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ABSTRACT

The philosophy of éonvenTional design priﬁciples is
reviewed for -earthquake resistant structures. It is. emphasized that in
order: to achieve a higher degree of réliabiliTy and also to prevent the
occurence of any crackfng at critical points, especially for impofTanT |
éfrucTures, like nuclear poWer plants, a new technique of aseismic de-

'sign should be developed.

o The concept of vibration isolation, although . used
extensively in connection with machine foundations and bridge supports
'dhring the last one hundred-yearé; is introduced for important  struc-
tures és an indispehsable measure of secufiTy againsf'earthuakes. A
comprehensfve review is presenTed-abou+ the types of vibration isolation

-avallable and their specific applications on real structures.

‘ The'maThemaTicaI’formulaTion is inTroduced for the ,
+ime history dynamic response analysis of structures with base isola-
tion. In order to aééess the degree of accuracy as well as to determine
the validity of variods‘assumpfions of aﬁalnycal studies, a steel mode|
vframe‘is experimentally investigated at the shaking table facilities of
the: Institut'e of Earthquake Engineering and Engineering Séismology, Skop-

Jje, Yugoslavia.‘ ' )

4 For each floor level, peak response values of acce-
lerations and displécemenfs have been calculated ané1yTica|lyvand’alSo
have been measured instrumentally at +he shaking table. A wide spectrum

v of.péak input accelerations, ranging from 0.05 g to 0.707g " have been



considered in association with the 1940 El Cenfro, U.S.A. and the 1979
Montenegro, YugoslaVia,earThquakes. The frequency confents  of. these
earthquakes have been also varied by using a reduced time scale. = The
reTio of reduction has been taken as é corresponding to the square root

 of the ratio of the geometric scale of the model.

Generally, The’analyficel‘jnvesTigaTions prod0ceq
in very close agreement results fo those obtained by laboratory measure-
ments. Some dfscfepancies occured however, in the response values of
The fixed base case, under real Time earThquakes, on account of honlinear

" behaviour of the model at the shaking table tests.

It has been esTabllshed both by analysis and expe-
rlmenTs that the peak response values of the structure are significant-
ly reduced. Moreover the structure practically moves only in the rigid
‘body modes, remaining always in the elastic range, when vibration iso-
IeTion'is used. It has been also concluded that the rubber elements
are unable to provide any vfbraTion isolation in the vertical direction,
.fhereby being very suscepTibIe‘To high degree of acceleration amplifica-

+ions,

Finally, the influence of damping on. the .dis-
pIacemenT response has been also lnvesTlgaTed The use of viscodampers
~in connection with helical springs as recommended by fhe writer, proved
o be very successful in supplying adequate energy absoprtion capacify
as well as in providing necessary isolation in all possible modes of.

vibrations.
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CHAPTER |

INTRODUCTION

v .

1.1 CONVENTIONAL DESIGN PRINCIPLES

. There seems to be sufficient knowhow and ‘scientific
knowledge available'today’(l985) for predicting the period
"of occurrence and intensities of strong earthquakes at a
;giveniregion. Since, it is. considered impbssiblevﬁo decrease
. the seismic energy in any way, the structures are ekpected~
to be designed safély~and.reliably such that theybwithstand
the effects of the severest.egrthquakés péssiblyaﬁo occur
within' their life times. |

vThe'ultimaterobjective’of an aseismic design is to
accomplish saﬁgty-ahd reliability at the least cost possible.
r“The contemporarY‘principle.of'aseismic design requires that .
in addition to possessing adequate strength, a structure
should be .capable of‘undergoing large deformations without
coilapse.and should be able to~absorb energy by_experiencing

‘excessive elasto-plastic deformations.

Thé émphasié in this principle is to store .into the

structure as much energY’absorption capability as possible,



such that_in the event of a large earthquake, the critical
| ;bad carrying'elements of the struCture'undergo large plas-
ktic'deformations‘without collapse. It is allowed however,
that all nonstructura;,elements; partitions, plasters, glass-
ware; ornaments, pipes etc., may be damaged. As a conse-
. quence, this principle does not only involve additional cost
- due to special construction and detailing requirements, but
_the»secondaryhelements in. the structure may be.damaged so
substantially that prohibitiVely'exbensﬁnarépairs may be
necessary after. a strong earthquake,v Additional disadvahtages
-of this principle are; ‘
a) the requirements of ductile. design while increasing
the cost are difficult to 1mplement in the constructlon,',
especially for structures like. shear towers, shells,
braced. frames, deep beams, masonry walls, etc., '

b) the necessity of achieving. a high degree of strength
‘ and-deformabiiiﬁy in structural as wellrés nonstruc-
trual members may impose seVere‘festrictions on the
architecture and functionality of these elements. For
instance, the service lines in a nuclear power plant,
when failed prematurely.during an earthquake, will not
-allow a safe and orderly~shut—doan5f the reactbr,

c)  the resulting designnis-questiOnable'and-may not be
considered completely safe and reliable, because of\“
the assumptions made onvthe.materialﬂhOnlinearity and
‘plastic action, and also because ofithe.upcertainties.'
involvedrin assessing the dynamic characteristics of
both the structure and the ground motion, )

'd)  .the safety of structure relies on and is ensured by
the ‘large .plastic deformations which virtually mean




damage to the structure itself. This is a very para-
doxical and self denying ooncept since it requires to
conceive that the safety, which literally allows for.
no damage, is accomplished by allowing for damage.

1.2 . NEED FOR‘VIBRATION'ISOLATION.

Classical design philosophy for earthquake resistant
structﬁrés»isﬂthat the lbad\oarrying elements areexpected
" to withstand the largest earthquake.loads possible without
..coilapseL. The secondary structural elements, as well as
the machinery, equipment and piping system may undergo how-
ever, severe damage to. the extent beyond repair. Main
Struoturalvmembers are allowable to undergo extensive plas-
 tic deformations developing .plastic hinges and cracking at |
: critical.points. | |

In facﬁ,.the energyiinduced>by the earthquake‘is

absorbed through these. plastic'hinges. -Therefore, the
tructural members are expected to deform 1nelast1cally
under the .action of loads .caused by rarely occurrlng, ex-—
. tremely strong earthquakes, while preserV1ng overall safety.

. This phenomenon is reflected.in the design codes by dictating
fcertain‘duotility\requirements to-ensure adequate deformation
- capability in the:plastic range.' ‘ ' |

However, the absolute safety against earthquakes is
not adequately ensured when conventional design principles
are used. Furthef} no cracking .or plastic~hinging is
allowed in some'important“structures-1ike nuclear poWer
plants, etc. Moreover, relatively higher level of ground
; motion intensities. and much wider ranges of .design spectrum »‘
characterlstlcs are used in. the aseismic de51gn of these

1mportant structures than those required .for ordinary



structures. Consequently, under these stringent requirements
of safety against earthquakes, the conventional design prin-—
ciples become cumbersome, unreliable, technically impractical
and in most cases economically infeasible.

Hence, in order to.achieve a higher .level of safety
against earthquakes and also-td meet the new requirements.
of structural behaviour, earthquake engineers were obliged
to modify the conventional design principles and in fact _
.develop entirely different earthquake ‘resistant design metho-
doldgies. The concept.of vibration isolation is an outcome

of such a pressing need.
i \

1.3 OBJECTIVES OF VIBRATION ISOLATION

The aim of vibration -isolation of structures is to
control the seismic energy by dissipating it at ground
1evel.and also reducing the energy transmitted to the super-
structure through period lengthening. This is achieved by
| decoupling the structure from the earthquake shaken.su;round—
‘ing. Although complete decoupling is not possible, a pro-
perly designed vibration isolation system substantially_
reduces the structural response and ensures absolute safety

against earthquakes.

Special isolation devices like rubber pads or helical

- springs placed under . the structurelincrease,the.flexibility
- of the structural system causing the fundamental  frequency
of vibration of the structure to be shifted.far. away from |
. the energeticfregion of the earthquake spectra. Fig. L.l
shows .a typical acceleratibn responSe~spectrum of an earth-

quake together with the possible ranges of the natural periods

of vibration of medium rise buildings with and:without isola-

tion elements installed at the base. It is apparent—that even
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if resonance condition is not possible, a quasi—resonance
condition is unavoidable 'in the non-isolated structures.’
However, the response iS‘significantly reduced with isola-
tion and the success of }solation is increased with increased
flexibility. ' ' '

The concept of vibration isolation is an entirely differ-
ent philosophy of aseismic design, which-allowsnthetstructure
to behave only in the elastic»range and does not require any
‘plastic deformations. The energy of the earthquake motion
~1s absorbed primarily: by means of the'vibration.isolation
devices. installed at the base of:the structure.

The purpose is to isolate the:ground.motion_from‘the
structure and thus to reduce‘the'inertia loads and internal
stresses. Contrary‘to the contemporary earthquake resistant
.de51gn procedure, v1bratlon 1solators enable the structure
to behave like a rigid body - and.restrict all deformations . .
,and stresses to remain within the elastlc.range, thus prevent-

damages to any structural or ndnstructural elements.

To produce an earthquake proof design by means of
vibration 1solators is not only easier and less costly, but
it .also makes the safety of structures against. earthquakes

more reliable.

1.4 ADVANTAGES OF VIBRATION ISOLATION

‘ Some of the advantages of vibration isolation may be

summarlzed as follows:

- a) The cost of achieving an earthquake-proof structuref
is less than that designed by contemporary aseismic

design principles. The cost of a nuclear power plant




b)

- ¢)

'a)f

e)‘

£) ..

for.inStancé, in a region of very,highiseismiC'activity
may be as much as 40% higher than the cost of the same

nuclear power plant in a nonseismic reglon. When vibra-

tion 1solators are used however, the increase in cost

due to providing complete protection against earthquakes;,

~becomes only a few.percent of the overall cost of the

nuclear power plant.

A .greater degree of safety is ensured, since the uncer-

‘tainties of the complex nonlinear behaviour.are avoided
.and stresses. are.not allowed to exceed the yield levels..

Analytical accuracy is less. sensitive. to approximations
and assumptions in determining dynamic behaviour.

'

Designing and detailing of structural members become

much simpler, and consequently a saving is achieved in

construction time and cost.

Structural as well as nonstructural elements are subject.
to  less number of load reversals, since the natural
period of vibration is made longer. '

'

Safe'shut—downs in nuclear power plants would be much

~less frequent, since the earthquake response is much
 reduced...To shut-down a power plant facility could

cost somewhere about: US g 350 000 to g 400 000 a day.

A prompt restarting of the nuclear power plant and.

also. the immediate use of the structural facilities
.become possible after a major earthquake, since neither

. the structural nor the nonstructural elements are ex-

pected to be ‘damaged.
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The nuclear power plant will not face the risk Qf'being

shut-down forever because of unexpected earthquake hazards

not considered during  the design phase. -(As specific
examples,. the nuclear power plant in Diablo Canyon,
California, designed to withstand an earthquake with a

..certain magnitude.usingnelastic criteria, is not .per-

mitted by authorities to operate after new geological
faults endangering.the.plant have,been‘discovered in
thebvicinity. 'Similarly, Humbolt Bay .nuclear power

~plant also in California was shut-down for maintenance

;;and after discovering certaln cracks, 'is not allowed

to reopen because of expected earthquake hazard.)

Design,of structuresuand nuclear power'plants already’

completed for .. nonseismic regions is. largely valid -

Afor the. same structures to.be 'built in seismic reglons.

Thus, ‘the standardlzed nuclear plant design for non-

‘seismic reglons may be dupllcated for use in highly

selsmlc reglons N

Simplified and.scphisticated'mathematical models give

. almost identical results, while in the conventional
fixed baseranalysis relatively . more refined and-sophis-

. ticated mathematical models-are necessary.

Soil characteristiCS'dO'not -influence the response of

structures in the same degree as in a conventlonal

‘de51gn..

Degree of seismic risk is very much reduced for impor-

tant structures.with vibration isolation.
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1.5 THREE DIMENSIONAL NATURE OF VIBRATON ISOLATION

The concept of vibration isolation has been utilized
in connection with rotating machinery and delicate instru-
ments since over a century. However, only in the last
decade, it is introduced as’'a practical technlque Jsr earth-
quake re51stant.de51gn. Rubber. elements have been already
used‘as.vibration'isolatorsrin'the'construction of some |
conventlonal structures and nuclear power plants.  Many
other base. 1solat10n systems such as ‘ball bearings and
floatlng platforms are yet in the stage of theoretlcal
-development.

dThe,vibration isolation,provided by.thexrubber'pads
is limitedbto the horizontal direction only. Rubber ele-
ments, although very flexible in. the horizontal direction,
are very stiff in the .vertical direction. Therefore, it
is not possible to eliminate .the amplification;ﬁithe vertical
,accelerations.in the superstructure, due to the very high
rigidity of these elements in.the vertical direction.

The,secondary‘structural elements, piping systems,
"machinery.ahd other;equipment would be subject to the
excessive»amount‘of'vertical component of  the response.
Thus, although the,horizontal'respohse is Significantly>
»reducedathe overall safety of the structure would be
hindered on account of the existence of such large vertical .
amplifications. In addition; due to lack of sufficient
damping in the ‘rubber elements, horlzontal dlsplacements

also become unacceptably large.

.,Earthquakes.excite‘the struCturesnot only-horizontal;y,
but also verticallj, i.e. in a three dimensional way. This
fact further increases the importance of the flexibility of

therisolationrelements in the vertical:direction..
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In order to achleve vibration 1solat10n in all three
dlrectlons, a number of new v1bratlon 1solatlon systems

~with appropriate elastic properties in all directions have

been introduced. Helical springs and velocity proportionaI

damperS'recommended by the writer, proved to be very effi-
”cient_in providing vibration isolation practically in all
possible directions of motion.

The helical springs are very suitable forfisolatibh
of earthquake excitations since the ratio between their
vertical and horizontal’stiffnesses may‘be.easily varied
to meet the requirements of three dimensional isolation.

The necessary damplng is supplled by means of. v1scodampers

so that both the acceleration and. dlsplacement response ofya

"the structure .are reduced to any de51red level

| ' Relative merits of helical springs and. viscodampers
over cher'base isolation.systems will be studied exten-

sively in the subsequent chapters.

1.6 OQUTLINE OF THE THESIS

. .The state—offthe—art.survey of'vibration.isolation
"SYStems available:in>literature.is presented ‘in Chapter 2.
The theory, method of analysis and the computational
‘:aspects,have been explained in Chapter 3. Shaking table.
- test results ef a five-storey model .frame.with and without
isolation elements. subjected to simulated earthquake exci-

‘tations are given in Chapter 4.

Parallel to the tests, the model structure is analy-
tically investigated- for. the same earthquake loads in
order to be able to compare the results of tests w1th
those ofuahalytlcal studies. Results of analytical studies
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are discussed in Chapter 5.

;  Comparative evaluation of the analytical studies with
thbse of the experimehtal\works are presented in Chapter 6.
‘Chapter 7 deals with other -aspects of vibration isolation
such as; application to nuclear power plants, influence of o
-local soil conditions, safety precautions, etc.. In Chapter'8,"‘
conclusions of'the study as well as recommendations for |
 further research are presented.

[
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CHAPTER 2

LITERATURE SURVEY

2.1, GENERAL
The probable coincidence of the natural frequenc; of
fv1brat10ns of medium rise bulldlngs with  the frequency of

the earthquake waves is the major reason for the unde51rable ;
acceleration ampllflcatlons resulting in substantial damages
in structures. In order to ﬁrovide'safety for the public

a well as to reduce earthquake induced damages to structures,

ba51cally a conventional aseismic design approach is followed.

In the conventlonal aseismic des1gn approach, the struc—
irture is expected to survive the largest earthquake ever to
occur durlng the llfespan of ‘the building, without collapse.
"But, it is indirectly env1saged and assumed that the nonstruc-
~‘tural elements, such as partition walls, equipment, - piping
system, etc., may be damaged to the extent beyond repair;

The nonlinear behaviour of the structural elements, as well

as the plastic deformations to be developed at critical loca-
ticns provide the main source of energy absorption. Even
though the addltlonal cost involved in ach1ev1ng a  proper
aseismic design is con51derable, the degree of assurance in
safety.ls stlll‘questlonable.. ~There are also uncertainities

involved in methods of analysis, in estimating the characte-
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ristics of the strong ground motion, in determining~ struc- -
tural and soil material properties, etc. Moreover,  dif-
'flcult and complex construction detalls are necessary, which
always add to the cost.

‘ In'buildings with sufficiently strong partition walls,‘
as especially in relatively low riSe rigid buildings, like
power plants, hospitals, schools,'etc., the pcssibility‘of
total collapse‘ is remote due to the inherent rigidity. The
structure, however, will bevshakenlmore violentlyvthankthat.k
of a flexible structure and a greater amount of earthquake
energy will be transferred.. Consequently, the machinery and
piping system may be'severely damaged rendering the building
to be completely out of function. This result is an unav01d-v

: able but obv1ously an unde51rable situation.

~As an alternate_solution, the structure‘is iSolated
>at itsAbaSe;_from the incOming ~ground motions, and the aseis-
-mic design principles are completely altered. In this new
concept of v1bratlon isolation, the natural frequency of’
the building is reduced to the low energy portlon of the
earthquake spectrum, and the response of the structurev is
ccntrolled‘at the foundation level, and no earthquake energy
is transferred into the superStructure.' The frequency shift
is achieved by means of installing special flexible elements
" under thepStruétﬁre at the foundation level or by means of
implementing‘Special structural details to produce a rela-

tively flexible structure.

When v1bratlon 1solat10n is introduced 1nto a structure,_ij
’llts response to severe earthquake ‘motions is reduced to a
’ mlnlmum. In fact the whole structure behaves like a rlgld
‘body not allow1ng for any significant interstorey dlsplace—
ments, ~Thus the safety agalnst earthquakes becomes more:

: reliableiand:accurate.
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2.2, HISTORICAL PERSPECTIVE

_ The idea of vibration isolation of structures egainst
manmade vibrations has been envisaged in principle as early
as the beginning of this century. Although a very early
proposal,for a base isolation system was described by J.A.
Celantarienﬁs (1909) in England, the subject has drawn in-
‘creased attention only in the last fifteen years. In fact,
the Table 2.1 prepared by Eidingeh'(1983) and expanded byv
the wrlter shows the number of published references on.vib-
ration isolation since 1972. It is indicative of the ever
increasing extensive research which has taken place on the
'topic in recent years.

The hlstorlcal perspectlve on seismic isolation ard

1ts modern appllcatlons starts w1th the original idea first
- proposed byvCalantarlents in 1909.‘ As explained by Kelly
(1979) Calantarients, a medical doctor by préfession, proposed
‘a system in which the decoupling of the structure from the
foundation is achieved by means of a layer of talc. Further,
‘a set of lngenlous connectlons are designed to allow the '
gas lines and sewage pipes to accomodate for large dlsplace—
ments. Hence, Calantarients was aware that the isolation
”syStem‘reduced ﬁhe accelerations at the expense of large
vrelative_displaeements‘to take place between the building

. and the foundation.




PUBLISHED REFERENCES on

TABLE 2.1:
VIBRATION ISOLATION. SYSTEMS
¥ . POTAL MAIN TOPICS .

" E." | REFERENCES | = ' —
] A ' SEISMIC ENERGY TEST ANALYTICAL -
"R ISOLATION | ABSORBERS | RESULTS. | STUDIES
1972 2 2 - 1 1
1973 4 1 3 - 1
1974 - 4 4 - - 4
1975 7 5 - 1 6
1976 5 2 3 1 1

|1 1977 13 8 5 7 6
1978 1 5 5 3 5
1979 8 7 5 4 4
1980 12 3 9 5 4
1981 8 7 1 3 4
1982 7 5 2 2 4
1983 | - 9 5 2 2 3
1984 14 11 6 5 4
1985 11 6 3 4 5
TOTAL 115 ' 71 44 38 52
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2.3, FLEXIBLE FIRST
' STOREY CONCEPT

It is known from Engineering Mechanics that any irregu-
lariby of shape causes stress concentrations at these loca-

_ tions.; Likewise in building, structures, existence of any ’
stiftness or mass irregularity at any storey result:s in
¢oncentration~fo responses at that level. Flexible first
storey concept, which has been proposed as a means for re-—-
ducing structural response by controlling the earthquake
effects at a prescribed location, is based on the above
fact and described by several researchers.

)

In this method, rather than using special»isolation
devices, the first storey of the structure is designed pur-
posely flexible. Earthquake energy. and most of the defor-
mations wonld be taken up in this flexible first storey al-

- lowing very little to be transmitted to the upper stories.
| Although the flexible first storey concept proposes an easily
r.deformable, beam-column arrangement , it is.expected that
all the columns would remain fully in the elastic ‘range
rand survive the earthquake with little or no»cracks. Th15:
design concept is first proposed as early as in the 1920's

by lehkran (1927), Synden (1927), Marel (1929) and Green
~(1935) ‘

2,4, SOFT STOREY CONCEPT |
H -AS notification to the flexible first storey concept

Fintel and Khan (1969) 1ntroduced a new idea based on 1nelas—
U tlcally deformable soft storey. This idea was based essen-
_ tlally on controlling the amount of lateral forces to be
transmitted to the upper storeys by building the first storey
: columns of the structure to be relatively weaker. They -
will act as a soft link between the ground and the upper
strueture'and will yield at a specified horizontal shear

force thus'preventing the transfer of forces and deformations



to the upper storeys. This concept is illustrated in Fig. 2.1.
£
3 Rintel and Khan, expressed after observ1ng the Shopje,
YugoslaVia earthquake in 1963 and the Carakas, Venezuela
-earthquake in 1967, that buildings having first storeys with—,i
~ out shear walls'suffered less dmage than those with shear '
v;walls.. The higher flexibility gained by the open first sto-
rey caused the system to behave'like an invested pendulum
~and inelastic deformations are confined in the soft region. ,
This so called soft storey portion of the building undergoes %
. bilinear forms of elasto-plastic hysteresis providing an o
f.ehergy absorbing mechanism. o

At higher levels,'however, the structure remains within
" the elastic range due to the reduced response even during
'very high intensity earthquakes. With analySis performed

on a Single degree-of-freedom systrem, reduction in the ac-

' celeration responses to levels of ‘10 to 30 percent of the

’1mput‘ground acceleration, is claimed to be achieved.

However; later in a study by Chopra et al (1973) on
Can eight storey buildlng w1th a soft first storey, it was
determined that the reduction of acceleration response is
‘actually more modest than those values mentioned above, due ’
'to the complexrty of multi-storey dynamic behav1our, ‘which

ris 1gnored in the single mass example_of Fintel and Khan, ,

r;The'soft storey concept, has been also found to be

, impractical, since the first storey must exhibit essentially
an eiastic—perfectly plastic behaviour for the system to |
“be considered effective. Any significant post-yield stiff-
ness of hte 'columns would increase the shear force transmitted
‘to’upper stbreys over the design- values. Further,vin‘order '
_the full earthquake energy to be absorbed, very large lateral

dlsplacements, beyond desirable level, ‘are required.
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y As alternatives to the soft storey concept, other
speCial structural detaildings have been. introduced as tools
of vibration isolation. Matsushita and Izumi (1965) have
proposed a "double basement" concept whereby the rigid part
of the_basement-is seperated strueturally from the main
building. Matsushita and Izumi also reportéd® other struc-
_tural mechanisms such as rod mechanism, flexible column sys—'k
‘tem and double column system, etc. developed by the Japa -
‘nese researchers for the aseismic'design’of buildings.

2.5, ENERGY ABSORBING DEVICES

A) HYSTERETIC DAMPERS
out;of MILD STEEL

Energy absorbing dev1ces may be used to increase

the earthquake resistance of structures. These speCial de- e

:Vices may- prov1de damping by hydraulic pumping, viscous ma-
- terials, surface friction, or hysteresis deformation of so-
‘lids. A,comprehensive reivew of energy absorbing devices

have'heen‘given.by Kelly and Skinner (1979).

Hysteretic dampers are the most common types of
energy absorbing devices and extensive testing has been con—',‘
vducted to determine their load- displacement relationships,

, and fatique resistances, etc. Kelly~- et al (1972) and
Skinner et al (1923, 1975) have visualized a variety of
mechanical devices in the form of bending, flexural and tor-
sienal dampers. Energy is dissipated yhen the metal or a-
leng in the device is strained beyong its yielding point.
This energy is absorbed by a change in the microstructure:
of the metal and by an increase in temperature. The basic
damper types, which absorb energy by plastic deformation
of steel members, as outllned by Skinner et al (1975), are

shown in Flg 2.2.
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The flrst type of steel energy absorbers utilizes
the rolling or bending energy of U- shaped strips of mild
steel, while the second type is based on the deformations
of square or rectangular bars in torsion and flexture with
‘torsion dominating. The third type steel damper is a
single cauti-lever of square or circular cross section, and
'is designed to operate for loads along any direction per-
pendicular to the beam axis. The. fourth type steel damper
is designed to operate when short rectangular steel beams

are plastically deformed under a flexural load.

