependiendo de las carac-
terfsticas del suelo en si 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; ésto se
debe a que generalmente existen otras fuentes de energia (vibra-
ciones de vehiculos, ruidos, etc) y a que los distintos tipos de
ondas que se generan, pueden seguir diferentes trayectorias en
suelos muy estratificados. Todo esto hace que las sehales 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),

\
1

[

el cual consiste en aplicar un impacto en el punto de excitacibn

e 1nvért1r el sentldo del mismo a f£in de que las trazas generadas

-

dlvergan en el momento de que las ondas cortantes llegan (flq 3.193.

e ‘ . - v VL s ;
_x, o i N . . &

La principal-ventaja de las técnicas, geofisicas, como ¢S de -hecho
la mayoria de .las pruebas de campo, es la de trabajar con un .ma-

terial 4n s4{tu. Ademds, segln ya se indicd, ,se puede determinar

i

el valor del gédulo din&mico a diferentes profundidades. Entre
las desventajas se encuentra el hecho de que las técnicas geofio
sicas generalmente emplean, como fuente de energia, un solo im-

pulso, lo cual hace que el patr6n de ondas generado sea dificil

L ” PR i - 1, e - T

de dupllcar, Para eliminar esta desventaja se ha desarrollado

.« o : Cem
., 1 c oy To e

un v1broempacador que puede usarse con la técnlca de hoyos para-

= T ;' H vl

lelos y con el cual se 1nducen contlnuamente ondas polarlzadas de
I P N A L I T R Sk Tk and Tat

.,wt e

compreelén O de cortante (Ref L)

“ - cae v - g . PR R . . . .
R AT A R Wy . N P . - 4
Empleo de un vibrador superficial
B T

Esta técnica estriba en medir la longitud de onda superficial

£
B

que genera un vibrador, trabajando a‘una determinada frecuencia,

-

en'lé“supeffifie*del terreno.. Como-se mueStxé en la fig 3.20,

Ia“lbn@itdd‘d§5ondé'sé detetmina-m6Vféndo“unVr¢cepto; a lo lar-

go de’ una linea radial al eje del vibrador y localizando los pun

tos qﬁeéésEEﬁZeHJEéSé. "E1 valor dé;la vélocidad de ondas corfqg

tes se obtiene mediante la exprési6h -
vy = fA

donde

f es la frecuencia de excitacifén en ciclos/seg
A es la longltud de onda
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Por tanto, el valor de G sge obtiens medianu; la expresién

G = pv;, ya sehalada 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 inspeccién.

Debe aclararse que mediante este procedimiento se esti 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 vélida en la mayorfia de los problemas pré&cticos (Ref 15).

Cuando se tiene un medio estratificado, existen teorias que permi
ten, a través de las matemdticas, determinar los m6dulos de cada
capa (Ref 3); sin embargo, faltan datos experimentales para cono
cer la validez de dichas teorias y su aplicacibén desde el punto

de vista préctico.

El m8s serio inconveniente de esta técnica es el de disponer de
un vibrador gque puede trabajar « bajas frecuencias de operacién,
de manera que la profundidad de inspeccifén no se limite a valores
pequenos. En general la prueba resulta cara y se requiere expe-
riencia y antecedentes tefricos bien fundamentados para hacer

una interpretaci6n correcta de los datos.

O
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la condicién de resonancia (fig 3.23). En este caso el valor de
la rigidez k del suelc se obtiene mediante la siguiente expre-
s31i6n
2
k=(£,.201) ™M
donde
M 25 la masa del vibrador junto con la de la placa, y

ﬁr 25 la frecuencia de resonancia en ciclos/segq

La desventaja mds importante que se presenta en el empleo de prue
bas de placa (sea usando cargas repetidas o el pequefio vibrador),
es la correcta interpretaciég de los resultados y la multitud de
" variantes que en ella entran. 'Por otro lado el procedimiento se

limita a determinar valores superficiales del médulo del suelo.

Zstos inconvenientes han hecho que las pruebas de placa sean poco

usadas en la solucibn préctica de problemas de din&mica de suelos.

¢) Férmulas semiempiricas
Existen f6rmulas semiempiricas que dan el valor médximo de G, es
decir, el valor de G correspondiente a niveles de deformacién

bajos., (Ya se habfa mencionado que se considera como nivel de

5

deformacidn bajo el que es menor o igual a 10 °). La férmula

mds conocida y empleada es la de Hardin y Drnevich (Ref 5), que
proporciona muy buenos resultados para valores pequefos de la re
lacién de vacios (e £ 2.0), y es ademés vdlida tanto para suelos

cohesivos como no cohesivos; dicha férmula queda represertada

por la siguiente expresién

2
G = 1200 3281 (ocry? (57 )12
1+e o
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O

- gcqlonde:f MiTa e L &

can F
[N

EB y .Gi~deben estar en' lb/pulg?

(c v 0, ¥ O, son, respéctivamente, los esfuerzos efectivos

normales Mayor, 1ntermed10 y menor)

OCR es la relaci6n 'de preconsolidacidn, y

a" depende del indice de plasticidad (fig 3.24)

Para el caso de arenas, Seed vy Idriss (Ref "12) emplean la expre

i

* 316n

O ) G-lOOOk (0)1/2

donde-

k,. depende:de la densidad relativa. (0" de.la. relaci6n de va
cios), en la.forma seflalada por la fig (3.25)

b

Puesto que G es func16n de los esfuerzos efectivos que se tie

nen en el 51t10, Yy la re51sten01a no drenada de los suelos nor-
- ~ Rl -

malmente consolldados (S ) tamblén lo es, se puede normalizar

G con respecto a S Yy expresar G/S versus Y La fig 3.26, a

través de la curva llena, se puede usar para fines estimativos

-
er [N 4 3

de G. Whltman (Ref 15) recomlenda emplear

Ea. .

Lol - .G =.1600 s
u

O s atores e deformmcs T

para valores de deformacién angular entre 10 Y




24

En estas f6rmulas se indica muy claramente que el médulc es prin
cipalmente funcidén de la relacidn de vacios del suelo y de los
esfuerzos efectivos que se tienen 4n 4{fu. Existen algunos otros
factores de los cuales depende G, como es desde luego el nivel

de deformaciones y algunos otros gue Richart (Ref 7) senala.

Por ejemplo, estd el efecto de la duracibn 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 duracién la aplicacifén de

los esfuerzos de confinamiento.

Otro efecto es el de la histonria de esiuenzos que se refiere al
cambio de los esfuerzos en el suelo y el cual es diferente en el
caso de las arenas en comparacidncon los suelos arcillosos; dicho
,efecto es solo importante después de ciertos niveles de deforma-
cién (10-4 en el caso de arenas y 10=5 en el caso de arcillas):
si lo gue se tiene son arenas, el efecto de la historia de es-
fuerzos origina un aumento en Vg (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 seha-

O

O
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lados deben observarse cuando se hacen pruebas de laboratorlo %

e 5 N

s g -
AV " - 4-

eSLUleS de 1nvestlgac16n.

3 = EA SR &
ST (- L S £

?

Un,ejemplo de perfil de suelos correspondiente a un dg%dsitd pro

fundo de arena, donde se dqtgrm§na;onflosvvéloxes de la velocidad
de onda a dlferentééhp&bfﬁndidadéé, ée'mueééigren la fig 3.27.

En ella se pueden ver las velocidades determinadas en el labora-

torio mediante pruebas'dé columna resonante, las determinadas en

el campo a través de técnicas geofisicas y las calculadas con la

f6érmula de Hardin y Drnevich para niveles pequefios de deforma-

cién. Los resultados no coinciden totalmente, pero desdes el punto

de vista préactico, se puede dec1r que 1as correlaciones son acep

T

Protasa o

tables. En esta flgura se puede observar que la tendencia del
. a8dulo es aumentar. con la profundidad, lo ctual es 1l6gico si se

considera que los-esfuerzos efectivos .£n: s{itu’crecen con la pro

fundidad.

La fig 3.28 muestra dos comparaciones entre el médulo medido 4n
s4itu con pruebas geoffsicas y el médulo medido en el laboratorio
con la técnica de la columna resonante. La fig (3.28a) se refie
re a un limo arcilloso y ia (3.28b) a‘ﬁna arena; en-ambos césgs

se observan buenas correlaciones.

b) AMORTIGUAMIE.'TO
El otro par@metro que gobierna el modelo viscoelfsticc lineal
es el que se refiere a la pérdida de energfa causada primordiai

mente por el efecto de hist8resis, es decir, el amortiguamiento.
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Una de las formas més comunes de expresar esta pérdida de energia
es mediante la llamada capacidad de amortiguamiento, Y, definida

mediante

b = Energia perdida en cada ciclo de carga
Mixima energia de deformacidn producida
en el ciclo de carga

Haciendo referencia a la fig 3.29, el valor de y seria

donde
AW es el drea del tridngulo azurado, y

W es el drea dentro del lazo histerético
Otra forma de indicar el amortiguamiento es mediante la llamada
"relacibn de amortiguamiento", D, definida como sigue

Coeficiente de amortiguamiento viscoso actual
Coeficiente critico

D =

El coeficiente critico es el gue se requiere para suprimir las
vibraciones libres, y de acuerdc con los principios de dinémica

{Raef 2), dicho coeficiente crftico vale

donde
k es la rigidez, y

M la masa del modelo eguivalente

Esta relacién de amortiguamiento es quiza la manera mds com@n de

expresar la pérdida o disipacidén de energia que ocurre en los

sistemas reales,
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LI

Existe otra forma mds de expresar el amortiguamiento y ella es

mediante el decremento logaritmico definido como

R ~
-, Yoo

Z . ’
e AR A=£n§-l
i+l .
N L) :,\“J’
donde
Zi~ . es la amplitud iésima, y
Zi+1 es la amplitud i+l de la vibracién

En la préctica, la determinacién de A se hace con ayuda de un
osciloscopio donde se‘regist;a el decalmiento de las vibraéiones
Libres: La fig 3.30a muesfféwuné‘fotografia de un registro tipico;
el dibujo de una lfnea recta'como la mostrada por la fig 3.30b,

puede auxiliar a determinar f&cilmente el valor de A,

Enjdin&miga-b&sicaase_demuestraAque‘estas tres cantidades estén

relacionadas entre si por la siguiente expresién

- =y-
A= 21D = 3

Se ver4 ahora la forma de determinar fisicamente el valor del

amortiguamiento.

{5 ' T -

Pruebas de.campo . = . o TR

Te6ricamente existen tres maneras de determinar el amortiguamien

to a través de pruebas de campo.

1) Mediante la observacién de la disminucién de 12s amplitudes

de vibracifn que ocurren durante un temblor




2) A través de la observacifn de la disminucibn de la amplitud de

vibraciones producidas por explosiones

3) Mediante el uso de generadores u ctras fuentes de energfia que
producen microtemblores en el suelo; en este caso se hace
variar la frecuencia de excitacibn y se mide las amplitudes de
vibracién, hasta obtener la frecuencia de resonancia; el valor

del amortiguamiento se obtiene mediante la sigulente expresidn

>

f

m

w
1

[\ ]
H

donde

Af = £, - £

2 , (£, v £, 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 p-uebas de campo, son

a) resultan muy caras

b) el amortiguamiento interno es por lo general muy pequeiio y es
muy diffcil de medirse {in s44iftu porque se ve opacado por el
amortiguamiento radial; &ste filtimo, como se verd en el Cap 1V,
se debe a la disipacién de energia a través de ondas que via-

jan alejandose de la fuente de excitacidn.

O
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Pruebas de laboratorio

Aﬁisémgftiédémiénto:ée un suelo se puede obtener a partir de la

ejecuc16n de la mayoria de las prLebas de laboratorio senaladas,

i'En etecto, para el caso de pruebas donde se apliuan cargas cicli

cas (triaxiélés, coértante simple o por torsién), el amortiguamien

tc se puede obtener a partir de la determinacidén del drea dentro
del lazo histerético; en el caso de vibraciones libres (columna
resonante, cortante simple o por torsifn y mesas vibradoras), el

amortiguamiento se obtiene observando la disminucifn de la aﬁpli

tud en las vibraciones y calculando el llamado decremento logarft

mico.

Los resultados del amortiguamiento obtenidos mediante las diver-

.sas pruebas, son .mds o menos consistentes para un mismo nivel de

deformaciones (Ref 14)..

¢) DETERMINACION DE G 'Y D A NIVELES DE DEFORMACTON DIFERENTES A
LOS OBTENIDOS EXPERIMENTALMENTE O ESTIMADOS A NIVELES BAJOS
, DE DEFORMACION o
Ya se mencion8 en un prlnélplé éue‘él suelo, cuando es sujeto a
fuerzas din&micas que or1g1nan4n1veles detaeformacién muy peque
nos - (menor de 10 5)7 se comporta‘pr&cthamente comc un material.
eldstico lineal; es decir, a esoé*niveiés de deformacibn, tanto
el médulo como el amortiguamiento se pueden considerar constan-
tes. ‘Sin embargo, a medida que se incrementa el nivel de defor
macién’, el amortiguamiento aumenta mientras que el mSdulo dismi

nuye. En este dltimo caso lo que se hace en la préctica es ha-

blar de un médulo lineal y de un amortiguamiento equivalente;
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el médulo egquivalente se define, segln se mencioné anteriormente,
como la pendiente de la linea gque conecta los valores extremos
del lazo de histéresis; y el amortiguamiento equivalente se rela

ciona directamente al &rea dentro de ese lazo histerético.

En estas circunstancias, si se desea referirse a un mé6dulo G a
niveles altos de deformacién, se podri hacerlo en té&rminos del
médulo determinado a pequefias deformaciones, simplemente afectan
do este Gltimo por un factor de reduccién. Andlogamente se puede
hécer lo mismo con el amortiguamiento, s6lo que al factor por

ablicar serd de amplificacidn en vez de reduccidn.

La fig 3.32 presenta una banda donde caen los factores de reduc-
ci6én de la mayoria de los suelos, basados precisamente en la de-
‘inicibn de médulo equivalente y a partir de resultados obteni-
dos en pruebas de 1ab$ratorio {(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 gque involucren cualquier 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 dis
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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Cenviene recordar que para emplear estos conceptos de m6dulo y
AT S ' . el . T . o S o

amortiguamiento equivalente, es necesario aplicar el procesc ite

rativo sefialado al principio de egtewéapitulo.

En el caso de ingenieria sismica, donde se Eienen cargas tran51~
.tgrfh§‘dﬁé”fﬁﬁbiuérdn“vérids:ciéi&g"y'égéé io “induce un nivel de
deformacién‘difer@nte)“resulta'éomﬁliégdéala'ﬁéfiﬁiéidn de un Mo
dulc ¥ 'un amortiguamientd equivalente. Una manera de manejar:”
este caso conéisté en aetermihar el valor méximo de las défofm§4
ciohas 'y témar el valor correspondiente a 2/3 del miximo como 'va

lor promedio o representativo de las deformaciones.

