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Influence of Building Base-Isolation on Seismic Response of
Submerged Internal Systems
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Abstract

The base-isolation of building, as appeared in many studies, has shown remarkable performance in
seismic response attenuation of the internal system as well as the building structure itself. But for the
case that the internal system is submerged and hence subject to a considerable hydrodynamic effect,
the seismic response of the system due to the base-isolation of building can be greater than the case
that they are in air. This paper presents the dynamic analysis of a submerged internal system on
base-isolated building to show such an example. The results show that an additional treatment is
required to reduce the adverse effects on the seismic response of such a system when the building is
base-isolated, and that the system response can be reduced to some extent by an appropriate control of
fluid gap between the system and the building structure,
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1. Introduction

Base isolation has become a basic technique
to protect structures and their contents from
strong earthquake impacts in recent years. In
aseismic design of structures containing inter-

) nal equipment which are critical to public saf-
ety or value such as nuclear power plants, stor-
age tanks or pumping stations of water, pro-
tection of the internal system can be as im-
portant as the building structure itself, Kelly

and Tsai®¥

illustrated considerable effects of
the base isolation on the response reduction of
the internal systems as well as the building
structures. Fan and Ahmadi*® carried out com-
parative studies on the performance of various
base isolation systems and numerical simu-
lation studies on the seismic responses of sec-
ondary system in base-isolated structure. The
main concern in those studies so far has been
about the seismic response of internal systems
under in-air condition,

Some equipment, however, may have to be
located in the fluid and operated in submerged

condition'?

. It is well known such equipment
experience hydrodynamic resistances against
excitations by earthquakes. As Scavuzzo et al.”
described, the fluid coupling between the two
concentrically located bodies reduces both the
natural frequency and modal participation fac-
tor of the inner body when compared with the
case where they are in air. Noting that most of
the base isolation devices generally reduce the
fundamental frequency of the bhuilding struc-
ture, it is easy to understand that the base iso-
lation may have adverse effects by bringing
about resonances upon a submerged internal
system,

This paper illustrates such a case through
comparative dynamic analyses of a submerged
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internal systems in a base-fixed building and in
a base-isolated building. The equations of mo-
tion are set up to comparatively analyze the
seismic response of the internal system for
both conditions of the building base. Signifi-
cance of the seismic response amplification
due to the base-isolation of building is emphas-
1zed through an extreme case analysis where
the submerged natural frequency of the sys-
tem is tuned to the base isolation frequency.
The size and initial location of the submerged
system relative to the surrounding structure
and their effect on excessive response is stud-
ied. Response characteristics of the submerged
internal systems subject to variable hydrod-
ynamic effect are compared for the building
structures with various types of base isolation.

2. Formulation of Equations of Motion

2.1 Hydrodynamic Effects on Seismic Re-
sponse

The dynamic behavior of a submerged oscil-
lating body is heavily dependent on hydrod-
ynamically added mass and added damping.
Lots of studies have been carried out on this
1ssue. An extensive study was made by Fritz®
on the dynamic analysis of two bodies coupled
by liquid. He proposed a method to evaluate
reaction forces on moving rigid bodies when
they are completely immersed in fluids. Chen
et al? and Dong” dealt with dimensional ef
fects on added mass and added damping for
water submersion. Scavuzzo et al.” studied dy-
namic behavior of rectangular modules sub-
merged in rectangular pools through normal
mode analysis. They assumed fluid to be in-
compressible and inviscid, and used the poten-
tial theory for the derivation of hydrodynamic

mass,



The natural frequency of a submerged body is
determined by the sum of the body mass and the
hydrodynamic mass which is called the virtual mass
or apparent mass. And the amount of hydrod-
ynamic mass is a function of fluid density, the
geometric dimension of the two interacting
structures, the gap between them, and so on.
Based on the approach given by Fritz®, the
hydrodynamic forces by the fluid coupling H
between the internal system and the pool struc
ture shown in Figure 1 and Figure 2, can be
written as follows :

