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e odal properties of base isolated buildings with g0l

ey i . : .
ABST:‘:d foundation rocking are examined by investi
mglated puildings idealized as plane frames.
sO
Examineﬂ.

: INTRO pUC TION

scolation 1s & novel concept for the

e S .
Bastection of buildings against severe
ro ' . " "
P +hquakes. The reduction 1n seismic

2a

corces on the building 1s ;—_‘Lchievgd Ve
;ertinq horizontally soft 1isolation ele-
nents between the supersi;ructure anc} the |
foundation. The inelast}c def?rmatlons, if
;ﬂv, are limited tO thg 15(?lat1ng elemf.znts
apd the structure remains 1in the E]_E:lSth
range. The additional damping provided by
:he isolators further reduces the resonant
component of the response. .

mase isolation has attracted much 1nte-
rest as testified by the extensive litera-
+ure on the subject (ATC 1986, Blakeley et
21. 1979, Kelly 1986). 1In the usual type
of analysis, soil-structure interaction 1s
neglected and only sliding of the StrLllctu?:'e
is accounted for. The latter assumptlon 1S
adequate for the common designs 1n which
the isolators are very stiff vertically re-
lative to their horizontal stiffness and
the soil is stiff. However, the soll ms.?y
not always be very stiff, particularly 1n
rocking or the base isolated building may
rest on piles as is the case of one pbuild-
ing in Japan.

The objectives of this paper are to eX~
plore the effects of soil-structure inter=
action and rocking resulting from 1t and
from vertical flexibility of the isolators
On modal properties of buildings. The
study is limited to modal properties be-=
cause they are clearly indicative of the
benefits that can be expected from the
types of base isolation considered.

nf. Canadienne Génije Sismique

structure interaction

. gating the modal Properties of base
Simplifications in the analysis are also

2 EQUATIONS OF MOTION AND THEIR SOLUTION

Consider a low rise building on isolators
that, in turn, rests on individual footings
as 1lndicated in Figures 1 and 2. The gov-
erning equations of free damped vibration
may be written in the standard general form

[m]{u}+[cH{ut+[x]{u} = {0} (1)

where [m], [k] and [c] are mass, stiffness
and damping matrices respectively and {u},
{fl}, fu} are absolute vectors of displace-

ment, velocity and acceleration respec-
tively. For soil-structure interaction,
the bases of the isolators are not fixed
but have stiffness, mass and damping asso-
ciated with their degrees-of-freedom.

If the building 1s idealized as a plane
there are three degrees—of—freedgm
per joint, two translations and a rotation.
When the degrees—of—freedom are numberid
sequentially from the top of'the struc ?re
down to the base, the followlng forms O

the above matrices occur

,[CS]
S : [ o= ;

frame,

[m]=

4 damping terms

| ess an , -
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Figure 1 Three storey base 1
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conjugate eigen-
Vectors 1s asso-
clated. More de-
tails on the proce-
dure can be found

Figure 2 Five Storey base isolated building

FRAMES 7.35m ON CRS E = 30000 MPa in Poss (1958)

Novak and El
Hifnawy (1983) and
elsewhere.

-3 BUILDINGS ANALYZED

The buildings analyzed are schematically
depicted in Figures 1 and 2. The frames
are reinforced concrete of monolithic O
Struction. The effective slab width 1S
tiiken aS one-quarter the centre to centr®
distance of the frames. The gross <
secFions are used in computing the moment
of lnertia and the cross-sectional ar?a'
The base isolators are capable (o

] : 'r—-
Placa.ng in the horizontal and Veftlcal.dl
€Ctions ang
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o0 tings are square and are assume |
I . ¥ ) L 1 '_,"'lj-
viscoelastic hal fspace

AT j- *— 5,1 ,:_"i

are taken

as
all j Olnts
The same constraint applies

1le

3.1 The masses

g of the floors and columns is lump-
nodes on each floor. The floor
inertia is accounted for through
. cal displacements of the joints. The
rs are assumed massless. The foot-
treated as rigid bodies and thus
hoth mass and mass moments of in-

-
the M@
ed at the

;c.:::rtatimﬁ1

sses of the beams and columns
4 from the usual stiffness
elastic plane frame members,
are axlially

The stiffne

trix for
Etrix [Kl]' The columns

ble.

extensi | |
Hysteretic pehaviour of the members 1s
nodel led by a complex elastic modulus
pt = E+1iE’ E(1+1i2R) (5)
the

/-1, E=real modulus and B is
assumed to be fre-
defined as

a—
—_—

where 1 |
material damping ratio

quency independent and

nnlp sente: 8 (6)
= 2 ~ 4TW

in which AW 1s the area bhounded by the hy-
steretic loop and W is the strain energy.
T account for structural damping, LA U
plex stiffness matrix 1is formulated, using
the complex elastic modulus, 4as [K] = [Kl]
¥ i[Kz], in which the imaginary component
1S [Kz} = ZB[KI].. The matrix of equivglent
viscous damping of structural members 1S
defined as