La determinacién del amortiguamiento D y el.mGdulo al cortante

G a distintos niveles . de deformacién y1 se pueden -obtener a tra-
vés de la férmula de Hardin y Drnevich mediante las siguientes:
expresiones

t

G , L
.o G = max . : ]
1 T,Y/Yr
. T :
donde Y = JMa8X
: r G ‘
max
1+k om0 - PO SR 1"]{
o = - = w2 o = ,¢,1/2
= o -

Tmax. L 5. Oy 5S¢0 ¢ C;q9?=¢)j“m,('2>: Gv) }
LT T . S T ~ ©h
ko = coeficiente de los esfuerzos horizontales (;;)

—_— o, = esfuerzos efectives verkicales

x y ©Cy ¢ son los parémetros de resistencia estiticos

en términos ds los esfuerzos efectivos
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Para e amortiguamiento la expresién resultante es la siguiente

Y
Dhax v~
r

D =
71 + Y/Yr

donide Dmax es el amortiguamiento méximo correspondiente a defor
maciones muy grandes. Para el caso de arenas limpias
D = 30 - 1.5 log N (N = nimero de ciclos) y para suelos cohe-

max
sivos saturados D = 31-(3 + 0,03f) (0 )l/2 + 1.5fl/2
max 0

- 1.5 log N;
en esta Gltima expresi6én f es la frecuencia con que se aplica

la carga ciclica (dada en revoluciones/segundo) .

d) RELACION DE POISSON

La relacién de Poisson U, para la mayorfa de los suelos, varia <>
por lo general en un rango relativamente estrecho. En el caso
de suelos secos o con bajo grado de saturacibén el valor de p al-
rededor de 0.35; para suelos saturados u anda cerca de 0.5. 1Un

valor promedio de la relacidn de Poisson, en la mayorfia de los

suelos se puede considerar que se encuentra entre 0.4 a 0.5.

Cuando se quilere estimar en forma mds precisa esta relacifn, ted
ricamente puede hacerse mediante la determinacidn dé dos de las
velocidades de propagacién de ondas. Sin embargo, los pequehos
errores que puede haber en la estimacifn de p, no afecta de ma-
nera significativa los resultados gque se obtienen en problemas
précticos de dindmica de suelos y basta hacer la estimacifén en

O

forma aproximada.
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P A i
V) Conclusiones

1) E1 comportamiento del suelo cuando se le sujeta a cargas din&

2)

3)

4)

5)

!

Las principales conclusiones que se pueden extraer de lo sefalado

en este capitulo son:

-

micas es muy complejo, caracterizéandose particularmente por
la no linearidad a deformaciones grandes como las gue gcurren

2n temblores fuertes.

'La presibn que se crea en el agua localizada dentro de los

poros -de un-suelo, como consecuencia de .las cargas rédpidas
que se aplican durante sismos o fuerzas de maguinaria, desem
peha un papel importante en el comportamiento dindmico de

dicho suelo.

Para fines pricticos, se puede utilizar el modelo matemdticeo
viscoeldsticec para analizar el comportamiento del suelo en la

mayorfa de los problemas de diné&mica de suelos.

La determinacifn del m6dulo din&mico cortante G, a niveles

pequenos de deformacibn (menos o iguales a 16"5), se puede

determinar satisfactoriamente tanto en el campo {por ejemplo,-

a través de pruebas geofisicas) como en el laboratoric (me-
diante la prueba de la columna resonante). B8in embargo, se
puede estimar el mSdulo equivalente a niveles grandes de de~

formacién mediante procedimientos confiables.

El amortiguamiento interno dzl1 suelo sblo se puede determinar

practicamente mediante pruebas de laboratorio. Cuando se




" \~, 1§f
rw.‘{ H

desea determinar el amortiguamiento a dlctlntoo nlveles de de

I

formac16n a partlr de los datos obtenldos en pruebas de labo-

PR - 1

ratorlo, ésto se puede reallzar satlsfactorlamente utlllzando

curvas empiricas. : ‘ .

v

[N .
5 - - )
2 ' P

6) Las pruebas de laboratorlo que mas se atlllzan para la deter-

1

m1nac16n de las pxopledades dindmicas de los suelos son la

F . 4

triax 1al cicllca Yy la de la columna reqonante. Sin embargo,

la prueba torsional ciclica con V1brac10nes 1ib£es es qulza

ia 'que presenta més_ventajas (simﬁlicidad, niveles de -defor-

macibn .iguales a los que se tienen diirante sismos,‘etc); por
~ lo -que es muy factiblé que en un futuro préximo sea la més

empleada.

Va
H
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ABSTRACT

The general approach for studying the vibrations of machine foundations, together with
the methods for computing the jbehaviour of their equivalent lumped systems, 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 parameters are found to be (besides the
type of soil), the stress- uxstnbuuan at the contact area the depth of embeddment into

the soil, and the depth to bedrock.

\Sevem methods for computing the elastic shear modulus are given, and the use of the

suggested criveria is-iliastrated through <n example.







RESUMEN

Se presenta el enfoque general del andlisis de las vibraciones de mdquinas y se hace un
repaso de los fundamentos que gobiernan el comportamiento de sistemas equivalentes

.constituidos por una masa, uno o varios resortes, y uno o varios amortiguadores. Se

explica brevemente la teoria de cuerpos rigidos en un medio eldstico semintinito, y la
forma coémo a partir de dicha teoria se obtienen los parametros que rigen a los sistemas
equivalentes. -Se presentan las formulas con que se calculan estos parametros en los
distintos modos de vibracion de zapatas circulares, cuadradas o rectanqulares, y se
mencicnan los factores que influyen en sus valores numéricos. Entre dichos factores los
mads importantes son, ademds de la clase de suelé, el tipo de distribucidén de esfuerzos en
el area de contacto, la profundidad de encajonamiento de la cimentacién dentro- del
terreno, y la profundidad a la cual se encuentra la roca.

Finalmente, se incluyen varias formas para estimar el médulo eldstico al cortante dei
suelo; dicho médulo constituye el factor mas importante en la determinacion 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. ‘







NOTACION®

fllf'l

F(t)

FDC

exponente empleado en la ec 13

2R/C,; relacion. de frecuencias

M/pR3; relacion de masas

ancho de cimentacién

coeficientes para zapatas rectangulares (fig 11)
coeficiente de amortiguamiento

2/ Fm

\/(:3_/_;;-; velocidad de propagacion ce las ondas transversales
\/ET/;; velocidad de ondas dﬂat;:mtes longitudinales
diametro de la cimentacién

¢/2+/kM; relacién de amortiguamiento

moédulo de Young del suelo

funciones empleadas en la teoria del semiespacio
frecuencia de reson;'mcia

fuerza que se aplica en la cime_ntaci()n

factor dindmico de carga

E/2 (1 + v); médulo al cortante

profundidad equivalente

altura de probeta

momento de inercia

° Se wncluyen todos los sfmbolos utilizados en este trabajo, excepto squellos que se especifican en el texto
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Xy

X2

Tm

constante del resorte

4GR/1-v

largo de la cimentacién (en el plano de cabeceo)
masa equivalente |

fuerza aplicada directamente por la mdquina a la cimentacién
fuerza aplicada por la cimentacién al suelo
radio de la cimentacion o radio equivalente‘
‘resistencia no drenada del sueln

Zn/\/m ; periodo natural

desplazamiento vertical del suelo
desplazamiento del sistema equivalente :

amplitud de desplazamiento

1-

f,

ff+f§

A

1-v  f2/ao

4 ff+f§

angulo de desfasamiento
peso volumétrico del suelo
longitud de onda

relacion de Poisson

masa especifica del suelo
esfuerzos de confinamiento

esfuerzos verticales normales
Vk/M; frecuencia circular natural

frecuencia circular de excitacion
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1. INTRODUCCION

Muchos ingenieros especmh?ados en mecdnica de suelos se han encontrado alguna vez con
el problema de dnsenar o dar rccomendacxones -para cimentar adecuadamente cierto tipo
de maquinaria. Cuando el profcsional no es experto en solucionar esta clase de problemas,
al pasar a la literatura encontrard que generalmente la respuesta de sistemas reales se hace
_a_través_de sistemas simplificados equivalentes; los cuales estin constituidos por masas
concentradas, resortes y amortiguadores, que representan las masas, rigideces y
amortiguamientos de los sistemas reales, respectivamente, ’ :

~

Al tratar de pasar de un sistema real a uno equivalenie, necesariamente se debe responder
a dos preguntas:

1. ;Cudl es el sisterna equivalente mds adecuado para representar al sisterna
verdadero?

2. ;Qué valor se debe aplicar a los pardmetros del sistema equivalente para que la
respuesta sea congruente con la realidad?

Mientras que la primera pregunta se puede contestar directamente en funcién del sentido
en que se aplican las fuerzas y los desplazamientos que tienden a producirse (ref 1), 1

segunda invclucra muchos factores que requierer de un cuidadose estudio. Sin embargo,
un analisis completo dindmico de cimentaciones deberd comprender estos dos aspeclos y







sus objetivos estaran encaminados a: 1) establecer claramente las partes involucradas cn
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 procedimis hitos
mds comunes en la determinacién de los parametros mencionados, con el enfoque
principal dirigido hacia la evaluacién mis racional que actualmente se emplea. Para mayor
informacion sobre el analisis general de las cimentaciones de maquinaria se recomiendan
las refs 2 y 3.

2. SISTEMAS EQUIVALENTES

La intencion de representar un sistema real de mdquina-cimentacién-suelo mediante un
sistema matematico equivalente, es obtener con cierta facilidad la respuesta del primero,
para lo cual se emplean las curvas de amplificacién y las ecuaciones que rigen el
movimiento de los sistemas equivalentes.

La mayor parte de los sisternas reales que constituyen los problemas de cimentacion, se
pucden analizar mediante sistemas de un grado de libertad. En ‘efecto, aun en los
formados por mis de un grado de kbertad, generalmente se obtiene suficiente
aproximacion al analizar y superponer cada uno de sus modos de vibracion mediante el
llamado método de superposiciébn modal (ref 4). La fig 1 muestra algunos de los sistemas
mas comunes en la practica.

P

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

Mits ck+ kx= F(t) (1

donde
M masa del sistema
c coeficiente de amortiguamiento

k " constante del resorte







(1) fuerza exterior aplicada a la masa (fig 2)

¥, X, x aceleracién, velocidad y desplazamiento dei sistema, respectivamente
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Lis derivacion de la solucién. de la ecy E s encuentra en cualquier texto de dindmica
bdsica (n ofs 4 y 5). Dicha soiucnon esm compue' ta por dos términos: el correspondwnm
las v;brm iones libres que dcmparct‘en d‘espw"s de cierto tiempo {como consecucncm el
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ki factor

FDC- R %)

071 ap
R
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se denomina factor dinamico de carga o de amplificacion; representa la relacion de la
respuesta dinamica méxima respecto a la respucsta estdtica, es decir

F
Xo= = FDC (a)

donde X, eg la amplitud de la respuesta dinamica, v Fo/k la respuesta estatica.

Si se dibuja este factor como funcidn de la relacidn 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
maximo para valores de £/« (o f/f ) cercanor a 1, mientras que cuando $2/w—reo, el
FDC-0. Si no hay amortiguamiento, o en general si 3/2 < 2/w<2/3, el FDC es
aproximadamente igual a O

l S
QZ
1-(-)

(7Y

FDC R«'!

En caso de tener maquinaria con masas excéntricas, ia amplitud de la fuerza aplicada
varia con el cuadrado de la frecuencia de excitacion, o sea

F(t)= M 92%sen &t

donde M, es la masa excéntrica y ! el brazoc de palanca.
La ec 4 quedaria entonces:
Melﬂz M 1 SZ 2

e

FDC=— (-) FDC
M w

Xg =

Para este caso, la curva de FDC vs §2/w es también valida, pero resulta de mayor utilidad
emplear curvas como las de la fig 4.

O



O

‘4.’”3’;;'«653@1}{?1’)_&@ SEMIESPACIO

wl

Conociendo la forma como responde un sistema. de un grado de libertad a una excitocion
dinamica, ‘el -problema .se-.reduce a la determinacién correcta de los. pardmetros que lo
constituyen. Quizé Ja-forma. méds adecuada.de efectuar esta determinacion es medxame la
tcona.de_cuerpos_ngidos que vibran scbre un medio-eldstico seminfinito.

41 /lntcccdentes S

. - L]

a0 T .

L,os pnmeros estudms soh‘e esta 1eoria fueron xea]nzado" por Reissner (ref 6), en 1936,
quien analizé la” respuesta dingmica de una zapata vibrando dobre una masa de suelo
representada por un seniespacio homogéneo, isdiropo y eldstico; la zapata estaba
representada por una masa oscilatoria que pr«oducxa,- wna presion vertical periddica,
distribuida uniformeniente; sobre -un drea circular en.la superficie del semiespacio.
Reissner obtuvo el desplazamiento vertical dmam.co en el centro del drea circular.
integrando la solucién dada por Lamb {ref '?),) quien determiné: el desplazarniento, debndo
a una fuerza cscilatoria o pulsativa actuando sobre un punto en la superficie o dentro del
semiespacio. . oo o e co S

En 1953 Quinlan (ref 8) y Sung (re:f 9) extendieron, simultaneamente, la solucidén de
Reissner: para analizar_el - efecto del _cambio en la ‘presion de-contacto sobre el drea
cargada; ambos consideraron la respuesta correspondiente a las distribuciones paraboélica,
uniforme y la que se produce en uiia base rigida 'i'zajo condiciones estaticas.

Mds adelante, en 1956, Bycroft (ref 10) raté de mejo*a* dos resultados de Sung, quien
supuso que la distribucion de presiones permanece. ‘constante en el intervalo de
frecuencias ‘¢onsiderado. (En realidad, la' distribucién de" presiones’ correspondiente a una
base rigida que bajo condiciones estdticas produce uri desplazamiento uniforme, bajo
condiciones dindmicas no produce desplazamiento uniforme, ref 5.) Para ello determinc’j,'el
promedio pesado de los desplazamientos bajo la zapata y establecié mejores valores de las
funciones- que intervienen en. el calevlo de los desplazamientos.. De acuerdo con Bycroft,
este promedio constituye el limite inferior del desplazamiento real que se tiene en un
disco rigido. P R T S y .

- -

e o . 3o R ¢

Soluciones posteriores -consideraron el problem:'f‘ matemdtico del valer frontera m/,xto
mostrado en la fig 5. Ejemplo de esas soluciones son los presentados por Awojobi y
Grootenhuis (ref 11) v Robertson (ref 12), . quienes atilizaron mévodos matemaiicos
exactos pero aproximaciones en el cdlculo de las integeales, Al comparar Yos resultados
obtenidos ewmnpleando dichos métodos exactos con' los aproximados presentados por Hung
y Bycroft, se observé que las diferencias eran practicamente despreciables, :
Trabajos mas rccientes de Veletsos y Wei {ref 13) y de Luco y Westmann (ref 14)
pérmiten obtener, para un amplio intervalo de frecuenciss, la respuesta dindmica de una
zapata circular rigida para los modos vertical, horizontal, torsional y de cabecco.

€




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 olliene
la 1espuesia de cimentaciones circulares rigidas, para los modos vertical, horizontal y dc

cabeceo.