£ =[omm, =% W

F, : Force acting on the pool structure by
the internal system movement

F; : Force acting on the internal system by
the pool structure movement

my : Hydrodynamic mass associated with
the internal system

my : Mass of fluid displaced by the internal
system

my : Mass of flud based on the volume
enclosed by the pool structure which is coup-
led to the internal system

Us : Motion of the internal system relative to
the pool structure

U, : Absolute motion of pool structure

For the dynamic analysis of interaction be-
tween the submerged internal system and the
building structure, a cylindrical piece of equip-
ment having solid or hollow square cross sec-
tion is chosen as the internal system. The sys-
tem is assumed to be fully submerged and sur-
rounded by a rectangular pool or a rigid tank
and be located on a certain floor in a building

el

structure. Fluid coupling between the system
and the pool wall is assumed to be caused en-
tirely by the intertia of the fluid, which is as-
sumed to be incompressible and inviscid.
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Fig. 1 Top View for Description of Fluid Gap between Sub-
merged Internal System and Pool Structure

For a long concentric rectangular body with
square section surrounded by a rigid outer wall
with narrow fluid gap as shown in Figure 1,
the hydrodynamic mass along the horizontal
x-direction given by Scavuzzo et al’ can be
rewritten as

:ﬂ (1+r)3 . 1
my 24 (l—r)rz [ l—ez T 3] (2)

where r is the ratio of the system width w; to
the pool width w, given by r=w,/w,, and the ec-
centricity e is defined as the ratio of E, the
system initial deviation from the concentric
center, to the gap size g given by e=FE/g. It is
assumed that the contribution of displacement
in y or z direction to the hydrodynamic mass
along x direction is negligible. And a sub-
merged natural frequency fy of the system is

simply determined as
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_1 | ks
sz on ms+mH (3)

where m;, and k, are mass and stiffness of the
submerged system,

From equations (2) and (3), the submerged
natural frequency of the system shown in Fig-
ure 1 can be expressed using a ratio to the
in-air one as

sz: 1
& \/ m (14?1
R . . e
H 24m,  (1—-1)r? (1—62 +3)
for r#1, e#1 (4)

where f; is in-air natural frequency of the sub-
merged system, It is assumed in this case that
the fluid gap is enough narrow so that the ap-
proximations used to derive the equation (2)
are justified. Thus, the natural frequency of
the submerged system having such a fluid gap
with surrounding structure can be said to be a
function of size ratio and eccentricity.

2.2 Dynamic Characteristics of Submerged
System

In consideration of the forces acting on the
system by base excitation and fluid coupling
given in equation (1), a simple equation of mo-
tion for the submerged one degree of freedom
linear system shown in Figure 1 can be expres-
sed as

rr]sHﬁs+CsHﬁs+ksl—,ls= — M| .L.]P (5)

where mgy=ms+my, mg=ms—m;, and cei=c,+
¢y in which ¢; is damping of the system and cy
is the added damping. With the change of the
system environment from in-air to in-fluid,
both mass and damping coefficient increase,
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meaning that the natural frequency of the sub-
merged system decreases. Furthermore, the
excitation force corresponding to the base ex-
citation decreases. Thus, when an internal sys-
tem is submerged in fluid on a bulding struc-
ture, absolute acceleration of the internal sys-
tem as well as displacement relative to the
building structure is expected to be smaller
than those in air as long as the main frequency
components of the floor excitations do not
change above the natural frequency of the
internal system in air,

When base isolation is applied to the build-
ing, the main frequency components of the
floor vibrations of the building are shifted to
low range, and hence hydrodynamic effects on
the internal system, which is very desirable in
base-fixed buildings, may bring about adverse
effects.

