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ABSTRACT: Analyticz.al and experimental gtuyd |

isOlBtﬂrﬁ under seismic conditions qrﬂn ud lie
t mounted on vibration ilsolators : a p | .

gtudieﬂ- Two types of vibration iqr;.]k was ; prototype air handling

: ; SOLALOTrS = e ‘ 15€ LN the "

isolators with uni-directional restraint elastomeric isolators (EI) and

‘ ciue : " : anc

- 0S i
conditions- The experimental \051) were tested under static and d ‘
S . and dynamic

results in
: : : : l:li,(‘{]te th : : v
|inear stiffness characteristics and high Lol at the vibration isolators have non
lamping values; the ; -
- 9 .ney

ghapes and natural frequencies of the system
e model identificati S LCHS .
hTh:fbration Rt r e d fltlon Lest results were used to formul :
cne h Saad . E{ystems. A numerical procedure t‘-uu .ate analytical models of
was then appile 0 solve the equatior oty e, utillizing time series analysis
obaerve.d between the model I-'E!SPOCII‘ISe iL,nS Oof motion of the systems. Good ¢1greemetib$?,
i <haking table and the corrés Ond‘PdrElmeterﬂ measured experimentally during tests S
P ing values calculated by this soitie S iy 3 8 ste {;n
C t_'.__ | L'pprudc a

tudy indicates ,
This 8 Y that the analytical procedure can be used t ad e -
characteristics of vibration isolated equipment il o predict the response

8 of the 1}
L E) ih]t-i"t "',1-1r { - -
presentec l@viour of equipment vibrat!
1ted. A pment vibration

model of

COonstructed for

exXperimental
open spring

also define the mode

systems subjected to known base

excitations.

1., INTRODUCTION

The protection of equipment from seismic
hazards is of wide engineering interest.
Past earthquakes have shown that failure
of equipment systems which lead to the
breakdown of emergency services can
produce loss of human life and extensive
property damage. Vibration isolated
equipment is particularly vulnerable to
seismic forces. Typically, this type of
equipment is mounted on special spring
units, or other resilient supports, in
order to reduce significantly the trans”
migssion of shock or periodic forces into
the primary system (structure) as 4
result of normal equipment operatlon.
Motion restraining devices are sometimes
used to prevent the development of exces—
sive response in the resiliently mounted
equipment. Experience from past earth-
quakes has demonstrated that resiliently
mounted equipment without motion
restraining devices may be totally
destroyed even though the structures
housing such equipment may suf fer rela”
"‘ﬂi’"l? minor damage. In the Cas€ of open
~ Spring isolators, fallure may result from

the dislodgement of the isolator spring
units, which can lead also toO damage 1in
the vicinity of the equipment.

Some resilient mountings with motion
restraining devices have not been
extensively tested either in actual
earthquakes or 1in a simulated seismic
environment. A reliable performance
evaluation program, including a consist~
ent analysis and design procedure, 18
needed 1f resiliently mounted equipment

is to be protected from earthquake
damage-. The investigation reported
intended as a contribution

herein 1s

toward such a program.
During the past decade a great deal of

research has F T S o M considerable
advance in oul understanding of the
of equipment gystems O

response
earthquake excitation.

Nakahata et al. (1973):1
(1978), villaverde an
Robinson and Ruzicka (1980), Der

$ | (1983,198h) have
Kiuregh’an tical me thods

into %he
amic interaction

gecondary

designed

{mportant effects
between the primary and the
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B Sbined equations of motion of |
{ | . ;M | Frimry Bﬂd the seéeconda ry A ek

ILn
these methods
ot

gust D€ considered. Good Hnﬂ?g:ﬂ:m?
| - A8l

_‘ﬂ]._ugions to the problem of

‘;‘quipment-*atructure Interaction
. abtainﬁd by these researchers.

The gelsmic response of a nonlin
Gq"j‘went feoletion eystem is frf:mu;n?:r
.determined by a numerical Lime—ugt_ay
analysis, which allows for the pro ep
god6111ﬂ3 of the equipment nmul-ihpa?‘if
cies. Resiliently supported E’q‘il];ﬂ'@ﬂt

'with motion limiting constraints répfe—-
gents one example of a nonlinear iSUlF;*‘
gion gystem, the nonlinear charactef—
isticg Of EU»Ch Uﬁitﬁ are developed when

the gupport gystem comes 1into contact
vith gtiff, motion limiting devices.