En esta scccion 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 presenta la evaluacion de los pardmetros equivaientes en los modos vertical, horizuatal
y de calicceo. Posteriormente, se muestran los efectos de la estratificacién y el
encajonamiento, asi como la respuesta de cimentaciones en un medio viscoelastico.

Finalmente, se analizan las cimentaciones de forma cuadrada o rectangular.

4.2 Tcoria de cuerpos rigidos en un medio eldstico seminfinito

Las suposiciones originales de esta teoria son:

1. La cimentacion 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 siguientes propiedades:

P densidad de masa

G moédulo elastico al cortante, o E (médulo de Young)= 2G {1+ »)

v relacién de Poisson

C velocidad de propagacion de las ondas cortantes, funcién de Gy v

s

Bajo estas condiciones, el andlisis se hace en dos partes. En la primera se obtiene la
rciacion de la fuerza vertical Q, aplicada directamente en la superficie del medio espacio
(figs 6a y b), y el desplazamiento vertical w. Dicha relacién estd dada por

Qoeigt
We —————

GR (£, -ify) {5)

donde Q, es la amplitud de la carga, v f; y f, son funciones de:



O

L ap = QR/C
2. De:la relacidn de Poisson

3. De Ja forma come os esfucrzos se distribuyen en ¢l drea cagada; sila
cimentacion. es. rigida'la distribucion queda dada por los otros: pardmetros.

- I3
Soniim e wa =
AT,

La fig: 7 mucstrarla forma en e.,ue varian f, y fz en funczén d2 ap, para una digtribucién
dada de esfuerzos sobre un drea circular,

La segunda parte consiste en (,Gnsudﬂmv* la ecuacu{m que es stablece el equilibrio de la masa
M de la camemacaén L L

M+ Q=P (G

A continuacion se verd como puede expresarse el despiazanuentcs w dirbctamente ¢n
términos de la fuerza P, medianiz la cornbinacidn de las gcs 5y 6. Para ello, despéjese Q
de la ec 5 e mcluyase en la eu 6 consxdvrandnse ademus da quﬂ w a»ﬂz w . €s. decu'
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el valor del desplazamiento se puede escribur también como

}) fi ""1{2

We —
2 bl

GR (1-a? bf,)-ial bf,

Si se considera que Pe P(j elﬂt, la anterior ecuacidn puede escribirse

Ot
Poe‘( t-a) / 2412

GR A/(1-al bf,)* + (a? bf, )?

W

f2

donde tan = . —
fl - d, b (fl + fz)

Finalmente, el valor del desplazamiento se puede expresar de la siguiente manera

P (1) | 4 N
we 0( V) = Y zr ei(Qt } a)
4GR | |1-va/ (1-a2 bf )*+ (a2 bf,)?
“""""N—-"’ (% v RS v
1 11 . I1I

{7

La ec 7 relaciona directamente a w y P; en ella se aprecian tres componentes: el térinino
I representa el desplazamiento estitico, el II la amplificacién dindamica, y el II1 el dngulo

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 auln, el
semiespacio, aunque es totalmente elastico, se comporta como si fuera amortiguado
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_IQ?, la ec 7 se puede escribir
.

M £24 12 iy
we —— |a b/ 1 o el(ﬂt«a)!
M | A/ (1-a2 bf, ) + (a2 Df,)? J

(8)
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Las curvas de amplificacién correspondientes se muestran en la fig 8b, las cuales son muy
similares a las obtenidas en la fig 4,

IERCTIRNIEEE AT T AR Loty

6/ 0§

T Mws —— GRws ' GRwa P & (9)
ﬁ+ﬁ £+

Del :mahsls de esta ecu.}rmn, se observa que s muy snmﬂar ala wrrespanmente a un
sistema de un grado de libertad - compuesto por -una masa, un resorte y un amortiguador,
la que se puede tambwn e.,zunbgr come .

' N < . < N
Mirsc X wek X we= P {10)
S T S I R I L ICNPVR N °
Ju 0 2 £ 14 . ! T ’ N
8 AR
. S T N Pt PR :
-donde - - o P K -
c =“_"\’/HPR2 ST o DA i ‘ ‘
e N . - o ' : AR ' . o,
, R . Coeficientes relagionados con el amortiguamiento
% l-v . fa/ae et e
st ———p— .
L S S &
) J
R -
4GR :
ke S ‘
N O 4 O T - . . .
Coeficientes relacionados com la rigidez del
> b #
sistema ,
Xﬂl-v £y L S
] 2 2
4 f! + f2 )

Los valores de k, vy cv' son independientes de la frecuencia de excitacion, en cambio X, v

X2 si dependen de ella, segiin se observa-en la fig 9. ..

A fin de tener valores constantes de los coeficientes de w ¥ w, y obtener la equivalencia
cori sistema de. masa-amortiguamiento-resorte de un grado de libertad, es necesario
establecer el intervalo de frecuencias de interés y seleccionar en €I los valores. de e5t0s
coeficientes que, al usarse como constantes, den resultados aprommados a los que se
obtendrian con Jos coeficientes reales. '




Uno de los procedimienios mds simplista y racional para efectuar esta seleccion de
valores, es ¢l propuesto por Lysmer {ref 18), con las siguientes sugerencias

a)  Para bajas frecuencias, X = 1

b) Para frecuencias altas, se considera sclamente como masa equivalente la masa
M, v 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

Ceritico ) Z\/kvM ——ZT\/k‘VM —\/bﬂ'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 aproximaciéon del método de Lysmer, Whitman (ref 19) sugierz
introducir una masa adicional al sistema; el efecto de esta es hacer coincidir la frecuencs.
de resonancia del sistema equivalente con la que se obtiene directamente con la teoria de;
semiespacic. Para ello, se aproxima la curva de la funcién X, a la de una pardbola de

ecuacion
2
X1 = l-an {11

Al sustituir la ec 11 en la 10, se obtiene

4t

1-v

M+

,01:{3)'\/\?+c}‘{2 wek weP (12)
O sea, que el valor de la masa adicional estd dado por

4f
—pR
1-v p

3

Dicha masa es la que se conoce como masa efectiva de suelo.
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44 *Pardmétros:para diferéntes.modos:de .vibracién

ot . - A

Para ‘modos de svibracién -diferentes ‘del -werticdl, zol ‘procedimiento ‘que :se -Sigue -on la
Obiencibn .de Jos pardmetros -equivalentes es: similar -alya:séidlado. 'La-tabla’} contieng.un
wresumen .de 1os valores -que se obtienen ‘cuando 1a dxstnbucxbn defesfurrzcs ‘es’. la dc Auna

\ '

placa:rigida‘en un.medio- cla*'t:co. o o e RS

- - K] -

iDado 'que *k -y D, dependen ‘de la dlstrnbucxbn fde esfu#rzos (flg 10}, ‘la tabla ‘1 debe

Jusarse “con -dierta :precaucién, -por \,..Jemp;&o, si ise 'expresa el valor de. k, en:términos deun

KGR

coeficiente K, -es «decir, %k, = Ho ‘los valores de este.coeficiente varian,:segun muesira:la

itabla 2.
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6. 'EEECTOS:DE LA’ ESTRATIEICACION ¥ DELENCAIONAMIENTO |

Entre Jos: efectos \que am"luyen en.el ~pardmetro. k estan el -del fenca]onamxento y:el dc la
‘proximidad de’ la ‘roca basal “con .él ’mvel de desplante. Al respecto,en’la fig! 11 *H, ema
distancia -de la base ‘de la- czmentamon a la roca, ‘K, ‘la profundidad -de: encaJonarruento
.en todos .los -casos él -coeficiente :k esta 'normahzado a k corresponchente .a ‘una
profundidad .infinita :de Ja .roca. En dlcha ‘f;gura se pueden hace. las uxguxpntes‘

< -

xobservacmnes. o ) ) C

- ~ N N N Lo PR - - ' N - R R N
S [T T < s o . N SN T

1. ‘\Para 6] miodo: vemcal el valor de’ ’k-es efuertemente mﬂmdo por’la:presenc*a ‘de
“la. roca (H, /‘R<4) Yy por la protundxdad..delfencajonarmemo

i L sy

2. -Para:él'modo- honzontal, el efecto del: enca}onamlento és mayor Que en el -€aso
vertical, y el sfecto: de ia proxnrmdad d2tla-roca: sesTuns $POCO -Menor
. ' ‘ C ) ;

3. Para el "movxmxentc dn cabeceo, ) ef"cto de ema;cnamento esm‘xas acemuado‘
.que en .los : .demias ;txpos «de : movu'unnto,kla _influencia -de ila prcmmdad deila
‘roca es,.sin‘embargo, pequefia

4. Para a -torsion, los .coeficientes de rigidez rson ‘también sinfluidos snotiblemente
~por efecto-deltencajonamiento, v muy :poco:por la:proximidad:deilasroca."Enila
ref '20 se presenta un .procedimiento para tomar en .cuenta -el waso «de warios
.estratos-en el«cilculo.de k. \ ‘ ‘

Dos de-los investigadores que -mas han analizado el ‘caso de'una masa sobre un:estrato:son
Kobori (ref 21) y ‘Luco-(ref '16). De ‘acuerdo con esteiltimo, los«efectosipfincipales:de.la
estratificacion, cuando el estrato superficial que se ‘analizases relativamentie;pocoipréfundo
y existe un ‘contraste fuerte entre las velocidades -de ;propagacitén de ondas «de :dicho




CStrato y tu roca basal, son un aumento del coeficiente de rigidez y una disminucién en -+
cocliciente de amortiguamiento. Las grédficas gue Luco presenta indican que ambou
cocficientes son altamente dependientes de la ficcuencia de excitacién. La fig 12 ilusua
esta depenricncia para el caso del modo horizontal.

Kobori sefiala que para el caso de una zapata cuadrada de ancho B, sujeta a una fuerza

horizontal periodica P = Py e’ﬂt, la relacion entre el desplazamiento u y la fuerza P es la
misma que para el caso del medio espacio, esto es:

P, ciflt

et (F, -
ey (f, -ify)

solo que las funciones f, y f, dependen ahora de la relacion H/B. La fig 13 presen.c
valoies tipicos de las dos funciones; las singularidades que se observan se deben a las
frecuencias correspondientes a las vibraciones libres del estrato donde f, y f, tienden al

infinito.

El encajonumiento de las cimentaciones dentro del suelo, ademas de un incremento en ia
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 operacioén es mayor que la de resonancia
calculada despreciando dicho efecto. Experimentalmente, se ha observado que el aumento
dal amortliguamiento varia en la misma proporcion en que la frecuencia de resonancia se
incrementa, por ejemplo, si kv aumenta dos veces por efecto del encajonamiento, fr y D
lo hacen aproximadamente \/2 veces (ref 19). Otra forma de estimar la variacion del
amortigquandento con la profundidad de encajonamiento, es a través de la grafica cue
Stoke y Nichart presentan en uno de sus trabajos y que fue obtemda 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 €.: zapatas cuadradas.

kekg V1s(@h/D)
D-D, ¥ 1+ (4h/D)}

donde

D Ancho o didmetro de la cimentacion

O
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" "Dy ¥’ constante 'del amortiguamiento para una cimentacién superficial

P I . ‘ a LS

h  profundidad de encajonamiento”

ko -constante del resorte para una cimentacion superficial

- ey, S e e -
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Con base .cn un trabajo realizado por ‘Novak v, Beredugo, Whitman (ref 23) obtuvo la
sxgulente tabla, que da’ las relacxones de klko y. D/Do en los modaos vemcal hcsnzon*ai Y
de cabeceo Pomblememe Kaf; relacwnes de la tabla'3 proporcionen los mejores valore:. ue
a rngndez yel amortlguemlemo correspondlente a zapatas enca]onadas. ‘ .

H empleo de, eiementos finitos mrve también de gran auxiliar en el estud,o del
»comportamlento dmam:w ﬂé las mmentacmx.e., y de los efcctos moducxdos pcr ]a

estrahfncacxon y el emagonarmento algunos trabajos al respecto son ios de Lysmer (re

17) y Kauvel (refs ‘24 d 26). Este ulnmo “’nedlanto un modelomd:mcmtonal '«xmmefru o,
sometido | a cargas dinamicas o desplazamnento» no a‘cisxvnetncos, obiuvo pma el ca;;o de

cxmcntacloncs circulares apoyaoas en la superhc:e de un medio .clastico de pmfundui(u
infinita, valores de la ngldcz y -del amortiguamiento muy similares a los. que-se obtwncn
en el semmspacxo elastsco "En su andlisis del efecto de la proxnmxdad de la.roca, K.m, o)
encuentra que, las ngldeces cstaticas para los modos horizontal v de cabeceo (los \;511c0=

que analu.o), se [Ppueden obtener mediante C o

. NS
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a) Movzmxento }'onzontal

SN DY

8GR(1 1R, - . | .

e -~ 2°H- o
V\p‘&m R/!;I < /2

b) Mowmxento de’ cabeceo o

- p . Lot .- - .

T 8GR 1R .
N R R TiH (1 =)
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La limitacion de R/H < 1/2 se debe a que para valores mayores que esta relacién, das
expresiones sobrestiman las rigideces estaticas.

- ‘

i - P s
“ N o

En cuanto al estudio tridimensional de} efecto de encaionamiento a iravés del elemento
linito, Kausel 'presentd’ alguncs resultados auhque no “los suficientes ‘para sdcar

. x ‘5\




conclusiones précticas. Sin embargo, es muy factible que en un futuro proximo sca el
méiodo de elementos finitos el que permita estudiar mas convenientemente las distintas
modalidades que existen en los casos reales.

6. RESPUESTA DE CIMENTACIONES EN UN MEDIO VISCOELASTICO

Para fines de diseiio, es importante tomar en cuenta el amortiquamiento interno del
sistema, ¢ decir, el amortiquamiento histerético o viscoso. Para ello se pueden emplear
los resultados de Veletsos vy Veorbic {vef 15) en su estudio sobre cimentaciones vibrando

en un medio viscoeiastico,

Una forma mads simple de considerar el amortiguamiento interno, aunque desde lucgo
menos aproximado, es aplicar el criterio sugerido por Whitman y Richart (ref 27); dicho
crilenio consisie en determinar los efectos combinados de los amortiguamientos radial e
inicrno, suponiendo un valor tipico de amortiguamiento interno de 0.05 y sumar cste
valor al amortiguamiento radial obtenido con la tcorfa eldstica.

Este procedimiento simplificade de sumar directamente los amortiguamientos estd basado
en ol estudio de los resultados obtenidos por Lee (ref 28) en su trabajo sobre
cimentaciones en un medio viscoelastico, y en la comparacion de los resultados que se
obtienen, 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 modos
torsional y de cabeceo, el amortiguamiento radial es muy pequeiic y el interno resulta
importante. La tabla 4 presenta un resumen de algunos datos disponibles relacionados con
el amortiguamiento 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 del
método de elementos finitos. En uno de lus 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 variaciéon que en realidad tienen los coeficientes de rigidez y
amortiguamiento con la frecuencia de excitacion; 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 interno, cuando la proximidad de la roca es
relativamente pequeiia.