[x,]

g _ 28 (7)
[cm] wl i {.Ul [Kl]

uency . (An
scyibed
ete mem~

g, 1is

where w. is the first modal freq
adjustment for higher modes is d€
later). For the reinforced concr
bers, the material damping ratio,
taken as 1%.
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e

LSO lat
‘he force-digp; -
i ies. . 3 oplidcement relati :
J 'F-l — ‘_'_" 1 ~{ e 1 - : i st s 4. Ir.._-'
- & - 1 1 "y Y™ -
= . . -~ Ll S 15 aAs Sl me -3 g 1
= T = bill - 8 | . 'I=__ T o - _
.—1 LJ 1_ -:! -'L ': j‘:_i|:! .I_._ R & . ; I A e o j - :__I W
A -h L | .1,-' - T__p. re = 1 M~ 1 i S . ¢
_L' r‘_I‘__ : it L I S - J._' 3 I!- 3 y _'E_ :: "“L .|:"' 5 g e 3
e post vialdss | ® N Flgur J
» : z SHEs@Bgle; =T 1 Ff’l-l_t,q,,_h 1. ;
s 1.1 W 1 v S ey AR caker
=1 L == ™ &3 % E - i s - —
o e - A= L - n - R Tal & "
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t 11ding. This stiffness
€ summat i | = S LLALLIESE represents
1€ Summation of the hor: o R
iy —d L 110D J.: T YT :t____ .!| = - gl T
':“f th!’:& 4!5!‘3}! ATC . _4“:_' llldal STl1IInesses
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ment u_ a: *ls of the displace-
oy G r f:h T =g
L "H—-'I-.-' I_‘l‘. { qP-.—‘-" - I - - o ] "
ana 1L z Sldered, termed small strain
arge strain FOr th £ e '
; Bl - — e L LL St —_L:,—j Jl (’;‘}f
Cilg}-:—jlat"‘&ﬁ{:“. = _ . - :
cement, small strain. the isol-s=
Y ema ] : Sstraln, tThe 1solators
SN LTl 1 tlle E‘lﬂ%tif“ ranae and the- :
1C 1ge and their hori-

Z - ‘ - -
Oﬁtal Stiffness is equal to the initial
stiffness, |

ments

K1; this state is for displace-

et FOor the second level of dis-
placement, large strain, the isolators

10 mm.
undgrgo large displacements for which a
nominal value of 300 mm is adopted.

A vertical stiffness of 200 times the
horizontal stiffness is chosen for the case
Of no rocking. In addition, the bulldings
are analyzed with a. much smaller vertical
stiffness of the isolators equal to twice
the horizontal stiffness; thlis ca
es building rocking as well as sliding.

The area of the hysteretic loop 1s a mea-
sure of the energy dissipated in the isola-
tors. The hysteretic loop indicated 1n
Figure 3 implies nonlinearity. However,
the complex eigenvalue approach, employed
in the analysis of the whole system, pre-
sumes linearity and viscous damping. One
simple approxlimate way of overcoming thi%
difficulty is to define the equivalent l11-
near stiffness through the backbone ;urV§
of the hysteretic loop (a straight line 10

this case), and to derive the equivalent
viscous dampilng ratio from the grea of tbe
hysteretic loop. Then, the equiivalent A7

tiffness becomes

se 1nvolv-

?

near S

(8)
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iq ‘the force Ol +he isolator and
lacement.
ampling
1ished using
ready by Watand

where Pg
a, is its disp

The material d
isolators, estab
comes, as shown al

Tochigl (1985) ,

ratio of the pbase
Equation ©.
pbe and

(xo—l)

e

p, 1-€
i 1+€(xo—l)

=
where € = ko /Ry AR Egetii initial stiffness
. SS

e v Stlifnis the ratlo of the displ
g uo{;hé yielding displacemenz uY,ng

: ampl
mank Ve, S For small strallls e i ain
(Figure 3) - hila for large =S 3

be-
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Pigiara 3. (&) For '
(h) Normalized bilinear hysteretic loop

the computed damping ratio turns out to be
7.2%., The damping matrix is established

from Equation 7.
4.4 The foundations

F{.jr impedance functions of rectangular,
rigid footings, a number of formulae,
charts and tables are available. Pais and
K{:lusel (1985) used regression analysis to
fit polynomial serjes to some of these
data. Their eéxpressions for horizontal
Franslation, vertical translation and rock-
1Ng were used in this study. lThe fund
mental frequency of the buildin e
used in Computing the impeda % H ‘ffas
- oo i o nce functions.
uded by means of

tes usin
The horijzg ntal tran?

resPECtiVely_
The eigenya

1
COmputed ysj S ang

: Tap~1

| L
l

|

:

Uq ¥
pls 13 %

routine. The natural frequencijes ang
damping ratlio were computed from EQuatTOdal
3 and 4. Since the damping matrice -
established using the fundamentaj Natura]
frequer}cy, the damping in the higher Modes
was adjusted by the factor wl/wj giving

B = L

w
>
] g a0 (10)

J

! ; .
where CJ was the damping ratio baseg on the
frequency Wy .