[wan (1977,1973) has studied this problem
,‘Mlyticﬂlly' He replaced the set of
sonlinear gsprings comprising the

{solators by a set of equivalent linear
gprings whose stliffness depends on the

displacement amplitude. Using a conven-
tional floor response spectrum, and an
jterative procedure, Iwan developed a
method €O evaluate the seismic response
of equivalent linear isolated equipment
gystems with motion restraint devices.
The main objective of the research
reported in this paper is to develop and
verify a general analytical procedure for
{nvestigating the gseismic response of
vibration isolated equipment systems. To
neet this goal, the dynamic characteris—
ties (natural frequencies, mode shapes,
and dampling values) of a model of a
prototype tndustrial ventilating fan
mounted on commercially available vibra-
tion isolator units were first determined
experimentally. Based on the test
observations, an analytical model of the
vibration isolated equipment units Wwas
then developed and a solution 1O the
response problem was obtained wusing 2
time-step analysis method. The
analytical procedure was then verified by
comparing the predicted results with

those obtained experimentally from shake
table tests.

llﬂ&ﬂr
were

- 2. EXPERIMENTAL STUDY

- The experimental program was divided into

 two parts involving: i) static teste of

o th?ibtltiﬂn isolators and 11) dynamic
1sﬁlfi@iyﬂ¢ the isolator moun ted model.
i 'f{_?iilﬂstrates the exPerimental model
~ Constructed for use in the tests. The

A s represents an a {r handling unlt

W : ) !
Lth a 405 yUs 100

prototype 1s

a Chicago V:
Ooeliy ” 2 ane Axial Fan

size 54 1/4, arrangement 9)
bhp motor, frame and

il rh - m j‘ri - L pa ram t " =

pased ¢
| on the mass, mass moment of iner=

Lla 311:9

s :lilgn;_:t&;;{rms, centre of mass locatlom,
er.{uipmeﬁt 5 _Lﬁr’lat“r Thve
. prototype. Two
lsolators were selected
open spring r

types of
for testing: an
i s e (QgiiLatzr with uni=directional
iy i and an elastomeric isola-
5oy 7 e e l?olat?rs are commercially
acm)rdan;. _Theu* gilzes were chosen 1in
SCetnee e with the manufacturer's recom

: ation for the model weight, fan speed
an geometry; their respective rated

vertical stiffness
3 e es were 350 kN/m and

2.1 Static tests

The static testing program was conducted
to determine the stiffness character=
istics of the 1isolators. Only the
{golator stiffness in the axial direction
was available from the manufacturers;

however, the stiffness characteristics in
hoth the axial and the lateral directions
are needed to define these elements when
modelling the prototype.

Tn these tests, isolators were mounted
horizontally in pairs and arranged 1in
series as shown schematically in Fig. 2.
This set—up was needed 1n order to
utilize existing test facilities. The
i{solator assemblage was initially loaded
to a specific axial load and then later=
ally displaced. This procedure Wwas
repeated for a range of axial preloads 8O
that the lateral load-deflection rela-
t ionships for each pair of {golators, at
various levels of axial preload, Wwere
obtained. The lateral stiffness and the
effect of axial load on the lateral
stiffness Wwas determined from these
lateral load-deflection tests.

Axial 1oad-deflection curves were
obtained in a gimilar manner using the
g ame experimental set-up. 10 this case
the lateral preload was maintained at a
fixed value while the igolators Wwere
displaced axially. The axial stiffness
characteristics of the 1isolators were
determined and compared with the commer=—

cially rated values. The influence of
lateral load on the axial stiffness char-

evaluated by repeating
procedure for a range of

The mass and the location of the mass
center of the model were also determined

experimentally. The weight of the model

vl
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Fig. 3 Idealized model of the vibration isolated equipment system
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‘the system Wwere

.Masured by means of a ]1gag4
LIDAC

i e centre was located Cell,
The MH’ R by Suspe :
| fhha gystem from two different Fending
e nd locating the int - Support
gainte o > intersection i
 ¢he plumb iines attached from the o, e
L Theseé quantities apg 1:1:*3‘
-P- ’auI'Ed dimensions of the mode] we E
't'hafl yged to calculate its mass mﬁmm-lt-tﬂr?
: "
Lngrtiﬂ'

'2' 2 Dynam_ic tests

dyﬁamic testing program was cond
3 m X 3.3 m shaking table uc;ﬁd
. e

girst gseries of tests was performed g
jefine the dynamic characteristics of the

uailiently mounted systems and involved
the application BE  8inuscidal bage

@tionﬁ to the specimens. The bage disg-

Puc-emen: amplitudes were kept relatively
gmall to avoid the possibility of damage

%% the prototype models at systen
resonance; for the EI and the 0SI tests
the Peak—to—peak amplitudes of the tabl:a
gotion were 3.6 mm and 2.6 mm respec-
rively - Based on a preliminary estimate
of the natural frequencies of the models
a range of forcing frequencies (0-15 Hz;
gas chosen tO exclte the systems.
Approximately 25 frequencies were used
within this range.