7. 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 grafica de la fig 16. Los valores con este método
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m'cm}nuco son nracncamente“lguale‘s a los' calculados ‘con la teoria’cxacta de r_.lorduy
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En cuanto a los valores de amoriiguamiento, Dy, v la masa efectiva, Mef,de cimientos

cuadrados o rectangulares, estos se ‘obticnen mediante una cimentacidn circular
cquwalenie, fa que debe tener la misma drea (cuzmdo los movimienios son verticales u

{
honzontales) o el mismo momento de -inercia {en ¥ caso de- caneceo) que la cimentacion
rectangular; ¢k radio de una base cireular equivalente serd

e . . )
- ‘ . . [

R= ——~ para movirmiento horizontal ¢ vertical
e .

para cabeceo .
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Unavez establecida-la, cimentacion: eqmvalente, s podrén emp‘iear Tas tablas dlspombles

para bases circulares, por e;emplo la tabla l ‘ \

8. DETERMINACION DEL MODULO G .+ oo o it o e

La rigidez k mfiuye directamente en Ea aetermmamon de la frecuencxa ds resonancia y laJ

magnitud . de los movl”mentos ' freauencaaa rehtmamente bajas y/o gudles 2 la L.e h"\\
resonancia. »..stas y.a algunas otras razcmes havpn que sea el parametro mas 1mportante en '
el djscno de cimentacién de maqmnds Dios de ias caractenst.xcas del svelso,, que mﬂuyen‘
dnrectamqnte* en su valor, son Gy v, )

‘l
P

En la mayoria de los suelos, el valor de v varia er: un intervalo relativamente estrecho:
0.35 y 0.4 en arenas, vy cerca ds 0.5 en arcﬂias‘».;amradas en Cambio, el valor de G
dcpende del nivel de deformaciones y es funcion fundamﬁnta]men dee vy G,. (Existen
algunos otros factores que mfluyer' en &l valor de {" tales como los efectos de duracion
de la carga aplicada y el de la historia de esfuer'?cxsque Richart (ref a?) menciona en uno
de sus trabajos; sin embargo, dichos efectos son semmdanc:, en comparamuq con's v oo N

La determinacion de G se pueds hacer mediante Jos procedimientcs que a continvacion se
indican:




NEITIY

voe forimoias

b oon formulas semiempiricas gue dan el valor de G para niveles de defoiinacion
menores de 107 em/cm (en dichos niveles el comportamiento del suclo cs
crdcicamente elasticolineal). Quiza la formula mas comin es la de Hardin y Drnevich

qef 83), gue proporciona muy buenos resultados para valores pequeios de la relacion
de vacios {0=2.0), v es, ademas, valida tanto para suelos cohesivos como no cohesivos.

3-¢)? o
G 1 200 .(.i_w’.’é,,u (OCRY (5,) 9
+

donde oy y G delen estar en lb/pulg?

OCR es la relacion de preconsolidacién (oméx!(ﬂ,) y a depende del indice de
plasticidad (fig 17).

Para el caso de arenas, Seed (ref 34) emplea la expresién
y NE
G=1 000K, (7o)

donde K, depende de la densidad relativa (tabla 6).

Puesto que G es funcion 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 S ; al respecto, Whitman (ref 19)
recomienda emplear

G-16005,

para valores de deformacion angular entre 107 vy 107,
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Res oranciaen -una ’columna .de_suelo.. Este procedimiento-coasiste -an aphcax Un
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- decir; -las frecuendias «de :resonancia. Para el.zaso jen .que:la probeta-esté, fna
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,/\g_‘:

H altura‘deila probeta
C.. véioc‘idad -de onda al cortante

L e
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De la.ec 14 se obtieneC, y ébvalor de G mediante

G- pC: ‘ . (a5)
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Prucias de carmpo

Eipleo de un pequefio vibrador. Esta técnica estriba en medir la longitud de onda
:\_xpc; ficial que gc;\(_:'ra un vibrador, trabajando a una determinada frecuencia, en la
superficic del ter:eno (fig 18). La longitud de onda se determina mowviendo un
receptor a lo largo de una linea radial al eje del vibrador, y localizando los puntos
que cstan en fase (refs 1 y 35). Al cambiar la frecuencia de excitacién, se puede
variar {2 longitud de enda y, por tanto, la. profundidad de inspeccién. Una regla
scmiempirica es suponer que el modulo calculado mediante este procedimiento,
corresponde al valor que dicho modulo tiene a una profundidad del suelo igual a
N2 (A, longited de onda) ’

Mérodos 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 enire Cp, (velocidad de ondas dilatantes) y C,. La relacion

esta dada por

c 1-2v c
s/ 2(1-v) R

Teniendo Cs, el valor de G se obtiene mediante la ec 15.

Como se puede observar, la relacién de Poisson, v, debe conocerse para el empleo
de esta técnica. Detalles de la forma como se realiza la medicion de Cp, mediante
este procedimiento, pueden verse en las refs 5 y 36.

Método de hoyos en paralelo (cross-ho'e methodj. 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 iempo que las ondas tardaron en viajar por dicha varilla. E]
proceso puede facilitarse en el osciloscopio si la direccién del impacto se cambia
en cl sentido opuesto; cllo se debe a que las trazas generadas divercen en cl
momento cn que las ondas cortantes licgan (fig 19b). Mayores detalles de este
procedimiento, que es uno de los mas empleados para determinar el médulo G a
niveles pequeiios de deformacién, se pueden encontrar en las refs 5 y 37.
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Ajiora, bmn, ‘tomando en cuenta gue en genera] los esfuerzos efectivos y las caracterisicas
del,,sudo vanan con la profund:dad V. por tanto; el valor del médulo G tambnera camlia,
500 pr c'umo el problema de determinar la profundidad a la cual dobora escogerse el v.ﬂo,
de O que se va a emplear. en & cdloule de k. En general AG exista \in ériterio’ umu:v Tars
Jai solucion. de este pmblwma, se han propuesto vanos proc,cdxmlentm empmcus, ulr;unc
da 109 cuale" 50 mvnc:mm a cor;t.muamffn. e 3 T SO

o AR v VT, s i T .
LI - P .- -
g - s

Cuando se conoce C, con la profundidad, Whitman (ref 19)" recomienda usas la
orofundidad corresporzdxeme al punto medxo del bulbo de presiones; dicha profunnnlad
esid dada por A *

[P S

;‘ ~: ¥ 5" 3
T P e hﬂ@_.ﬂw.?j)
.Y
‘m
donde o A .
" R S R S T
. ”AT.;“*' Kﬁ‘j;: ';“,;«:, -,. C e
D didmetro (real ¢ equwaleme) de la c1~‘nentacxon
o, . 0.42 veces los esfuerzos estaticos aplicados.en: la- superficie (o sea el .
: esfuerzo vertical efectivo a la profundidad de 3/4 D, originado por el
peso de la cimentacion y la maguinaria).
O O L R ,:f.;s SN S g e s L s

e

Si se emplea la formula de Hardm y Dme\uch para el calculo de’ G es’ recomendable
también determinar los esfuerzos efectivos 2 la mitad del bulbe de presiones”{3/4° D), s

decir, 6, se calcula en funcién de

1. d,y06, debidas al sobrepesc del suelo a esa profundidad

2. &,y &, producidas.por. el peso de Ja cimentacion. | .

Richart ct al (ref 5) propone que la profundided equivalents sea aquella donde &l valor de
Gg , caiculado a la orilla de la cimentacidn, sea minimo (fig 20).

- 5 L

(IR . IR R RO - LT TR .o
= { . 7

9. ALGUNAS FORMAS PARA ESTIMAR DIRECTAMENTE k .

Pruehas de \piaca

La estimacion de' k ‘mediante .prucbes’ d2 placa, se hace aplicendo gargas rzpetidas
(fig 21).- Lia magnitud de les. cargas estdticas y dindmicas debe ser similar a ia
esperada. ‘




paikan vef 38) registra excelentes correlaciones entre los valcres estimados de la
fiecuencia de resonancia (calculados con los resultados de pruebas de placa) y los

determinados experimentalmente,

Para extapolar las rigideces obtenidas usando las placas de areas pequefas a las dreas
reales del prototipo, se pueden utilizar las recomendaciones de Terzaghi (ref 39) para

cargas eslalicas; es decir
Sualo cohesivo kprototipo= KysgiamC
C+1 )2

-, T ) N -] e
Suelo no cohesivo “prototipo kl'dlém( 2

donde

tamano menor de la cimentacién

tamafo menor de la placa

Pruebas a base de un vibrador

La prueba consiste en colocar un pequenc vibrador sobre una placa de 12 a 30 pulg
de diametro. La frecuencia de excitacidén se varia hasta alcanzar la condicion de
resonancia, v el valor de k se obtiene mediante

ke (f!_21'r)2 M

donde

M  masa del vibrador y placa + la masa efectiva del suelo

\

v

Los resultados que se obtienen con este procedimiento son wuy similares a los de la
prueba de placa, solo que la interpretacién correcta de los datos resulta mds complicada y

dificil.
Correlaciones con el moédulo de reaccion

Para andlisis preliminares de disefio, pueden emplearse las correlaciones que existen
entre las consiantes de resorte y el lamado moédulo de reacc'dn eldstico. Dichas

correlaciones son:
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movimiento vertical k, = c A

movimiento horizontal k= ¢, A

movimiento de cabaceo  k, = cr‘I’

movimiento. torsionante k¢= Q¢I"
S . . LT

donde
A area de contacto entrela cimentacién y el suelo

-y s '
I segundo momento del dvea de contacto alrededor del eje horizontal que pusa
por el centroide del drea y esnormal al plano.de cabeceo

P segundo momente dél drea de contacto alrededor del. 8]8 vemca, que pasa
por el centroide del drza
lios coeficientes ¢, ¢y ,:c ¥C sonics madules de reaccién que dependen-del tipo de stzglo,
asi como «del )ta*naxio y geometria de la wcimeniacion. Existen, :sin embargo, tablas gue
relacionan . dichos coeficientes sclo en_funcion del tipo de:suelo; al respecto, -Barkan {ret . 38)
proporciona la tabla 7. : ' h

i

9.1 Cimerntacicnes piloteadas

Desafortunadamente, esta parte de la dindmica de suelos no se ha desarrollado lo suficiente
como para ofrecer méiodos racicnales aplicables a toda-clase.de problemas:practicos.

Dentro de los métodos .més simpies v mds practicos estd.el propuesto por Maxwell et al {ref
40), -c1-cual se-basa enilos resultados que se obtienen a partir.de pruebas-dindmicasrealizadas
en pilotes pro tot:po, sobre los «cuales se ccloca .un oscilador en el ‘que’ variala freuuencm de
excitacion ‘(fig 22).: Los .parametros. del sistema equwalente de un grado de hbertad
obtenidos a -partir de los datos: observados v recomenaados Jpor estos mwst&gadores para- ‘ol
inodo vertical (el inico que estudiaron), son: '

LI e

T Y : '
ke ——.coscs M2 .
I JW g P fy

donde, o . C s .

-~k onr constantg .del resorte

¢ . . coeficiente de amortiguamiento




M masa sobre el terreno, que incluye la del oscilador, el cabezal yiacarga v: -ilica
() fuerza de excitacidon periddica

amplitud de la fuerza de excitacién

{ tiempo

w  desplazamiento perigdico

W amplitud del desplazamiento

o  éangulo de fase entre Q, y W

£ frecuencia circular,en rad/seg

En la resonancia ¢ es aproximadamente 90° y la expresion anterior de la rigidez se reduce
a la siguiente ‘

2
ko = MQO
donde o es la frecuencia observada de resonancia.,

Considerando que el amortiguamiento critico ¢, vale 2M2,, la relaciéon de amortiguamiento

\

c
se obtiene mediante D = — , y el desplazamiento maximo por W =

c .

C ZkoD
En pruebas experimentales realizadas por Maxwell et al en pilotes circulares de concreto y
de acero con seccion H, se encontré que los” amortiguamientos a la frecuencia de
resonancia eran relativamente pequefios (del orden de Do = 0.06) y que la rigidez
dindmica aumentaba considerablemente si el cabezal se ¢ncontraba en contacto con el
terreno natural, y ligeramente con el aumento de la carga estatica.

Al considerar la variacion de las frecuencias de excitacidn:y definir como relaciéon de
riqpdeces a k/ky y de frecuencias a  §2/82, los resultad\".:s experimentales de estos
investigadores sefalaron que, en general,la relacién de rigileces disminuye y la del
amortiguamiento se incrementa cuando la relacion de frecuenci?n:; aumenta (fig 23). En lo
que se refiere al grupo de pilotes, concluyen que se estd dé¢, lado conservador si se
considera como amortiguamiento para el grupo el obtenido a partr de pruebas en pilotes

B



mawiduiles, y que la rigidez se puede considerar simplemente como la suma de las
rupiteces de cada pilote.

Boatwell v Sexema {ref 41) recomiendan, pare el caso de pilotes de punta, utilizor el
sisic:na de dos grados de libertad mostrado en la fig 24, donde: :

ing masa total del sistema cimentacion-mdquina .
ke rigidez de cada pilote; se obtiene medgaxlge la teoria simple de colurnas;
: B
. o . . PP . ,
por ejemplo, para el modo vertical kpﬁ—fb——-; donde L, Ap y Ep son
N Yoo L . . _ p , o g

respectivamente longiw&,' drea y modulo de clasticidad del pilote

Kﬁ, nqadez del gmpo, es xqual a Ea ngzdev de cada plote multiplicada per el
numero total de pilotes

cf amomguam,ento del sistema cxmentac én-ngéquainén‘:obtenido a través de

o vxbr.amcnps hbres '. o

i
- FE - B R . [ . - “e 1y
- \ R B - - [ . -y

m,, ¢, y k, son lcs parametros del 'suelo sobre el cual se apoyan los pilotes, y-se obt.ieqén
mediante la teoria del semiespacio elistico (tabla 1). El problema principal en este

procedimiente sugerido por Boutwell y Saxema estriba, prcc:.samente, en la correcta

determinacion de estos ultimos parametros, :

Para el movimiento. vertical, Ia inﬂuencia que tiene la.carga.axial yla longitud del pilotc
sobre la frecuencia'de resorancia en. pdotesﬁ lo.punta se ilustra.cn Ja fig 25 obienida por
Richart (ref. 43) -Dicha figura muestra gue a medida; que'la-carga amdl se mﬂremsﬂnta y/u
la ]ongltud .del pilote aumenta,-la frecuencia de.rescnancia dlsmmu\,ﬁe Bl mlsmo autoz
sena]a, en otro de sus ..rabajos {ref 5} que la conmbucmn de un palote ala rigidez comw
la torsioén de una zapata, estd dada por

. [ 4
0 e . P

ki ol E8), (29

d didmetro del pilote o -

Ky, ‘médulo de reaccion del suelo \




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 eficiencia que considera la flexibilidad del pilote

Tiabajos 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 coeficientes de rigidez y amortiguamiento para los distintos modos de vibracion.

Las funciones f;; 4, f14.2 , etc, dependen de las caracteristicas del suelo y del pilote y 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
consecuencia 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, los que estan constituidos por una masa
concentrada que representa la masa de la maquinaria y la de la cimentacién, uno o varios
~esortes que simulan la rigidez del suelo, y uno o varios amortiguadores que representan
ia pérdida de energia que ocurre en el sistema maquina-cimentacion-suelo.