2.3 Equation of Motion for Coupled System

2.3.1 Submerged internal system in base-fix-
ed building

The analysis model of the submerged system
located on the 5th-floor of a base-fixed
five-story structure is shown in Figure 2a. The
building and internal system are taken as lum-
ped spring-mass model. The building structure
has lumped mass m; and stiffness k; on the i-th
floor, and the submerged system has mass mg
and stiffness k;. Hydrodynamic coupling be-
tween the system and the 5-th floor is modeled
using equation (1). Let u, be the ground mo-
tion u; be the i-th floor displacement relative
to the foundation, and us; be the submerged
system displacement relative to the floor wher-
e it is located. The effect by relative motion
between pool wall and locating floor in the buil
ding is assumed to be negligible.
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Fig. 2 Model of Submerged Internal System in a 5-Story
Building
a) Internal System Model in Base-Fixed Build-
ing
b) Internal System Model in Base-Isolated Buil-
ding

Then, the undamped equations of motion for
the submerged system in a base-fixed building
become

Mii+Ku+( (mg +my) tis+mglis) es=
— (Mr—+(mg +mi)es) g (6a)
mgrlis+menlis+keus=—— rrls]l.-ig (6b)

where r={11111"
e&={00001"

ws=1{u; U us uy us}’

in which M and K are mass and stiffness mat-
rices of the building structure respectively.

2.3.2 Submerged internal system in base-
isolated building

Now, let’s assume the building structure con-
taining the submerged system considered above
become base-isolated. Then, the analysis mod-
el will be as shown in Figure 2b. The isolated
base is assumed to have mass my and stiff-

ness ki, and let up be the displacement relative
to the ground. If the other assumptions and
definitions are the same as the case of base-fix
ed structure, equations of motion for the total
system expressed by using the properties de-
fined in equation (6) are given as

Mty + (Mr) T+ (mg 4y ) s +matisHkous

=—M;i, (7a)
(Mr) U, +Mi+Ku-+{ (mg +my) U, + (mg
-y ) lis+mg tis}es (7b)
= —{Mr-+ (my +mmy ) es}i,
mg ( Uy +1s) +mgtsHksus= — mylig (7¢)

5
where M=my+ Y m;+my+my.
i=1

3. Numerical Analysis

3.1 Description of Analysis Method

In this section, dynamic characteristics of
the submerged internal system in base-fixed
and in base-isolated buildings are studied
through the numerical simulation. The
five-story building model shown in Figure 2a
which is assumed to have the same mass, stiff-
ness, and damping in various stories, is used
for the base-fixed building. The five natural
frequencies and dampings of the building struc-
ture in this case are f;=3.30Hz, {,=9.63Hz,
fy=15.18Hz, f;=19.51Hz, fs==22.25Hz, and &;=0.
02, &=0.058, &=0.092, &=0.118, &=0.135.
The same model for the base-isolated building
is shown in Figure 2b. The internal system is
modeled as a single degree-of-freedom linear
oscillator with stiffness k; and damping c¢s which
is subject to hydrodynamic coupling H as show-
n in Figure 2.

The system is assumed to be located in the
fifth floor, and a value of 0.01 for the mass
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ratio of the system to the floor is used throug-
hout this study. 1% is assumed for the damp-
ing ratio considering the hydrodynamic mass
simply because the cross section is a rectangle
as in the Scavuzzo et al.’s work”, The laminat-
ed rubber bearing(LRB), which is modeled as
a linear spring-viscous damper system, is used
for the typical base-isolation system except in
the section where the effect of various base
isolations is considered. The E1 Centro 1940
earthquake is used for the representative seis-
mic input throughout this study.

Considering the sixth order Runge-Kutta
scheme, a double precision FORTRAN routine
for numerical evaluation of the equation of mo-
tion is developed. A time step of 0.005 second
i1s used to integrate the governing equations
for the case including sliding and non-sliding
phase having transition periods for some iso-
lation systems using friction, and 0.005 for the
other general cases. The first 24 seconds of
the response time histories are used to calcu-
late the peak responses of the system through-
out this study. Since displacement of the sub-
merged system relative to the floor would be
an indicator of strain in real elastic structures,
the response of the internal system is dis-
cussed mainly in terms of the relative displace-
ment response although the response in terms
of the absolute acceleration is discussed as
well. The units of the displacement and accel-
eration are respectively cm and g.