It is reported by Kelly et al (1972) that the tor—
51onal dev1ce has a llfe span of several hundred cycles which
' is more. than adequate for,earthquakes if suitable connections .
‘are made between the loading arms and thekinelastically de-
forded beam. The flexural damper and thevU—shaped strip
dampers also have long lifetimes within the range of 20 tek
bZQO cycies._ | '

The hysteretic dampers are designed basically to
absorbvseismic energy and they are not at all required to
Withstand any portion of the main structuralfload. On the
_other'hand, the main structurai components will no longer
Vrequire,large energykabsorbing capacities and thus may be
‘optimized for their required'stiffness to resist graVityk
,and,wind loads'enly. This seperation of component,functiOns

lead‘te increased economy, reliability and safety of design.

Skinner et al (1977)" reports that energy absorblng»
dev1ces based on plastic torsion of mild steel bars are
de51gned for use in the piers of the reinforced concrete .
Rangltlkel railway bridge in New Zealand. The energy ,abf
-sorbers are so arranged that they become operative when the.
leg of the piers 1lift off from the base in a stepping action -

under large earthquake ‘loading. A reinforced concrete chim-
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ney of 35 m high with cruciform section constructed at Christ-
7churoh>Airport in New Zealand has been also designed to rock
on litskfoundation,over the energy absorbing deviees, These
mild steel torsion bars are activated and start absorbing
~energy as soon as vertical forces due to rocking exceed a
'prescrlbed value (12 tons).

B) LEAD EXTRUSION DEVICES

: A very efficient method of absorbihg energy is
achieved by the cycllc extrusion of lead inside a dashpot-..
like absorber as introduced by Roblnson and, Greenbank (1976) .

A block of lead is forced by compression through an orifice ER
’changlng its microstructre as it deforms. (Fig. 2.3). This
restructuring of material produces heat, i.e. the mechanical _1
energy is converted to heat. Lead is chosen as the metal - = l
to be extruded since it recrystallizes at room temperatures - l
thereby recoverlng most of its mechanical propertles almost R
,1mmed1ately Therefore, lead extrusion devices are very

‘suitable for cyclic applications like seismic forces.

jThe:extrusioﬁ energy absorber is.a'plastic,‘ rate

‘independent, creep resistant device. The amount of energy
'habsorbed is not limited by work-hardening or fathue of the
~1lead but by the heat capacity of the device, the melting
point of lead being the upper llmlt. Because of interre- .;
“latedhproceeses of recovery, recrystalization and grain :
growth, Which occur during and after the extrusion of the
,lead,vthe,energy absorber is not affected by work hardening
'or’fatiqoe, but instead the lead is forever returning to

its original undeformed state. Therefore the device when
correctly de51gned has a very long life and does not have

to be’ replaced after an earthquake. The tests have shown
.that extrusion devices sustained cyclic forces of more than.“
1000 cYcles for exceeding the requirements for'seismic appli--

~cations. -
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“Robinson ‘and Greenbank (1976) also report that
the lead extrusion energy absorber has been adopted by
the New Zealand Ministry of Works and Development for two
bridges for the Wellington motorway The problem was to
protect a sloping brldge from seismic ground motion while
at the same time to resist the forces arising during emer-
gency braklng of downward—mov1ng vehicles. Six extrusion
uenergy absorbers are provided to resist the motion in the
1ongitudinal direction and vertically mounted beams are

.designed to absorb the energy of transverse motion.

C) FRICTION DAMPERS

Energy is dissipated by convertlng the kinetic y

energy into heat when two contact surfaces are rubbed by

frlctlon ThlS pr1n01ple is utilized in developing energy -

'absorblng dev1ces and a varlety on friction dampers are
oroposed by Ezra and ay (1971) . ' The resisting force in

a friction device is proportlonal to the coefficient of -

: frlctlon between contact surfaces which depends on various

factors such as, temperature, humldlty, surface condltlons,

relatlve velocities , etc.

Due to difficulties in determining these physical
properties, friction dampers have not been widely used as -
mechanisms of energy absoption in aseismic design. Recent-

ly~a:friction damper system comprising an annular member
iof'an inverted U-shaped section and several friction

plabes set on this member is proposed by Fujita et al (1983).
Iﬁiis‘claimed by the authors that the dampers when used in
conjunction with'laminated rubber bearings pressed the ne-
cessary qualities required for the earthquake isolation of

heavy equipment.
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D) ~ TUNED MASS DAMPERS

A tuned mass damper composed of a mass, spring»

' and a dashpot appended to a structure is an energy absorb-
ing device used to minimize the earthquake response of
structures. Gubta and Chandrasekanan (1969) studied this

- kind of a vibration absorbers for a single-degree-of-freedom
(sdf) system subject to earthquake excitations. They argued
that the tuned mass dampers are effective at only one fre-

d quency, thus they are not as effective for earthquake type
‘excitations as compared to sinusoidal excitations.

_ _ Wirsching and Yao (1973) reported that by means ,
- of tuned mass dampers a reduction of fourty percent in the
lateral displacements was possible at the roof of a struc-
ture. The heavy equipment at the roof can also be utilized
as a tuned mass damper by mounting it to a spring and B
damper. ” ‘ ’ |

- An alternate tuned mass absorbee sYstems'may be'
'developed by de31gn1ng the top storey columns relatlvely

N more flexible and also utilizing the weight of the roof

fltfloor on the necessary mass. If necessary, addtional dam-

" pers may be added.

In a later paper, Wirsching and Campbell (1974)
concluded from thelr studies on a 10 degree -of~-freedom
system: that increase in the- absorber mass has no s1gn1flcance
on the energy absorbing effectiveness. '

% Itvhappens that the energy absorbing devices of
this type is best suited to regular flexible structures
like high rise buildings. In fact, these absorbers have’
been 'already successfully used for wind protection in the
Centerpoint Tower in Sydney, Australia; in the Citicorp
Building in New York, in the John Hancock Building in Bos-

'ton; etc.
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2.6;" PERIOD LENGTHENING DEVICES
‘A) -~ HISTORICAL DEVELOPMENTS

Medium rise structureseusually'have natural fre-
quencies of vibration falling insidevthevenergy concentra- -
ted portion of typical earthquake spectium and consequent-
1y?they”are exposed to larfe earthquake forces. One method '
of achieVing reduced structural response is to arrange a
base isolation system’installed between the foundation and
the superstructure'so that the fundamental frequency of the
structure is moved well far away from the governing frequen-
cies of strong ground motion. Devices that isolate the
structures from ground motions, in this way are usualiy‘

- spring-like elements such as helical springs, rubber pads,
alr pads, etc.

. ' Thevprinciple of vibration isolation is a very
old concept and has been widely utilized in the design of
ant1v1bratlon mountlngs for machlnery, 1nstruments, etc.
and many boeoks have been written on the subject as by Den
‘Hartog (1956) and Harris and Crede (1961).

Vibrations produced by rotatlng machines are u-

‘sually minimized by keeping the natural frequency of v1bra—
tion of the structure far beyond the range of the dominant |
frequencies of the disturbing machinery. In cases, where 3
thiscis not possible, the‘bqse of the rotating machinery

is isoleted from the main structure by means of soft springs
in the form of either helical springs or rubber cushions, |
such that the fundamental natural frequen01es of the struc-
ture and the machinery are seperated. In general, absolute
‘protection against the undesirable vibration of the rotating
'machlnery is achieved and safety is assured at the highest |

degree p0551ble when the vibration isolation scheme is used.

* BOGAZIC DNIVERSITES! KUTOPHANES
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» Also, vibration isolation systems are used to pro-
tect bulldlng structures from ground. vibrations generated
by nearby mechlnery, traffic, etc. Albany Court, for'ins-
tance, a block of seven flats in London, (Waller, 1966) is
_constructed Qn,rubber.springs to isolate the structure from
underground railway vibrations. Similarly, a cinema at
"Marble Arch, London (Mann, 1967) and a hotel in Swiss Cot?
"tage, London (Woottan, 1975) have been spring isolated to
reduce vibrations from nearby railways. |

Vibration isolation of structures against earth-
quake motions is similar in principle to isolation of machi-
.nery_induCed vibrations. However,.there exist some impor-
“tant differences which have hindered the utilization of the
concept in the seismic design of structures until recently;
Firstly, it should be remembered that the predominant fre-
'~queucies of rotating machinery are in the 10 Hz to 50 Hz
range. The predominant excitation frequencies of earth-
fquakes, however are generally between 1Hz to 10 Hz . The

predominant frequen01es of rotating machinery are very much

'greatergthan the natural frequencies of ordinary structures,

thus the possibility of quasi-resonance is very remote wherii
v compared‘with that of the earthquake. Secondly, the peak -
-fbrces,induced due to earthquake ground motions are much
greater than those of . machinery induced vibrations. Finally,
due to hgher rlSkS of loss of life and property as conse—
:quences of unpredictable behaviour or inadequate ‘isolation,
'the safety standards are kept much more stringent in the
,aselsmlc design of structures. Therefore, further research
is needed to fully develop the technology for seismic isola-

" tion.
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B)  APPLICATIONS of
RUBBER PADS 1n BUILDINGS

1. SCHOOL BUILDING 1n SKOPJE

In spite of the above difficulties, especially
in 1970'5, vibration isolation concept has found practlcal
1mplementatlon in the field of earthquake engineering. The
first notable application of vibration isolation technique
to resist the earthquake induced vibrations is reported by
Roth et al (1970). Heinrich Pestdlozzi School in Skopje,
lxugOSIavia was completed in 1969 using pure: rubber elements
for seismic isolation. Mechanical fuses in the form of cera-
‘mic rods were used in order to trigger the participation of
the rubber elements only after wind or earthquake loads ex-

ceed certain limits.

2.. MALAYSTAN

RUBBER SYSTEM - (MRPRA)1

"Malaysian Rubber Producers' Research«Accosiaf
tion (MRPRAf;) proposed the ﬁse of natural rubber as the
isolation element. | Relying upon their successful experlence
on the use of natural rubber highway bridge bearings and
bulldlng mounts for the isolation of noise and ground borne
Vibratiohsvfrom various sources, they sugegsted that their
product might in some form provide the needed isolation po-

“tential to achievepprotection_against earthquakes. -

A joint study has been initiated between MARPRA
and Atklns Research and Development( ) to study the effect

of earthquakes on buildings with and without rubber bearlngs.

(1)Malay51an Rubber Producers Research A55001atlon, Brickendon-
_ bury, Hertford, SG13 8NP, England. :

o .( )Atkins Research and Development, Ashley Road, Epsom, Surrey,
England. :
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Fig. 2.4 taken from Derham et al (1977) shows the predicted
response of a five storey shear wall structure tekan earth-
quake having alpeak'ground acceleration of 0.3 g. It is
concluded that if the bearings could be constructed so as

to make the horlzontal ‘natural frequency of the mounted struc-
ture equal to. 0 25" Hz, the peak accelerations of the rubber
mounted structure was calculated to be one-tenth the maximum

accelerations experlenced by the flxed foundation structure.

3. SHAKING TABLE
TESTS of RUBBER ELEMENTS

Experlmental studles of natural rubber 1solated '
structural models have been performed at the Earthquake En-
gineering Research Center at the University of California,
Berkeley, u.s. A. A three-storey steel frame test structure
of .40 ton in welcht shown in F1g.2 5 'is excited on the 6 m by
6 m  square shaking table. Comparisons were made between:
the rubber isotated and fixed base conditions. The first _
made horizontal natural frequency of the model structure was
2 Hz at fixed base condition and it is moved to 0.6 Hz by
means of rubber bearings. The dimensions of the bearings

installed are shown .in Fig. 2.6.

it was not possible for these experimental
bearings to be made by the usual commercial prbcess of direct
chemical rubbef to-steel banding during vulcanization. In-
stead, they were hand fabricated from sheets of rubber that
rwere banded by ‘vulcanization to aluminium foil. The alumi-
nium foil was in turn bonded to the mild steel interleaves
using donble sided adhesive tape on the edges of the plate,
and an epoxy resin adhesive in the center to increase their
Shear.strengthi The bearings made in this way, although
neither as strong nor as durable as commercially produced

beafings, wereéadequately strong for the attempted tests.
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C)  GAPEC SYSTEM
‘ - of LAMINATED :
" STEEL-RUBBER ELEMENTS
Another base isolation element is laminated steel-
rubber.bearing pad named as “GAPEC"’ system; as presented |
by Delfosse (1977). The bearing pads are placed between |
' the first floor and basement as shown in Fig. 2.7. The sys-— -
tem is developed at the Centre National de 1la Recherche'Scien—
tifique,in Marseille, France. It is introduced as belonging
to the same class of soft—Storey{vibration'isClation systems -
but representing a fnrther'step in the sense that the soft
‘storey is perfectly elastic acquired by the isolation ‘bear-
ings. The rubber bearings used are very stiff in the vertl-
- cal- dlrectlon. ‘Horizontal stiffness is hundred times less
than the vertlcal one and therefore the bearlngs are soft '

~in shear and tors1on.

' Shaking table tests with a scaled model of a twen-
"ty'storey building have been performed at.the Mechanics and
Acoustics'Laboratory at the Centre Nationalv The model frame
- weighing 940.kg is tested with and w1thout vibration 1so-
lators. The first natural perlod of 0.10 sec of the flxed
based case is increased to 0.18 sec with the 1solators. It
is reported that accelerations, shear forces and overturning
moments were all reduced by a factor of approx1mately 8,

when the 1solatlon system was used.

A school bulldlng complex composed of .three bulld—
inés‘ seperated from each other by 10 cm, was bullt in the
town of Lambesc near Marseilles in 1976. The school is ap-
‘proximately 77 m by 30 m in plan and three storeys high
and placed on 157 steel reinforced natural rubber sheets
of GAPEC type each of which is 30 cm in diameter and
5-cm tlck The first natural periods of vibration increased

from 0.18 sec in the longitudinal direction and from 0. 25 sec
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in the transverse direction to 1.70 secs in both directions
when vibration isolators installed.

The building was constructed with prefabricated
cOncrete panels and was designed to resist a MM infensity

Vil earthquake. The accelerations, shear forces and ever-

'turning4moments are drastically reduced with isolators that
'seismic requirements would not be otherwise satisfied unless
large increase in the thickness of concrete and the cross-

- sectional area of'reinforcement as pointed out in a review
paper by Kelly (1979).. ‘ '

‘ In order to prevent vibrations of the building
during wind excitations or during mild earthquakes, propesed
the use of 81mple mechanlcal devices called wind-stabilizers

1nstalled at the same level as the isolators. Since the

bulldlng is flxed against ordlnary wind loads and mild earth-

quakes, the occupants will not be dlsturbed by excessive
oscillations. These w1nd-stablllzers will be automatically
‘ disconnected when the base sheéar exceeds a predetermlned
 'des1gn vale, which 1s accepted to be exceeded also durlng

T a strong earthquake, leav1ng the structure free on isolators.

‘D)~ "SEISMAFLOAT"
- RUBBER ELEMENTS
, ' A relatively new vibration isolation system con-
sisting»of-soiid’natural rubber cylinders bonded to top and
steel base plates has been proposed by Staudaeher (1984) .
~This system, whieh has been designed by the two Swiss Compa--
nies, Seisma AG, Ziirich and Huber and Suhner AG, Pfaffikon

is known as "Seismafloat" system.

: These isolation pads are highly flexible in all
directions and the elements with a height of h= 90 cm and

' diameter of ' §= 105 cm can accommodate cyclic deformations
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of ‘% 50 Cm'horizontally and % 20 cm vertically without
damage.' The system is different from other rubber base iso-
lation systems in the sense that isolation in the vertical
direction as well as in the horlzontal directions is pro-
vided. . This is also conflrmed by the shaklng table tests
of a 5Fstcrey and 3-bay steel model frame conducted at the
Earthquake Engineering Research Center of the Unlver51ty of
california at Berkeley, U. S A. The hysteretic damping ca-

pa01ty of these elements were determined to be in the range
of 3% to 6% of crltlcal

Foam glass elements are added to the system as
mechanlcal fuses to stablllze the structure under the ac-

tion of w1nd and mild earthquake forces.

2,7, REFINED RUBBER
ELEMENTS WITH.DAMPERS

A) GENERAL -

it is already mentioned above that the~use of base
isolation systems without any‘damping elementsmay‘lead to_sig-é
nificant amplification of displacements. Rubbre elements may l
inherently have a certain amount of damping, at best equiva-
lent to approximatelf.S% to 10% of critical. 1In more earth—‘”
.quake input motion cases,-higher damping capacity is required
"to reduce the displacements; Additional damping may be
supplied'by the inclusion of energy-absorbing devices'into
the isolation system.  In this way, the structure is still
isolated from its foundation on rubber bearings but displace-

ments are limited by means of the energy absorbing devices.

Skinner et al (1976) proposed the use of laminated
rubber bearings combined with energy absorbing hysteretic
devices as a practical system for isolating nuclear power
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_ plants. The 1solated system was about twenty tlmes as flex-
ible as the non-isolated structure which increased the dis-
placements by 70 times. With the addition of hysteretic ab- .
,hSOrbers, however the displacements decreased drastically.

B)  RUBBER ELEMENTS
' with TORSION DAMPERS
A sultable comblnatlon of energy abcosrblng devices

and rubber bearlngs is proposed by Kelly et al (1977). The
‘authors p01nted out that the enerqgy abosrblng device used was
based on the cyolic plastic torsion of rectangular bars of'low :
carbon'hot—rolled’mild steel.  The details of the design of )
Ithe device are .given in Frg 2.8. The key energy absorbing
element is the. rectangular torsion bar to whlch torque is
applied through the moment arms. The devices have ‘been de51gned
in such a way that welding is either well away from highly
stressed regions or not present. |

The authors also p01nt out that the energy absorb-
ig dev1ces play two distinct roles in the response of the- rub-
ber-mounted system to earthquake loading. Slnce they are elas-
th for smalil dlsplacements and their elastlc sitffness is -
high relatlve to that of the rubber bearings they act as mec-
hanlcal fuses and cause the system to behave as a hlgh frequ—-
ency system for small excitations. Thus, under small exci-
tations the system amplifies the ground acceleration. As
the excitation?increases in intensity, the device yields and
the frequency of the system drops. ‘The system acts as an iso-
latior with a very high damping and no longer amplifies the

input accelerations.

In addition to the effects due to the change in fre-
quency, the deyices also, through hysteresis, dissipate a very
large amount of energy and thus act as dampers. This process
also serves to reduce the displacements experienced by the

rubber bearings under extreme excitation.
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Experimental results of ‘a typical structural model
shown in Fig. 2.9 with rubber elements and torsional energy
absorbing devices are reported by Erdinger and Kelly (1978).
The tests carried out showed thét accelerations were reduced
by a factor of ten when a low dampingvrubber'isolation sys-—
tem was used.  Increased damping did not affect the peak
structural accelerations; however, the displacements were
decreased by 20% to 30% when the éritical damping ratio was
increased from 3% to 10%. '

C)  RUBBER ELEMENTS
with LEAD PLUG DAMPER

'A_foﬁr storey feinforced concrete government build—
ing located in Wellington, New Zealand is designed with la-
minated rubber bearings to provide adequate resiStance.v to
seismic forces as reported by Megget (1978). The 1amihatéd
rubber pads utilized in the isolation system shown in Fig. 2.10
are of the type commonly used under bridge superstructures.

A lead plug is insertd in a critical hole which has béen
dfilled in the middle‘of~the rubber pads; It isvplannedvto
deform in shear with the bearings‘to provide damping'intOfthe
system. The maximum bearing displacement is esfimated to be
150 mm and special service connections. between the exterior
and ‘the interior have been designed to accommodate the horl—_
zontal motion. ’

D) RUBBER and ‘ '
~ LAMINATED STEEL PLATES

1. GENERAL DESCRIPTION

A Vibration isolation system consisting of la-
minated steel plates and rubber is developed by Spie Batig-
nolles in collaboration with Electricite de France as reported
by Jolivet and Richli (1977).  The vibration isolation is

achieved by means of a large number of elastomer rubber pads
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ith laminated steel and a pair of frivtion plates, oné of
tainless steel and the other of a leaded bronze alloy as
shown in  Fig. 2.11.

. The elastomer pads is made up of artificial rub—
er (neoprene), chemical composition of which is a polychlo-
oprene. The laminated steel plates prov1de confinement of |
he elastomer and thereby mlnlmlze the shearing stresses in
he elastomer.

The purpose of the friction plate is to limit
:he'horizontal forces.that can be transmitted to the super .
;tructure; The stainless steel and leaded bronze combination
s designed to provide a constant friction factor of approxi-
ately - 0. 20 The top friction plate is vulcanized to the
pper part of the rubber pads and the lower plate is anchored

n an intermediate concrete pedestal..

' The bearings are characterized by having very
-owvstiffness in the horizonzal direction so that interstorey.
leflections are greatly reduced and the structure vibrates
Jredomlnantly in a rigid body made. In the vertical dlrectlon,
owever, the bearings are very stiff that they do not provide o

ny 1solatlon in th51 direction.

2. CONCEPT of SLIDING

; For small earthquakes with peak horizontal acce-
leration not eXCeeding ,O.20vg, the structure vibrates on the
slastomer blocks and finally returns to its initial poSition._‘
the elastomer bearingsvare deformed in shear and the system V
>ehaves just like a rubber isolated structure. As soon as the
jround accelerations exceed the predetermined friction value
»£ 0.20 sliding occnrd between the two plates and the shear
forces transmitted to the structure is limited. This phe-

womenum is illustrated in Fig. 2.12 as reproduced from Jolivet
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and Richli (1977). It is very likely that permanent off-set

displacements occur in the event of sliding. Although no tech-

nical document has been published yet, it is claimed by Plic-
hon and Jolivet (1978) that an elaborate operation scheme is
developed to recenter the building back to its original cen-
terline by moving each of the bearing pads one after | the
other. | .
, Jolivet and RlChll have also shown that the ef-
fects of sliding on the response of a atructure can be quite:
significant... For example, the acceleration response»at the
top of a fixed base model reactor building is reduced from
2.0/ g to 0.71 g when isolation pads without friction plates
are installed. Further, the response is reduced to 0.28 g

when friction plates are added as shown in ‘Fig. 2.13, The ih¥

put peak acceleration is taken to be 0.60 g and the friction

coefficient of the pads is 0.20.

3. LABORATORY TESTS

" . A series of shaking table tests have also been
'carried out by the  commissarlat a L'Energle Atomigue, France on’
the Vesuvius v1brat1ng table which is capable of reproduCLng
-recorded earthquake accelerations. The test model was a con-
crete structure with 14.5 +ton weight representing 1/10th
scaled reactor building supported by aséismic bearings.- Tests
tepeated‘for more than .70 simulated earthquakes indicated |
‘that the bearings behaved satisfactorily and the isolation
system is reliable as reported by Jolivet and Richli (1977);

4. APPLICATION 1n
NUCLEAR POWER PLANTS

‘This isolation system with laminated steel’

piates and '~ is specifically designed for important

structures like nuclear power plant structures to allow the
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use of standard power plant design under any site conditions
including'areas susceptible to very strong earthquakes. In
fact, the system has been utilized for the nuclear power plant
in Koeber, South Afrlca, with a safe shutdown earthquake

(SSE) of 0. 3 g.  More than 1800 aseismic bearings are 1nstal-
led under the foundatlon of the 2 x 900 M¥ power plant. - Af
51mllar system is also utilized in 2 x 900 MW Karun nuclear
power plant in Iran, the constructlon of Wthh is currently,,tv
(1985) suspended.

2,8. ISOLATION WITH
BALL BEARINGS

Rocking ball bearings placed under the structure also
provides seismic isolation by decoupling the superstructure
and the foundation black. Bednanski (1935) in his discussion
to  Green's paper (1935) recommended the use of viscous
dashpots in conjunction with rollers to'isolatevbdildings'
during an earthquake (Fig. 2.14). This was one of the ear-
Liest'examples of vibration isolationvsystems which do not =
necessitate any special'detailing in the structure. . Also,'
in contrast to weak columns in the soft storey concept, the
special isolation devices can be replaced easily after a da-
maging~earthquake. Other poller systems in whioh the struc-
ture is supported by ‘rocking ball bearings have been intro-
duced by Katsuta and Mashlju (1965) and Matsushita and Izuml
(1969)

In this isolation scheme, the base system comprises a
bed of ball bearings'to decouple the upper structure from
ground and dampers  to limit the lateral displacements.5 Fic-
tion provides resistance to small excitations like small

earthquake and wind -loads.