> TYPICAL RESULTS

The frames shown in Figures 1 and 2 as well
a? two other frames, half the width % .
‘f;;il two bays) , were analyzed for the fol-
b) fi—lg base condlt.ions: a) fixed base,
(iSOlaI’:e; On base isolators with no {:‘OCklﬂq
rockin BeL0. 01 frames on isolators wu‘:h
J:c:)c:kinq‘|r Ry d). frames on isolators wlthno
Cludedg(&}nd SOll-structure interaction 1
and fivelSOIatEd +.SOil) . For the three
Pres SFOI‘ey bulldings; the results aFe
ented ijin Tables 1 and 2. The Fol lowind
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éuildiﬁgs (Iaolation: Ky = 5 W/m, p = 1% for small strain or k;, = 1.13 W/m,

swijz% for large strain; kv = 200 kh for isolated and kv = 2 kp for rocking; footing
B=a i6 mz; soil: VS = S TR RS Sy B o e L e e W2 108 kg/m3)
are
t T Mode '__' e ' 2 3 4 7
Base Hz 5 Hz % Hz % Hz % Hz %
=1 pixed 08 .0 6.61.1.0 13,36 1.0.21.00 1.0 - :
B | ieolatea | 0.99 1.0 3.55 1.0 7.78 1.0 1% 18, = Bl S oo
e B il 1 0.97 103 83617 T7.77 g 126 1.3 2R a2l
> AR Rocking BEh 0. Aoi6 B0 - 7.69 1.0 ¥ 5 e ~ :
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% vl i B e 2w W e 3.3 7.60 1.1 1o Ue I o S0 18l
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e jer g e )
| & ' CSae W A S e S
| Rocking s 24 e - el %3 0 i =
' T R B T B ofF 12.42 L0 18, .
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seismic loading of the puilding. However,
| the reduction in the fundamental frequency
| brings the building into the high energy s
portion of the wind spectrum making the
base isolated building sensitive tO dYnémgc
| wind loading and increasing the-total 's;?;il
i load. These trends are schematlcally

Picted in Figure 4.
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damping.
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Table 3. Damped natural frequencies (Hz)
and damping ratios (%) of base isolated
three storey buildings with the vertical

damping ratio increased from 7.2% TO 30%
kK =200 K

ROCKING : .
E= 7.0% (large strain; isolated: 2 "
rocking: k_ =2 k)
\ h
NO ROCKENG r Mode l; ; 2 l‘l
i‘: 1.9 % IE % ,}
Base Hz % HZ R
e e e R I S 2N 14.7 |
\ | TWO | | : :
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condition, the centre of rotation
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where k = aW 1
the isolators, .
ing and M its mass; a 1
g is the acceleration due

m/sz).

The cyclic frequency 1s then

7 PILE FOUNDATIONS
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In some cases, plles may be useg
£ = 0.498 va (12) junction with base isolators.
1 quite flexible 1n the horizontal a:

For small strain, a=5 while for large and i1f they are friction piles,
strain a=1.13.  Therefore, f3=1.1l Hz ¥for rocking. Impedance functions of .
small strain and £7=0.53 Hz for large readilly be established using publishes

strain. These values compare well with data. For the buildings assumeg *r*-lgm;

l.(?? Il-Iz and 0.52 Hz for the three storey wooden piles with an average diamefh-;;*i:
. ?l:llldlng and 0.99 Hz and 0.51 Hz for the 254 mm were assumed in groups of F;; ¥
ive st L1di ' e
orey building. porting each column. The soil was a s Sumeas
to have a shear wave velocity of 150 p, R

at the pile tip with shear modulus dimir
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mately as a rigid block on springs featur-

ing two degrees-of-freedo : .
gl m at the centre of 1shing parabolically upwards.

1.€. a horizontal translati ‘
' on and a - . |
rotakion. {Sach anslysit s A ved by dance functions were established using th

Kelly and Pan, 1984.) Incor : charts in Novak and E1 Sharnouby (1983) ar
mass and poratlng bOth pile_ -l ? . . 2 ol
Mass moment of inertia, Zhis anaw- PeiTPile interaction was acco

lysis yields the first and second mode el

O
[ oo
e
T
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W::Lth these data the pile foundation
horizontal stiffness turned out to be
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