The frequency response curve for each
sodel was obtained by plotting the ratio
of the measured steady state response
amplitude for each degree of freedom of
the model to the amplitude of the forcing
sotion of the table, versus the forcing
frequency - The natural frequencies of
obtained from these

The
on & 3.

results.
The modal damping ratios of the two

isolator systems were determined from the
results of sinusoidal decay tests. In
these experiments, the model was excited
into steady state motion at each of its

patural frequencies in turn, so that the
the

system responded by vibrating in
corresponding natural mode. When the
table motion was stopped suddenly, the

system responded at its natural frequency
in a mode of free damped virbation. The

resulting decaying response Wwas recorded

@nd the modal damping ratio was deter”

mined by

logarithmic

the well known

- decrement method.

- The system identification studies were
fﬂll“‘d by a series of tests to measure
41 the response of the model due to seismic

~ 3tlon records

I.. axr
i - -
; k ¢
: , .
Lo il
- l‘-l
bl
iR o A :
e s s
i

.. s it motions to the shaking table.

For this purposeé,
corresponding

ground motions

LLhC

later al
gL T he
Care

[reque ncy
records brac
O the
that
although it

particular
be

was to verify the mat

acceler~

and
mode ]
was

Lht:- rotational accelerations
LHI:.;.F:HH {",1"3‘1'1!_!*_{3 were monltored.
nun{f | O ensure that the
| e_nt Oof each of the input
mndeiﬁtﬂd'Lhe natural frequencies
S r&; Lt was for this reason
-E5ponse records were not used
was recognized that at a
R Sevrieﬁu;:jnance the response would
€ere; the purpose of the test
hematical model, not
‘ rﬁspanse. The chosen
g~y i) E1 Centro N-S (1940),
SR a ernand(.:) NELE (LD 7])s The
e ase @ﬂtlan acceleration was
o N appropriate levels (0.1-0.2 g),
e Ftrﬂng model responses
€d without damaging the model.
grift%; the completion of the
resun mu?ion tests, the measured
j-;mnuﬂa time-histories were compared
wrzg} the model response time-histories
EEth;Etei frqmten1 anaL?tical study; the
Oof analysis is discussed below.

LO seek maximum
records were:
and

were

seismic

3. ANALYTICAL STUDY

The formulation of the mathematical model
of the vibration isolated equipment
involves some approximations. First
consider the idealized vibration isolated
equipment system shown in Fig. 3. The
system consists of a rigid mass with 1ts
inertia properties lumped at the centre
of gravity of the model. The rigid mass
is supported by four sets of springs,

which provide the system with 1its
lateral, rotational, and vertical
stiffness.

Each set of springs consists of a
linear elastic spring and a discontinuous
linear spring. The springs provide

the system when the

rigid mass 18 displaced from 1ts equi-
librium position. In real equipme:mt
systems, the development of excessive

seismic motion 18 prevented Dby the provi-
snubbers, which act as motion
Such devices provide

an abrupt increase in the restoring force
of the isolator when the displacement of

the unit exceeds a prescribed value. 1n
order tO model the characteristics of
devices, 8 discontinuous linear

gpring 18 added to the assemblage, which

additional stiff-
As a result,

asgemblage actua

the
1ly models
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the friction Spring
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mtiVG only when the horizonta]
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| o the effect of the frlcti .
s tffECt of material dampin 0?
m isolators also needs t(g) E
d. In the mathematical modele
el Minﬂ is modelled by the
'ﬂf£? :1inear viscous dashpots.