3.2 Response Time History of Submerged
Internal System

In Figure 3, time domain responses of the
submerged internal system are shown in terms
of absolute accelerations as well as relative dis
placements. The level of absolute acceleration
responses become greatly reduced for the base
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design change as shown in Figure 3a, which is
sirmilar to the result of Kelly and Tsai®*®. The
relative displacement, however, gets amplified
as shown in Figure 3b, which may be mainly
due to the added mass effect of the submerged
body. If acceleration response spectrum of the
internal system is a major concern, base-iso-
lation could still be beneficial even when the
internal system is submerged as long as its lim
it in the displacement relative to the floor is
not violated. But the level of relative displace-
ment increase in the internal system in this
case can cause a significant effect on the struc-
tural integrity of the system itself,
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Fig. 3 Response Time Histories of Submerged System
(f+=0.5 Hz) for E1 Centro 1950 Earthquake
a) Absolute Acceleration
b) Relative Displacement
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3.3 Effects of Size and Eccentricity

Figure 4 shows effects of fluid gap between
the submerged internal system and the build-
ing structure on the peak displacement re-
sponse of the system for the base-fixed as well
as base-isolated structures with the eccen-
tricity as a parameter. With the fluid gap close
to zero or the size ratio close to one, the natu-
ral frequency of the submerged system drop
very rapidly to zero, which may be the main
reason for the peak response spectrum‘ to be-

in
T
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Fig. 4 Variation of Peak Displacement Response of Sub-
merged Internal System with Size Ratios for Differ-
ent Eccentricity for El Centro 1940 Earthquake.

a) Rel. Displacement of Internal System in
Base-Fixed Structure

b) Rel. Displacement of Internal System in
Base-Isolated Structure

come close to zero rapidly near the size ratio
equal to 1 as shown in both Figure 4a and 4b.
Figure 4a shows that effects of eccentricity
in base-fixed building are greater when the
fluid gap is large and become negligible as the
fluid gap approach zero. That is, larger the ec-
centricity, smaller the peak responses. But the
situation is quite different for base-isolated
structures. As Figure 4b shows, in case where
natural frequency of the submerged system fgy
happen to coincide with the base isolation fre-
quency, the optimum size ratio range for
base-fixed structures makes the peak response
worst for base-isolated structures. The peak
displacement response of a submerged internal
system could be amplified by a factor of about
5 when base-fixed design is replaced with
base-isolation design for the building without
any further considerations. Figure 4b shows
also that the peak response of the submerged
system in the base-isolated structure can be
reduced to a great extent by appropriate con-
trol of the fluid gap and eccentricity but the
lowest level in base-isolated structure is still
higher than the one in base-fixed structure.

3.4 Influences of Base-Isolation Type
Figure 5 shows peak responses of the sub-
merged internal system with respect to the

mH(:—mLH-—l) for
m,

hydrodynamic mass effect o

different types of base isolation devices ; Lam-
inated Rubber Bearing(LRB), Pure-Friction
(P-F) isolator, isolator by Electricite de Fran-
ce(EDF) and Resilient-Friction Base Isolation
system(R-FBI).

The governing equations and parameter val-
ues for the base-isolation devices are adopted
from Fan and Ahmadi*® and the latter is shown
in Table 1.
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Fig. 5 Peak Responses of Submerged Internal System
with Hydrodynamic Effect for 4 Different Types of
Base-Isolations in Building Structures
a) Absolute Acceleration
b) Relative Displacement

Table 1 Values of Parameters used for Various Base

Isolators
Natural |Damping| Friction
Base Isolation System Frequency| Ratio |Coefficient
f.(Hz) ¢ B
Laminated Rubber Bearing(LRB) 0.5 0.08 -
Pure-Friction(P-F) - - 0.1
Resilient-Friction(R-FBI) 0.25 0.08 0.05
Electricite De France(EDF) 1.0 0.08 0.2

The in-air natural frequency f; of the inter-
nal system was let to be the same as the fun-
damental natural frequency of the base-fixed
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building. Figure 5a shows peak acceleration
responses, For the base-fixed building, an in-

Imy
crease of _msi from 0 to 4 reduces the peak ac-

celeration response from 10g to 1.3g and fur-

. my ° .
ther increase of 4 affects little the peak ac-
mg

celeration response. This is of course because
the internal system resonates to excitations by

my .
is close to 0

the building structure when o
S

. . m
and gets detuned rapidly with increase of —H.