Los wabajos tedricos sobre la teoria del semiespacic eldstico y viscoeldstico que hasta la
jecha se han desarrollado, permiten, desde el punto de vista matematico, evaluar
correctamente los parametros de disefio que rigen los sistemas equivalentes. Faltan, sin
vmbargo, 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 piloteadas, existen procedimientos que utilizan sistemas de
uno o mas grados de libertad; sin embargo, el metoao sugendo por Novak es el que hasta
ahora ofrece mejores bases y es por tanto el mis recomendable. El empleo de programas
de elementos finitos puede ofrecer, en un futuro proximo, considerable auxilic en el
analisis de esta clase de cimentaciones profundas. , Vo
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Los. efectos principales del encajonamiento de la cimentacién es aumentar la nglde., y el
amortiguamiento. En lo que se ‘refiere a la estratlfxcacnbn, los efectos que se pueden tever
por, el hecho de permanes cer ld roca basal a re‘atwa poca profundidad, es un aumenic: 2n
¢l aoef:rmnte de ng:dez y una’ disminucidn en el coeficiente de amomc*uamxento dl(‘hﬂa
efectos resultan practicamente despremab‘es cuando la relacién H/R (;mmndldac’ d ia
roca/radxc de la cm‘entacxon) es mayor de {

3
1

En comparacion-con: las mmentacmnes por wpe.ffxme, las cxmentacwnes p:loteadas puedon
tener mayores frecuencias natursles {como consccuencia del sumento en la rigide?),
menorcs amortiguamientos y mayores amplitudes en la resonancia.

§
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TAGLA 1. VALORES DE LOSPARAMETROS EQUHVALENTES EN CIMENTACIONES
CIRCULARES* APOYADAS EN UN SEMIESPACIO ELASTICO (ref 19)

i RELACIONES DE ’ t
TIPO DE MASAS k , Do M ¢ :
i EXCITACION MODIFICADAS |
¢
1-v 4GR 0.425 M 5
Vertical B =—5b — 0.27 — ‘
vV 4 1-v v/ B, B, i
2-v 8GR 0.29 M ;
Horizontal B '=——Db 0.095 —
n ,
8 2-v \/ By, By,
b g 30 1 8GR? 0.15 0.24 L
eceo = - ————— — 24 —
) "8 R 31-) . (1+BWB, B,
@ Los valores se obtuwieron de iguslar las amplitudes méximas.. aterminadas con ia teor(a de! semiespacio, con 1as

dgeterminadas con los sistemas cauivalentes

I momento de inercia de la mesa con ruspecto al 8je de giro

TABLA 2. VALORES DE K PARA DISTINTOS TIPOS DE DISTRIBUCION ™7 FSFUERZOS

(ref 19)
(1-v) |
ESFUERZOS '
Base rigida 4 0.188
§
Uniforme T 0.239 %
Parabolica (3/4) 0.319 ;
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ENCAIONAMIENTO

{7 ‘MODO

ST ke

D/Do

-,

Vertical

“41;-'“‘!.‘“"« ' h
1406009 — .
1060w 2

1,19 (L) /R

) Vi,
o ' R 1+1.942-5) h/R
Horizontal 1+0.55 (2-v) - —
z .. ..R V'k/ko

LCabeceo

o 'h
1 71.2‘(-1:-';;,)? ;

N S h 3
1 + 0.7 \(].’V) % 8.6 (2..'&))(_5‘)

i . ) :h\.
; eo.zf(zw(ﬁ)’ Vk/kq

LNt .

B
PR

/TABLA 4. AMORTIGUAMIENTO :{TERNO EN SUELOS {ref 27}

. | AmoRTIGUAMIENTO
TiPO DE SUELO EQUIVALENTE
Arenas y gravas secas 0.03.2.0.07

Arenajsaturada o seca

0.01a0.03

.. 0:05a0/06

Arenas y gravas saturadas

" Arcilla.

110.02:2'0.05 «

Arena limosa

0032010
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" ABLA 5. CONSTANTES DE RESORTE PARA {JNA BASE RECTANGULAR RiGIDA
APOYADA EN EL SEMIESPACIO

CONSTANTE DE - - E ‘
MOVIMIENTO RESORTE*
. G R T
Vertical k,= - 8,V BL**
Horizontal ky = 2(1+») G3,VBL
G
2
Cabeceo k"1, B, BL
e Los valores de ﬂv, Bh y ﬁr estan dados por la fig 16

ee Bo ancho de ia cimentacidn y {.=longitud de lg cimentaciui. o 2 plano de rotacidn en caso de cabeceo)

TABLA 6. VALORES DE K, VS DENSIDAD RELATIVA

| DENSIDAD RELATIVA K,
’ 30 34
40 40
; 60 52
75 | 62
90 T

J
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TABLA 7. VALORES DE DISENC RECOMENDADOS POR BARKAN PARA ¢ ®

CAPACIDAD DE CARGA ESTATICA COEFICIENYE ¢,
TIPO DE SUELO PERMISIBLE, en kg/cm? en kg/em?
Suclos blandos. <15 <3
Suclos de resistenicia madia| - 15-35 & 3-8
Suelos resistentes (arcillas 3.5-56 5-10
duras 0 arenas compactas)
! Rooas >5 >10

I

¢

. - N B l» \ - - N
Los valores de €.y y €58 puetien estimar con las rejaciones.

o e ; 3
G,® cv/2, c= 2cv.fc¢= ¥ c,

TABLA 8. COEFICIENTES DE RIGIDEZ Y AMORTIGUAMIENTO EN LA TEORIA

DE NOVAK.(ref 42)
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T \
MODQO k c
i
1 ' > N
i E A E A
i Vertical p_- B
| il T, fisa v hez
. A EpI Ep I ‘
Horizontal T“' f]. llig _“‘, fl 1.2
2 . T, T, ‘V’s
1 ET A £ I
5 - Cabeceo , G P AN
i i ro . 7.1 V’s ; 7.2
P ’ Ep I ' :3* 'X
‘, . . N &, ,
g Acopladas ' (horizontal. E fo.1 e {5
l y de cabeceo) 0
A drea de 1a seccion transversal de! pilote - Ep médulo de Young del pilote
radio de! pilote

: momento de inercia de la seccidn transversal fo

\.’s velocidad de ondas cortantes en el suelo

-as funciones f1 1.1 f' i et dependen de {as caracterl’sycas del suelo y del pilote, vy se ubtienen = vravés

s1a tacla O v ta fin I3




TABLA 9. PARAMETROS DE RIGIDEZ Y AMORTIGUAMIENTO f,, f, vy f;, PARA
~ILOTES DE MADERA Y DE CONCRETO CON 1/ry>5 (ref 42)

E 0 v PARAMETROS DE RIGIDEZ IJARAMETROS DE AMORTIGUAMIENTO
v ;; ‘{;:‘ f7.1 fo1 f;l.l £7.2 fg.2 fi1.2
0.01 10.202 | -0.0194 | 0.0036 | 0.139 | -0.0280 | 0.0084
0.02 {0.285 | -0.0388 | 0.0100 0.200 | -0.0566 | 0.0238
0.4 0.7 10030349 | -0.0582 | 0.0185 0.243 | -0.0848 | 0.0438
(Concreto)| 0.04 | 0.403 | -0.0776 | 0.0284 0.281 | -0.1130 | 0.0674
0.05 | 0.450 | -0.0970 | 0.0397 0.314 | -0.1410 | 0.0942
0.01 | 0.265 | -0.0336 | 0.0082 0.176 | -0.0466 | 0.0183
0.02 | 0.374 | -0.0673 | 0.0231 0.249 { -0.0932 | 0.0516
0.4 20 |003 [0.459 ' -0.1010 | 0.0425 0.305 | -0.1400 | 0.0949
(Madera) | 0.04 |0.529 ' -0.1350 | 0.0654 0.352 | -0.1860 | 0.1460
0.05 | 0.592 | -0.1680 | 0.0914 0.394 | -0.2330 | 0.2040 ;
0.01 |{0.195 | -0.0181 | 0.0032 | 0.135 | -0.0262 | 0.0076 ;
0.02 |0.275 | -0.0362 | 0.0090 | 0.192 | -0.0529 | 0.0215 g
0.25 0.7 10.03 |0.337 | -0.0543 | 0.0166 0.235 | -0.0793 | 0.0395 ;
(Concreto) | 0.04 | 0.389 | -0.0724 | 0.0256 0.272 | -0.1057 0.0608 3
0.05 |0.435 | -0.0905 | 0.0358 0.304 1| -0.1321 0.0850
-
0.01 ]0.256 | -0.0315 | 0.0074 0.169 | -0.0434 | 0.0165
0.02 10.362 | -0.0630 6.6209 0.240 |--0.0868 | 0.0465
0.25 20 [0.03 |0444 | -0.0945 | 0.0385 0.293 | -0.1301 0.0854
(Madera) |{0.04 }0.512 | -0.1260 | 0.0593 0.339 | -0.1735 | 0.1315
0.05 {0.573 | -2.1575 | 0.0c28 0.379 | -0.2168 | 0.1838
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APENDICE. EJEMFLO DE APLICACION™

Se requiere determinar las dithensiones 'dé la cimentacién - adrada de una maquina que
pesa 2 700 kg, sujeta a una fuerza dindmica de 680 kg, que‘lopera con una frecuencia de
10 cps. Los requisitos que debe cumplir la cimentacién scu: 1) la maquina necesiia
quedar a8 2 m sobre el nivel natural del terrena Y. 2) la velocidad de las partnculas debe
ser menor de 0.075 cm/seg. o L 3

Datos del terreno de cimentacion. Se trata de un suelo hmoarcmoarenoso duro, con un
peso volumétrico igual a 1.92 ton/m3. Los valores deé la velocidad de onda al cortante,
medidos in situ, estan dados por la fig Al. '

Los resultados- de una ‘prueba de placa cuadrada, de 1’ i 1', son los deta fig A2,
b

Célculo de G

El valor de k, con los datos de la prueba de placa, es - - “\,\

2000x12 5
k- _ﬁé‘;—_ -8x10° Ib/pie- 12x 16" kg/m

* El gjemplo que s - esents fue soaprado del original gue aparece en la ref 19




De la tabla 5 y de la fig 16 para una cimentacién cuadrada, al asignar un valor de v= 0.43, sc
tiene

k,(1-v)  Bx10°(1-0.35)
C. - = 2.4 x 10° 1b/pie’
2.16B 2'4x1

O sea

G=1.187 x 10’ kg/cm® (A1)

El siguiente paso es comprobar el valor de G con las mediciones de C, obtenidas in situ, para

lo cual se determina el valor del esfuerzo a mitad del bulbo de presiones en la placa. Ei .a1o
equivalente para este caso seria

r=V1/m= 0.564 pies
D= 1.12 pies

3/4 D= 0.85 pies

y los esfuerzos verticales a la mitad del bulbo

0, + 0.42% x 4000 Ib/pie® + 0.85' x 120 Ib/pie’ - 1 782 1b/pie?

0, = .88.15 kg/em?

0.8910
Profund;dad equivalente= ————— - 460 cm- 4.6 m

1.92x 107

Delafig A.l se deduce que C,= 240 n/seg, 0 sea

1920

G=pC, g

x 240% = 1.13 x 107 kg/cm?

© Factor <'¢ esiuerzos cc  espondiente a una profundidad de % D



L
(82

io que equivale a

Ge 1.13x10° kgfe® L A.2)

Como los vaicies de las ecs A.l y A.2 son prdcticamente iguales, se usara el valor dado
por esta ultima en el disefio preliminar.

Diseiio preliminar = .aforme la tabla 5, el valor de k para cimentaciones cuadradas _ita dado
por

& \
k=4t .2.16B
v v

por lo que al sustituir valores se obtiene TS (AR

1.13x 1¢7 - e A3 , .
=-—-e0—6§— .x:2:16xB= 3.75x 10" B (B, en metros) (A.3)

Si se supone que la frecuencia de operacmn es relativarnente pequena con respecto a la de
resonancia, s¢ puede aplicar la simplificacién:.

po 1 ot Po
Voax= SZX SZ — et R ()
1- (.Q./(.o)2 k
o sea que el vaior requerido de k sera
. P2 - . 683 x (2. A 10} |
" velocidad de disefio/factor de segundau ) 007572 ~wem
k=1.14 % 10°

Delesecs A3y A4 sechtene que B= 3 m; por tanto, la cimentacion mostrada en la fig
/.3 puede suporicrse como diseno preliminar.




Revision del disenio preliminar

Lo
N AL S

Para un analisis-w.as Jeiaiiado del diseiio, se calculara la masa total del sistema

a) Masa de la miquina (Mm) o

. 2720 7:-2’78 PYER
- m” 9.8 """ miseg?
. ») _Masa de la cimentacion m). .

vol x Yconcreto 3x 5: 2.6x 2406 56160
©“ 98 Y ~ 9.8

M= 5 730 kg/m/seg”
c) Masa efectiva de suelo (M)

Radio equivalente = vV9/7 =-1.69m; R”=4.85 m*" N

!

- b M 5730 + 278 _
w0 pR3 1920 o ‘ﬁ Sl :,.”f‘ |
9.8 x485 . ey won e

: l-v. D.65x6
B = b:: g = 0-9'.1 5
v 4 , 4 g
Dela tabla b C L st
M 0.27{0(38) kg
M =027 — =2 —————" - 1663
e TR 0975 - T T mfsed?

d} Masa total

r PRI

o

Esta masa esta dada por
. , o

My, + Mg+ Mg = 2784 575041663 = 7671 ko/mifseg®
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J

rofundidad equivalente

Se estima.ahora el punto medio del bulbo de presiones; para ¢ilo primero se cagi.ardn
los (sfuerzos por peso propio al nivel de desplante

‘ _ 56160+ 2720

5 = 6.54 tun/m?