g s 1 displacements, the equa-
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‘ia Qaten, when subjected to a
o Elne excitation Ug(t) at the
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x(x.)x = -M I Ug(t) (1)

| : * [!1 »X,,X,] is the relative
nt vector, i = [xl,xz x ] is
the w velocity vector, X =
~is the relative acceleration
m equipent, all measured

to the moving base, whose
 is defined by U (t) The
ﬁf freedom Xx,,X, and x, are

thﬂ lateraf motion, the
the vertical movement oOf
re of the equipment system
Mitive displacements are
mtal motion to the
N rotation, and downward

Mt column vector I is the
mpling the base input

1ﬁdiv1dua1 degrees of
¢, and
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the equipment
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freqUEncieS‘ Y

nt
mode shapes and uaturai
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frequencies he equipment natural
Obtained fromand the mode shapes are
the fre Al elgenvalue solution of

» Stiffness and damping

known Newmark-Beta methzzlved ke

4.
EXPERIMENTAL AND ANALTYICAL RESULTS

4.1 Static test results

The
definsetat;lic test results were used to
the inertia and stiffness charac-

teri i

o ;Ztlcs‘ of the analytical models
P_ senting the wvibration isolated

equipment systems.

lI;LaT.able 1 lists the measured mass and
SS c':entre of the model and the manufac—
turer's specification of these parameters

ii; t;’:l prototype system. Also shown are
_ culated rotatory inertia proper-
ties of the prototype and the model based
on an assumed uniform distribution of
mass over the known geometry of  the
systemS. A fairly close match between
the model and prototype inertia proper—
ties was achieved. An exact match of
inertia properties proved to be aifri-
cult; the model actually represents a
vibration isolated system which is simi-
lar to the prototype system but possesses
the measured inertia properties summar—
jzed in Table 1.

The lateral and axial stiffness charac”
teristics of the EI and the 0S1 were
obtained from the static testing program
these properties are shown in Figs. 5-8.
For the systed containing the OS5I, the
measured axial and lateral stiffnes:
variations Wwerl€ replaced idealize

bi-linear springs having the gtiffnesses
shown 1in Ta in addition, the

anﬂlYtiCﬂl mo
tion springs

measured 0.08. _
increases when the gpacings

colls dre &

rated fric”
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wmmic model identification tests

i decaying sinusoidal curves and
m response curves for the two

R ation isolated equipment systems.
g% on the logarithmic decrement

the modal damping ratios were
 Jound to e 0.103 and 0.105 for the first
third modes of the open spring
e The cecond (vertical) mode is

excited gufficiently by the essen-
1¢ uni-directional horizontal motion
_ of the table tO

gsecure a damping estimate

10Z damping was used in

he analytical model.

oo . T 9-10 show the horizontal and

tional acceleration frequency
re functions of this system. These

‘were measured at the center of
The graphs provide a
ined from

~ comparison of the results obtaine

o usoidal tests with those determined
inalytically. In general, the analytical

'wtjimntal results agree reasonably
el Based on these results, the
ral frequencies of this system were
tified as 1.8 Hz and 4.9 Hz.
je modal damping ratios of the elasto-
~ meric isolator system as calculated by
- the logarithmic decrement method were
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iational accelerat ton frequency

. Eesponse function of the °© lastomeric
[ ator.  These responscs also were
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N Good ood agreement between the
T | plitudes was
red natural

3 and
wiuehistordes

Predicted seismic

o
sults for horizont

dCcel
Céntre of q €ration

when

System when excited by

s N21E (1971) earthquake
agreement is observed

Lesponse for bziﬁsured and predicted
systems. The mathe-

matical

= resuplzies]j used :i:n the analyses leads

¥ hed g predictions which are

e € severe than the correspond-
ues measured experimentally.

record.
bEtween

>. SUMMARY AND CONCLUSIONS

seimic responee charsctoristics of tw
R _ . acter:'lstlcs of two
Conducteﬂ'equ;pmmeondtefsolatlen systems was
of a prototype air
haneling unit was used to represent the
equlment to be mounted on vibration
isolators. The vibration isolators
investigated in this study were of the
elastomeric type and the open spring type
with uni-directional restraint. Static
and dynamic tests Wwere carried out tO

provide information on the nonlinear
axial and lateral stiffness of these
isolators and on their damping character—

exhibi-

The elastomeric isolator
gtiffness charecteristics

damping values than
No simple

istics.
ted nonlinear
and developed higher
the open sSpring isolators.
representation could be
these stiffness results.
that the stiffness of ¢t
isolator can be represented
springs-
2. Based on system
results an equivalent

the

by bi-linear

est

identificatian t
linear gtiffness
can be
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