‘Caspe (1970) utilized hall bearings “to isolate the

,
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structure and a neoprene element to produce a restoring force
~and yielding control rods to provmde wind restraint and high
‘hysteretic damping (Flg.2 15 ). The control nods and the
neoprene elements function as effective vibration barriers
limlting the accelerations transmitted to the upper storeys

at a certain level and they complement each other in smoothing-,
. out the sharp vibratory acceleration peaks.

2,9,  ISOLATION WITH
FLOATING PLATFORMS

- Similar to the ball bearing concept, placing the struc-,'

"»lture on a floatlng platform is also a very eff1c1ent decoupling

risolation scheme in which no destructlve shear wave components
of ‘the ground motion 1s,transm1ttedvto the structure as illus-
trated in_Fig. 2.16. Busey (1969) propsoed several alterna- |

tive systems for floating nuclear power plants.

' One concept 1nvolves floating only the nuclear steam ge—~
‘nerators and associated fuel handling equipment and safety
systems.” All other structures are built on the surroundlng
‘breakwater platforms. - This. would certainly reduce the size of;
the platformiand the breakwater. However, due to the required }
flexibility of high pressurev steam piping of the water cannot
be maintained at‘a constant level, Busey considers this sYstem

impractical.

Floating the entire nuclear complex on a common platform"
‘as illustrated in Fig 2.17 is recommended to be practical by
Busey. The platform should be moored to a breakwater ~which
encloses the floating nuclear island as shown in Fig. 2.18. For
a 1000 MW nuclear power station 840 meters offshore from

Funt ington Beach, Califronia, a concrete platform with plan
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For a floatlng platform,‘complete seismic isolation is
achleved in the horlzontal direction. However, for shallow
waters vertlcal accelerations can induce substantial rocking.
The insertion of air springs is recommended by Busey (1969)
to prov1de ‘additional isolation in the vertical direction.
The breakwater must be constructed to withstand the effects
of environmental hazards like storms,»tsunamis; earthquakes
etc. Transmission of forces to the nuclear island through

the mooring.lines must be accounted for,

Kehnemuyi (1974) reported an alternatlve floating nuc-
lear plant of 1150 MW capacity sitting on a floating platform
with dimensions of 120 mx 110.m x 13m is to be marketed by

Offshore Power Systems. The plant is shown in Fig. .2.19.

2,10, HELICAL SPRINGS
and VISCODAMPERS

A new Vihration isolation soheme.utilizing helical steel
springs and viscous damper combination is proposed by'Tezcan
and Givi (1979iand 1981), Huffmann (1980) and Tezcan et al
(1980) . 'In this system, vibration isolation is provided for

all possible horizontal, vertical, rocking and torsional modes.

The philosophy of this new concept as well as a complete
disouesion of analytical investigations and laboratory testings

are presented in this study.
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CHAPTER 3

NETHOD OF ANALYSIS

- MODELLING

For conventional structures without base isolation, rea-

listic dynamic response analysis depends mainly on the mathema-

tical modelling of the system.. As the model becomes more sop-.

histicated the results become more accurate, but longer and

more expensive calculations are necessary.

- Mathematical modelling'is not important however, when
fvibration isolationjis used. Because, the basic idea béhind
vibration isolation is to reduce the governing motion of the
system into that of rigid body. Therefore, once a mathemati-
cél model capable of repfesentihg the rigid body mdtions'in
the horizontal and vertical directions is designed, the de-
tails.ih‘the superstructure is no longer important for dyna-
mic analysis purposes. Moreover, since the amplitudeé of
the respdnse to earthquake loads are much reduced very little
happens in the superstructure._ This brings simplicity to
the seismic analysis of highly complex structural systems -like

‘nucelar power plants.

A typical nuclear reactor building and a possible

¥




48

2
W .
Vs
4 -safety.
Bl | supports
I
I’
3 zZZZZZ
; ]
.ﬁ;/
3
7
2 ]
HI
] /B
4 Y
%
g 060m h 2
.t;r.:-t,.1 . i I - [FE fiom [ :
LLLLLE ALLLLLLALLLITIATLL LIS VIS AL LLLIL IS IS IS IS ATA AL
L-Typ. spring.dashpot Springs only
' assembly :

\

FIG. 3.1 - A TYPICAL REACTOR BUILDING

Lumped Mass

l.— Column Elements

i Beam Elements -

H

|__Hrennikoff Elements

Helical
Springs

Ldémsl ' .

v

FIG. 3.2 - MATHEMATICAL MODELLING



49

mathematical modelling are shown in Figs. 3.1 and 3.2, respec—
tively. In most cases however, much s1mpler model with one
or a few,lumped masses is suffiolent to produce satisfactory
- results., It is therefore, obvious that the cost of dynamic -
analysis is minimum when the Vibration isolation is’used |
- For the purpose of determining ‘the time history response of
' the structure a step by—step 1ntegration procedure is used.
Simple mathematical models are. more convenient, since much
smaller number of time steps would be suffiCient for the same

degree of accuracy.

Hence, in order to illustrate the principle of base 1so—
' lation, an extremely simple system, like the tyo mass and

two spring model are shown in Fig. 3.3, 1is selected. The
upper mass represents the whole superstructure_and the upper
spring represents the base vibration isolation system. If,
the foundation soil is soft, an assembly of finite elements
can be used for a sophisticated mathematical modelling. How- -
eVer,,soft soil condition may also be satisfactorily idealized
by means‘of'an-appropriate Spring?mass assembly. The spring
represents the stiffness of the soil while the‘mass representcf
the lower foundation raft as well as some portion of the soil
moving "in-phase" with the foundation. In the case of hard
soil howeVer, the lower partjof the simplified model.is not
necessary. Typical mathematical models for hard soil and

soft soil conditions are.shown in -Fig.3.4.

Analyses performed on various structures using simple
as well-as sophisticated mathematical models, have shown
that natural frequencies of vibration and the'mode shapes
Were»in close agreement in lower frequency modes. Only,
the higher natural frequencies and mode shapes‘oould not be

obtained when sidplified models were used.

In addition to the mass-amd stiffness parameters, the
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'amount'of’damping is also an important parameterQin mathemati-
calvmddelling._The‘degree of damping present'in‘both the
isolation elements and_the'superStructure, is usually.deter—_
mined'by means of laboratorykor full séale testing of the re-
levant structural.systems or their components. Generally,
viscous damping is used in mathematical modelling since it
suits well with the availabléICOmputation techniques. '

,"V Finally, the yielding behaviour of the vibration isola-
tion elements should also be considered in mathematical mo- .

delling if a non-linear analysis is to be performed.

3.2, MATHEMATICAL
, FORMULAT 10N

The stiffness equation of static equilibrium of a- struc-

tural system is characterized by

- [kM{x} = {p} '\ ‘ ' ’ ... (3.1

in which,

(k] = the systém stiffness matrix of the system
' of size n by n,

{x} = the column vector of unknown displacements
and rotations of size n, .and
"{p} = the column vector of external loads acting
along the same directions of displacements
and rotations, also of size n.
n = the number of unknowns in the structure.

The differential equation of motion of a multidegree

of freedom system is

(M) {%} + [cI{x} + [k*1{x} = {F(D)} . (3.2)
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in which,

) ]
the diagonal lumped mass matrix of the
structure after the rotational degrees
of the freedom are ellmlnated ‘

[M]

. the viscosity matrix of the system cor=

responding to the same degrees of freedom
of the mass matrlx,_ :

[cl

[K*]= the reduced stiffness matrix corresponding~
- to the primary degrees of freedom.
The reduced stiffness matrix is obtained from the original
system stiffness matrix K] by means of Gaussian elimination
- procedure, '

¢

{F(t)}

= the forcing function ordinates, variable
in time and acting along each of the
primary degrees of freedom;
{x} = ‘the time history ordinates of displacements,
{X} = velocities, and
{%} = accelerations in primary vibrating directionms.

/
i

A detailed discussion of the reduced stiffness matrix is.

given in the next section.

- If the structure is subJect to the ground acceleratlons,
ah(t) and  ay(t), in the horizontal and vertical directions,
respectively, the forcing functions -should be replaced by

the following expression:

(m, ] o
@] ml
‘ m, 4° U
F()} = - {o 1 an(t) - {mf ay(t) L. (3.3)

in which,
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m; = the ith - lumped mass,

ap(t). = the time history of ground shaklng in the
‘ horizontal direction,
ay(t) = the time history of ground shaking in the

vertlcal direction

3.3, STEPS OF CALCULATION

The analysis is essentially executed at three major
steps as follows:

Step 1: Generation of the main stiffness matrix, (K]
Step 2: Determination of the reduced stiffness matrix, [k*]

. Step 3: Step-by-Step direct integration procedure

A) STEP 1: GENERATION of = -
the MAIN STIFFNESS MATRIX, - K]

For dynamlc analys1s, the structure is flrst idea-
llzed into an assembly of base elements assuming the dlstrl—
buted masses being lumped at the joints. Then, degrees of
freedom at every joint are claffied as vibrating and-  non-
Vibrating directions. It is possible-that the mass at a par+
ticular joint vibrates in only one or two translational degeA'
‘rees of freedom, while there may be several other degreeé of
freedom in which no vibration takes. place. Rotational deg-
rees of fréedom, for instance, are regarded as non-vibrating
directions, since the rotary moments of inertia of the massés'
are generallyvneglécted. Vibrating and non—vibrating'direc—‘
tions may be also called as '"primary" and "seéondary“ direc-

tions, respectively.

At first, the stiffness matrices of the individual

members comprising the structure are evaluated and stored
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in the memory. Then, the primary and secondary vibrating'

- directions- are numbered at each joint. . In order to apply
the Guassian elimination procedure for the reduction process
conveniently, the secondary degrees of freedom are numbered
frist at all joints. Then, the’primary directions are num- -
bered sequentially succeeding the last number of the second-
ary degrees of freedom. This numbering process is automa-
tically achieved by meansvof a special subroutine which reads

the information about the supported directions as input data.

Generation of_the'complete stiffness matrix of the
system is performed by means of the code number techniques
as described by Tezcan (1963). Due to stmetry, it is suffi-

cient to generate only the upper triangle of the main stiff-

ness matrix. Half-band width of the stiffness matrix, cor- N
responding to the secondary degrees of freedom, is also taken

into ‘account in order to economize the available memory space.
The zero triangle on the right-hand side of the band is neither
’stored nor treated in the operations. Detailed description |

of the code number technlque as well as the generatlon of

the main stiffness matrlx is glven in Appendlx A.

B) . STEP 2: DETERMINATION of '
' the REDUCED STIFFNESS MATRIX, [K¥]

In the beginning, the main stiffness matrik con-—
tains both the primary and the secondary vibrating directions.
:Taking advantage of the zero force values corresponding to
to the secondary dlrectlons, the Gau551an ellmlnatlon proce-.
dure is applied to the condensation of the main stiffness
matrix into a smaller size containing the primary vibrating
»directione, only. This condensed matrix is generally called

the "reduced stiffness matrix".

For the purpose of separating the primary and second-

ary degreee of freedom, the stiffness equation containing
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a symmetrical square matrix [K] may bé subdivided as

{pg} {rp.} Inl
...... R P (3.4)
{p,} {p,} Inz
(nxn)  (nx1) (nx1)
‘in which,
. | |
n = total number of degrees of freedom,
n, = number of secondary degrees of freedom,
n, = number of primary degrees of fréedom,
{Dg} = displacement vector for the second directioms,
{DP} = displacement vector for the primary directions,
{pg} = external forces in the secondary directions,
{pp} = exFernal fqrées in the primary directions.

Since, there are no masses in the secondary directions the

inertia forces do not exist in those directions. Hence,

'

all the elements of the {pg} are zero.
”~‘Substituting {Ps} = {0} in the above matrix equation, -
the secondary degrees of freedom {Dg}may be eliminated and

a relation between the primary directions {Dp} and the -ex-

ternal forces {PP} is obtained as follows:

[K*]{Dp} = {PP} size (n2 x nz) . . e (3.5)

in which,

[K*]'= the reduced stiffness matrix,

given by,
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-1

(k*] = [c]l ~ (BIT [a)""[B] : ... (3.6)

In v1bratlon problems, where there are secondary
degrees of freedom, in which no mass is vibrating, the re—'
duetlon of the main stiffness matrix is most essential. The
size of the redueed stiffness matrix is equal to the number
of vibratinglmasses.' When'there are no secondary'degrees |

of freedom the reduction is obviously not necessary.

For large size matrices, the reduced stiffness mat-
rix is not recommended to be obtained using Eq. (3.16), siﬁce
the inversion and the triple matrix product operations re-
quire excessive computing time. On the other hand, however;, v'

the Gaussian elimination procedure is simple and convenient. . .

The algorlthm for the Gaus31an ellmlnatlon of a

symmetrlcal matrlx for the flrst n;, rows is given as follOWS°,

= = k ... (3.7
akj ak'j/akk : i= k, 'k-+1, ,n ( )
357 235 T APy | Lo m

o = k+1, k+2,...,n

j= i, i+l, n ... (3.8)
The elimination is terminated at the last row of the
secondary degrees of freedom. The remeining matrix of size

n, x n, at the lower rlght side is the desired reduced stiff-

ness matrix.
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C)  STEP 3: STEP-by-STEP
DIRECT INTEGRATION PROCEDURE

Once, the numerical contents of the [M]é (Cl, and
[K]  matrices are available, the step-by-step numerical integ-
ration procedure is followed for the purpose of determining
the response of the structure. Using a linear acceleration
method‘df»numerical integration as applied to the direct in-
tégration of the differential equations of motion in matrix
‘notation, the time history response of the selected lumpéd
' masses of the systemdare determined; As outlinéd in Wilsén

and Clough (1962), the following éteps are followed:

[E] = [mM] + $Atlcl + gatlxkl e (3.9)
¥}, = [M]_l[{F}l—y[C]{}.{}lkt—-[K]{X}l]' ... (3.10)

in which,

E

an axuiliary matrix calculated only once, and

(%),

the acceleration vector at the first time step.

The respdnse vectors_at the remaining time steps are calculated

using the following eguations:

Had,, = {i}i_ldr st (%}, SPRNERES

| b}, | = {x}; o+ Acf&), |+ T Atz{x}‘:_l : | (3"1‘»2) ?
&), = (E)—l[{F}i - (c)  {a}; | - (‘K) {b‘}i_l:] coe (3.13)
“{X}., = {a},  + %At{k}i ‘ | e (5.14)

£ 4-1

Ky, = pY, +petiRYy | . @)
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in which, Egs. 3.11 to 3.15 are repeated sequentially in cyc-
lic order at every time station. In order to prevent- diver- ”
‘gence in numéricalAintegration, the time interval At between
any two consecgtive calculation points should be- selected to

1

.be less than ¢ to %, of the smallest natural pefiod’of'

-vibration of the structure.

3.4, COMPUTER PROGRAMMING FEATURES

The computer prqgfam[NR201 developed for this purpose
is capable of considering lineal and/or rotational elastic
; éprings directly‘attached to the vibrating lumped masses.
'There may be real physical dampers in the form of lineal dash—.v
‘pots attached élso to the vibrating massés. Equal deformétions
df joints can be also takén into account. Member bending,
axial and shear defqrmability, semi-rigid éonnections’and fi-
nite size point dimensions may be accounted_for; Large dif—
>ferenCes in memberAstiffness; straight mémbers with constant

or variable sections are acceptable.

Automatic node labelling for regular and rectangular
frames is possible. The exciting force may be either one or
~-m0re externally adting time dependent forcing functions or
é ground motion occurring in horizontal and/or vertical direc-

tion.

¢,The‘program DIR 201 éxpects‘the joint coordinates.
membér properties, boundary conditions, elastic supports, dam-
pers and the input motion ordinates as the input data. .All
’input'data is echoed as oﬁtput for verification purposes. At
the end of analysis, the program produces the absolute accele-
ration, the relative velocity and displacement of all joints
for which the response values are required. Finally, the

maximum response values for each joint are also printed out.
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3.5, NUMERICAL EXAMPLES

For the purpose of’ 1llustrat1ng the use of vibration

1solators, several example structures have been analyzed
and the results of the 1nvestlgatlons are herewith summa--

'drlzed All mathematical models are planer structures and

subjected to the N-S oomponent of the 1940 El Centro

ground acceleratlon is - 0. 355;(3 46 m/sec?). in the horizontal

~and O.23g;(2.31nﬂsecz) in the vertical directions. The ac-
celeration record and its corresponding response. spectra
are given in- Figs. 3.5 and 3.6 respectively.

Two degrees of freedom for each mass,bone in the horl—
zontal and the other in the vertical direction are considered.
Rotatlonal degrees for each mass ‘are defined for stiffness
calculation purposes ‘and later eliminated at the stage of

the reduced stlffness matrix calculations.

A)  MODEL 1

An extremely simple mathematical model of a struc-

ture with vibration isolators is shown in Fig. 3.7. . It is

~a model of a building on soft soil where the soil-structure
interaction is considered by means of a set of lineal and

rotational sprlngs and_dashpots. These sprlngs and dashpots‘

are fictitions and their characteristics are selected to rep-

resent the prevailing soil oonditions. It is also 1mportant

to note that the model is aotually a one-mass model if the

structure is assumed to be fixed at the foundation level.

In order to illustrate.the effect of vibration

isolators on the acceleratlon response, the structure is

subjected to the 1940 E1 Centro ground motion and the hlstory
response of the roof is calculated for the flxed base case

as well as for varying values of horizontal springs and dam-
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)
-pers. The magnification factor MF, defined as the ratio
of the maximum acceleratlon of the roof to the peak ground

acceleratlon, is plotted in Fig. 3.8 agalnst the natural

‘periods of v1bratlon It is seen that the response is re-

duced 51gn1flcantly and the success of isolation is 1ncreasedﬁv'

" with decrease in' spring constants and increase in damplng.

~ B) MODEL 2

.th mathematical model for a typical BWR Reactor
Building is shown in Fig. 3.9. Similar numerical data values
as those given in p. 44'ovaohn A. Blume (1967)' Report TiD-
25021 aré used except the number of masses is reduced from
to three. The acceleration and displacement respohse values
of the top mass are illustrated in AFing3.10 to 3.13.. The

fundamental‘naturalvperiod of vibration is T=0.20 sec for

the fixed base case and it is increased to T= 1.07 sec after o

the vibration’isolators are attached. It is seen that, for
kthe_damping case of Cp = 10°N sec./m, the horizontal accelera- -
~ tions are reduced from 24.00hﬂse02 for the fixed base case,
to 2.55 m/sec? . for the isolated case. The reduction is more
than nine times. The: structure behaves llke a rlgld body
and the relative displacements ‘between storeys are almost -

nil.
C)  MODEL 3°

‘-'The’model shown in Fig. 3.14 represents a typical
BWR Reactor?Building complex and the data is the same as
~in Liu et al (1973) . The horizontal accelerations and disé ‘
‘placements of Mass No. 1 are shown in Figs. 3.15 & 3.16. The
fundamental period of vibration at fixed base case is T= 0.18. . °

~ sec and it is increased to T= 1.00 sec by means of horizon-

tal springs. The acceleration response is reduced by about
'ten,times, but the displacements are increased from 1. 35 cm

to 4.32 em for the damping case of ch=25><loﬂlsmx/m.
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'Although, the overall displacement for example, between Mass
No. 1 andeo; 10, which is significant for design, is only
on the order cf 0.2 cm.

D) ~ MODEL 4

a typical frame of a seven storey shear wall struc-
ture is shown in Fig.3.17 and it is subjected to the 1940
El Centro earthquake ground motion. The calculated accelera-

tion and displacement responses of each storey are illustrated

-in ‘Figs. 3.18 & 3.19. With the'usevcf vibration isolators ‘the '

natural period of vibration is increased from T= 0.44 sec to
T=1.02 sec’ in the horizontal direction. The accelerations ,
throughout the building are very much less than those for the

fixed base case, particularly in the upper storeys;-'The rigid

body dlsplacements are on the order of 7 cm and they ‘are

‘almost identical at all levels. The maximum relative displace- '

ment of the roof w1th respect .to the foundation however is
only '1 8 cm. ‘ :

E)  GENERAL COMMENTS
on MODAL STUDIES

1. Vibration isolators reduce the earthquake loads -

on a structure by more than five to ten tlmse't

w1th respect to those of a flxed base structure.

2 Vertical sprlngs influence prlmarlly the verti-
cal period of vibration, while the horlzontal
period of vibration is controlled only by the horizontal
springs. Rocking motion is dependent primarily on the verti-
cal springs. ' | |

3. The spring constants and amount of damping

- should be determined by a trial proCess such
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that_the vibration isolators reduce the earthquake response
with‘a high degree of efficiency and for a wide fange of |

ground motion characteristics.

4. Vibration isolators are very efficient for
5 structures subjectedrto ground motions with
a bredominant period less than about 0.4 to 0.5 secs,
which is usually the case for stiff soil and rock concidtions.
For longer period’ground motions 6£/for structures with very
ldhg natural periods of vibration (T>2 sec), vibration iso-

lation may be economicallyvunfeasible.

3.6,  NONLINEAR BEHAVIOUR

B of the ISOLATION ELEMENTS

, Ih the vibration isolation technique, it is desirable '
that the superstructure remains purely elastic'during a strong
earthquake. In fact;‘during small earthquakes, the whole
system,’including the iéolation elements, remains elastic.
In the case of unexpectedly very strong earthquakes however,
it is possible that the isolation elements may behave non-
,linearly, while the superstructure still remains elastic.

-On the other hand, using purély linear vibration iSolaé
tion elements, results in designs, which are overly ' unecono-
mical. The‘intentibnvthat the structural system will behave
elastically does not necessitate the elastic behaviour of
the isolation elements. Vibration isolation systems can also
be improved:in terms of cost without sacrifice of safety if-
inelastic deformation is allowed. Furthermore,bas analytical
procedures become. more sophisticated and extensive computer
utilization is facilitated, there.appears a possibility to-
wards increased safety by determining the behaviour of the

systems more accurately.
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Therefore, the computational scheme alréady developed
has to be improvéd for the analysis of structures with ioca-
- lized honFlinear-elements subjected to earthquakes. A time-
history analysis is,necessaryuif elastic-inelastic criteria
is used and it required more effort. However, there exists
 limited number.of‘isolation elements, which'may behave noné
lihearly. Hence, nbn—linearity is confined to the vibration
iSéiation elements and relatively'simple non-linear analysis

téchniques may be employed.

The main matrix equation of motion developed in the

earlier sections of this chapter may be modified to take

the probable non-linearity into account. Afterwards, numeri-

cal solution algorithm is modified as well. . The‘equation

of motion takes the form,

MI{X} + [cI{X} + [k*1{x} + {R()} = {F(t)} ... (3.16)

where,'{RtQ} = the force function of time varying displace~
ments, velocities or accelerations. R(t) represents the
residual force in the vibration isolators and only those

elements on the diagonal, which cofreSponds to the degrees 

of freedom at which vibration.isolation elements.are attached, o

are non-zero. After seperating the linear and the non-linéar

parts of the main equation, a Sub-structuring'algorithm lead~

ing to very efficient results may be developed by employing

a reduction scheme.

The non-linear behavibur of the isolation elements
may be taken into  account by a number of models specifying

the'force—deformation relatoinship developed for the inelas-

tic structural elements under cyclic loading. The most widely

used models available in the literature are bilinear, Ramberg-

Osgood models, etc. It is reported by Matzer and McNiven
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(1976) that both bilinear and Ramberg-Osgood models ére not
suitable for random éarthquake type excitations. However,
recently a series of newly proposed modeis for cyclic beha-
viour of structural elements has been described by Uzdemir
(1976) . These models are given in the form of differential
eQuations and are sufficiently general to include the mecha-
nicél propérties of materials such as strain~hardening, stiff-
ness degradation, etc. A single/equation governs initial ‘
1bading, unloading and relbading and it behaves well in the
case bf arbitrary excitations and suits‘well‘to_the iterative -

computation schemes like the ones used in this study.
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CHAPTER U4

SHAKING TABLE TESTS
: OF A
5- STOREY STEEL .FRAME

\

4,1, OBJECTIVES and SCOPE of ~
the LABORATORY INVESTIGATIONS.

The experimental studies conducted at The Institute of Earth-

quake Engineering and Engineering Seismology, Skopje, Yugoslavia
’(IZII3),’consist of testing two distinct types of energy-
absorbing systems, most favorable for seismic’isolation,

" {a) helical springs and'visco‘dampers, and (b) rubber pads.

» In drder to investigate the behaviour of these isola-
tion systems and also to study their respective advantages
oVer the other systems, a series of experiemntal tests were
conducted ona five storey, three bay steel frame, which is
almost avcoby of the one which was already tested earlier

in the University of California at Berkeley with rubber base
isolation systems (Keliy et al, 1980).