A la mitad del bulbo de presiones, los esfuerzos totales son

3
g, (Q D) 042 654+Zx338x191; 7.6

7.6
Profundidad equivalente = o7 " 4

veme T e

De la grafica de la fig ~.1 se deduce un valor de €, = 230 m/seq. Calculando el valor de G,
se tiene R DS A

1920
G- 230? X8 " 1.03 x 10 kg/m = 1.03 x 10° kg/cm

k-1.03% 107 x 2.16 x 3= 1.03 x 10 —2

Imn

‘6tese que en el calculo de k se ha estésd'\o{fd\esprec‘iahdo la profundidad de encajonanaento
de 0.6 m; cllo se debe a que dicha ‘p'rofunc}idad: es relativamente pequeia y que al
despreciarla se csta dentro del Iado. de la seguridad. Sin embargo, s se déscara utihizar Ia
influenca del e. ~~ionamiento en k; se podrla ut:h?'"‘ alquno 7 oo oriterios senalados on @
cap 9. - . ‘

Por tanto, la frecuencia natural del sisiema es

1 [f1.03x 10"
fo= 2 7671———418405




Calcuio de la velocidad maxinia

P, 1 680 ]

V== 2628
mdx ™2 T w)? *105x10° 7. 10 y
g4’

Vv = 5.8 % 10 m/seg= 0.058 cm/seq < 0.075

max

Si se quies  tener un factor de seguridad mayor de 0.075/0.058 - 1.29, deberd piocurarse
aumentas k sin que M aumente, lo que se consigue, por ejemplo, al ampliar la base de la
cirnentacion, pero reduciendo las dimensiones superiores Para la cim:c .aci>. de la fig
A.4, losresultados que se cbtienen son:

M, = 278 kg/m/seg?
M, = 4 861 kg/m/seg?
Mg - 2 504 kg/m/seg?
Myor = 7 643 kg/m/seg?
Cq = 250 m/seq

G - 1.22 x 10" kg/m’
k = 1.42 x 10® ¥g/m
£, = 21.7 cps

Viix = 0.038 cm/seg

FS = 2

Se recornienda al lector verificar. a manera G- ejercicio, estos resuitados.
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] Many aovances have, been made i n f1n1te elemant : th~orj wh:ch account Tor
oothn non11 ar geOﬂetr1c and mdter1d1 behavior. ‘These- advanres have recent1y
been sg.gaylzed in the 11L raLure [e g 1—3] This non11near theorv is in
principle app}igabie to prublems in bofn the StdtiC ‘and dynam1c regime. The
research. effort directed to 1n ngat1nn the use of the finite element method
in the ana]ys1s of strubturas under dyn4m1c loads compare;|ratber unfavorably
with its. rapid. deve]opront 1n the stat1c regime,

Foluow1ng the devnldpnont of a non]1n°ar static f1n1ue element progreain
e *‘apan1or program was star cd to study non11near dynamnc]problems.,rParalle]
formylation as, viere made fo 'wu Taitpr probiom , with sofe e§pecuat1on&»that the
dyramic, prob]em uou1d y1e1d to a similar” ‘approach.-  In® theievent.it,turnad out

|

hat hera yiere: suff1c.enb shc.tcom1nqs i the- COHJETOEﬂCG4PTOP°YLIES of th@

("|’

JTEment used')and 1n tne nu remca] plOCCdurLS adopted for ‘the- integration of the
eguations in t1m° aud spa;h, to caage cohsiderable delays imn the .progress;.of
thz study-. Th1s papor orcseéfs a synop;19 of tha- resul tsiobtainedy tgdate which
are descrlbed more comp]ete1y in [4]\ As in thé Static ﬁrbbmem>EZJ”‘ihe writers

set out to de.elop a base cn nhnch a ganeral purpose ‘finite element. program could

1

bz bupilt for anﬂ]yzung nonlmnear oynam1c prob1en’:' This procedure seamad the
3 rxj
most expedient apnroach s1nb- murh cuumow p!OJza.nnng coutdi.be ULITTZEd from the
static progran. ' ' S
1i.. REVIEW OF LITERATURE ] ‘ S

i v
. a -

- v SR
X P Ly t-‘w. e .

o It is 1nL°rest1no to note “that: the original éevs}opﬁent of the f1n1te
elcment n"Lhod vias directéd to the sotution of. dynamic prthQms [5] Th
i pn s’s rap idly switched to static solutions -and. it is only necenﬁijphat its
po Len 1a1 Tor solving complax dynamic probiems is being rea’lzed The‘ehr11est

BE

- ]
oo




(2)

examples in the literature of the solution of a dynamic problem usi.y the finit
element 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 illustrated in [8]

where 2 nuclear containment vessel, an earth dam, and other complex structures

are examinec.

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 corresponding elastic
dynamic problem by Stricklin et al. [10]. In [9] the eﬁﬂations were solved in
an incremental form where the behavior was assu&ed to be linear for each incre-
ient 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
adopted 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
jteration techniques. In [10] it is concluded, after éomparisons with parabo]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 revoiu
tion only with certain asymmatries of the applied load allowed The approach
used in [10] has been extended by Kiein {11] to include other asymmetric prop-
erties of the shell structure and the loading.

The other nonlinearity we wish to discuss is material nonlinearity du
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 Prandtl-Reuss equati:
{12] for an elastic-plastic solid, viz. the initial strain method and the
tangent modulus method. The tangent modulus 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 material
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. <:>
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% , The pauc1ty of nonlinear dynam.c resu]ts 1s in contrdst H]th those‘
DL ;_,."L‘\ .

oJee1ned us1ng tne f1n1te d1fference approach together H]th -nuin r1ca1 1ntegrat10n
in t1m There 1s a large body of 11terature surveyed in: []5] coverlng ‘the area

as Lf) VoLt

o7 non]1near e]ast1c deformat1ons, and wh1ch is pr1mar11y d1rected to the so]u-
1on of dynamwc e]astlc defornat1ons, and wh1ch 1s pr1mar11y d1rected to the solu-

.ie....

tion of dynam1c e]ast1c she]] buck11ng prob]ems The works c1ted Jn [15] are

-‘}

conCerned w1th so]v:ng nuner1ca]]y the coup]ed d]fferen+1a] equat1ons of mot1on

e’ the structur Honever,ta method nh1ch is c1oser-to the f1n1te elenent approxi-
p=t1on;was developed_nnnt1a11y by Nitmer et. a] [16] In th1s approach the
structure 1s d1scret1zed 1n1t.a?]y and equ111br1um eouat1ons are wr1tten for each
;euarage d1v1510n resu]tlng in an uncoup]ed system wh1ch may ! be so]ved d]rect1y
Sc]ut1ons Uh]Ch 1nc1ude Icrge d15p1acem nts and, p]ast1c de:ormat1cns have been
Outa1n°d by th1s method ror a var1ety of problems. It has a]so been estended to
cover genera1 sh°1] structures undergo1ng three- d1men51ona? delormations [17]

Hany eyper1monta1 prog.ams havebbeen carr1ed out, n1th the purpose of va11dat1ng
this nethod and rood anroement has been shc mn between The theorjland exp°r1meﬂt
[15- 18? ThexdrchbacP with, the above so]utwons 15 that they:are spn 1a]*pu=pose
501ut1ons restr1cted to certa1n geonetr1c shabes d1v1ded 1nt' a regu]ar gr1d‘

, gL -
pa Ler?, whereas the f1n1te e]emont approarh a]?ows 1rregu]ar structura] shapes

{b R E

and gr]ds. Approx1mdte te<rn,ques for. =01v1ng dynom1c prob1ems wh1ch inc]ude
1erge p1ast1c de:ormat1ons have been developnd and are, based on the assumptpon
that e1ast1c d format1ons mz y be neg]ected These nethods.are deScr.bed 1n an

S l !

ey*enswve rev1 vl by Symonds [19] whnre Lh° re]at1ve accuracy and mer1t of the
er1ous appron1mat1ons are d1;cussed T! re. are a]so the mode approx1mat1on

EYAPEY

thOdS [20] based on the bound theorems o hart1n [2] 22] A cr1ter10n adopted

'L\L .

for the purpose of d°c1d1no when these aphrox1mate methods Pav be usefu? is that

3414

the enero) app]1ed by the entornal 1oad1ng on the structure sh0u1d be about ten
times the amount of energy wh1ch cou]d be absorbod e]ast1ca1]y by the st.uctu e

£19].

% .
Ii]i THEORETICAL COhSIDfRATIOVS
K Thn basic equat10ns for rnonlinear finite elemant anaiysis are he11 under-

stood and w111 not be derived here. Instead, we shall quote the equatwons as

our Do1nt of departure. By the principle of virtual work we obtain in térms of

IR

1n.t1a1 geometry:
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where [N];fé an interpolation function that transforms displacements at the (:)

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.

{o} is the generaliéed stress vector.

[p] is the density matrix (the density takes 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:

”O[N]T [p] [N]dvCaiu) = o fVOA[B]{o}dVO - IVO[B]A{o}dVO + A{P} + O(I) + o(t™
In the above Equation A{P} should be understood to include the effects
of following loads. The two error terms O(tm) and 0(1) are also included to
snow 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 *tim2 is shown as a function of tino

raised to the power m.
We now make use of-the linearized incremental stress strain relation:

which are written as
a{o) = [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) 2 {4} = - [K] & {u) + & {P} + O(t™) + O(I) (4)

@
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Tris eQUGt1on can be spec1al1zed to the static case by neolr:>i* 3 thewterm ‘4k’/

'S .

on Lhe left ;n the statuc case convergence to the true sol.ron may be a%h1eved

&y ?ﬁpﬂ,xﬁ?iﬁgé )oadm1n 1ncreasanglyosra11ern1nerements. .Aspgcejﬂegrpfoceqere
.~5??pr F}9_§29 drnthe dynanncecase where: theg raﬁegojaconyergence+with decreage
in ¢TWfMS¢eP‘}> ? mnedﬂfﬂThetresu1tS+of this. ana1y91sJareqd1scussedmﬂaten o
btfﬂ”h heonowﬂ onsmdernmhe errormtennw@@l}awh1chuw1lhﬁbe cabﬂednibeangsqug1

Cid S g

1oadaﬂbf%ect1onnﬁZB]Thndmeonsmsts;ofwwn1tnng thehres1dua1 ngqglonofggfil)a;
A ) |2 EAN A S :

N W%ﬁfu 23 susow [ &) o Jﬁqnﬁiéufff 2aw grubesong Geids

o~ “ n . . ' O
& 9% navip a5v06lhamﬁ-1EMJ {y}ﬁ?mﬁﬂa 8], ﬁ%b@?buﬁﬁptjfr:': e (8) nsr
24t Yo edamidoes Jbqunosm Fo bao ng iy 23 2avyar hagn Tahnam imlir:ﬁ%@ -

3
I} is noted that this error term consists of evaluating the terms at

the staie ocforEnihe,currentjnqc ementrand sthat, 1f~no numorncah erners g had been

s

ntroducedﬁbyaprevnmus;ﬂnomementsathe 1=N, rorcwou1d1Qqugqu‘;q“genq, vlj;:,\ggsnshgwn
in [4] thatwrbyamncﬂud1ngr¢h%qnes1dua1gﬂoaducorrectﬁonminptheydynamic~equations;

.....

one may ObL 1n convergent so]ut1ons us1ng time 1ncrementsnneﬂaimye1y Iarge in
u”par150ﬂ w.th the so]ut1ons obta1ned w1thout the correctlon

AR SpLgte ; *

~fi b ’
. “,d\ ( O -§- AgcA ot R ( B T
ba L SR
Iv. SOLLTION EROCEDURE ‘ 340 :
& ; N .
TRy o P R N - . s - . .
'a” GiE e3Asoaiaan Lol #oratts Fnsmooslqatt fsiod Insywon 9dr b o e

the solution «of, the rincremental

s b SThe seﬂ ctnon of ant qntengt101uacheme for h

quaL1ons 1n.thu:mnmeudomamn;ﬂSﬂcricwcal wqih FesPeck otor icum Hutq.quglggg:
A su1tab]e 30|ut1on scheme hh1ch a?lovs a2 large t1meqs¢egfnand et g ’
accurate so]u+1on is that deve]opnd by WOUbO]tS [27] The Houbolt s h‘pe is baser

¢
on the th1rd\0roer backw%ﬂg§)d1ﬁ{§rence express1qn
Y ki :

R A=
b ub “ § =i Y

. 1
a{u} = —5 {28y LU .
. A Aﬂ Atz ot 1n—§ ..:,:n" ]' 3T (’i'ia-'g ’l\:";nr_dr.. i = R g e q,]‘: et

Ly 0

App]ylng this to the cond1t1on for 1ncrementa1'equ1?1brvum[14)-iwkghgve
‘ f

‘,vﬁrhﬁf 32 to k*fch nnos sda nrODSDYAnETh 9%s n0ftasat bas M«m_mi;g =

v fanar SUSERA st fﬁ[1]S*ant~~E¥HJ)Am&ﬁlnffhfm FRUAN Tﬂﬂt53>9b ad yvem (V) noftsup?

Lo W bbo ot aziwsdil bas zatvaz adi ar nrsmey 2% namaont dremeseiqaih novs

S Tt R %ii@jy¢§q£m b% @ELMnﬁ}ﬁi A'H u?mé frﬂ({nkﬁéimswanii namadelget o bbo

: A ' to

\leren? nsvazsubﬁcr1piwdenot1ngrth&( Ame satowhieh, the fAngrement, isptakens 1oy
Th1s equat1on is solved for the d1sp1acement 1ncrement A{u 1) at

Wy oaniNe2 and oAb 2mnd Yo cqsamuo 295 zasubey noitosytsd bLsofl feubtaut s

each step except the first where a special starting procedure mu.t be emp]oyOd

(27]
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v NOTE ON SOLUTION COHVERGENCE

O

fHais]er et al. [23] have reported con studies of numerical integratica
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 residpa] 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
one-cdimensional 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

»

n-1 2
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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 is O(Auz) in the displacement increment. When the residual load correr-

™y

tion is included we find that

N
c 1 -1 2" dK, 3
ug - Uy stz X bogg evy Ol (7)
n=2

where for Neven 2 =m -1, k =m

Nodd ¢ =m, k=m+1,

m = 2(2n é ! , and fractions are discarded in the computation of the indices.
Equation (7) may be described by stating that for even N only the terms invoiving
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

O
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j,‘,orre‘c‘tedweq'uativons<except¢_for the fact that ‘the stiffness quaﬁtéty:is in-
gidewthe“5ummationrsigw in [6]. The. assumpt1on of a s?ow1y varyinq st1 f—
pess K ini.[6)means othe neg1ect of errors caused by the 1nﬁer1ted error
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v237In. therdynamic :cas e\fhe,express1ons for the, discret1eaf10n errors of

the uncofrected-and corrected . equat1ons at- twme th are, recpect1ve‘y,
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uﬁere R (T 5 SN f”Kn}. In the.aboverequations E :and EV are the trunc-

rat1on errors inhérited from: the- ifiertia.terms and, for the curreqt‘intedrgtion
rchema in- time, do’ hot: appear to- be'expre5f1b1e in a:generai form, - -However, “they
aré of'the <ame ordér as the first terms -in thefbracketsrin-(s) and (9),,dnd it
15 1nterest1ng 'to soeculate that a similar.reduction in the error occurs in £¢

\

as compawed Wit £ . S * T .o

It has been demonstrated in [23] that-the- stat1Q solutmons g1ven4by the
corracted and uncorrected equations tend to converge as the number. of lozd
increments in the uncorrected case are increased. A particular example giyen
in [23] Hs a spherical shell cap under a point load at the apex where the uncor-
rected solution converged using an increment one eighth. that, reou1wed Tor con-
vergence in the corrected solution. One would expect that Judg1no from (8) and
(9) the convergence rate in the dynamic case would be more rapid both for the
corrected 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 same order n vhe sample probolcns 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-tg;>
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 investigators,
The other solutions were obtained by using the Houbolt scheme and the total form
o7 tne finite element equations so the comparisons are direct. This fact has

important consequences in terms of doing nonlinear problems economically.