My
For both of the P-F and R-FBI base isola-
tions, the peak acceleration response decreases

. my .
to one third as K}f increases from O to 9 and

m,
keeps almost constant for —H>9, which is
my

qualitatively similar to the case of fixed-base.
For the EDF and LRB base isolations, how-

. . my
ever, the response increases a little near——
my

=0 and then shows some fluctuations for 0<
M <15,
ms

The peak displacement response which is a
direct measure of the seismic effect on the sub-
merged system shows quite different trends
for the EDF and LRB as shown in Figure 5b,
On the contrary to the acceleration responses,
the displacement responses for these two
types exceed those for the other three types
including the base-fixed case over most of the
hydrodynamic mass ranges. For the EDF and

Iy
LRB, the resonance peaks appear around—H
m

=11 and 43 for which fy equals to 1 and 0.5
Hz respectively and the submerged internal
system resonates to the excitations in the
base-isolated building. In the EDF and LRB
base-isolations, the peak displacement re-
sponse of the internal system could increase
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Fig. 6 Peak Responses of Submerged Internal System with Submerged Natural Frequency(mg/m,=25 and 64, E1 Centro

1940 Earthquake)

a) Absolute Acceleration for me /ms=25 b) Absolute Acceleration for mey /me=64

¢) Relative Displacement for men /ms=25 d) Relative Displacement for mgy /ms=64

about 4 or 5 times by submerging. It is noted
that the internal system response in the P-F
and R-FBI base-isolations is smaller than the
one in the base-fixed structure regardless of
the level of hydrodynamic effect.

Figure 6 shows variations of the peak respon-
ses of the submerged internal system with nat-
ural frequencies for several base-isolation

D6 95 and
me m,

types and given values of

=64, which is an observation similar to the
one shown in Figure 5,

The peak acceleration responses of the sub-
merged system do not change much from the

floor responses in the building. That is, the
peak acceleration responses keep almost con-
stant except over some resonance frequencies
in case of the fixed-base, EDF and LRB
base-isolations as shown in Figure 6a and 6b.
The level of responses decreases in the order
of fixed-base, P-F, R-FBI, EDF, and LRB
base-isolations, which matches well with the
in-air results for f,>15Hz by Fan and Ahmadi®.
Figure 6¢c and 6d display the peak displace
ment responses of the internal system. It can
be seen that in the EDF and LRB base-isola-
tions the response rises near the submerged

MAPTES Mo M3seee. 9) 133



A7z Ado] Y2 5271289 AAGH nXE 48
resonance frequencies f;3=0.9 Hz and 0.5 Hz

respectively, which correspond to f=4.5 Hz
and 2.5 Hz for %=25 and £,=7.5 Hz and 4

Hz for Els;}i=64. That is, the in-air frequency
mg

range of the internal system whose seismic re-
sponse can be adversely affected by base-iso-
lation increases with the hydrodynamic mass
effect. The response increase at the resonance
peak for the LRB and EDF base-isolations is
about 4 to 6 times. The P-F and R-FBI
base-isolations do not show any bad effects on
the submerged internal system responses,

4. Conclusions

Through the analyses, it has been pointed
out how much the base isolation of building
structure could increase the seismic response
of the submerged internal system at worst. In
the base-isolation design of building on which

submerged internal systems are installed, a
great care should be taken not to cause reson-

ance of the system with the fundamental fre-
quency of the base-isolated building. Based on
the presented results, the following conclusion-
s may be summarized for the submerged inter-
nal systems surrounded by the building struc-
ture ;

1) The peak displacement response of the
submerged internal system can be significantly
increased by the base-isolation in building and,
for the LRB and EDF base-isolations in the
building structure, it could increase at worst
by a factor of about 4 and 6 respectively.

2) By an appropriate control of the hydrod-
ynamic effect, the seismic response of the sub-
merged internal system in the base-isolated
building structure can be reduced to some ex-
tent.
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