The purpose of selecting a frame model similar to the

frame preViously;teSted at Berkeley, was to compare the rela-

tive performances of the rubber and spring—daéhpot isolation
systems. v
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One spring and one dashpot unit were placed at each ex-
treme corner of the’base beam (4D-case). In order to deter-
mine"the influence of damping thever, same tests have been
repeated using one additioﬁal dashpot unit at each corner
(BD'case)‘ As an alternate set of investigations, springs
and dashpots were substituted by one rubber pad at each cor-
ner. ~Both types of base 1solat10n, as well as the fixed base
conflguratlon, were subjected to simulated earthquake motions
;atrthe shaking table underx pure_herizontal or vertical motionsv

and simulatneous action of biaxial excitations.

- After all test results were aVailable, it was posSible
to make a comparative study about the relative advantages of
various support conditions and base 1solatlon systems. In
general, it was determined that the spring-dashpot system _
censiderably decreased the acceleration amplitudes of the mo-—
‘del and provided adequate energy absorption in reducing dis-
plaeement response values. In the case of rubber isolation
however, the storey dlsplacements were found to be excessive-

1y large even at relatlvely low magnltude input motions.

- Summary of test results and their comparison with those
of anaytlcal 1nvestlgatlons have been given at later chap-

ters.
4.2. SHAKING TABLE CHARACTERISTICS

Thei -experiments were carried out at the Earthquake Simula--
tor of | the Institute of Earthquake .Engineering and E'ngineering S'ei‘smolog‘yk,
University,lﬁrilandﬁmtmﬁj, Skopje, Yugoslavia (I2IIS). The
shaking table is a prestressed reinforced conCrete rigid slab
five to five meters in plan. The table is supported and ex-
cited by four vertical electro-hydraulic actuators having/
avtotal'capacity of 880.kN. ' 1In horizontal direction the
table is excited by two actuators with'a capacity of 850 KN.
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A'general outline of the shaking table is given in .Flg.4 1.

_ The gravity loads of the table and the model are sup-
’ported by means of. a special system of static supports using
- nitrogen, gas durlng the operations, thus relieving the ver-
' tieal actuators of any static-load. The total static load
-carrying capacity of the supporting system is 720 kN (32 tons
of shaking table plus 40 tons of the model). The,helght of
the model is limited to 6 m.

Excitation is possible in the frequency range from 0 Hz

to. 30 Hz. Under certain circumstances however,ufrequencies">
up to 80 Hz may be also reached. - Figs. 4.2 and Fig. 4.3 show

the excitation characteristics in horizontal and vertical

.direction for total weight of 35 tons, 50 tons and 70 fons.

Maximum displacements are 12.5 cm in horizontal and 5 cm in B

vertical direction. Corresponding maximum velocities are

63 cm/sec and 38 cm/sec, respectively. Maximum acceleratlons?”
depend on the mass of the model and range from 1.20 g to 2.4 g
in the horizontal and from 1.05 g to 2.14 g is the vertical -

direction.

The analogue control system has a capa01ty of control—,
‘llng five degrees of freedom; one horizontal and one verti-

 cal translatlons plus three rotations. Translation of the
‘platform along the second horizontal direction is preveuted
.  by_means.of special hyaraulic supports, one controlling the
‘foree and the other displacement. A reverse control is pro-
. vided by three variable servo control system which is capable
of:simulteneous control of displacements, velocities and ac-

-celerations. This three variable control method is a new

x
2
\

technological solution offering many advantages. One a@van— e

tage is that the 'system at low frequencies provides control

of dlsplacement while at higher frequencies ‘it prov1des control

of acceleratlon.
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In order to generate earthquake motions the time history
ordinates in the form of displacements or accelerations are ,
stored in a PDP 11/45 computer as digital data. A data aoqui—:,,
s1tlon is accompllshed by a fast electronic system connected ‘
to the PDP 11/45 computer. A package of computer programs
has also been developed to provide an on-line control of
operatlons. ‘

4.3, TEST FRAME and
' BASE ISOLATION ELEMENTS.

A) PROPERTIES of TEST FRAME

The experimental model used is shown in Fig. 4A. Tt
is a five storey three bay steel frame mountde on two heavy
base girders, whlch are supported on the shaklng table for
81mulatlon of the flxed base model. 1In order to 51mulate
the base ‘isolated cases however, sets of spring- dashpot unlts
as well as}rubber elements are used at the corners of base

girders.

- Although the structural members have dlfferent crossi"
sectlonal properties, the I2IIS test frame has 51m11ar dynamlc:"
characterlstlcs as the test frame used in Berkeley, Callfornla N
for testlng of rubber base isolation (Kelly et al, 1980) The‘]"
'dead‘load is provided by emans of steel blocks tied down to
the frame at each floor level. The dead welght at upper floors
‘iss4700 kg. The total dead load at the upper floors is approx1—
mately 23.5 ton, whlle the weight of the two frames including
the base girders and the bracing, is 2.5 ton. ~ An additional
dead weight of 6.4 ton is attached onto the base glrders, 'thus
exerting a total of 32.4 ton weight on four springs. ‘ |

The dead load provlded by the steel blocks produces

stress levels comparable to those in a full-scale structural
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frame.A The geometrical scale factor of the model is roughly

1 to 4. Thekcorresponding time scale factor wili then be

Va4 = 2

. o The experlmental program includes four cases of J.
structural support conditions. The first series of experl—
mental ‘tests refer to the fixed base model in which the floor

glrders are fixed to the shaking table.

‘The other three cases correspond to base isolated
models, two of which are with spring~-dashpot units and one'
is w;th rubber elements.

B) SPRING-DASHPOT UNITS

These sprlng dashpot systems consists of four sprlngs
and four dashpot units (4D-case) placed under the base floor
girders as shown in Fig. 4.5. The other systems consists of
four,springs and eight dashpot units (8D-oase), The dashpots

are placed at each end of the model along the end column lines}:

The total weight of the vibration isolation system -  in 'the
4D-case is 3 ton, thus the total weight of the model and the

isolation elements on the shaking.table becomes 35.4 fon.
S Thé»spring constants of a single helical spring
are: ' ’ S

0.748 kN/mm
0.395 kN/mm

in vertical direction, - k

in horizontal direction, k;
The damping resistance of the viscodampers is very much de-
pendent on temperature and frequency. In the range of. the
natural frequencies of the test model, working as a rigid
body on top of the eprings, and at an ambient temperature:
of 20°C the damplng coefficient for each viscodamper unit
is:

]
|
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||

in vertical direction, S Cy 30 kN-sec/m

25 kN-sec/m

. in horizontal direction, Cp

It is intended that the structural model has similar
dynamic properties as the model tested at Berkeley. Free -
vibration analyses of these two separate frames‘havé been
cbnducted, and the natural peribds of vibration for the first,'
four modes for both the I211S and the Berkeley models are | _ 
summarized in Table 4.1. It is expected that with the coin-
cidence of the natural periods of vibration and the mode shapes,

the two test models will show similar dynamic behaviour.

TABLE 4.1: NATURAL PERICDS of VIBRATION, sec

Mode I211S Model Berkeley Model
1. 0.253 0.227

2 0.081 . 0.073

3 ~0.046 - - 0.043

4 0.032 0.031

4.4, SEISMIC PROPERTIES
- of RUBBER PADS

A) GENERAL FORMULATION

In order to be able to achieVe'any desired level

of vibration isolation, it is essential to establish the
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dynamic characteristics of the rubber elements. Normally,
the rubber‘elements are either cylindrical or prismatic in
gshape. Some rubber elements are laminated and reinforced
at horizontal layers with steel plates. The shearing strain
capacity of a rubber element is détermined‘by means of la-
'boratory tests under statis and dynémic loadings. The shear
strain-y, is related to the shear modulus-aG, by means of

Hooke's law as,
Y=(I;', or Y=—_ cen - (4.1)

in which,

A

i

cross sectional area of the rubber pad -

For small deformations <y also represent the pad distortion

and is defined by

_a .. _Vh .
Y=¢, oOr fi,—Yh—AG .. (4.2)
in which,
d = lateral displacement, and
= height of the pad
Considering shear stiffness-k defined as
v ~ .
= —= . 4.3
k q ‘ | (4.3)

the horizontal stiffness of the rubber pad, after substituting

"Eq. 4.2 into Eq. 4.3, becomes

h - ‘ ' cee o (409)

For a single degree of freedom system with a mass-m, and stiff-

ness-k, the natural period of vibration, T is:



H
[}
[\
:4 N
wﬁa

or, for a rubber element

_ Wh ch
T = 2“/§AG ,2ﬂ/ 3G
in which,
W = . vertical load supported

by the rubber pad,
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(4.5)

‘... (4.6)

o = vertical stress on the rubber pad
* due to vertical loads, and

g = gravitational acceleration.

It is posSible to relate the ‘horizontal accelerétion-a, o

télthe pad distortion-y, by considering maximum value of accele-

ration in a harmonic motion as,

Therefore, from eq. 2

y = a:
wrh

Substituting, from eq. 6 and using

2 gAG _ gG

v Wh _ oh

e (4.7)

(4.8)
w= 27/T
(4.9)
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and,
= 2¥_ a0 _ .
Y= Sac " oa (4.10)
_ 96 | |
8nax o Ymax o g : S (4.11) 

If, maximum horizontal acceleration ;amax is given, for a .spedific
rubber pad, maximum pad distortion "Yﬁax may be obtained from
Eq. 4.10 given above. It is seen from this expression that,

in order to increase the capacity against maximum accelera-

" tions, the vertical load on the rubber pad should be propor-
“tionally reduced. | ' | o

B) EXPERIMENTAL DATA

S Extensive cyclic tests conducted at the laboratories
of the Electricite de France—Sepf:e_n} paris, indicate that the la- |
minated rubber pads méy safely carry vertical design loads
up tQ |
om;ax-_- 50 MPa or

= 50 2 # 10 k ?
O nax 500 kg/cm N (1 MPa g/cm? )

, The elastomer and the reinforcing steel plates~startr
to seperate (unbond) from each other only after several cycles

of alternating distortions with y>2. (Guerand, 1981).

For instance, considering an elastomer pad with

1.10 MPa

@
]

g = 7 MPa
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the maximum- acceleration that can be applled at the top of

the rubber pad, for a maximum distortion of Y=2,

1.10g ,

max o 'max 7 =0.31g

The laminated rubber pads used to support the five
storey steel frame at the |211S laboratories had the follow-
ing properties: ' S

0.20 m

A=0.20 x 0.20 = 0.04 m®
G = 1.15 MPa = 11 kg/cm?
Therefore,
0 =W/A = 32.4 ton/(0.04 x 4) = 202.5 ton/m*
.0 = 2.025 MPa '
- oh _ 2,025 ~ 0.20 _
T.— ZH/ 27 / 1.15 + 9.81 = 1.19 sec
_AG. _ 0.04 -+ 1.15 _ 0 53.106
Ky =5 = Tog0 o 023 MV/m = 0.23-10° N/i
Akv = 115.65 kh = 26.6-10° N/m (tested in the laboratory)

For an assumed maximum distortion of y=0.35, the maximum acce- . -

~leration that-can be applied at the top of these rubber pads,

a =9y 1159 4555020 g
max - (o} .

in faCt, during the shaking table tests at the I2IIS laborato-
riesy in Skopje, Yugoslavia, the peak accelerations of the
shaking table were limited to be less than 0.20 g. Conséquent—
ly, the maximum pad distortions were not allowed to exceed ’

¥= 0.35 which corresponds to a maximum lateral displacement,
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at the top of the pad, as defined by

4,5, EXPERIMENTAL PROGRAM

.\ The éxperimental program has been prepared to provide
as many as possible experimental data necessary for accurate
~.iﬁterpretationvof‘the dynamic behaviour of the structure with
and without base isolation. The input motions utilized in

the experimental program is grouped in two categories:

) SINUSOIDAL and
IMPULSE TESTS

In order to evaluate the natural frequencies of
the test model with and without isolation, the test series
- began’' with sinusoidalior impulse vibration excitations at
different frequencies. Data were gathered only on two. chan-
nels (displacement.and acceleration) and were recorded on

an oscilloscope which yields immediate results.

Tests were run for frequency band in the range of .
the expected natural freQuencies of teh test model. For
fixed base'model,more accurate results were obtained from’
impulse tests. For-sinusoidal tests, however, significant
rolling effect was.observed at the shaking table which re-
sults in a decrease of the actual value of natural frequen-

cies, especially for the frist mode of vibration.

‘ In the base isolated cases more accurate values.
of natural frequencies were obtained by simulating sinusoidal
motion on the shaking table both for horizontal and vertical

directions.
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B) SIMULATED EARTHQUAKE MOTIONS

" The eardmﬁake testing program was selected to be
the most representative for the most common destructive earth-

quakes. The following earthquakes were selected:

1. El Centfro 1940,‘componehT‘N—S; real Time'(AT=0.02‘sec)
2. El Centro 1940, component N-S, time scaled (A1=0.01 sec)
3. El Centro 1940, vertical componenT real time -

4. EI Centro 1940, component N-S and vertical component
samulTaneous moTlon real time

5. Montenegro earthquake, record at PeTrovac,
- component N-S, real fime

6. Montenegro earthquake, recorded aT Petrovac,
- component N-S, Time scaled.

7. Montenegro earthquake, recorded at PeTrovac
vertical componenT, real Tlme '

: For each of the selected types of earthquakes and
their combinations, the simulation of each earthquake was
achieved by 3 to 4 different levels of accelerations given

to the shaking table by scaling the displacement amplitddes.v

Altogether 713 tests of the structural model w1th
and ‘without vibration, 1solat10n elements were carried out
using the above earthquakés as simulated input motion.

‘ In order to provide an easy test identification,
each test has its own identification number consisting of
8 digits. - The firet two.digits identify the base condition
as follows: | |

FB . = leed base model
D4 . = Model with four dashpot elements
D8 = Model with eight dashpot elements
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Tneinext two digits identify the £ype of earthquake:

EN = El Centro earthquake real time ° (At= 0.02 sec)
EB = El Centro earthquake time scaled (At= 0.01 sec)

. PN = Petrovac earthquake real time (At= 0.02 sec) , |
PB = Petrovac earthquake time scaled (At= 0.01 sec) -~ . i

1

The earthquake component has been denoted by the
fifth and the sixth digits of the identification number.

NS
VK

Component North—South
Vertical component’

non

The last two digits denote the value of displacement |
amplitude scaling factor SPAN(*) = comprising only two out .of.
the three used numbers. Thus, if the identification code
ends up with SQ it means that the SPAN value is 300, etc.

This scheme of notation applies only to single com-

- ponent motion. In case of biaxial motion a change has been
introduoed in the last four digits. Thus, the direction should
not be dnoted in this case and therefore four numbers denoting
the SPAN of each direction have been selected. The first two
numbers denote the - SPAN of horizontal direction while the

‘last two in vertical dlrectlon. As an example, the identifica4 ,
tion code FBEN4020 denotes- ' |

FB = Fixed base
: EN = El Cenﬁro real time
40 . = " spaN for horizontal component, which means 400
20 = SPANVfor_vertical component meaning 200 |

The list'of~"Tests"'performed using the El-Centro v
and the Petrovac earthquakes is given 'in  Tables 4.2 & 4. 3, res-
pectively. The peak input acceleration for each test is also ‘

supplied in these tables.

(*)For definition of SPAN, please refer to Section 4.6
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TABLE 4.2: TESTS WITH THE 1940 EL CENTRO EARTHQUAKE

- an2
(amax = 342 cm/secé)
(amax = 206 cm/sec”) \
- CODE . FIXED BASE | D4-DAMPERS  |D8-DAMPERS

ENNS 20 |.1FB137 % | 18 D4 137 44 D8 128
EN NS 40 2 FB 257 19 D4 256 45 D8 252
EN NS 60° | 3 FB 365 20 D4 352 46 D8 377
EN NS 70 - 21 D4 388 |47 D8 411
EN NS 80 - - 48 D8 440° |
EBNS 10 | 4 FB 105. - | 22 D4 111. |49.D8 131 ’
EB NS 20 5 FB 204 23 D4 203 50.D8 221
EB NS.30° | 6 FB 299 - -
EB NS 40 - | 24 p4 397 |51 D8 384
EB NS 50 - 25 D4 483. |52 D8 493
EN VK 10 - - 53 D§ 17
EN VK20 .-| 7 FB 45 ~ | 26 D4 50 54 D8 34
EN VK.40 8FB 87 | 27D4 86 |55 D8 66
EN VK 60 - 28 D4 122 |56 D8 207
EN 20'10 = | 29 D4 221/44%|57 D8 247/36
EN 30 15. - 30 D4 302/53 - .
EN 40 20 . - 31 D4 416/81 |58 D8 370/62
EN -60. 30 9 FB 485/153 | - |59 D8 493/94
EB 20.10 - 32 D4 306/87 {60 D8 312/80
EB 30 15 - | 33 D4-411/147]61 D8 430/114
_EB 40 20 - : - 62 D8 556/149

(1) '

D8-case analytical study is repeated using accelerations
.recorded at the Shaking Table (ST).

(2 )l FB 137 has the following meaning:

1 =-Run number used in the laboratory
FB = Fixed Base condition '
-137 = Peak acceleration of the input (cm/sec?)

(5 )221/44 has the following meaning: :
: - 221 = The peak acceleration in horizontal dlrect101

44 = The peak acceleration in vertical direction



TABLE 4.3: TESTS WITH THE APRIL 15, 1979 PETROVAC EARTHQUAKE

(amax,h = 427 cm/sec?)

- 1 2
(amax,v = 198 cm/sec?)
CODE FIXED BASE D4-DAMPERS |  D8-DAMPERS
PN NS 10 10 FB 178 . | 34 D4 71 63 D8 70
PN NS 20 .11 FB 141. 35 D4 142 64 D8 138
PN NS 30 12 FB 211 36 D4 220 -
PN NS 40 | 13 FB 270 - 65 D8 282
PN NS 50 ) , 37 D4 359 -
PN NS 60 . ;- - 66 D8 417
PB NS 10 - | 38 D4 280 | 67 D8 175
PB NS.20 14 FB 345 | 39D4 354 68 D8 344
PB NS 30 15 FB. 480 . | 40 D4 464 -
PB NS 40. SR T -+ | 69:D8 634
PN VK. 10 - o - 70 D8 40
o . - \ . ’ E
PN VK 20 16 FB 71 41D4 80 | 71 D8.60
PN VK 40 17 FB 138 42 D4 146 72 D8 108
PN VK 60 - | 43 D4 220 | 73 D8 136

(1)D8—case analytical study is repeated using accelerations
. recorded at the Shaking Table (ST).. :

(5)

-

Téble peak acceiération is unnecessarily larger than that
for SPAN = 200. >
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4,6, INSTRUMENTATION and
RECORDING of DATA

The instrumentation of the table is permanently incor-
porated and average vertical and horizontal table displace-
ments ‘and accelerations as well as pitch, roll and twist mo- !
tions are recorded. | |

The frame.was instrumented to measure accelerations,
displacements and stresses. Identification number and posi-
tion of these pick;ups are shown in .Fig. 4.6. Horizontal ac-
celerations on the frame were recorded by accelerometers on
the base and each floor level. The accelerometers were mounted
onto the exterioe transversal beams of the structural model
at each floor level close to the center line between the two

frames.

Displacements were recorded by linear potentiometers
with respect to e reference column located outside the shaklng:'
table at the foundatlon block The horizontal displacements: |
‘were measured at the base girder and also at each floor level.
Vertical displacements were measured only at the point of _ton}
front springs. The axial and bending stresses were measured*
bydstrain gages at the external columns of the lowest_storey.

Data samples were taken at a rate of 200 samples per
second for each channel and then stored on a magnetic tape.

The records were taken from the follow1ng 30 channels:

Channel 1 ~ Horizontal table displacement
Channel 2 : Horizontal table acceleration
Channel 3 : Vertical table displacement
Channel 4 : Vertical table acceleration .
Channe! 5-10: Horizontal displacements at each
different floor level

eeod



Channels 11-16:

‘Channels 17-18:

Channels 19-20:

Channels 21-22:

Channel 23
Channel 24
Channel 25
:Channel 26

" Channels 27-28:

" Channels 29-30:

4.7. .INPUT MOTIONS at
the SHAKING TABLE
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Horizontal accelerations at each
different floor level

Vertical displacement at the front
'springs. By this records the rocking
could be identified, too.

Vertical accelerations at the ends of )
of the base girders.

Accelerometer measuring the motion in
perpendicular direction.

Horizontal acceleration of a cantilever
having natural frequency of the first
natural frequency of the structural

model.

Horizontal acceleration of a cantilever
having natural frequency of the second
natural frequency of the structural
model. ,

Vertical acceleration of a vertical beam
having ‘natural frequency of the structural
model in horlzontal direction. .

Vertical acceleratlon of a vertical beam
having natural frequency of the second -
natural frequency of the structural model
in horizontal direction.

Strain gages'measuring axial stresses
at the external columns of the first

floor of the structural model

Strain gages measuring bending stresses
of the external columns of the first
floor of the structural model.

For the generation of earthquake motion, the digital

computér PDP 11/45 is used. The shaking table is displace-

ment controlled. Therefore, it was necessary to traﬁsfprm»

the original acceleration ordinates into a displacement time

history through a double integration process. .
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.The tests are performed with the El Centro Earthquake
of-1940 andﬂthekPetrovac, Montenegro Earthquake of 1979. 1In
both cases horizontal N-S and vertical components are used.

The timevinterval for the input motion data points is
nOrmaliy ‘speci'fied to be At= 0.02 sec  ( Real Time Interval ).
For aprt of the tests however, the time interval is scaled
‘down by a factor of 2, and is taken as AT=0.01Sec(Saﬂed _
zdmepnufrval). In this way, the governing peaks of the input
motion are shifted to higher'frequencies; and more realistic
’reSults are obtained for the model, because the geometrical
scale between the model and the prototype is 1 to 4.