Computer Program

" The system of equations for the dynamic etasiic-plastic analysis wit<:>
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 and two for axisymmetric shells. Controls have been
introduced to avoid the generation of the stiffness matrix every time step and
thus uncouple the physical modeling from *he small]l time steps required for

numerical accuracy

VI. CASE STUDIES

In the following section, examples have been selected from [4] in
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o: -der. a) to-make compar1sons with results 1n the 1iterature, b)’ to investi-
g;te the 11m1¢s,of numarical® approx1mat1ons in terms ‘of ‘the freqdency of
rez ssema]y and residual. load-correction; and c) to observe” the effect of
cometric imperfections .in a dynamically’loaded sphere The one- d1mon51ona1
e] mznt used-in the.following examples ‘is" “of the 1soparametr1c type and has
2 rap;d ratemof convergence even: for-small numbers 6f ‘elements . Th1s 7s " due
.10, the fact-that it can.reprasent exactly-all the rigid body modes o7 the
1uterpo1ated surface whichk ¥s arbitrarily ¢lose to "the: actua] structura1 shape
It has proved to be a veny‘accurate and economic element for ‘usé in ana]yzlng
oynan1c problems.. A1l the" current results were obta1ned on @ CDC-6600 us1ng
a 60-bit word and the effects of rotary inertia have been included in the

equations .although the rcsponse is not ‘¢thanged not1ceab1y by this term.

- - -k ot
o1 . . 3t Yt . el ! ?

1. Shallew Spherical Cap UnderA® Step Pressure Load

St P To s
e ) L oz R R : h .

A Yinear example is iiiustrated-iﬁ~Figdfé‘2‘fbr the case of a shallow
spherical cap under a constahtvdyhémic’p?essﬁre{S’Thé5§blbtibh'dsfn§ the finite
element method ‘was first given:ini[6] and lateér in [10]." It is'nbfed’from
Figure.2 that all three solutions dgree ever“though different elemants and
diﬁferentsnumbers:of~eTémentsvwere;used‘in edch ‘casé. “:The épf%én;”déidesfshoﬂn
and "those_from [10] agree:more: closely .in that ‘botii used curved 8lements whereas
(6] approximated the shell by straight'segsients. A solution [7] Based o modal

analysis also follows the -current resilts closely. *

1 \ 3

2. Non]ﬁneariEJastic‘Aha{ysiswdf aFBimply—Supported Beam Uﬁder g
- A Half-Sine Initial"Velocity'Distribution

R
’

-

©.& ° The problem illustrated in Figure 3 was andlyzed in order to check the
elasticilargetdisplacement: portion of the method.- This problein has beeh treated
thegretically in [28] and [29] where the differential equations of motion for a
bzam under an initial displacement condition were solved using perturbation
technigues. In [28] more general equations were written which included the effects
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of large strain, rotary inertia, and transverse shear, vhereas [29] neglects
these effects and solves simpler equations which consider large rotations <:>
cut small strains. The final soluticns in iterms 6f 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 problem
with the initial velocity distribution given in Figure 3. The numerical values
computed for deflections and generalized forces were found to agree with values
tound from expressions given in [29]. In 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
zs an example for testing the various solution schemes available with the current
srmulation 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 eguations were reassembled at each time increment and stresses
vere conputed at three integration points per element. fhe beriod of vibration
egrees with the theoretical result as shown in Figure 3 and the value for the
maximum displacement agrees with that given in [30]. - C:)
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 mentionad previously, the uncorrected equations .converge rapidly
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 non11near solutions the
uncorrected solution diverges rapidly fron 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 equat{ons.
If we assume that the corrected solution has converged at At = 2.5 x ]0~6 sec
we note that the uncorrected solution for the same time increment has converged
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aver practically all the response but sti!l'on1y compares vith the copr-
rec;ed spolution for at =1 x 10“5 sec. ,

- A precedure which results in a great eccnomy of sulution time is
+o0 reassemble the equations at certain multiples of the basic tims step.
For:ths example under consideration, as illustrated in figure 32, the re-,
zssemdly operation was performed at every increment, every tenth increment,
andfevery twentieth increment with no apparent change in the response.
However, the load correction was applied at each step. The effect of vary-
ing:the latter parameter was also investigated and as shovn in Figure 3a the
solution is much more sensitive to changes in corectfan frequency as com-
paréd with changes in reassembly frequency.

C An approximation wnich is used frequently in the static analysis
o7 structures is to consider the stress at the center of the element as
oei@g the average strsss in the element and lo use thics va]ué afune in
corputing the stiffness matrix. The results are shown in rigure 3a where
it is noted that with the load correction, the response compaeres very
favorably with the most exect solution shown. This procedure is very
economical with respect to storage requirements and solution times and
5qu1d be usefully employed as an economic Tirst run designed toginvestigate
:he'probab1e response of the structure. It would appear upwisél however,
to use this approximation without the lcad correction as evidenced bywthe
resbanse shewn 1n Figure 3a.

5 An attempt was made to rate the solution procedures just described
with respect to cost in computer time and accuracy as comoared with the solution
which requires the equations to be corrected and reassembled at each step.

For the sake of comparison the accuracy is determined by the minimum dis-
placement value as a percentage of the absolute minimum. The most efficient
solution scheme, judging from the table given in Figure 3a, appears to be the

cacse where the equations are reessembled eve-y tenth increment «nd corrected
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every cecond increment. Ii will be ¢~ _usiicied by other examples how

eivective and accurate this procedure may be. (:)

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
problem of an axisymmetric 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 term 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 application of the correc-
tion term. These results give an indication of how often the correction should
tz applied, but it may be deduced that for an accurate solution the correction
crnould be applied at every step. , ;

The sepsitivity of the solution to the correction term may be explained
55 follows. The correction is computed as an unba]ancei force at the end of an <i>
increment. Theoretically a correction to the current displacement should be
ccmndted by using this force and the equations applying at the beginning of the
increment. In the present formulation because of the computational difficulties
arnd expense involved in doing this displacement correcﬁion,:the qpba]anced force
is added on as a load over the next increment. This in effect means that the
correction will be computed using the curioent 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 tlie wmethod
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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dzscribed but using the element of [31]. It is noted that this element has one
jess degree of freedom per node but in terms of computational efficiency the iso-
parametric elemert takes only approximately 15 per cent more time for an egual
nunber of elements. The element in [31] gave good comparisons with the current
results when thirty e]emean were used.

The soijution ar"zveﬁ at by rpassembﬁwng every ter steps and coriecting
cvery step with a time increment of 1 x 107 g secoads is comrpared with the resuits
of a finite element solution given in {10]. This solution was obtained using the

fo+31 form of the pquut1ons wn1ch necessitates exlrhvo1ai1ng fo: d15p1 cements

cver an increment and computing the nonlinear portion of the equatuonx as pseudo
forces on the right-hand side of the equations. The equalions were solved using
iteration or Newton-Raphson for the more nonlirear problems and the time integra-
tion was performed using the Houbolt scheme. |
As shown in Fig. 5 the present solution using fifteen elements agrees
substantially with the results of [10] for thirty elements. This agreement is
interesting in that the approaches used to solve the probliem, such as the eiement
type, the time increment (the present incremeat is eight times that used in [10]),
the assemb1y of the nonlinear terms, end the solution schene (incrgmenta] Versus
total eguations), are quite different 1n each case. ,

-

4. FElastic-Plastic Beam Under a Uniform ITnitial Velocity Over

a Pcrtion of the Span

. N
The essentials of the example are given in Fig. 6 where a beam of span
10" is given an impulse of 2172 in./sec. over the central 2" of the span. The
material of the beain is elastic-plastic work-hardening and is modeled by a piece-
wise linear stress-strain curve as shown in Fig. 6. The results for the finite
element case were obtained using ten isoparametrié elements with three integration
points per elemant. The reassembly of the equations and the correation term wera
computed every fifth -and every time increment respectively, and a time increment

. &
of 2.% x 10 sec. was used.
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“n2 results are corpared in Frg. 6 with a finite difference solution apg
with experimential data given in [32]. The finite difference solution was computeg
Ls5ing twenth mesh points on the beam and a time increment of 1/3 micro—SQCOhd,
which is 20 per cent of the step size necessary for the stability o7 the solutigp
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
running th2 problem with a time step equal to 1 micro-second; reassembling every
ten steps, and correcting every step, but no significant change occurred.

Since the elastic large-displacement results already presented are in
pertect agrezment with other firite difference and finite element results, the
siight diszrepancy between the numerical results in Fig. 6 must be attributed to
the elastic-piastic portion of the problem. A further check was made on the
Tinite element solution by using five Gaussian integration points per element
z5 opposed to the three used.originally but no change was reflected in the result,
er.d so it is assumed that the solution has converged. The differences between
tne numerical solutions may be accounted for by the fact that in the current
solution scheme the elastic-plastic constitutive law is weighted for stress
stztes going from elastic to plastic over an increment. %he;discrepancy between
£oth nunerical results and the experimental values 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 nsglected in the numerical solutions.

Results obtained by various investigators on the variatioﬁqof the vield
strass of structural materials with increase in strain rate are reviewed-in [19]
and it is rentioned there that for the steel used in the experiments in question
the incregse 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.
o

5. Elastic-Plastic Buckling of an Imperfect Sphere Under a Uniform

Constant External Pressure

ihe geometry of the sphere is shown in Fig. 7 where the imperfection is
given as & flat section of the shell of radius Rimp , which is taken to be the
nean radius of the oblate portion of the sphere. For the more simple elements,

wrere only c¢isplacement continuity is required at the nodes, as in [31] and [6],

|
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*hac a so1ut1on with twenty elements and a time increment of 0.1 micro- seconds

) rppears to be just be1ow the bucn11ng pressure thresho1d

, Hquever, the overall response history is very different from that of Fig. 8 in

)

.ot

T the Junct1on of the -imperfect portion with the rest of the, shel] presents no
lsp°c1a1 pr0u1em But for the "higher, order 1soparam_tr1c e1ement the displace-
. .=ncs and their first derivatives are incompatible. The comb1nat1on of these
-h1gn°r orocr e]ements across the Junct1on is achieved by app]y1ng a ‘constraint
‘,relat1ng the d1sp1acemencs at t”o hypothet1ca1 nodes “in the manner of Hibbitt

cnd MarcaT [33] Pre11m1nary ana1ys1s of a linear hemispherlca] she11 suggested

nou1d be surr1c1ent to cover the response. '

, Inserted in Fig. 8 are the exp.ess1ons for the geometric parameter A
and he cr1t1ca1 static bucP1119 pressure P it for the sphere. A]so shovn
is; the mode] of the stress-strain behavior of the she]l maierial wh1ch corre-
sponds to that of an aluminum alloy (7075-T6).

. The she]] was ana]yved both e]ast1ca11y and elastic- p1ast1ca11y and the
resu]ts for the paramater A= 2,172 are shonn in Fig. 8, where the deflection )
at the apex is plotted aga1nst t1me. It is noted that there is a great‘differenceg}

t:een the elastic and the elastic- pldstic values for the rat1o of the pressure
requ1red tu cause dynamlc buch|1ng to P rit. in the imperfect shell The form
of the re5r0use h1st0ry also 15 qu1te d1|Ferent for each’ matérial idealization.
Tne structure 1s deened to ho»e buck1ed vihen the defiection- pro#11e increases
urast1ca11_y Tor ‘a smal] ‘ncrement in pressurn. As an'example of th1s, consider
thn d1vergence between the def1ect1on profiles for the elastic reSponse to the
rond1mens onal pressure values g1ven by P/Pcr1t = 0.575 and- P/Pcr;t =0.55

early all of the curves point to the fact that the response must be traced‘over
a humber of oscillations before it is decided whether buck11ng will occur or not.

Th]S is esp=c1a]1y true for thc elastic example u1th P/PC it =-0.55 which

. To 111ustrate the d1fferent respOﬁse characteristic¢s of this shell with
*ho varnctlon of the paxameter A, xesu]t, are ‘shown in Fig. 9 for x = 3.420
In this case the respOﬁse s mainly elastic and this is reflected in -the proximity

of Lhe e] stic and elastic- p]ast.c buckling values for P/Pcrit .given in Fig. 9.

that p&¢k1ihg occurs after the first maximum and not after a number of oscillations.
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The problem under discussion was first solved by Bushnell [34] for the<:>
static elastic case, and also 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
buckling 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]. 1In both the static and
dynamic cases, for A < 3, the buckling pressure is governed véry strongly by
the plastic flow of the material. For these values of A any analysis.neglect-
ing nonlinear material behavior would be meaningless. This problem is a good
example of a strong intéraction between large displacemenls and nonlinear materia)
behavior.

As observed in Fig. 8 and 9, two different manners of collapse take place
for different shell parameters, 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 impose too large

a penalty. b <:)

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. : .

VII. 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 variety 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 <i)
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dp1d1y 2s.- the time increment is made cmaller and smaller. On the - :er hand,
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(:j j+ has been found that the corrected incremental equations give stable and
2
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gurate solpt1ons hTth ¢1me 1ncremenus approx1mate1y one_ urder of. magn]tude

x“‘vn . “

PN b

g?eater than,corresoond1ng twme steps used in. ‘1nate d1f1erence and othe"
finjte e1ement work In this case the reduction of the truncat1on esror ov the

so1ut1on by Lhe correctvon process favors the convergence of the so?utlon and

,,Pwah

naPes the 1ncrementa1 app,oach compet1t1ve econom1ca11y w1th ofher matheds wh1ch

,ﬂ; 91. Ich

rqu1re extrapo]at1on, and therefore sma11 time steps, in order to hand]e the

n]1near tenn5,7

i

Ms
eiegep} gpa1js1s, were tnsfed w1th tne purpOse of gaug1rg the1r su1tab111ty Tor
U§§?39\QQ0§ 1c work It vas shoun for the example in Fig. 3b that compu»1ng the
str§§§,é§ ore representac1ve po1nt only.in the e1ement gives resu1cs wh1ch agree
t gupgfant al)y w1th the . ananys1s wh1ch 1nc1udes all stress po1nts This uporo xima-

0 saves t1me and storage 1n the computer and 15 usefu1 as a f1rst step in

li‘ Boov g [N

_,ap,analySIS, Egt‘1t shou1q‘peﬂpsed only HTtﬂ the currected Form of ‘the 1ncremeneaT
3 5‘ -,A pownt to rememaer about non]anear ana]ysus, such a< oenons rated in

<:> ;ﬁe exampie given ‘or the elastic and e]astxc p;ast1c DUC 11ng or'a sphe*e, 1s :

7tﬁat 1tl1s d1Ff1cu1t to esL1waLe the pcobab]o response 1n order to p]ar a2 numner-

lca] sd]u;1on. An 1nexpans1ve waj of‘1hvest1gct1ng Fhe prob]em used‘f.equent1y

th1s r°5earch as 2 p"e11m1nary step, 1s to reassewb]e The equat1ons at very

S
i . ll '
.<,, f).\, ok N

n1de lnferva]s and 11kew1se hlth respect to app1y1rg the correcr1on terms Cases

Js,arz\ PR .\“v_!:.-‘il.—n“_‘ ..,4'.2,_

in po:nt are the beam eAampTe 1n Fig. 3b and the she]] examp1° 1n ng 4 where

?\Y~, by A

the geasseub1y and correct1on ooerat1ons were performeq eyery tcnth and eveny
firth 1ncrement respect1ve]y, w1thout any great change in the frequency or
cnp]ntude Since most of the so]ut1on tmne is used in the updat1ng procedure,
the sav1ngs in EXGLULTOH time 1ncrease substant1a]1y with the frequency of tho
uodat1ng A word of cauticn is 1nserted here to the effect that, while the |
rnassembly of the equat1ons may be performod at will, the correct1on terms shou1d
ha computec more frequently as po1nted out in the examo]e of the sphe11ca1 cap
er a pount Joad at the apex. This is espec1a11y true for The e1a5t1c p]as%wc

re the sojut 1on tends to be unstable for tco low a frequency of the

(&
-
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case whe
ication of the correction terms. As an example, the solution cf the e]astlc-

stic buckling of the sphere was unseahle when the correction was app11ed every




{ n increment, but gave e stable soluthion whon the computation was made every

second increment. This is to be expecied in z solulion where the response varieg
’ \

widely and serves as a built-in indicator of sucnh a response. An added advantage
of 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 dus to its modular and flexible construction.
Especially impcrtant is that any elemeni 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. The capability for node-typing is also available and
would be suitable for problems involving combined element analysis where linear
constraints must be imposed on the interfaces between the different element
types. The solution scheme used, the incremental method, also allows one to add
other constitutive relations to the program directly. In using the total form
cf the equations it is not clear how one would separate the pseudo forces due to

me terial and geoimetric behavior ever for the simplest nonlinear constitutive <j)

-~
~
~

relation. |
In suirmary, some progress has been made in the solution of nonlinear

.Qynamic problems. Useful approximatlions have been found to yield economic
i

solution times. The effect of geometric imperfections on the dynamic buckling
ot 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 SOt} ! OF DYNAMIC EQUATIONS

The solution of the dynamic finite e]ement,equations involve a
step-by-step integration. " To date-workers have only pursﬂed the imp]icit

‘methods The writer thinks that this.is due to “interest in the structura?

dynamics regime of behavior where there is less pena]ty for adoptlng the
jmplicit integration schemes. There is every evidence that in the shock
regimes the explicit equations w111 prove uséful. S1m41ar work by f:n1te

. ¢ifferences (e.g. the Pisce code) use explicit integration schemes to the

fullest.