The maximum input acceleration is also modified by means
of a variable factor which determines the intensity of a par-
ticular earthquake during the tests. The amplltudes are varied
by means of the SPAN feature- which is directly correlated
to the maximum table displacement. . A peak table displacement

of +1255cm - the limit of the table- corresponds to a span

number of 1000, Lower span numbers correspond to proportionate- ‘

ly lower displacements. It must also be noted that the peak
table acceleration for the same SPAN number for different

earthquakes may vary considerably. This is because the table

motion is displaéement controlled and, in addition, there is}_'

probably small amount of structure -~ table interaction which

varies with different base donditions;

The time history accelerations recorded at the shaklng

table are given in Tdﬂesl}4 & 4.5 for various input motions.:



TABLE 4 5 -

>IDENTIFICAIION CODE DBPNNSAO INV

D8 PN NS 40 - SHAKING TABLE RECORDS

TABLE ACCELERATION TIME HISTORY (MM/SEC**2) ' ‘ )

CHANNEL 2
DT = 0.02 SEC ,4273 i :

. : PETROVAC, Real Time D8 PN NS 40 F = 2717 = 1.572

1 -14.38 43.13 345.¢5 1uu.64 71.89 115.02 ~14.238 v.00 ~RA.26 15418
11 -10U,64 18&6.9¢ 43.13 100.64 43_13 . 43.13 -=71.89 155.15 -14.38 57.51
21 0.u0 71.69 (1] 86.26 -57.51 - 115.02 14.38 57.51 43,13 43,13
31 57.51 57.51 -fu.2& 172.53 ~14_.38 -71.89 28.75 14,38 . 14.3m 57.51
a1 ~71.89 28.7S -43.13 14.389 -28.75 43.13 -28.75 14.38 ~28.75 28.7%
51 154,39 14.36 43,13 14.38 43,13 ~14.38 ~43.13 14,38 0.00 -14,.38"
61 =57.51 -14.33 -14,38 ~71.89 ~57.51 ~28.75 ~14.38 -71.869 -2K.75 " -?28B.75
71 0,00 -57.51 57.51 -57.51 43.13 -28.75 -14.38 ~28.75 ~a3.13 -a3.13
81 57.51 -86.26 43.13 . 6.00 ~57.51 ~14.38 -71.89 -28.7s ¥b.9h | —Hao.24
91 43,13 V.G ~43.13 14.38 -28.75 -14.38 86.26 . =iv0.64 a3.13 -57.51
101 6.00 -26.75 ~115.02 -57.51 57.51 . =-201.28 -143.77 -115.02 143.77 -273.17
111 0.00 -43.13 143,77 -115.02 71.89 14.38 0.00 57.51 14,38 ~100.64
121 U.00 ~244.41 ~244.41 -86.26 ~172.53 -129.39 §7.51 -143.77 186,90 -115.02
131 53.13 -71.89 14.38 57.51 -14.38 14.38 71.89 ~129.39 -26.7% -71.89
141 -26.75 ~14.38 14.38 -14.38 115.02 ~100.64. =43.13 -14.38 S=14.38 ~28_75%
151 14.3% .-14.38 160.64 ~129.39 0.00 ~43.13 - ~43.13 $7.51 1hu.nd ~71.89
161 115.02 v.00 14.38 -71.89 ~33.13 -71.89 -86.26 ~115.02 a3.13 -115_02
171 14.38 -2¢,75 43.13 -26.75 100.64 57.51 71.89 A6.20 57.51 100.64
181 57,518 57.51 14.36 -14.38 c =71.89 43.13 43.13 43.13 a3.13 1189
191 28.7% 28.75 -160.64 158,18 57.51 71.89 201.28 43.13 201, H6.2h
201 -115.02 258.79 ° -43.13 71.89 14.38 71-.89 14.38 -71.89 T1-H9 100,64 "
211 316,30 172.53 158.15 115,02 26.75 115,02 -71.89 ~3ui.92 R6.26 215.06
221 N 14.238 -57.51 43.13 100.64 ~86.26 258.79 129.39 172.53 115.02 115.u2
gi: 129.39 §6.26 +=345.65 431.31% 14.38 2;3-;? 83; ig -445.09 ' .215.6b -57.51

; RS- & i . 186,90 -57.51 43.13 186.90 27-51 ~1lo00.64 .=948.89, . R75.73

251 7 TeT7.01 -301.92 ' TArYT i86.90 T1 57.51 “db0.07 T531.95 -43.13 28754
261 129.39 180.9u 23u.03 86.26 , =273.17 560.71 43.13 156.90 ~57.51 1178.91%:
21 ~474.45 115.02 -1649.53 819.50 -23.7S 43.13 43,13 ~1164.55 244.41 -56u.71
281 ~1164.55 ~172.53 -1365.863 186.90 ~-273.17 ~71.89 ~86.206 © =-28.75 21S. 66 690,10
291 ~345.05 1509.60 0.00 1667.75 1078.29 86.26 948.89 201.28 158,15 -963.27
301 =675.73 115.02 -1754.01 244,41 -345.05 -201.28 ~1423.34 201.28 -1437.71 100,64
311 -1581.49 ~1035.15 -460.07 -747.61 ~1236.43 920.14 ~517.58 -764.48 301.92 ~172.51
321 373,81 -690.10 805.12 -28.75 2156.57 848.25 1408.9%0 1940.91 115017 1708, 39
333 129.39 488.82 -1107.04 -920.14 ~201.28 -805.12 =1150.17 ~1308.32 <934.51 ~1121.47
341 «1322,70 -1121.42 -156.15 -445.69 575.09 445.69 8b2.63 1092.6b 1337.07 2501.62
353 57.51 1984.04 1121.42 1279.57 ~100.64 416.94 - -833.87 4RB.82 =71.89 $7.51
361 -359.43 517.54 . 0.00 158.15 -43.13 «28.75 - '=1049.53 460.07 ~511.95 15815
371 -143.77 -1020.78 - 373.81 -690.10 ~1394.586 ~1365.83 -1452.09_ -1279.57 -1265.19 -435_69
381 .=1207.66 -258.79 =330.67 733,23 '1495.22 603.84 1351.45 238u.60 120768 1A96.50
391 1509.60 1552.73 761.99 .1667.75 1135.79 1035.15 416.94 1236.43 14.38 -675.73
401 ~1351.45 -287.54 -1176.93 -2573.51 T=2271.59 -287.54 «2070.31 -1107.04 1308.32 -790.74
411 . 1297.68 57.51 1595,86 244.41 1754.01 891.38 =431.31 1969.67 ~158.15 503.20
421 -43.13 ~1207.68 -776.37 -1092.66 -1466.47 -445.69 115.02 -1642.13 172.53
431 -186.90 ©1035.15- 1035.15 -445.69 1754.01 -100.64 10. 1567.11 920.14 24.75
441 819.50 160.64 ~718.66" 546.33 -1207.68 -43.13  ~1495.22 -115.02 ~201.28 -488.82 .
451 86.2u 143,77 445,69 258.79 1523.98 ~244.41 =57.51 372,81 Bh.76 215,66
-461 172.53 “158.15 71.89. 43.13° ° ~-1293.94 460.07 ©517.58 -23u.03 =431.131% -1250.81
ary 373.81 -287.53 14,38 -1610.24 ~718.86 =172.53  '~1595.86 T1.49 ~287.54 1049.53
481 1150.17 . 460.C7 115.02 1567.11 - 14.38 503.20 1630.24 ~R6.26 920.14 271317
491 1351.45 - -86.26 1380.21 -14.38 1207.68. -230.03 ~1380,21 1006.40 ‘-201.28

_-948.89

0ol
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4,8,  EXPERIMENTAL DETERMINATION
. of NATURAL FREQUENCIES

On the basis of the prepared experimental program, a
series of tests to evaluate the natural periods of v1bratlon

. has been conducted using sinusoidal and impulse tests.

For definition of the fuhdamental mode of vibration -
of e'fixed base model a displacement impulse is generated
atvthe fifth floor level of the structural model and the
fourier transform of the recorded time history response is
used to identify the first translational frequency. The fou~h
~rier transform is accomplished by applying the Fast Fourier
Analyser amnufactured by the Hewlett Packard Company. The 5
impulse test has yielded a first natural frequency of 3.38;HZ-
vcorrespondihg to a natural period of 0.30 sec (Fig. 4.7).

‘ Applylng sinusoidal input motion at different frequen—
[g01es to the shaking table however, values which are. ten per—_>
ceht higher are obtained for the natural period of vibration

"due to the rolling effect.

In the cases when Vlbratlon isolation systems are ins-
f talled for definition of the fundamental mode of v1bratlon,
a serles of harmonic sinusoidal motion is simulated on the ‘
shaklng table and the natural periods of vibration are iden-
tified for each case of base isolation with four and eight -
dashbots,brespectively. The results of simulation of horizon-

tal'sinuSoidal motion are shown in Fig. 4.8.

; The defined frequency response curves show resonant .
peaks around fi = 0.87 Hz (T=1.15 sec) and  f,= 1.70 Hz (T=0.59 sec)
,for the case with four dashpots (D4-Case) . Based on the
,calculatlons for a rigid body model, neglecting the elastic

‘propertles of the structural model the first frequency corres- -
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ponds to the lower rocking mode, while the second resonant'

peak will probably correspond to the higher rocking mode.

. For the case when eight dashpots are included (D8-case)
slightlykhigher frequencies = ( 0.93 Hz and 1.78 Hz ) have been
obtained due to the increased energy absorbtion capacity of
the system and the 1ncreased stlffness.

It is apparent that curves for both D4-case and DB8-case
are rather wide. This is due to the coupling of the two fre-
quencies which are rather close and their response curves .
are not well separated. The response of the system_between
the frequencies of 0.90 and 1 70 Hz is a sum of responses of
the two resonant curves correspondlng to the uncoupled sys-—
tems..

For the vertlcal dlrectlon, the frequency response curves

look even more complicated (Fig. 4.9) . Besides the reason men-
tioned above, in this case an_effect of the base girder stiff4
ness is also involved which causes the-coupling of the verti-
cal mode of vibration with the rocking mode. = The stiffnesst

- of these glrders is not of that kind so that the base of the
frame model should be considered as a rlgld one, and for all
frequencies the same amplltude of vibration appears in all
rows of columns. Also, due tp small eccentricity of the gra-
. Vitj load (because of the small differences in the masses‘

of some blocks and their distribution, the gravity load could
-not be ideally distributed with respect to the'girder center)
multi—coupling in response of teh system takes place.. However,
in spite of all the above mentioned reasons, the resonant '

'peaks could be distinguished 'in the range between fi = 1.55 Hz

(T= 0.65 sec) and fz= 2.90 Hz (T=0.34 sec) in the vertical direction.

The first resonant ﬁeak corresponds to the first vertical'
mode of vibration of the system. In summary, the natural

periods of vibration, as determined by means of sinusoidal-
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waves and impulse motions, as well as by analyses are shown
in = Table 4.6. '

TABLE 4,6: NATURAL PERIODS of VIBRATION, sec

Base ‘ "M O DE S
Condition T/2 P 2 3 4
Fixed - T ‘0;30 o _ =
Base - A | 0.29 0.09 0.05 0.03
Case
Springs,. T 1.15 R 0.64 Vv | 0.60H | 0.36 V
- 4D-Case A 1.47 R 0.65 V| 0.5 R { 0.10 R
Springs, T | 1.08R | 0.59V | 0.56 R | 0.34 V
8D-Case A 1.47 R | 0.65 V | 0.54 R | 0.10 R
nubber T | 119 | - - -
pase A | 1.21H |{0.19R | 0.10V | 0.08 R
Case

'T#’Tests;“A= Analysis, H= Horizontal, V= Vertical,
' ' R= Rocking.

4.9.  PEAK RESPONSES
“at FLOOR LEVELS

The.exPérimental data of all thirty channels for 73
different runs are stored on maghetic tapes. In this study,
- only a minimum number of the most essential data important
for,undérstanding of the strudtural model behaviour is pre-
‘sentéd. | | | |

_ For each of the runs, extreme values of the recordé
taken by 30 channels have been summarized in tabular form.
Some of these tables have been presented in Tables 4.7 to 4.12,

for illustrative purposes. Based on the analyses on these
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data it was found that the response data in all the tests
recorded on channels 10 and 26 are not correct and they should

not be used in evaluations.

‘ From the collected experimental data, the mechanism
of. dynamiC'behaviour of base isolated models may be defined
fairly pre01sely, and at the same time the reduction of the
level of forces, strains and stresses in the representatlve
points and sectiqns of the model as compared to the behaviour
of fixed base model may be evaluated. These‘eomparative va-
lues are very important and pfovide'an adequate explanation
if a comparison is made befween,the results from single com-
ponent simulations for selectedrtypes of earthqﬁakes. Figs.4.10
to 4.17 show the maximum values of the measured real accele-
rations at each floor level for different base eOnditions
and different tybes of earthquekes; Most of these tests for
the same earthquake have been earfied out with the same SPAN
for the three base conditions. However, some modifications
have been introduced in‘ofder to test theylinear behaviour
ofethe'model or the.need‘to simulate higher accelerations
on the shaking table. '

It is evident from these results that the base 1solatlon
systems in the form of springs and dashpots act as eenrgy
absorbers and significantly decrease the acceleration values
aleng the height of the model. The reduction level of maximum
accelerations under base isolation conditions is different
~and for some levels it is as large:-as 20 times. It is also
interesting to note that in the case of base isolation with
four dashpots, the acceleration reduction level is considerably
higher compared to the base isolation with eight dashpots.
This is a consequence of the increased stiffness of the system
due to the additional viscodampers. |

Comparing the measured peak displacements at each floor
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1eVel for different base conditiohs as shown in Figs. 4.10 to

' 4.17, some conclusions could be reached. In most of the fi-
gures the displacement amplitudes for the fixed base model
are smaller than those of the base 1solatlon model, excluding
a few cases correspondlng to the Petrovac earthquake time
scaled As dlfferent from the acceleratlons, the displacement
amplitudes of the base isolated model with eight dashpots are
smaller than those recorded under the same condltlons with’

four dashpots.

Peak floor responee values of acceleration and displace-
ments, corresponding to El Centro real time (EN NS 20). and
Petrovae real time (PN NS 20) earthquakes for dlfferent base
conditions are illustrated in Figs. 4.18 and 4.19. It is seen
that althoughvthe accelerations of the rubber base.lsolatlon
are within the acceptable range, the horizontal displacements
become excessively large even at relatively moderate earth-
‘quake input 1nten51t1es.

4,10, TIME HISTORY RESPONSES

In order to obtain a better insight about the reduetion
of acceleration responses, the complete timekhistories of
accelerations from base to the fifth floor level have been ,
plotted for dlfferent base condltlons for the Petrovac earth—u:
'quake .of tlme scaled w1th SPNQZOO

Figure 4.20 shows the acceleration response of the fixed

base model where it is shown that there is a significant amp- S

lification. The next two figures (Figs. 4.21 and 4.22) show
the behaViOur of the base isolated model with four dashpots
and eight dashpots, respectively. Fromvinepection of these
aeceleratlon time histories, considerable'reduction in‘aocele—"'

ration response level is evident.
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f . ’ . .
Similar to the acceleration time histories for the three

base conditions of the model, a representative series of dis-
placement responses have been shown for the four floors of
the model, for the fixed base'model»and the two cases of base
isolation (Figs.4.23 to 4.25). As expected, the displace-
ments are very small for the fixed-base condition. " In the
case of spring—isolated-systemsfhowever, the displacements

are relatively larger, but the increased rigid body displace-~
ments may be reduced to tolerable limits by means of an ample'

supply of viscous dampers.

It is very important to note that in the case of spring
supported system the horizontal displacements grow from base
to top of. the model similar to the fixed base model. At the
sprlng level the horizontal deflections are negllglble. How-
ever, hbrizontal displacements become significantly larger
,along the character of the height of the structure due to
eoupling of recking and hori?ontal motions. " Contrary to the
cohsiderable amount of relative inter story displacements in
the fixed base case, the structural model with base isblation
behaves almost like a rlgld body causing almost no 1nterstorey

dlsplacements.

Figure 4.26 shows the time histories of the spring dis~
placements in the vertical direction for test 24 (El Centro
NS component, time scaled, 4D¥case, SPAN- 400 - D4 EB NS 40). and tests
(Eifcenfro NS -~ component, time sealed, 8D-Case, SPAN 400- D8 EB NS 40).
In these figures the responses for the vertical displacements
of the springs from channels 17 and 18 show an evident assyh—
metry, identifying a rocking motion. ' This points‘out the im- -
porténce of the base rotatioh, Namely, if the distance of
gages of channels 17 and 18 is considered to be roughly
4.00 m, then the vertical base motion of 2 cm recorded at
the spring will produce a horizontal displacement amplitude
at the fifth floor of approximately 5.00cm as already illus-
frated in Fig. 4.26. In this test, a total displacement
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amplitude of 6.5 cm has beeh recorded at the fifth floor
(Fig.4u15), which means that the horizontal motion alone
excluding the rocking effect produces a deformation of 1.5 cm.
This shows. the importance of. the rocking effect in base iso-
lated systems. The/same conclusion applies to the test No, 51,
except a réduction in the displacement amplitudes is apparent
because of additional Visco¥dampers.'

_ The stress,measurements of the structural model at the
‘recording points also vary depending upon the base support
conditions. Figs. 4.27 and 4.28 show the time histories of
axial stresses and stresses due to moments of an end column
at the first floor of the model respectiveiy. - " The axial
forces and stresses in‘éhe end columns  (Ch. No. 27) show a
.sighificant reduction (about eight times) compared to fixed
basevmodel, while the stresses due to moment recorded at the
bOttomxof the end columns show a reduction even higher than
ten'timés. The stress state of a structure should be consi-
dered as an indicator of its’stability'when it is subjected
to strong earthquakes. Thus, in test No. 14, the stresses
due to moments approach the yield point of the steel, while
in,test'No; 39- for a model having four dashpots, the StresseS 
in the same section for the same time history have been re-
duced to more than 14 times (155.84 N/mm2: 10.81 N/mm?). |

4,11, DISCUSSION of

- TEST RESULTS

- It has been shown that the acceleration'of'the structural
‘model, which has begn excitéd by strong ground motion, are k
‘effectively reduced if the mbdel is isolated by helical springs
and,viséodampers; 'Apcelerations are smaller than the input‘

acceleration on the shaking table and no. amplification of

acceleration takes place at various levels of the model.
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It is evident that in the case of base isolation which
con51sts of four dashpots, the acceleratlon reduction level
is considerably higher (almost two tlmes) compared to base
isolation with .eight dashpoﬁs._ This is due to the increase
in the rigidity at the base level of the system.caused by in-
cieasing the energy absorption capacity (by adding more dash-
pdts). It is also evident that by increasing the excitation
level the redﬁctidn level would(decrease slightly, which means
that the reduction is more pronounced at lower acceleration J
. values of the shaking table. This nonlinearity is not a
leheracteristics of the higher excitation levels in which the
reduction level is more or less independent of the excitation

level.

Analysing the envelbpe shape of the peak accelerations
‘as shown in Figs. 4.10 to 4;17, several regularities are ob -
served. First, the acceleration level continually decreases
goihg from the base to the third floor and then starts to in-
- crease again.  This shows that'the defermational mechanism
of £he test model -in the case of base isolation is- - complicated.
It could be assumed that the‘type of deformation is controlled
,by‘the rbcking, however, for higher levels there is an influence

of the horizontal inertia forces. .

; Secdnd, in all cases when the same type of earthquakeb
motion is repeated with the same SPAN values and for diffe-
rent base conditions, the pick value of acceleration of the
‘shaklng table is almost the same. This shows that the obtalned
results with respect to the simulation conditions are rather

consistent.

~.The tests have, also, shown that the reduction of the
model accelerations, in the cases of horizontal motion simu-
lation, is considerably larger, compared to the reduction

at vertical excitation of the model. However, in the case
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of frame systems, as well as small-span systems, the vertical
earthquake component does not cause any significant stresses

in the structure.r

All the above advantages in the form of the reduction
of accelerations are off-set by the problem of larger horizon-
tal and vertical displacements which result from the rocking
effect at the base of the model. Although the scale of these
displacements is in the order of several centimeters, they
can be controlled by the special system which has to reduce
the level of the,roéking effect at the base level. From the
tests conducted, it is observed that with the increase in
energy absorption capacity the displacement amplitude level
decreases considerably. The additional Viscodampers reduce
the effects of rocking, resulting in the decrease,of'horizon%
tal displacements. |

Due to the position of the rocking center near to the
spring level and the governing motion being in the rocklng
mode, the ‘horizontal displacement of the springs are negliglble.
In none of the tests conducted the vertical dlsplacements
were ' 51gn1flcant. Even the maximum vertical dlsplacements
ranging from 1 ‘cm’' - 3 cm, were less than one quarter of

the overall static deflections of teh springs.

- For simultaneous horizontal and vertical excitations,
the results were.practically'similar to those corresponding
te the excitations. Based on the series of bi-axial tests,
it may be concluded that there is no considerable interaction:
~effect of the model responses to excitations in the horizontal
~and vertical directions. The results of independent simula-
tions in each direction are easily available and suff1c1ently

accurate to represent the results of biaxial exc1tat10n.
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TEST NUMBER : 1 . : : : TEST NUNKBER : 18 ‘ : TEST NUMBLR : 44

IDENTIFICATION CODE FBENNS20.INV IDERTIFICATION CODE :  B4ENNS20.INV  IDENTIFICATION CODE : : DEENNSZ20.INV
I C4A= I UNITS I MINIMUM 1 HAXIMUM I T CHA='I UNITS 1 FKIKINMUN I MAXINUM 1 I CHA~ I UNITS 1 " XINIMUN I ~ MaXIMUM I
1 NYEL I 1 VALUES I  VALUES I I NNEL I 1 VALUES I VALUES I I NNELT 1. VALUES I VALULS 1
1 11 KM 1 ~19.79 I - 22,41 1 1 11 KM 1 -19.85 I 22.35 1 1 11 KN 1 -19.97 1 22,531
1 21 PR/S**2 1 =934.51 1 ~ 1365.83:1 I 2 1 KH/Sx»2 I -E877.01 1  1365.83 1 1 21 Ki/S¥*2 I ~935,76 1  1279.57 I
I v 31 KM S -0.03 1 1.17 1 1 3 1 MK 1 ~0.06 I 0.12 1 1 31 &% 1 -0.06 1 Tel4 1
1 4 1 FM/S**2 1 ~71.89 1 105,43 1 1 4 1 MM/S*%2. ] ~57.51 1 76,08 1 "1 T4 1 hM/Swx2 ~76.68 I 86,26 1
1 51 KK 1 ~5.54 1 5.98 1 1 5 1 My 1 -15.39 1 17.25 1 1 51 K 1 ~12.89 I 11.21 i@
1 6 1 FM 1 -4.28 1 5027 1 1 6 I K% H ~12.80 1 13.65 1 1 6 1 k+ 1 -10.32 I 9,42 1
I 7 10 KK 1 3,46 1 4,26 11 71 KM 1 ~9.98 I 10.72 1 1 71 K 1 -7.91 1 Tubu 1
1 8.1 KH. 1 =2.96 1 3.46 1 1 8 I-M¥ 1 -8.23 1 8439 1 1 8 1 KN 1 ~7.086 1 5.90 1
1 9 I KM 1 -2.37 1 3,06 1 1 9 1 BH 1 -6.17 1 6.45 1 1 9 I KN 1 ~5,53'1 4,85 1
I 10 1 KM 1 0.00 1 .00 I I 10 I 4% . 0.00 1 0.00 11 101 kM 1 0.00 1 0.01 1
I 111 KM/S¥#2 1 ~1810.45 1  1783,83.1 I 11 1 Mit/S*»2 1  ~-143.77 1 143,77 1 1 11 1 Ki/S#+2 1 =532.49 1 851.95 I
I 12 1 MM/S*#*2 1 ~1293.94 I  1198.09 I I 12 I Mn/S»*2 1 = =143.77 1 143077 1 1 12 1 EN/S*#%2 1 =431.31 1 ™ 479.24 4
I 13,1 NMH/S**2 I ~1413.75.1  4150.17 I I 12 I pM/Ss*2 1. ~-143,77 1 167.73 1 1 13 1 R4/S**2 I  <353,39 I £79.24 1
1 14 1 FM/S**2 1 ~1222.06 1 030,36 I I 14 I mu/S»=*2 1 ~119.81 I 143,77 1 1 14 1 KA/S=*2 1 =383.39 1 455.28 1
1 15 I MK/S*%2 I ~910.55 1 934,51 1 1 15 I MM/S##2 I  -143.77 1 143,77 1 -1 15.1 EM/S*#2 1  =359.43 i 575.0v i
I 16 I.FM/S**2 1 0.00 1 0.00 I I 16 1 wM/S*x2 1 =119.811 143,77 1 1 16 I KM/S*%2 1  -455.28 1  718.86 I
I 17 1 HM 1 0.00 1 0.00 I I 17 I MM 1 ~0.22 I 0.22'1 1 171 M 1 -2.92 1 2.85 1
I 18 1 mH 1 0.00 1 0.00 I I. 18 1 KW 1 -0.22 1 0.261 I 181 WY 1 -2.72 1 2.84 1
119 1 KH/S=#2 0.00 1 0.00 I 1 19 I MM/S*#»2'1 -167.73'1 143,77 1 1 191 k¥/S*%2 I =355,47 1 215.06 1
I 20 1 KM/S*w2 I 0.00 1 0.06 I I 20 1 mMM/S#%2 I ~ =167.73 1 143,77 3 1 20 1 EM/S»+2 1 = =287.54 1 383.39 &
I 211 FM/S**2 I  =127.00.1 100.64 1 T 21 1 MH/Ss+2 I -0.58 I 0.58 1 1 21 1 K&/S¥%2 1 -93.45 1 50.32 1
I 22 I pA/S*»2 1 -91.06 1 136,58 I I 22 I HN/Sww2 I ~0.,10 I 0180 1 I 22 1 KH/S*+2 1 ~14.38 1 67.09 1
I 231 tHss**2 I =11861.14 1 11381.90 I+ I 231 nM/s»x»2 I =1437,71 I  2156.57 1 I 23 I M¥%/S**2 1 =3714.09 1 4073.5z !
I 24 T KM/S*%x2 1 -11142.28 I 11980.95 I° I 24 I KM/Sw*2 1 =-5391.43.1 5870.66 1 1 24 1 Mi{/S**2 1 ~3714.09 1 4193,33 1
I. 251 FH/S*#2 I =694.89 1 670.93 1. I 25 I M¥/Ss%2 I 0.00 1 0.00 1 "I 25 1 KM/S*#*2 1. =335.47 I 431.31 1
1. 26 1 mn/s*»2 I - 0,00 1 000 I I 26 I HE/S**2 X 0.00 1 .00 I 1 26 I Ru/S**2 1} 0.00 1 5,00 I
I 27 1 n/MHsw2 I ~3.76 1 3.78 I 1 27 1 N/KNMwe2 I -0.39 I DL78 1. 1. 27 1 K/HW»*2 1 -0.94 1 2.12' 1
1. 28 1 N/MMx»2 I -3.06 1 3.76 1 1 28 1 N/KWa*2 I -0.3% I 0,70 1 I 28 1 N/HKx=2 I -1.41 1 1.41 1
I 29 I N/MKex2 1 ~15,28 1 12,93 1 I 29 I N/Khs#2 1 -1.57 1 1.96 1 I 29 I N/KEx#2 I ~4.94 X "5.64 1
1 30 I N/MHw#2 I ~-16.92 1 13.87 1 1 30 1 N/M¥sw2 1 ~1.96 1 2,351 I 30 1 N/MM*#2 1 ~5.17 i — 6.58 1

el
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TEST NUMBER : 2

IDENTIFICATION CODE =

FBENNSLDJINV
I CHA~ I UNITS 1 MININUM ‘1 HAXIMUM 1
1 NVEL I . I VALUES 1  VALUES I
1T 11 kM 1 39,20 1°  45.00 I
1 2 1 FM/Sx*2 I =1955,29 1. 2573,51 I
1 31 KK 1 ~0.03 1 4,63 1
b 4L 1 BR/S**2 1 =167.73 1 177.32 1
1 51 4 - 1 -10,73 1 13.07 1
1. 6 I K I -9.50 1 10,35 I
1 7 1 WM 1 “7.62 1 g8.14 1
1 8 1 ¥H 1 ~6.44 1 C6.96 1
1 9 1 KK 1 -5,32 1 6.20 I
I 10 1 KK 1 0.00 I 0.00 I
I 41 1 KA/S*#*2 1 =3354,67 1  3381.29 1
I 12 1T MH/S%*2 I =2516.00 1 .2563,92 1
1 13 1 FM/S#»2 I -2444.11 1 2132,61 1
I 44 I Kh/s*%2. 1 =2084.69.1 1845.07 I
I 151 KM/S*#*2 1 =1725.26 1  1797.14 1
I 161 KE/S**2 1 0.00 1 . 0.00 1
1 17 1 kN 1 0.00 1 0.00 1
1 18 1 M 1 0.00 1 0.0D 1
I 19 1 MM/S*x2 I 0.00 1 0.00 1
I 20 I ME/S#s2 I 0,00 I 0.00 I
1 21 1 KM/S*#2 I  -234.83 1 218.05 1
1 22 1 MH/S**2 1 ~184.51 1 242.02 1
I 23 1 MM/Sww2 I -20487.42 1 19409.13 I
1 24 I FM/S*x2 I ~1B570.47 1  18091.23 1
I 25 1 MM/Ses2 I -1030,36 1 910,55 1
I 26 @ KR/Sww2 I . 0.00 1 " 0.00 1
1 27 1 N/KU**2 1 -7.52 1 ‘7.52 1
I 281 N/Kuxx2 I -6.82 1 6.82 1
I 29 I K/KH**2 1 -30.09 1 29.85 1
I 30 I N/WH**2 I -33,38 1 31,26 1

"TEST NUMBER : 19 : \

IDENTIFICATION CODE : DLENNS4LO.INV

I CHA- I URITS 1 MIRIKUM I MAXIMUK I
I NNEL I ' - I VALUES I  VALUES 1
I . 1.1 KH 1 -39.20 I 44,82 1
1 2 I ru/Swx2 I =1754.01 1 . 2559.13 1
1 31 MK 1 -0.03 1 4459 1
1 4 I KM/S*x*2:1  -215.66 1 189.90 1
1 5 1 K4 1 -30.55 1 35.93 1
1 61 H 1 ~24.37 1 29.08 1
I 7 1 WA 1 ~19.72 1 22.73 1
I . 8 1 KK 1 ~15.82 1 18.14 1
1 9 1 MH b “12.14 1 13.28 1
I 101 KM 1 0.00 1 0.00 1
I 111 KM/Ss=x2 1 -71.89 1 95.85 I
1 12 I #M/S+%2 1 =646.97 I .599.05 I
I 131 ¥u/s#*2 1 =670.93 1 623,01 1
I 14 I %H/S**2 1 =670.93 1 -718.86 1
I 15 I MM/S%x+2 1. =886.59 1 .1006.40 1
1 16 I MM/S**2 I =1677.33 1 1365.83 1
1 17 1 8% 1 -8.69 1 10,051
I 18 1 My -1 -9.48 1 8.36 1
I 19 I MM/S**2 I  =862.63 1 790.74 1
I 20 I MM/S%*2 1  =742.82 1  10066.40 I
I 21 1 MM/s*#*2 1 ~0.10 1 0.19 1
I 22 I MM/S**2 1 0.00 1 0.00 I
I 23 I mH/S*+2 1 =3354.67 I . 4432.95 1
I 24 1 MH/S*+2 1 <-8506.47 I = 8626.28 I
I 25 1 MM/S*+*2 1 0.0D0 1 0.00 I
I 26 1 KK/Sx*2 1 0.00 1 0.00 1
I 27 I N/MH*%2 1 -1.18 1 1.57 I
I 28 1 N/KK*+2 ) ~1.18 I 1.18 1
I 29 1 N/NHww2 1 ~-3.53 1 3.53 1
I 30 1 N/MM*s2 1 -3.92 1 3.92 1

TEST NUKEER : 45

IDENTIFICATION CCODE = DEELNS4L.INY

I CHA= 1 UNITS "1 RINIWMU¥ I #AXIMUM 1
1 NNEL 1 1 VELUES I VALUES 1
1 1.1 14 1 ~39.63 1 44,82 1
1 2.1 K%/Se*2 1 =~1682.13 1 2516.00 &
1 3.1 k% 1 -0.9¢ 1 0.09 1
b 41 MN/Sk*x2 1 =129.39 1 129.39 1
1 51 kKM 1 -¢ca 78 1 21.46 1
1 61 kAN 1 ~18.52 1 17.6U 1
1 71 R4 1 -15.28 1 13.45 1
1 8 1 K™ 1 -12.99 1 11.43 1
I 91 KM 1 =10.52 1 8.51 1
I- .10 1 us 1 0.00 3 0.00 1
1 11 1 R/Sx*2 1 =1144,.85 1 1757.21 1
1 12 1 wa/sS*+2 1 ~-866.59 1 1174.13 1
1 13 1 kM/Sx*2 1 ~766.76 1 1030.306 1
1 14 1 KW/S**2 1 ~8856.59 1 1030,36 1
1. 15 1 KMjS#**2 1 -742,82 1 12069.98 1
I 16 I £8/S¥»2 1 ~886.59 I 1461.68 1
1 17 1 04 1 -5.14 1 5.38 1
1 18 1 K® 1 -4,92 1 5,06 1
I 19 1 K&/S=22 1 -575.99 I 431,31 1
I 20 I K®/Sx+*2 I -599.95 I 718.86 1
I 21 1 MM/Sxx2 1 ~45.53 1 141,36 1
1 22 1 mH/S*x*2 1 -93.45 1 64,74 1
I 23 1 BM/S**2 1 ~5506.47 I 6506447 1
I 24 I FM/S*%x2 1 ~5230,09 12 5870.66 I
1 25 I #M/S*x*2 1 ~599,05 1 §38.67 1§
1 26 1 KM/Sxwe 1 Q.00 1 n.00 i
1 27 I N/Nwx#2 1 -2.35 1 4.0C 1
1 28 I KR/hi#x*2 I -3.29 1 2.59 1
1 29 I N/H%x+2 1 -10.11 & 12,69 1
1 30 I N/NN*#*2. 1 -11.05 1 14.34 1

€hi
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"IDENTIFICATION CODE : FGENNS60.INV
I CHA= I UNITS I HINIKUM I MAXIMUM I
I NNEL I I VALUES I  VALUES I
1 11 K - -1 ~58.62 1 69.06 1
1 2 1-¥M/S*%2 1 ~2544,75 1  3651.79 1
1 3.1 PH b -0.09 1 10.90 1
1 4 1 FK/S*x2 I =359.43.1 268.37 I
1 5 1.PBH 1 -17.68 1 20.38 1
1 6 I FHK- 1 -15.23 1 16,17 .1
1 71 MK 1 -11.93 1 12.75 1
1 8 1 KM 1 -10.40 1 11.08 1
1 9 I MK 1 ~5.48 1 9.57 1
I 10 1 Wi 1 ¢.00 1 0.00 1
I 11 1 ¥Ss/S*x2 T -5005.37 I - 5191.74 1
I 12 I FH/S**2 I =3929.75 1  4DN1.64 1
I 13 1 RK/S**2 I =3809.94 I 3474,.47 1
I 14 I EM/S*%2 1 ~3258.82 1 - 2659, 77 1
1 15 I ¥M/S*#2 1 —~2587.88 1  2683.73 I
1 16 1 MA/Sxx2 I ..0.00 1 C.N0 1
I 17 1 KN 1 0.00 1 0.00 1
1 18 1 KM 1 - 0.00 1 0.0C 1
1 19 I FM/S**2 1 0.00 1 .0.00 1
I 20 1 KHM/S*x#*2 1 0.00 1 0.00 1
I 21 1 FH/S**2 1  =246.81 1 369.01 1
1 22 1 MHIS**2 1 ~=349.84 I 254.00 1
1 23 I knN/S*%2.1 ~26957.13 1 . 23243.04 1
I 26 I FM/S#%2 I -24800.56 1 24081.70 1
I 25 I FM/Ss*2. 1 =1509.60 1  1293.94 I
1 26 I MAIS=*2 1 0.00 1 0,00 1
I 27 1 N/KH**2 1 -11.52 1 11.52 1
1 28 I N/MM##2 1 -11.28 1 10.85 1
1. 29 I N/MMew2 1 -46.54 1 46.78 1
I 30 I N/m&e#2 I -52.42 1 49,83 1

TEST NUMBER :

IDENTIFICATION CODE

I CHA~

"I NNEL

1

20

UNITS

N b adaadaadasa
DOV NOCONMPUWUN=S DO NOWVD W

NN
W -

NN NN
~NOowv s

wM

MH/SHa2

MM

M1/ §x2

“x .
b
MM
1WH
L
i
MM/ Sxx2
MM/ Swx2
BM/See2
MM/ Sx%2
MM/ S* %2
I/ 52
HM
MM
M4/ Sx 2
MM/ Sx k2

MY/ SwrP

MM/ Sxx2

BN/ See2

HM/Sx#2
MM/ Snx2
MM/ Srx2
N/Nsix»2

N/MMs*2 .

N/Khxs2
N/NKK*x*2

1

DAENNS 6T INV

EINIHUH
VALUES

1

MAXIEUX

VALUES

~1006.40
-1389.79

-2252.42.
=13.40.

-15.03
-1246.02
~1293.94
G.00
0.00
-6469.71
-11861.14
.00
0.900
=1.57
=14 57

934,51
910.55
1150.17
1413,75
2468,07
15.16
©12.88
1078.29
1485, 64
0.19
0.00
7068.76
12699. 80
0.00
0.00
1.96
1.57
5.48

TEST NUBBER : 46
IDENTIFICATION CODE = DEENNS 601NV

I CHA- I UNITS I #INIMUFN 1 HAXIMUM 1
I KNNEL 1 1 VALUES I vALUES i
1 T1'I KK 1 -59.72 1 67,35 1
I 21 mM/Sk*2 1 ~F487.24 1 3760.81 1
I 31 MM 1 -0,06 1 1,09 1
1 4 I mB/S*xl ] -182.11 1 2U1.28 1
1 5 1 KM I =-35.471 1 31.71 1
1 61 K% 1 -28.84 1 26.11 1
1 71 k% 1 -23.35 1 21.04 1
I 8 1 K% 1 -20.00 1 17.22 1
1 9 I N¥ 1 -16.,2V0 1 13.35 1
1 10 1 E™ 1 0.06 1 0.0u 1
1 11 1 KM/S**2 1 ~1730.585 1 2662.43 1
I 12 I BA/Sx*2 1 =1293,94 1 1773.1¢ 1
1 13 I HYM/S**2 I =11724.13 1 1605.45 1
I 14 1 BM/S**2 1 <~3174.13 i 1509.60 i
1 15 1 6%/S++%2 1 -=9222.06 1 1773.16 1
' 16 1 #M/S*+2 1 ~1413,75 1 ¢132.61 1
I 171 k8, 1 -7.99 1 7.99 1
1 18 1 &K 1 ~?%.s52 1 7.66 1
X 19 1 KM/S*%2 1 ~862.63 1+ 694,89 1
1 20 1 EKM/Sx*2 1  =-10U6.40 1 1150.17 1
I 21 I BH/IS**2 ] -67.09 1 ~148.56 1
1 22 1 MM/S*xx2 ) -167.83 1 1U3.04 1
1 23 1 tM/S*+*2 I ~164017.71 1 14137.52 1
1 24 1 HH/Sx*2 1 —-5B6S5.9D -1 56¢6.25 1
b 25 I MM/Swx2 ) ~-958.48 .1 1174.13 2
1 26 1 B8/S*x2 1 -0.00 1 0,00 1
I 27 I N/nkiwxx2 1 ~3.76 1 S5.64 1
I 28 I N/WH%x*2 1 -5,17 1 4,25 1
1 29 1 N/7ikux*2 1 -14,.57 1 18457 1
1 30 1 N/iWwwg ~16.69 1 e0.9¢ 1

pil



TABLE 4.10 — SHAKIKG TABLE TEST KESULTS ~— - EBKRS 20
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" TEST NUMBER : 5 , - TEST NUMBER : 23 : ' TEST NUMBER : SO
IDENTIFICATION CODE @ FBEBNS20.INV IDENTIFICATION CODE : D4EBNS20.INV  IDENTIFICATION COGDE : DEEXNS2L W ENY
1 CiA='I UKNITS I HINIKUK I MAXINUM I I CHA= I UNITS I HIKNINUM I MAXINMUK I I CHA= 1  UNITS 1 FVININUM 1 MAXIMUM
1 NVEL I 1 VALUES I  VALUES 'I I NKEL I 1 VALUES 1 VALUES I 1 WNEL I I VvALUES I VALUES I
1 11 KM 1 ~19,79 1 2241 1 L 1 I KN 1 -19.91 1 22.53 1 1 11 K™ 1 -19.97 i 22.53 1
1 2 T MHM/S*+2 1. —-1624.62 1 2041.55 T 1 - 2 1 EM/Sx+2 1. -1840,27 1 2027.18'1 1 21 EM/S**x2 1 =1782.77 1 2214.038 .
1 31 Ky b o =0.15 1 1a14 1 1 31 MM 1 ~0ta06 1 .11 1 1 3.1 KM 1 -9.06 1 0,12 1 -
1 L1 MM/S¥xZ T =-206.07 1 201.28 1 1 4 I KK/ISw*x2 1 -158.15 1 138.98 1 1 4 I FH/S*#*2 1 ~143,.77 1 148.56 &
1 5 1 KM 1 -23.43 1 20,63 1 1 5 1 uH 1 -30.69 1 34,111 1 S 1 kN 1 -19.24 1 19.06 1°
1 6 1 EM 1 -19.58 1 17.45 1 1 6 1 KM 1 -24.78 1 27.92 1 1 61 KW 1 -15.76 1 15.82 1
1 71 MM 1 ~15441 I 13.58 1 I 7 1 RBH 1 -19.76 1 21.28 1 1 71 mv 1 ~12.48 1 12,4871
I 81 kM 1 -11.07 1 9.50 1 ‘I 81 KK 1 ~-15.94 1 16,73 1 I 5 1 kK 1 -10.27 1 19,13 1
1 9 1 MM 1 ~6.59 1 4,95 1 1 9 1 H% 1 ~12.39 1 11.72 1 1 9 1 n% 1 -8.54 1 7.61 1
1 10 1 KM 1 . 0.00 1 Qu.00..1 1 10 I KM 1. -G.22 1 "0.87 1. 1 10 I k% i S 0.0U 1 0.00 1
1 11 1 MM/ 5%x+2 I ~6283.34 1 7567.93 1 1 11 I nM/s=»2 I -1193.09°1 1464,34 1 1 111 KM/S*%2 1 ~1304.5% 1 1783.83 1
1 12 I PM/S**2 1 —4936.15'1 5750.85 1 I 12 1 MK/S»**2 I ~766.78 1 768.78 I 1 - 12 1 EM/S*22 1 <838,67 1 910.55 1
1 13 I FH/S**2 I =4265.22 1 4672.57 1 1 13 I MM/Sw#2 1 ~-814.70 1 766,781 1 13 I bM/S**2 I =8b6.59 1 766.75 1
1 14 1 NH/S*+2 I =30432,16 1  3067.12 1 1 14 1 MM/S*%2 1 -786.78 1 1174.13 1 1 14 1 KM/IS**2 I  -910.55 1 952.44 1
1 15 I Mp/S*%2 1  =2156.57 1 2587.88 1 I 15 1 MM/S*%2 1 ~1385.83 1  1605,45 1 I ~ 15 I hX/Sx*Z2 I  —338.67 1 1293, 94 1
1 16. 1 #M/S**2 1 . 0.00 I.. 0,001 1 16 1 HM/S*»2 1 ~-2348.27 I 2492,04 1 1 16 1. KM/S**2 1 =1168,09 1 1916.95 1
1 17 1 kN 1 0.00 1 - 0.006 1 1 17 1 ¥M 1 -9.58 I 10.09 1 I 17 1KY ¢ 4,64 1 4,79 i
1 18 1 FM 1 0.00 1 0.00 1 I 18 1 M4 1 ~10.00 1 9.04 1 1 18 I K4 1 -4,76 1 4,48 1
1 19 1 #H¥/S**2 I - - 0,001 0.00 I I 19 I WHM/S**2 1 -1128.21 1 1006.40 1 1 19 1 EM/S**2 1 =B846.97 1 814.7U 1
1 20 I KM/S**2 1 0.00 1 - 0.00 1 X 20 1 KE/S*r2 1 =1293.94 1 1222.06 1.1 20 I #M/S*+2 1 - -1006.40 1 718.86 1
1 21 I KM/S**2 I -345.05 1 428,92 1. 1 21 1 MM/ISx*x2 1 -64.70 1 67.09 1 1 21 1 N4¥/Sx*2 1 ~-74.28 1 152.36 1
1 22 1 MH/S**2_1 ~335.47 1 337.86 1 I 22 I KM/S*¥2 1 -81.47 1 79.07 1 1 22 1 B#/S**2 ] -55.11 1 115.02 13
1 23 1 PR/S**2 I.-31989.13 1 34744.,75 1 1 23 1 MM/S**2 1 ~4313.14 1 4792,38 1 1 23. 1 KY%/IS**2 I -15483.42 i GR24,.T5 1
1 24 1 MM/ S*%2 1 =27556.18 1 25519,42 1 I 24 1 KM/S*+2 1 -106303.81 I 9824.38 1 1 24 1 KM/Sx*2 1. -§386.66 1 8027.23% 1
1 251 Ka/Sx*2 I ~1341.87 1 1317.90 1 I 25 I MM/S»*2 1 -886.89 I  1293.94 1 1 25 I "KM/S=x%2 1 «856.59 1 934,51 1
1 26 1 KFM/S*x2 I . 00D 12 0.001 1 26 I MM/S»#2 I 0.00-1 0,001 1 26 1 FKM/S*%2 1 -0.00 1 0.00 1
1 27 1. N/Wiix*2 1 ~14.57 1 15.75 1 1 27 I N/nMwxx2 1 -2.35 I 2.82 1 1 27 I N/p!fex2 1 -2.35 1 2.82 1
1 28 ‘1 N/RHx+2 I -16.69 1 13.40' 1 I 28 I N/Mhx*2 I -2.82 1 . 2.59 1 1 28 1 N/H¥*%2 ] -2.59 1 2.59 1

1 29 I N/MM*#2 1 - =51.711 60.65 1 I 29 1 N/MN*#2 I ~8.46 1 T8u46 1 - 1 29 I K/nHa#2 I -9.587 1 2,70 1
1 30 I N/KKx#2 T ~58.76 1 |, 64.88 I I 30 I N/uN#x2 1 -9.40 1 9.64 1 I 301 N/H#a%2 I -11.25 1 IN.11 1

Gl



U TEST N

UMBER ¢ 7

IDENTIFICATION CODE :

GO NOVISNLIR = Il

N
N—l

F X YDA N QT A e N QU QT G g Y
QuOUoo~NOCVULIN=A0O

NN
~NOWV W

1

1

I

I

I KM )

1 KK/ Sw22
I VK (
I KK

I FH

1 FH

I kN

I KK

1 KM/ S#x2
1 KR/ S5*x2
1 KM/ S%%2
1 KN/ S**2
I FH/Sw#2
I FH/S%e2
I FH

I KM

I MM/Sex2
1 KM/ Sws2
I KH/S%x+2
I ER/Sww2
1 MM/ S22
I NN/ Swe2
I KM/ Sww2
I MM/ Sw%2
1 N/KNxw2
I R/NHxx2
I N/MM¥s«2
I N/iH=x«2

VALUES

-2995.24
~1246.02
.00
-0.47
-0.47

. e e e B ———— T — - " T O e S S0 WP P v D G W= om - - -

HAXIMUM

VALUES

165.34

1078429

2875, 43
1246.02
0. 00

- 0.94
0. 47

0. 94

FEENVK2D . INV

TEST NUMBER = 26

IDENTIFICATION COLE :

DLENVK20.INV

T CHA= I URITS I MINIMUN I MAXINUM 1
I NNEL I 1 VALUES I  VALUES I
I . 1 1 MM 1 -0.12 1 0.24 1
1 2 I KN/S**2 ) ~43.13 1 57.51'1
1 31 KN 1 -6.65 1 10.55 1
1 4 I MM/Sw*2 1 ~488.82 1 503.20 1
1 5 1 KX 1 ~0a15 1 0,95 1
1 6 I K 1 -0.24 1 0.32 1
1 7 I K4 1 -0.44 1 0.38 .1
1 8 I KN 1 -0.24 1 0.36 1
1 9 I KA 1 -0.52 1 0.58 1
I 10 I KM 1 -0.01 1 0.02 1
1 11 1 BN/S*%x2 I 0.00 1 48,41 1
1 12 I H¥/S**2 1 -71.89 1 23.96 1
I 13 1 MM/S%*2 1 -71.89 1 71.89 1
I 0 14 I MM/S*»#2 I ~=119.81 1 95.85 1
I 15 I HM/S#*2 1 -23.95 1 71.89 1
1 16 1 MM/S=x2 1 ~47.92 1. 47.92 1
1 171 8% 1 ~0.99 1 0.70 1
I 13 1 8M 1 -0.84 1 0.56 1
I. 19 I ®M/S**»2 I =119.81 1 215.66 1
I 20 1 MM/S*»2 I . =~143.77 1 215.66 1
I 21 1 MM/IS»*2 1 0.00 1 119.81 1
I 22 1 wi/sex2 I -71.89 1 71.89 1
I. 23 1 BM/S**2 1 ~ =119.81 1 359,43 1
I 24 I MM/S*#2 1 =2516.00 1 ~ 2635.81 1
1 25 I HW/S**2 1 . =167.73'1 359,43 1
1 26 I MM/S*x2 1 C.00 1 0.00 1
C1 27 1 N/fiMx=2 I 0.00 1 0.71 1
I 28 I N/MH#+2 1 ~0.24 1 0.24 1
1 29 1 N/¥M«»2 1 ~0.24. 1 0.47 1
I° 30 I H/KkM**2 I ~0.24 1 0.17 1

TEST NUNEER 3 54

IDENTIFICATION CODE : DEENVK2ULINY

I CHA= I UNITS "1 FINIWUX I  ¥AXIMUM [
I NNEL 12 I VALUES 1. VALUES 1
1 1°I kKM 1 -0D.12z I 1.28 1
1 2 1 KN/Sax2 1 -43,.13 1 71.89. 1
1 3.1 KM 1 ~5.13 1 3.15 1
1 4 1 1/5%%x2 I -335,47 1 263.50 1
1 5 1 Wty 1 -CG.61 I . 0.99 i
1 6 1 K 1 -0.57 1 0.76 1
1 71 K4 1 -0.59 1 .52 1
I 8 1 M™ 1 ~0.6U 1 0,73 1
1 9 1 K~ b -0.73 1 N.2s i
1 10 1 k™ 1 0.00 1 0.01 1
1 11 1 b4/Swarz 1 -26.62 1 79.87 i
1 12 I K4/S*+2 1 -47.92 1 71.89 1
1 131 k4/8**2 1 -71.89 1 95.85 1
-1 14 1 RBM/Sx*2 1 -95.85 1 167.73 1
b 15 1 #M/S*%2 1 -¢3.96 1 71.59 &
I 161 MM/S*»xz 1 ~-23.96 1 71.89 1
I 17 .1 KN 1 =-0.51 1 0.35 1
I 18 1 &N "1 -0.40 1 O.40 1
I 19 I MM/5%%2 1 ~143,.77 1 ¢ 167.73 1
1 20 1 BHM/S*w2 1 ~95.85 1 215.606 1
1 21 I mM/Sxx2 1 -45,53 1 91.06 1
"I 22 1 KM/Skx2 3 -43.13 1 52.72 1
1 23 1 MN/Sx%2 I -359.43 1 599.05 1
1 24 I KM/S*%2 1 -2396,19 1 2755.62 1
1 25 1 L/Sxe2.1 ~287.54 1 359.43 1
1 26 1 EN/S**2 1 0.0 1 00U 1
1 27 I N/KE#%2 1 -0,24 1 0.47 3
1 28 1 h/n%sx2 ) 0.00 1 0.47 1
1 29 1 N/nkx#2 1 -0.71 1 0,94 1
1 30 I K/KM=w2 1 ~0.47 1 N.71 1