In the use of the implicit schemes, the user should be aware of
two possible types of errors. -The 1ntegrat10n scheme 1ntroduces their “

stability by ‘averaging' or 'damping' with past-values. ~This results in
a distortion of the amplitude as well as the phase.

DIRECT INTEGRATION OPERATCRS
Two direct integration operators are commonly used. The first is

the Nevmark 8 method, with y = 1/2 B = 1/4 (trapezo1da1 ru]e), vhile the second
ﬁs the Houbolt operator (d1sp1acement approx1nated over 3 time-steps by a cubic).
Both of these operators are implicit (i.e., matrix solution is required to step the
solution forward) and both are unconditionally stable with respect to time step size
fo} linear problems. The Houbo]t operator 1ntroduced art1f1c1a] damping, the amount
of such damping 1ncreas1ng w1th the rat1o of t1me step to per1od of the natura] modes
of the system. Thus the Houbolt operator effect1ve1y removes higher que_response
from the system Theé usual recommendaticn is to extract the Eigen modes and fre-
quencies of the system and then decwde on which modes are 1mpor+ant to the response.
The time step 'should then be chosen as 1715 to 1/30 of the period of the ‘highest

such mode.  However, in nonlinear prob1ems, the mode shapes and frequenc1es are
strong functions of time, through plasticity and 1arge,d1splacementveffects, so that
the above gu1de11ne may be quite a coarse approximation. A more general rule would
be to repeat a part of the ana]ys1s w1th a swgn1f1cant]y d1f¢erent tlme step (1/5 to
1/10 of the original), and compare response. This is easily achieved through the

use of restart. i

" Both the Newmark and the Houbolt operators 1ntroduce periodicity errors,

again reversing with the ratio of time step to period of the natural mede involved.

Yith the above guideline, minor errors would occur for the modes below that used for

time step estimates.




& doertvaliens below show ve oo vwns used in MARC to solve (E%i)
tne sys' . based on the Hewmark and Houbolt upevalors:

hewWMARK 8 OPCLRATOR <:>

The generalized form of the Newmark B operator is

\

2 _n+l

23"+ g atl a

FLLL RN ROt (%—» B) at
\/n+'l =y + (1-v) at a' + y at an'{;I

" The particular form corresponding to the trapezoidé] rule is

1 _ 1, ’
Y _2-) B = 4- .
n+] n n At2 n At2 n+l
u =y +Atv +=— a +—F— a (1)
4 4
n¥l _ n , At _n , At _n+l
=y +——2 a + 5

The equation of motion at time tn+ is

A N L L N A, (2)

Rearranging (1) gives

I L _Q? G “ﬂﬁ' G- K%' U
At At : A
and
n¥l _ 2 n¥l _ 2 n_ .n
v =2 U -zt U v
Substituting in (2):
(_g_ M+ 2 Cn+1) R BT L) L) R (a" + 4y 4 u™)
At2 at at At2

+ C (vn + z%—un)



n+i
1nate I =
RS )

and subtract

‘ «J,l LIt

A Coe DAt

Y V: ; :.,_)-.

from both sides, to ‘giv_e=

.

R

( 42 M+ oE 2 C + K)
tlJ ) c*‘

\

Equation (3) . a]]ows implicit so]ut1on of. thn system.
¥l o = .

and then (1) g1ves a

B o=

anq v

il

n+1

“ont i fn 4
I e Ly
FraMlass v

i) +C v

U
3

(3)

n+
]=un+Au

) Note Lhd} (3) contalns res1dua1 Toad correct1on 1mp]1c1t1y
the ;orrectjon we use

&

n . n 1
In + C: \jn + Ma

to remova I -
50 that (3) becomes
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4 2 ! , f- '
(Nt C K ey of vl (20 - g r 2 e

DAMPING
Making the assumption
038 scalars)

gives (3) as

+ ]) K] Au
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4 2a 28
[zt M G
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+
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and (4) as
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HGUBOLT INTEGRATOR |

The Houbolt operator is based on the use of a cubic f1tted through
three ‘previous points and the current (unknown) point in time. ilet t" e 'th )
new time: then the operator is based on assuming:

(t-t") (t=t"1) (£-t""2)

= u
u = (tn+]_tn) (tn+1_tn-1) (tn+1_tn—2) n+l

+ (t_tn*‘]') (t_tn"]) (t_tn“g) ’ . ’ "

. (tn_tnﬂ (tn_tn-—],) (tn_tn—Z) . n

b (e=t™T) (1-t") (e-t"?) -
(,_n ] n+]) (tn -1 t ) (tn ] 2) n-1

5 . ( n+1) (t tn) ( tn-'l) ' . y
( n- 2 nﬂ) (tn—Z_tn) (tn‘-2_tn—'|) ' n-2

Now writing f = (t-t?) (t-tP) (t-t),

we have g{-= (t-tP) (£-t6) + (£-t¥) (£-t€) + (t-t?) (t-tP)
d2

and — = 2 {(t-t ) + (t-t ) + (t- t )}
dt

Thus, if we assume t"*7 = t" + at = t"7 + 2at = "2 + 3at

n+] n+l

(i.e. uniform time steps), we obtain v and a  as

ntl _f1_ 11 n+l _ n,3 n1_1 n-é
v | '{At g U 3ui+su o -Fu }

and "' = 12 {2 PN ST AT un-Z}
t
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The cquation of motion of tir=z 1 s C

Ty T e
0 SPbSti§uting (2) in (3)"‘96‘N:rnove‘"é‘:'nys andjvn+] gives

ISt

At
+ ;lf (5 u" Ay e tu"?%) M
At
+ Z%A(g - %—un'1 f_%—un'z)_c L - (4)
How assumz we cén,approximate In+} = 1"+ 3i
WL LI ayYY
_.nt} n
{au = u T
R0 2 BT T . . )
. and assume ¢V = ", since C is never accurately known.

Then (&) becomes

2 11 ~ny A+l 5 D - entl _ 40
A 5 M + X3 C') u + K" au=F I
At
+ —12-(t u" - 4 G 2y .
At :
] n_3 n1,1,n- 2
+E(3u-i?-u t g )C

Subtzact ( 2 M+ E“" ¢™).u" from both sides to obtain an in-

cramenta] form

n 1 n-1 +quh'2) M

(—gﬁ'M + 61] ¢+ K" ) AU»; Fn+1 -1 + —_5'(3 W -4y
at: At
: 1 4,7 .n 3 . n-l 1 uh” -2 .
. +~A—€(—6-U "'Z'U '3‘ )C (5)




. for au, hence obtain u = U,

This equation provides an im.t .3t
n+l n

Two points should be kept in mind -
i . - .

[ i
[

(1)

" \ihen time s»ep size is changed,

(2) & spec1a1 staru1ng procedure is necessary since u" s ul” 1 and

"2 appear in (5).

s . e e e . ST n
Recasting of Houbolt in terms of accelerations and velocities, a + v ..

sotution scheme:

o
<

Y

Solve (5)

+ au and so, using (2), obtain vn+1

and a

(5) 1s based on uniform time steps and so must be modified

n

From (1) and its derivatives, again assuming uniform time steps,

n_. 1,1 ntl .1 n_n-l

[ (3;u; * 5 u u

and a" = —l?(um'.l 2 u" + un'1)
At ’

Reérranging,

un-] - At2 a n+l 2 )"
and so

W2 = gat? "+ 6at v - 8 u

Thus {2) may be re-written.as

n+l _ 1 ntl _ o N _ n _
\ X {3 u -3 u 28t v
and
an+] = —l?- 6un+] - 6" - '6at VAL
At

¢ s

n+l n+l 1

L L A

6 3
(—s M+ =¢)
ate 8t at

1

I C (3u" + 2At V"

n+l

22t "}

Substituting in the equation of motion:(3).gives

1 .,2 _n,
+-2-'At an)

(6)

—5 M (6u" + 6at v",f 2At2”é")

_Q‘___/ /

n+l

§

O



O

Sp ithat .approximating . . » . ) s <§Ei)

AL Lo
We thave
(62n+-—3-c+n<)Au==F"”-1“‘ |
AL _ .
g (e 2t ) (7)

+C (2 Vn+%At a")

Note that with this technique, no special starting procedure (other

than computing the accelerations at t =0 from the total equations of motion)

is mecessary. o

Equation (7) may be solved for the Au, hence U +3 = u" + pu and
equations {6) complete the step to time {(n+l). HNote that uniformity of time
step was assumed throughout the derivatien.

Equation (7) contains residual load correct1on impiicitly. To remove

this, we assume

So that (7) becomes
‘ ;

(—%M+—3—C+K) AU‘AF+,—EE-M(6\/ +3Ata)
at
+c (3" + 5ot a") . (8)
DAMPING
Hith the assumption
C=aM+8K {a, B scalars)




NG Ciuation: Mmay We SIMptiiie. .

6. 3y.4 (38, RS2 B
[( +Z.f)+(2ft_41) K1 au F I

s ML+ 20) V1 (2 + SR a) ")

s

+ 8K [2v +.%-At a"] \

4

With residua1w1oad corﬁe;tion!
~end .

(6, 3 38,0 k1 Ay s
[ (Atz Zf) Mo+ (At + T) K1 su=aF

+M[( +3a)V +(3+——a)a ]
Lo+ Bk (3V] ‘+%—:At a")

"4

e
t

@
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DIRECTORI O DE" ASiSTENTES AL~ CURSO DE ANALISIS DlNAMlCO DE ESTRUCTU~

“ING. GUSTAVO FERRER Mooz T

54

Toluca,

_____

,\

NOMBRE Y DtRcCCION

T e

!NG SER GIO AYALA ANDRADE

Alonso Cano No, 4
Col., Alfonso XItl|
México 19, D. F.
Tel: 6-51-42-76

Clz,Tepeyac* No. 302
Ledn, Gto. '
Tel: 4 17-41

.Nr 4 N
( .2 R

O .(“‘m

JOSE FRIAS DIAZ

ING, CARLQS MAuDALEhO DOMINGUEZ
Arroyo de los Ahuehuetes No, 1!
Fracc. La Escalera Ticoman
México 14, D, F.

 Tel: 5-86-96-4k4

ING, VICTOR MANUEL OCHOA M,
Alvaro Obregdén No. 56 A
Morelia, Mich. i

Tel: 2-65-05

. .ING. LUIS OROPESA LARA

Diego de Qrdaz No. 253
Fracc. ‘Reforma
Veracruz, Ver,

Tel: 3-49-24

. ROBERTO RODRIGUEZ VAZQUEZ
Oriente 59-301-A

Villa de Cortes
México 13, D. F.

ING. CARLOS VALDESPINO PONCE

_ Roble No. 29

Casa Blanca
México
Tel: L-38-87

-RAS ESPECIALES ( DEL. 25 DE-JULIQ AL 19- DE AGOSTO DE 19774)

EMPRESA N D!RECCION [

“Toluca

INST|TUTO M?XICANO DEL PFTROLEO

) Av, dé los’ anentMﬂtros No.]152

México 14, D. F. ',
Tel: 5-67- ’66-00 Ext. %557

UNlVERSIDAD DE GUANAJUATO
Judrez No, 77~ .
GuanaJuato, Gto,

Tel: 2-07-79

-2y

1-

INSTITUTO POLITECNICO NAC!ONAL
( ESIA )

Unidad Profesional de Zacatenco
Col. Lindavista :

México 14, D, F,

Tel: 5-86-96-L4

JUNTA DE PLANEACION Y URBANIZACION

DEL ESTADO DE MICHOACAN
Casa de Gobierno
Morelia, Mich,

Tel: 2-65-05

FACULTAD DE INGENIERIA DE U.V,
Av. Mocambo s/n

Costa Verda

Veracruz, Ver,

Tel: 3-17-59

INGENIERIA DE SISTEMAS DEL
TRANSPORTE METROPOL!1ANO S.A,
Minerfa No., 145

Col. Escanddn

México '8, D, F,

Tel: 5-16- Oh 60

hY

JFAGULTAD.DE I NGENIERIA U,A E.M,

Cerro de Coatepec
Méxtco
Tel: 5- hf 1?
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10.

DIRECTOR!IC DE ASISTENTES AL CURSO DE ANALISIS DiINAMICO DE ESTRUCTU-

RAS ESPECIALES (_DEL 25 DE JULIO AL 19 DE AGOSTO DE 1977 ) ﬂ:/

NOMBRE Y DIRECC!ON

ING. “UiIS M, ZAMARRIPA RENDON
Paseo de la Presa No.BL4-C

Guanajuato, Gto,
Tel: 2-07-79

JULTO JALIL MATA

Arguelles No, 114 y el Qro
Guayaquil, Ecuador

Tel: 342103

ING, ARTURO QUIROZ SOTO
Sur 109 No. 705

Sector Popular

México 13, D. F,

Tel: 5-82-43-35

EMPRESA Y DIRECCION .- 7

[LARA, TOLA, SERRANO, INGENIEROS
CONSULTORES

Av, del Ejército No. 303
Guayaqui !, fcuador

Tel: 394728

UNVVERSIDAD AUTONOMA METROPNO! | TANA
Av, San Pabio s/n

Azcapotzalco, D, F.

Tel: 5-61-94-00

—