9l
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TEST NUMBER : 31

IDENTIFICATION CODE : D4EN4D20 1NV

"1 CHA= I UNITS 1  HKINIMUM I  MAXIMUM I

I NVEL I 1 VALUES 1  VALUES I
1 11 K4 . 1 -39.51 1 44,88 1
1 2 1 KH/S**2 1 "=4154.99 I  2990,44 I
1 31 KN 1 4,92 1 10.70 1
1 4 I MM/S*%2 I =809.91 I - 450.48 1
i 5 1 MK 1 =32.46 1 39,42 1
1 6 1 kN 1 ~20.24 1 31.91 1
1 71 K8 1 -20.48 I 25.40 1
1 8 1 KK I ~16.40 I 20.52 1
1 9 I KM 1 -12.31 1 15.14 1
1 101 PMH 1 4,13 1 4,06 -1
I 11 1 KH/S**2 I =1011.72 1  1198€.09 I
I 12 1 MN/S**2 1 =646.97 1 694,89 I
I 13 1 KA/S**2 1 -742.82 1 646,97 1
I 14 I KM/S**2 1 =694.89 1 910.55 I
I 15 1 K¥M/S*%2 1 =1006.40 1 . 1102.25 I
I 16 1 KM/S**2 I =1821.101 1797.14 I
I 17 I MH . 1 -8.77 1 10.95 1
I 18 1 BN 1 ~-10.80 1 9.16 1
I 19 I KE/S**2 1 -103C.36 I 766.78 1
I 20 1 MH/S**2 1  ~766.78 .1  11062.25 I
I 21 1 KR/S*x2 1 ~-107,.83 1 64470 1
I 22 I MH/S*%2 1 - =50,.32 I 105.43 1
I 23 1 KK/S**2 1 =4552.76 1  4552.76 1
I 24 1 KN/S**2 1 -5626.28 I  8865.90 1
I ' 25 1 WA/S**2 I  ~646.97 1  © 958.48 1
1 26 1 MR/S**2 1 ~0.01 1 0.01 1
I 27 I N EM*x*2 I ~1.88 1 2.35 1
I 28 I N/MH#*#2 1 ~2.12 1 2.12 1
I 29 1 N/MK**2 I -8.23 1 6.82 1
I 30 I N/KM**2 1 -9.17 1 7,76 1

TEST NUMBER : 58

IDENRTIFICATION CODE :

MINIKU™
VALUES

DBENLD2G.I KV

HAXItUN

VALUES

I CHA= I UNITS
1 HNEL .1

1 11 MM

1 2 1 KMM/Sex2
1 3 1 MH

I L 1 NMH/Sxx2
1 5 1 MM

1 6 1 MK

1 7 1 MK

T 8 I MY

1 9 1 MM

1 10 I ¥

I 11 1 HM/S*#2
I 12 1 MH/S**2
I 13 I HMM/Sxs2
1 14 1 BN/Swel
I 15 1 NK/S*x2
I 16 1 KM/Sx#2
1 17 1 KM

I 18 1 W% :
I 19 I rM/Sxx2
I 20 I KM/S%w2
1 21 I KM/Sww2
I 22 I MH/Sxx2
I 23 1 KM/S*%2
I 24 1 WN/Sx=2.
1 25 1 MM/ Sxxg
1 26 1 MM/S*x2
I 27 I N/NEx=2
1 28 1 N/M#xa2
I 29 1. N/FKixx2
I. 30 I -N/MH*»%x2

 -39.57
=3694.92
i=4,72

-21. 67
-18.71

- =17.0%9
=7 .84

. -2, 76
-1624.08
~103C.38
=1437. 71
~1485.64
-1150.17
=-1797. 14
9. 00
~2.838
1198.09
1389.79
~251. 60
-79.07
-7787-‘62
-6948.95

.33
258. 60
122.09
~69.34
40420

~623.01"

3091.08

44,83
3033,58
16.73
335,47
31.73
24,98
18.C9
18. 87
14.76

; C.74
1198.09
886,59
263.58
287,64
1030, 36
8£6.59
21.70
10. 80
2659.77
2851447
=-56.11
86.26
6948&.95
5870.66
4792.38
G.37
291,47
127. 406
~49.60C

L1l
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 TEST NUMBER : ‘33

O T N R S O N U T T R T "R ™

DENTIFICATION CODE : DLEB3ID15.INV
CHA- I UNITS 1  MINIWUM T  MAXIMUM I
NVEL 1 1  VALUES I  VALUES I

11 #h- . 1 -29.62 1 33,52 I

2 1 KN/S»%2 1" =2760.41 I - 4111.86 1

31 kM I -3.55 1 .. 7.62 1

4°1 M/S**2 1 -953.68 I  1471.26 1
s 1KMo 1 -48.96 I 55.36 1

61 kM . 1 -39.58 I 44,801

71 kM I =31.47 1 35.10 1
8 I KK 1 ~25.65 I 27.29 1

9 I KN 1- =19.44 1 19.26 1
10 1 RH 1 -5.07 1 6. 68 1
11 1 %#/S**2 I =1863.70 1 =~ 2050.07 I
12 1 FM/S**2 I ~1174.13 I  1150.17 1
13 1 MM/S**2 1 ~1222.06 I  1365.83 I
14 I FM/S**2. 1 =1461.68 1  1485.64 I
15 1 MH/S**2 1 =2066.72 I . 2180.53 1
16 1 KM/S¥*2 I =3474.47 1  3354.87 I
17 1 MK 1 ~14.92 1 16,01 I
18- I MH 1 -17.111 14.71 1
19 I KM/S**2 1 =1701.29 I 1389.79 1
20 I FH/S**2 1 =1916.95 1  1869.03 I
21 I Mi/S*#2 1 ~67.09 .1 95,85 1
22 1 KM/S**2 1  =136,58 I 86,26 1
23 1 #M/S**2.1 -11022.47 1 -11381.90 I
24 1 KH/S**2 I -18690.28 I 16413.90 I
25 1 BM/S**2 1 =1461.68 I 1749.22 1
26 1 KM/S*2 1 -0.01 1  -0.011
27 I N/MKx*2 I -3.53 1 4,00 I
28 1 N/KMx*2 1 ~4.00 1 3,76 1
29 I N/KH**2 1 ~11.99 1 13,87 1
30 1 N/MMx*2 I ~13.63 1 15.04 1

TEST NUKBER : 61

IDENTIFICATIORN CODE

. VALUES

DEEB3D1S <INV

A XINUY
VALUES

I CHA- I UNITS
I NNEL I
1 11 MH¥
1 2 I MH/Sk*
1 31 K%,
1 4 I HN/Sx*
1 51 KK :
1 6 I MM .
bi 7.1 BY
1 8 I MM
1 9 I K
1 10 1 MM
I 11 I MBM/S%»2.
1 12 1 MM/S*%2
I 13 I RM/Sx*2
I 14 1 MH/S=x2
I 15 1 KHY/Sx*2
1 16 1 MM/ S*x2
1 17 I MK
I 18. 1 MM~
1 191 MK/ Sx%2
1 20 1 KH/Sx¥2”
1 21 1 K¥/Swx2
1 22 1 MH/S*%2
1. 231 MM/S**2
1 24 I MH/Sxx2
I 25 1 MM/S*%2
I 26 1 MI/Sx*2
I 27 I N/NMHMxx2
I 28 I N/MM*x=x2
1 29 ‘1 N/K#Mxe=2
1 30 1 N/NMMx#2

~29.74
-25961.69
--.’40
~79G. 74
-27.92
-23.12
-18.89
~15.438
‘=124 44
~3.13
-1970. 20
-1246.02
~1293.94
~1389.7%
~1605.45
=-2252.42

~7.84

-1292.94
-&8.66

-21206, 28
~13658.28
O. DU

-3.29
-30 29

"‘6- 93

~1078.29 "

~122. 21

-0-‘02 :

 2555.94

S 1222.06
153Z.56
1821.1C

7.32
6. 64
105432
- 1078.29
152,36
 134.19
21326.09
11381.90
©g.00
0.02
4,23
4,00

13.87

2ua96

1198, 09

246411

14.57.

81l
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TEST NUMBER : 11

IDENTIFICATION CODE = FBPNNS20..INV
I CHA~- I UKITS 1 MININMUR 1 MAXINUMN I
T NNEL 1 I VALUES I . VALUES I
1-. 11 - 1 ~21.13 1 15.39 1
I 2 1. ¥H/Sw+2 1 ~-1308.32 1 1408.96 1
I 31 EM 1 -0.06 1 0.94 1
1 4 1 MH/S**2 1 -124.60 I 105,43 1
1 S 1 KK~ 1 ~12.59 1 9.94 1
1 6 1 MH 1 ~-10.45 1 8.44 1
17 71 KK 1 -8,35°1 6.65 I
1 8 1 KM 1 -6.31 1 4,78 1
1 9 I K 1 ~-4.36 1 3.26 1
1 10 1 ®H 1 -~ 0.001 0.00 1
T 11 1 HH/S*=*2 I -=3248,17 I  3354,67 1
I 12 1 HMM/S*#2 1 =2468.08 1  2611.85 1
I 13 1 MH/S+#2 1 -2180.53 1  2492.04 1
I 14 I MH/S*2 I -1845.07 1 2036.76 1
I 15 I K&/S*#2 1  =1413.75 1  1533.56 1
I 16 I MH/Sx%2 1 0.00 I 0.00 1
1 17 1 FH 1 0.00 I 0.00.1
I 18 1 MM 1 0.00 1 0,00 1
I 19 1 MH/S*#2 I 0.00 I 0.00 1
I 20 I MH/S*#2 I 0.00 1 0.00 1
I 21 I FH/S*x2 1 =179.71 1 196,49 I
1 22 I MM/5%**2 I  =170.13 1 210.86 1
1 23,1 KM/S*%2 1 .-10663.04 1 - 12460.18 1
I 24 1 MifS+#w2. 1 -13059.23 I 13059.23 1
I 25 1 KH/S**2 I . ~862.63 I 742.82 1
I 26 1 Mess=#2 1 0.00 1 £0.00 1
1 271 N/KM*=*2 I -7.05 1 8.23 I
I 28 1 N/MKs*2 I ~7.29 1 7.05. 1
I 29 I N/MM*#2 1 ~26.56 1 31.50 1
I 30 1 N/MMxx2 1 ~29.15 1 33.38 I

IDENTIFICATION CODE

-TEST NUMBER -z 35

10-

M
KM/ S*x2
[ A

MR/ Skr2
¥

MM

L34

we -

13}

MM :
MK/ Sex2
MM/ Sww2
M/ Sxxg
MM/ Sx*2
MM/ Snx2
MK/ Sx%2
3.1

Lid

U/ Se%x2
NM/Sx%2

MM/Se%2

M/ Sx %2
M/ Sxe2
MN/Sx%2
WM/ Sxw2
MO/ Swe2
N/¥Hx 2
N/MHx«2

N/RKE*2

N/HM* %2

-VALUES

MAXIHUK
VALUES

-6589.52
~670.93
- Q.00
-2.35
~-2+35

-2755.62.

1064.97

- 670,93
646,97
646,97
838,67

1198.09

7.13
7436
646,97
766478

119.81"

143,77

- 2516,0¢C

5511.24
623,01
0.00
2.12
2.12
6258

TEST NUKBLR : 64

IDENTIFICATION CCDE DEPNNS 2L INV

I CHA=_1. URITS I . ®IHIRUM I FKAXINUE 1
I NNEL I 1 VALUES I - VALUES I
1 11 kM 1 -21.25 1 15,45 1
I« 2.1 KR¥/S*%2 I -1351.45 1 1380.21 1
1 31 kY 1 ~0,06 1 N.94 1
I 4 1 MNMIS*x2 ] -110.22 1 1ull, 64 1
1 51 K+ 1 -21.56 1 134811
I 6 1. K1 1 ~-17.45 1 11.72 1
1 7 1 KN 1 =-13.77 1 9.40 1
b 8 1 K% 1 -11.22 1 7.86 1
I-7 91 K4 1 =Ba8%1 1 598 1
I 10 1T K~ I 0.00 I .01 1
I 111 MK/Sx*x2 1 -985.10 I 1198.09 1
I 12 1 KA/Sxx2 ] -67C.95 1 886.59 1
1 13 1 K¥/S»+2 I -623.01 1 814,70 &
I 14 1 NH/Sex2 1 ~503.20 1 838,67 %
I 15 1 KM/S*s*x2 1 -646,97 1. 790,74 1.
I 16. 1 KRM/S**2 1 ~538.67 1 934,51 1 .
I 17 I KN 1 =5.00 1 ‘ 4,29 1
1 18 1 ¥M 1 -4,08 1 5.28 1
I 19 1 K¥/Sx*2 1 =575.09 1 431,31 1
1 20 1 K1/Sw»+2 1 -5¢7.16 1 503.20 1
1 21 1 KM/Sw»*2 1 ~-57,51 1 93.45 1
I 22 1 K%/S**2 ~5G.32 I 98.24 1
1 23 1 Hi#/S**2 1 =4073,52 1 3953.52 i
I 24 1 HM/Swxz 1 ~4672,57 1 4912.19 1
I 25 1 M4/S*x2. 1 ~646.97 1 599,05 1
1 26 1 hM/Sx*2 1 - 0.0UL 1 0. 001
1 27 1 R/niiw+g 1 ~1.88 1 3.06 1
1 28 1 N/Enxw2 1 -2.59°1 2.35 1
I - 29 1 N/mMw»#2 1 ~-7.52 1 9.64 1
1 30 1 N/p#s*z I -Be b6 1 11.05 &

6L



“TAELE 4415 - — ~ SHAKING TABLE TEST RESULTS ~— "PBNS 2C

TEST NUMBEIR : 14 : TEST KUMBER = 39 | TCST NUmMBER. : 68

DENTIFICATION CODE : FBPBNS20.INV  IDEMTIFICATION CODE : D4PBNS20,INVY IDENTIFICATION COPE : DEPENS2L W IHV
CiA- I UNITS I  HINIMUM I _MAXIMUM I I CHA~- I UNITS 1 MININUM I HKAXIMUM I I CHA- I  UNITS I RKININMUY 1 ®aXIWUZ® |
NNEL I - 1 VALUES I “VALUES 1 I N&EL 1. . 1 VALUES I - VALUES I I NKEL I 1 VALUES 1 VALUES 1
1 1 FH .1 -21.07 I 16,33 1 1 1.1 'mm 1 T =21.01 1 15.45 1 1 71 n 1 -21.07 1 15.45 1
T2 1 MN/S*x2 I '=3450.51 I°  2832.30°1 I 2 1 MMIS**2 I =3536.78 1  2904.18 1 1 2 1 g0 1 -3436.14 1 288%.20 1
31 K4 1 -0.47 1 0.85 1 1 31 MM 1 -0.06 1 .91 1 1 31 r 1 Do =006 1 N,97 1
4L 1 WAIS**2 1 =4T74.45 1 761299 I 1 4 1 MwISxk%x2 1 -258.79 1 201.26 1 1 4 T FXISex2 1 =225,24 1 152,11 1
5 1 FM 1 -50436 I 51.79 1 1 ‘5 1 HM 1 -26.99 I 2666 1+ 1 51 n¢ 1 -19.12 1 20,70 1
6 1 MM I -42.06 1 43.76 1 I 6 I MY 1 . =20a.63 1 21.77 1 1 6 I KX 1 -16.16 1 17.14. &
7 1 MH¥ I =~33.45 1 34,241 1 7 1 K% 1 -15.11 1 16.90 1 I 7 1 ™ I -132.05 1 13,40 1

8 1 MM 1 24,52 1 23.37 1 1 8 I M% 1 -12.80 1 13.07 1 1 8. 1 Kx 1 ~10.37 1 11.1¢ 1 .
9 I KH 1 -14.42 1 11.69 1 I 9 I K4 1 ~10.79 1 9.63 1 1 9 I hY 1 ~8.406 1 8,90 1
40 1 FH - 1 0.00 1 0.00 1. 1 10 I HH 1 ~1.15 1 10.76 1 1 10 1 pn 1 9.00 1 2.00 1
11 1 FM/S*+2 I =-17625.30 1 14137.52 1 1 41 1 kM/S**2 1 -2129.95 1 2263.07 1 1 11 I Nu/S#ac 1 —-2236.44 1 ¢h49,44 )
42 1 FHM/S*=%2 1 ~12675.84 1 10950.59 1 1 12 I MN/Sxe2 ] -766.78 1 282444 1 1 12 1 EN/S* %2 1 -1317.90L 1 15u9.6U 1
13 1 MM/Sx*2 1 -10495.31 1 99634151 1 13 I MM/S**x2 1 -1126,21 1 1078.29 1 1 13 I KM/S%%2 1 =-1126.21 1 16413.75 1
14 1 FM/S**xZ 1 -6589.52 1 7907.43 1. 1 14 1 MH/S*x*2 1 -2132.61 1 2158,57 1 1 14 1 KY/S*22 1 ~1174,13 1 1589.6U 1
45 1 MH/Sxx2 I ~4720.49 1 5583.12 1 I 15 I Km/Sx+2 1 =3306.74 1 3210.89 1 1 15 1 KM/S*x+2 1  ~1725.26 1 1821.1u 1
16 1 FH/S**2 1 - 0.00 1 ‘0.90 I 1 16 1 MM/Sxx2 I =5463.31 1 5217.85 1 ' 1 16 .1 #¥M/S%*%x2 1 —2755.62 1 2587.85 1
17 1 KM 1 0.00 1 C.0C 1 I 17 I HN 1 ~-8.92 1 7.95'1 1 17 1 &4 1 -4,91 1 5.03 1
18 1 MM 1 0.00 1 0.00 I I 18 I mi 1 ~7.76 1 7«56'1 1 18 I kK" i -5.%6 { 4,52 1
19 1 FKM/Sx#2 1 0.00 1 0.00 I 1 19 I mMIS*x*2 1 =2204.49 1 2060.72 1 1 19 I KM/S*x*2 1 ~1485.64 1+ 1365.83 1
20 I KM/S«#2 1 0.00 1 0.00 1 1 20 1 MH/ISx+2 1 —246R.07 1 2683,73 1 ' 1 20 I 1M4/S**2 1 ~13557.52 1 1581.438 1
211 BH/Sx*2 1 = =570.29 1 747.61 1 T 21 I HM/S*+2 I -177,32 1 122,21 I 1 21 1 #u8/S=x*x2 I =170.13 1 186,90 1
22 1 FM/Sw#2 I -809.91'1 745.21 1. 1 22 1 MM/IS*x*2 1 ~119.81 1 165.34 1 1 22 1 KEM/S*%2 1. ~165.34 1 162.11 1
23 [ EH/S##2 1 =27316.56 1 25998,.65 I I 23 I HM/S%x#2 1° =7787.62 1 8147.04 I ‘I ~ 23 I MM/S#*Z 1 -13778.09 1 14017.71 |
26 1 MH/S*%2 1 =41813.50 I 44089.82 I I 24 I Kn/Sww2 I =23842,09 1 25759,04.1 I 24 I K4/S+*2 1 ~15695.04 I 17492.18 1
25 1 KE/Se*2 1 - ~4073,52 I  4385.03 I 1 25 I MMfS%#2. 1 =2516.00 1 2396.19 1 I 25 I K%/Ss#2 1 =-2252.42 1 2180.53 1
26 1 FE/S*#*2 .1 - 0.00 1 0.006 I 1 26 I MM/S++2 1 0.00 1 0.00 I 1 26 1 E4/Sx%2 1 “0.0u 1 0.00 1
27 1 N/mAss2 1 =34.79 1 32,91 I 1 27 I N/BN**2 1 ~3.53 1 4,23 11 27 I N/u#xs2 ] -4.00 I 5,17 4
28 1 K/MMxw2 1 ~32.20 1 35,02 1 I 28 I N/MM**2 I -4,23 1 3,76 1 1 .28 1 N/#Mx#2 1 -4.7C 1 4,0C 1
29 1 N/HN*#x2 1 =~135.39 1 133.04 1 1 29 I N/nuxs2 I -£.93 1 3.93 1 1 29 I K/nMNx*2 1 -13.16 1 15.74 1
30 I N/EM#*2 1 =165.84 1 140,80 1. I 30 I N/MHx#2 I -10.81 1 11.69 I 1 30U I N/iusw2 1 -14,24 1 16.9¢ 1

02}



TABLE 4.16 — SHAKING TABLE TEST RESULTS .— PKVK 40

© o e e n T - S o > o = A @ O G G P e o o O

P el ol ol ol T Tl o I e e R Sy P I T o S S e o )

TEST NUMBER : 17 0 TEST NUMBER : 42 - TEST .NUMBER : 72

IDEVTIFICATION CODE 3 FEPNVKA0LINV  IDENTIFICATION CODE = DAPNVK4AC.INV  IDENTIFICATION CODE = DOEPNVKLG S INV
I CH4A~ I UNITS I HMINIMUN I MAXIMUM I I CHA= I UNITS I -MINIMU® I MAXINMUK 1 I CHA- 1 UNITS 1 KINIMUM I - RBAXIMUM 1
1 -NNEL T 1 VALUES ‘I = VALUES I I-NNEL 1 1 VALUES I VALUES I I NREL'1 . 1 VALUeS I VALULS -
1 11 KM 1 0,12 1 0.18 1 1 1.1 KK 1 “G.12 1 0.24 1 1 11 ER - 1 -0.06 i 5.01
1 2 I WH/S*#2 1 ~57.51 1 86,26 1 1 2 1 mM/Sxx2 1 -57451 1 115,02 1 I 2 1 B&/S»+2 I  =330.67 I 273.17
1 3 1 KM 1 -13.75 1 20.84 1 1 3 1 KV 1 -13.63 1 20,72 1 1 31 K% I -11.14 I 16. 91
1 L1 FE/S**2 1 ~1375.41 1 -1265.19 1 1 L I WH/S*x2 1 =1461.68 1 1083.06 1 I 41 mM/S**2 1 =-1073.29 I 977.65
1 51 #F8 1 -1.45 1 2,071 1 S 1 KM 1 -0.74 1 0.951 1 51 MY 1 . =1.84 1 4.15
1 6 I FH 1 =0.85 1 0.85 1 .71 6 1 KM 1 ~0.45 1 0,591 1 6 1 kK% 1 -2.01 1 3a49
1 7 1 KM 1 =0.63 1 0.83 1 1 7.1 u4 I -0.63 1 0.63 1 1 71 % 1 -2.34 1 2.31
1 8 1 KN 1 -0.70 1 0.51 T I _ 81 WA 1 ~0.44 1 0.51 1 1 8 1 kK% 1 C=1.78 1 2.19
1 oI KM 1 -0.64 1 0,38 I I 9 1 KA 1 ~-0.18 1 .64 1 1 9 1-kn 1 ~1,48 1 2.12
T1- 10 I & 1 0.00 1 0,00 1 "1 10 1 KM 1 0.00 1 0,00 1 1 10 1 by 1 0,00 1 0.0u
1 41 I ¥YM/S**2 1 -399.36 1 346.12 1 1 11. I NH/S*x%x2 ) 0.00 1 23.96 1 I 11 1 KN/Sx#2 1 ~399.36 1 2606. 24
I 12 I ¥K/S**2 1  =2B7.54°1 . 287,54 1 I 12 I KM/S*s2 I ~47.92 1 95,85 1 1 12 1 MM/S+%x2 1  =215.66 I 119. 89
I 13 I mMss##2 I ~335.47 1 335,47 I I 13 1 uK/S%*2 I ~71.89 1 119.81 17 1 13 1 Mes/Sx+2 1 =-263.58 I 167,73
1 44 I FN/S*#%2 1  -287,54 1 239.62 1. I 14 I MM/S**2 1 -95.85 1 143,771 1 14 1 E#/S*#*2 1 ~239,62 167.75
1 15 1 MM/S*=2 I ~71.89 1 119.81 I 1 15 1 BM/S*+2 1  =191.70 1 194,70 1 I 45 I KiA/S**2 1  =191.70 1 191,70
I 16 I FM/S%#2 1 0.00 1 0.00 I I 16 I MM/S*x#2 1  =670.93 I 814,701 I 16 1 EM/S%*2 I  =383,.39 I 215. 66
1 17 1 ®H . 1 0,00 1 0.00 1 1 17 I MA 1 ~-6.08"1 5,161 1 17 1 K4 1 -3.04 1 1.71
1 18 1 MM 1 0,00 1 0.00 I 1 15 I MM 1 -6.20 1 5.201 1 18 1 mY 1 -2.04 1 . 1. 60
1 19 1 FH/S*=2 1 0.00 1 0,00 I I 19 I MM/S*#2 I =-1126.21 I 1293.94 1 1 49 1 K¥/S**2 I =262,63 1 910,55
1 20 I EM/Sww2 I 0.00 1 0,001 1 20 I mM/Sx+2 1 -1198.09 1 1413.,75 1 1 20 1 MH/Sw#2 1 -562,63 1 1126.21
1 21 1 r/Ss*2 1 -450.48 1 452.88 1 1 21 I ME/S**2 I -0.10 1I 0.0t 1 21 1 KM/S**2 1 -91.06 1 55411
1 22 1 MH/S*e2 I =397.77 1 330,67 I 1 22 1 MHB/Sx*2 1 0.00 1 0.0601 1 22 1 KK/S»=2 I -21.57 1 09.49
I 231 ¥Ms/S*=+2 1  =718.88 1 958,48 1 I 23 I MH/Sww2 I  ~239.62 I 239.62 1° 1 23 1 KH®/S*%2 1 =-2156,57 1 . 2396.19
1 24 I MM/S*w2 I —4432.95 1 3953,71 1 I.. 24 I MM/S*#*2 1 =3234.86 1  3234,86 1 I 24 I RA/S#*2 1 ~3S94,28 I  2354.67
I 25 1 KMsSe«2 1 =4504.84 1 4648.61 I I 25 1 HR/S%%2 1 £.00 1 0.00 1 I 25 1 E¥/S**2 I =1557.52 1 ~ 1557.52
I 26 1 pi/Se2 1 0.00 1 0.00 I I 26 1 MM/S*#2 I 0.0D I 0.00 1 I ~ 26 1 Ku/Sx%x2 I 0.00 1 0.0u
1 27 I N/KH#»2 T ~1.65 1 26351 |1 27 I N/RMx#2 1 L =0.39 1 1.181 1 27 1 N/NMx%2 ) -1.18 1 2. 12
I 28 I N/NMM»«2 I -2.12 1 1.88'1 X 28 1 N/MM*#%2 I -1.18 1 118 1 1 28 1 K/nkes2 I -1.41 1 2.12
I 29 I N/MMsw2 I -3.29 1 "3.06 1 I 29 I R/MR#*#2 1 -0.78 I 1.18 1 I 29 I N/uM*+2 I -3,29 1 3.96
1 I 1 -3.06 1 3 I 1 30 1 N/KMax2 1 ~0.39'1 1.18 1 1 30 1 NIWMx*Z 1 ~3.29 1 3.29

N/MH* =2
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CHAPTER 5

ANALYTICAL STUDIES OF THE TEST FRAME

5.1, GENERAL

Fot the purpose of demonstrating the feasibility as
well as the usefulness of the vibration isolation systems
in aseismic design, a series of analytical stﬁdies have been
performed for the 3—bay and 5-storey test frame.

‘ The geometrical and physical properties of the frame
are summarized in Fig. 5.1. The steel frame is tested using

basically three different’supPOrt conditions:

a. The fixed support case
b." The spring support case.

- c¢. The rubber support case

In ThelﬁxedSRmporrcase, thé base beam,'connecting the
first storey columns of the frame to each other, is anchored
‘firmly,-by means of bolts, onto the Shaking table.‘ In the
Case of vibration isolation, however, the base beam is sup-

ported. either on helical springs or on rubber elements.

The spfing'characteristics as well as the height ofb
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the rubber'eléments are selected in such a way that, the fun-
‘damental natural ffequencies of Vibration of the frame in

~ horizontal, vertical and roCking directiéns are modified to
remain considerably outside ‘the range of the predominant fre-

quencies of the possible ground shaking.

When'the frame is'supported on helical springs, or rub-
ber elementé, the acceleration reéponse of the frame is dras-
tiCally reducéd. In fact, the whole frame vibrates praétical—
ly in the rigid'body modes without_experiencing large acéele—
rationé'or ahy‘interstorey diéplacements. Displaceménts as
a whole, are reduced to tolerable limits, by means of special
viscodampers, which provide up to 20% to 30% critical damping

capabilities in both‘horizontal and vertical directions. In
A'the'case of rubber base isolation however, horizontal displace-

ments become significantly large. .

For the purpose of determining the relative influence
~of viscodampers, the test frame assembly is supplied first,
with four viscodampers, one at each corner (4D{bse), and then, -

“'with eight viscodampers, two at each cornier (8D-Case).

5.2, STRUCTURAL. DATA and ..
: MATHEMATICAL,MODELLING
Basic geometrlcal and phy51cal data as well as the joint
and member labelling for one frame of the testing assembly
are shown in Fig. 5.1. Tubular cross-sections are sued for
all beams, columns and trasvérsals. The base beam however,
is two U-shaped profile of h= 300 mm.

There are two helical springs_supporting one frame,

each possessing a vertical spring coefficient of Kk, = 0.748 kN/mm.

These vertical springs provide also a horizontal spring capabi-
~lity of Kk, =0.395 kN/mm.
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The total.weights and the floor loads for one'frame.

_are summarlzed in Fig. 5.2, For the purpose of analytical
1nvestlgatlons, weights are assumed to be lumped at the jOlnts.
These welghts are calculated on the basis of their tributary
‘distances. ' |

Since, ‘all members are connected to each other by butt
Welding,itheyAareveSSumed to be fully fixed at the ends. The
"firSt'stOfey'columns however, are attached to the base beam
by means of four bdlts. Therefere, the lower ends of these
columns are assumed to be partially fixed. 1In the absence
of any emasured data, the amount of fixity at these bolted
connections is assuemd to be 50%, which modify the standard
‘end stiffness influence coefficients of’ ai/dtf/aj$;4/2/4 to
be = 1.72/0.86/3.43 , respectively. '

The influenee of these partial fixities on the overall
- dynamic characteristics of the frame is not very significant.
For instance, the fundamental natural- period of vibration |
”is.increased from T= 1.42 sec to T=1.47 sec, when the amount-
of fixity at the iower ends of the first storey columns is
reduced from 100% to 50%.

Each lumped weight is assumed to possess three degrees

- of freedom namely,_ (a) qulzontal, (b) Vertical and (C)RotatJ.onal :

Horizontal degrees of freedom at all weights along one floor
level are assumed to be equal. That is, the length changes
in beams are neglected. Similarly, neglecting the length
‘changes in columns, the vertical degrees of freedom at the
weights lylng along a partlcular column line, are assumed
to be equal

No rotary mass moments of inertia is considered to
exist for any weight about their own centroids. Consequently,

the rotational degrees of freedom of each weight are eliminated
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from the analysis. For thevspring base condition, there

are altogether 26 lumped weights in the etrueture correspgg@-
ing to a ﬂﬁml.of‘36,degrees of freedom. There are 6 horizon-
tal degrees of freedom (one for each floor) and 6 vertical
degrees of freedom (one for each column line and two additional
weighés at the base beam jointé 22 and 25) each vibrating

- independently. These 12-degrees of freedom are called the
"primary Vibrating Directions". The remaining 26 rotational deg-
rees of freedom are called the "Secondary Vibrating Directions",
which are eliminated from the master stiffness matrix of the
structure, at the stage of dynamic response analysis‘calcula-

tions.

The primary and the secondary v1brat1ng degrees of free-
-dom of each lumped weight for (a) Thefﬂxed Base(kmdlflon, and
(b) Base IsqlaTed Condition, are indicated in Figs. 5.3 & 5.4 res-

‘pectively.

5.3. VISCODAMPERS

~For the spring base cendition, two alternate sete of -
viscodampers are used. In the first case, two vertical basic
Vlscodampers are used for each frame, located at the extreme
column llnes._ Since, there are “two frames in the testing
assembly,'altogether 4 basic viscodampers are 1nstalled for
this first case, which is identified as the“MD-Vumodammr§'

case..

In the second alternate case however, the number of
viscodampers are doubled. ,That is, there are‘four vertical
viscodampers for each frame. The additional viscodampers
are located at the same extreme{column centerlines immediately
next to the original dampers but at the transversal space
between the two frames. In this second alternate case, there
are altogether 8 viscodampers, correspbndingly,this casel is

identified as-the . "8D-viscodampers" case.
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The c-viscosity coefficients of the viscodampers in

the'horizontal and vertical directions are both temperature

and frequency dependent values, determined at thé manufacturing
laboratories. The variation of viscosity coefficients of the
viscodampers used in the shaking table testing,is given in
'<Fig.5.5.’ It is seen that, the viscosity coefficients are
specified normally for 20° temperature and they are very sen-
-sitive'against temperature changes. They increase by about

15%'tov20%,for each degree cehtigrade drop in temperature.

'5.4. FREE VIBRATIONS
~ as a'RIGID BODY

'A) RIGID BODY
~ DISPLACEMENT

‘For -the purpose of determining the fundamental frequen-
cies of vibration of the'modelgframe,ié rigid body.ahalysis is
performed. One frame~of the testing asSembly is idealised as
‘a rigid body as shown in Fig.5;6. - The necessary mathematical
formulation is derived'as»followé:

- Let us assume that'the_rigid body moves horizontally
by x1, vertically by vyi, and rotates clockwise by an angle 6.

(a) Any point P moves to a new position P”, due to

a pure rotation, as follows (Fig. 5.7):

(re) sina y® Horizontal movement (+)

(ro) cosa = x8 Vertical movement -)

P(x;y) moves to P”(x+y6 ; y-x8)
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VISCOSITY COEFFICIENT OF DAMPERS -

5.5 -

FIG:
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(b) 'If, centroid is displaced by (xg, Yq) and

also rotated by an angle 6, P moves to a new

Old Coordinates New Coordinates

Pi-(ar; -hi) Pi (a1 + Xg~h18 i -h +¥g -a16)
P2 (-a1 ; =-h1) P3: (-a1+ xg-h18 ; —hy 4yg +a10)

Ps (a2 ; =h2 ) | P3 ( as+ xg-h20 ; -h2 +yg -a20)

Py (a2 ; -h2) P, (~az+ Xg—hze i ~hz +yg +a29)

EQUATIONS of MOTION

The total displaced position of the rigid body is
Fig. 5.8, Inertia forces and moments are shown

‘purposely in the reverse direction in accordance with D'alem-

Abert%;prhﬁﬁple' so that static equilibrium equations can -be

expressed by direct projections on the respective axes. Thus,

the equations of motion become:

mity + 2(xg ~ h28)kp = O

n¥e +  (vg - a18)ky + (yg + a10)ky =0 ... (5.4)

T+ (v + a10) (a1 ¥ mB)k, ~(y, - 210) (a1 - hib)ky

g

= (xg -h28) (hz + az20)ky - (x, - h28) (h - azg)kh =0
where,
= e
dm = rotational mass moment of inertia

After simplification,
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]
(]

uky + 2k (% - h26)

mig + 2ky yg =0 ' oo (5.2)

a8~ 2h2 kp xg + 2h1 ygd + 2(af kv + h} kp)e = 0

where, the second order term yge may be neglected.

The second equation isvindependent of the others.
Therefore, in order to allow for easy eigaﬂmlue'aﬂuTiqn, the
first and the third’equations may be expressed in matrix no-
tation.‘ | |

C) EIGEN VALUE PROBLEM
| Dynamic equations of motion in matrixtnotatioh is,

Ml (X} + (K] {x} = {0} B (5.3)

 m- o [kgw.. Zkh —2h2kh xgl 0]'
1 =1 ..

S+ . (5.4)
o J| |8 ~2h,ky,  2(alkythiky)| 6] (o] :

After premultyplying by M , we obtain the dynamic
matrix-U as follows,

A = 2ky/m B

| | —2hzkh/m ’
U = . ... (5.5)
Cc =-2h,k,/J. D 2(a§kv+h§kh)/J

]

introducing, x=51éinwp as the solution to the above integra-
~tion, '

\ e aA-A B 1 = (a-A) (D)) -BC=o0 ... (5.0)
: Ne D-A g

A% - (A+D)A + (AD-BC) = o . ... (5.7)
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The roots A are the squares of w=- the aﬁgular' frequency of motion:

A= w2

e
]

21/w

D)  ROTARY MASS MOMENT
of INERTIA ~ -

By definition,

J= frdn = [(¢ +y)dm - ;o oeee (5.8)

Calculations are performed in Table 5.1, for the
left-hand side of the frame and then doubled to obtain the

complete value of J,: The center of gravity is obtained from

‘Zl%ﬁi : :
Y, = : o . (5.9)
Zmi, :
my = w./g
where,
¢ . .
‘ W, = '2.344 ton, i=1, 4
wg = 2.308 ton
Yo = 2.27m
ky, = 402.8 kg/cm = 40.28 ton/m
- ky = .763.1 kg/cm = 76.31,t0n/m

E)  ROCKING FREQUENCIES

Substituting these numeirc values in thekdynamic
matrix,
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TABLE 5.1 ~ ROTARY MASS MOMENT OF INERTIA FOR HALF FRAME

No W

X Y 2 2
.- ton m m (x *+ y*)u
1.1 0.453 2,25 | 5.15 14.348
2. | 0.782 0.60 | 5.15 | -21.022
51 0.459 . | 2.25 | 4.15 10.229
6 | 0.7935 | 0.60. | 4.15 13.952
9 | 0.459 2.25 | 3.15 6.878
.10 | 0.7935 | 0.60 | 3.15 8.159"
13 | 0.459 | 2.25 .| 2.15 4,445
% | 0.7935 | 0.60 | 2.15 3.954
17 | 0.459 .| 2.25 | 1.15 2,931
18 | 0.7935 | . 0.60 | 1.15 | 1.335
21 | 0.371 2.25- | 0 '1.878
22 . | 0.612 1.75 | o 1.874
23 | 0.872 0.60 | 0 0.523
s | 8,100 | - | - | 91s528

J/2 = 91.528, J = IWr2 = 183.056 -

J
1
i
'

TABLE. 5.2 .- FIXED BASE NATURAL PERIODS

T = PERIODS, sec | f = FREQUENCIES,Hz

Mode | CASE 1 | CASE 4 | CASE 1| CASE 4
1H 0.2378 0.2879 4.205 3.473

2H | 0.0761 | 0.0901 | 13,141 | 11.099 -
3H | 0.0429 | 0.0490 | 23.310 | 20.408
4H | 0,0295 | 0.0324 | 33.898 | 30,864
5H | 0,0234 | 0.0247 | 42,736 | 40.485
6V | 0.0075 | 0.0194 | 57.143 | s51.55
7V | 0.0164 | 0.0180 | 60.976 | 55.55
8V | 0.0134 | 0.0148 | 74.627 | 67.57
9v | 0.0133 | 0.0147 | 75.188 | 68.03




which yields,

F)  VERTICAL

2k, /m = 48.709
—‘-Qthﬁ/m = -110.386
~2h,k /3 = -9.80
2(alky + hikp)/J = 47.294
48.709 -\ -110.386
~9.80 S 47.204 =)
x* - (A4D)A + (AD-BC) = O

-196.003\ + 1221.861 = 0

W 15.104

NN CH D

w 80.900
3.886 rad/sec

8.994 rad/sec »
2n/w; = 1.616 sec, f; = 0.619 Hz

Zﬁ/wz

It
]

0.698 sec, £, = 1.433 Hz

FREQUENCY _

2ky yg= 0
2kv/m
92.279

91606 rad/sec
0.654 sec
1.528 Hz

145
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Conéidering'the wholeuframe as a rigid body, the first

three fundamental frequencies are obtained as follows:

ist Rocking mode T= 1.616 sec f= 0.619 Hz

27 - Rocking mode T= 0.698 sec- f= 1.433 Hz

Vertical Vibration Mode T‘ 0.654 sec - f= 1.528 Hz

5.5, FREE VIBRATIONS of
"' the MATHEMATICAL MODEL

, Free vibration analyses of the mathematical models given
in Figs.5.32§5.4 have been performed using a plane frame

dynamic analysis computer program.

; The fundamental periods of vibration are summarized _

in Tables 5.2 to 5.4, for (a) The Fixed Base, ‘and (b) The Spring
Base Con‘diﬂ‘ons, and (c) The Rubber Base Conditions, respectively.
Free vibration mode shapes‘for the_first‘two types of support -
conditions are also illustrated in Figs. 5.9 & 5.10, respectively.

!



TABL

E.5.3 - SPRING BASE NATURAL PERIODS
T= PERIODS; sec - .
Mode |  CASE 1 COMP. | CASE 2 | CASE 2 | CASE 3 CASE 4
| o D4 ,
1 0.9207H | Rocking | 1.1373 1.2252 1.4305 1.4712
2 | 0.6540V | Vertic. | 0.6022 | 0.6268 | 0.6547 0.6545
'3 | 0.15138 | Rocking | 0.4686 | 0.5091 | 0.5612 0.5422
4 | 0.0675H | Tilting | 0.0999 | 0.1004 | 0.1010 0.0997
5 | 0.0408H | Horiz. | 0,0771 | 0.0771 | 0.0772 | 0.0781
6 | 0.0289H | Vertic. | 0.0522 | 0.0529 | 0.0536 0.0548
7| 0.0280v | Horiz. | 0.0463 | 0.0463 | 0.0463 © | 0.0475
8 | 0.0233# | Woriz. | 0.0311 | 0.0311 | 0.0311 0.0321
9 | 0.0159v | Horiz. | 0.0239 | 0.0239 | 0.0239 0.0247
10 | 0.0130vV | Vertic. | 0.0231 | 0.0232 | 0.0233 0.0234
11 | 0.0025V | Vertic. | 0.0066 | 0.0067 | 0.0067 |  0.0059
12 |- 0.0025vV | Vertic. | 0.0061 | '0.0061 | 0.0061 | 0.0054
f = FREQUENCIES, Hz | |
1 | 1.0861H | Rocking | 0.8793 | 0.8162 | 0.6991 0.6797
2 | 1.5291V | Vertic. | 1.6606 | 1.5954 | 1.5274° 1.5279
3 | 6.6094H | Rocking | 2.1340 | 1.9643 | 1.7819 1.8443
4 "14.815 H Tilting 10.010 9.9602 9.9010 -10.030
5 | 24,510 § | Horiz. | 12.970 | 12.970 | 12.953 12.804
6 | 34.602 W | Vertic. | 19.157 | 18.904 | 18.657 | 18.248
7 | 35.714 V | Horiz. | 21.598 | 21.598 | 21.598 21.053
8 | 42.918 H | Horiz. | 32.154 | 32.154 | 32.154 31.153
9 | 62.893 V | Horiz. | 41.841 | 41.841 | 41.841 40.486
10 | 76.923 V | Vertic. | 43.290 | | 43.103 | 42.918 42.735
11 {400.00 V | Vertic. [151.52  |149.25 - |149.25 169.49
12 |400.00 V | Vertic. |163.93  |163.93 | 163.93 185.19

TABLE 5.4 NlEOPRENE BASE)NATURAL PERIODS

-

MODE COMP, Periods | Frequencies
: ‘T, sec. £, Hz
1 Horizontal | 1.,2121 0.825 .
2 Rocking - | 0.1907 5.244
3 Vertical 0.1042 9.597
4 Tilting 0.0798 12,531
5 Vertical 0.0661 15.129
-6 ‘Vertical . | 0.0515 19.417
7 Horizontal 0.0474 21.097
8 Horizontal | ~0.0321¢ 31.i53
9 Horizontal | 0.0247 - 40.486
10 Vertical | 0.0234 42.735
11 Vertical -0.0057 175.44
12 -~ Vertical 0.0053 188.68
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5.6. RESPONSE
~ ANALYSIS

Response analYSes Qf the frame, to a number of simulated
earthquake ground motions, have been also performed using
a computer program. A step-by-step integration procedure
"is used in matrix notation‘as'already explained in Chapter 3.
7 Basically, this procedure is an extension of the method avail-~
able in the literature for the solution of dynamic analysis
of single mass system u51ng ‘linear accelerations in the nume-

rical 1ntegrat10n.

The input motion is supplied in the form of digitised
data cf ground motion accelerationS»at equal time intervals.
The computer program is capable Of.handling‘input motions
in both horizontal and vertical directions, simultaneously;‘
The structure may be supported externally, in an absolute
manner, by any number of helical springs and/or viscodampers

~in horizontal and/cr vertical directions,

The time hlstory of acceleratlons, velocities and dis-
placements are calculated and printed out at each time sta-’
tion, for each lumped mass point and also in each primary
vibrating directions. The propervccnvergence criterium of
the numerical integration required that, normally At- the time
interval of the input motion ordinates- should be less than | 'lv/_vu or
4/5‘ times of the smallest natural perlod of vibration of the d

structure under con51deratlon

Usually, the smallest natural‘periods of vibration
of the structure are much less than the time interval of
the input motion data. In such cases, the computer program,
at the opinion of the user, subdivides the input motion data
within a particular time interval into newer subdivisions.
In the analyses performed, the time interval is ‘divided into

10 to 50 subdivisions as required.
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Numerical integration is in fact conducted on all of
these internal subdivision'points, but the results of -the res-—
ponse values are printed out only at the prescrlbed 1nput |
data time stations. The computer program selects the absolute‘
maximum acceleration, ve1001ty and displacement value at
eaoh’prescribed lumped mass point'and prints out them together f

with the time of occurence.

The response analyses of the test frame have been per-
formed for each of the fixed base, the spring base and the

rubber base conditions, for a variety of input'motion data.. .

5.7- INPUT MOTIONS

Basically, the ground motion accelerations of two diffeé
rent earthquakes are considered as data for the input motlon.
The irfst set of data belongs to the May 18 1940 El»Centro,
Imperlal Valley Earthquake.‘ The .horizontal and vertical
components of the accelerations are taken ofrom EERLE%morTs‘
(Anonymous', 1972) and are herewith reproduced in Tables 5.5 &

5.6 . The time history record and also the relative velocity
response spectrum curves of- the El Centro earthquake are
given in Figs. 5.11 to5.14. '

The second set of data belongs to the Aprll 15, 1979
Petrovac, Montenegro, Yugoslav1a earthquake, for which the
horlzontal (N-S) and the vertical components of the accelera-
tions ere taken from Naumouski, et. al. (1979) of ﬁﬁgins&“mte'
of Earthquake Engineering and Engineering Seismology, IZIIS, Skopie,
YugoslaVia. The carrected accelerations for the first 20
seconds, are glven in Tables 5.7 & 5 8. The time history
diagram of the data as well as its absolute acceleration,
relative velocity, and the relative dlsplacement response
spectra for the horizontal component are given in Fig. 5.15
o 5.19.
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The time interVal for the input motion~data'points‘is '
normally specified to be At = 0.02 sec. (Real Time HﬂervaH.’ Ih
order to investigatelthe influence of frequency content of the
input métidn,on the response ahalyses however, the time inter-
val is scaled -down, for various cases; by a factor of 2, -and

it is taken as At= 0.01 seconds (scaled fime interval).

The amplitudes of the input motion‘are’aISQ modified by
meanS'of a varieble‘factor; which determines the intensity of
a partieular earthquake. The amplitudes are varied during the _
shaking table testing by means of the SPAN feature. In the analy-
tical calculations, the peak acceleration value corresponding
to a particular SPAN, is used te determine‘the‘muftiplication

factor for.the real"earthquake4data.

5.8. 'COMPUTER RUNS"

iFor,the fixed basevcondition,vthe response of the mathe-
matical model to a variety of input ground motion data, is _
determined by means of numerical integration. A critical damp-—

ing ratio of B= 1.5% is assumed to exist in the structure.

For the spring base condition however, the response analy-
ses for all types of inputkmotion, have been repeated for four
different natural periods of vibration. Since, the exact na-
tural periods of vibfation of the testing frame are not accurate-
ly»measured at the shaking table, the first fundamental period
of vibration of the frame is assumed to possess (a) T= 0.91 sec.,

(b) T= 1.14 see for DS case, and T=1.23 sec for D4 case, ' () T=1. 43’sec,
Iand (d) T=1.47 sec. The response calculations are repeated for

each of these natural period cases.

Structural properties and the viscosity coefficients in

these four cases of natural-periods,are somewhat different from
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eaoh other. The basic differences 'in the structural and damping
data are summarized in Table 5.9. ' ' '

‘The list of "Runs" conducted for the El-Centro and Petro-
vac earthquakes, for which the laboratory testings are also
done, has already been given in Chapter 4, The peak accelera- -
tions and displacements calculated at each floor level and al-
so at the joints located.along thé base beam for some cases of

comparative importance are given in ~Tables 5.10 to 5.19,

5.9. INFLUENCE of
- VISCODAMPERS -

In order to determine thevoptimum amount of viscodamping,
the response analysis for the run D8'HVhS-60, corresponding |
to the horizontal component of the 1940 E1 Centro earthquake,
is repeated many times by varying only the horizontal and ver-
tical coefficients of'viscosity. ’

" The peak values of the horizontal floor accelerations,v
velocities and displacements are given in Tables 5.20 to 5.22
respectively,'for_a variety of viscosity coefficients. It is
seen that, when 'there is’no.viscodamping, all peak response
Vaers are maximum. As soon as the viscodamping coeffifientsrtr"
start increasing, the peak response Values, espe01ally the.'

dlsplacements, become smaller.

, Although, this efficiency of the viscodampers continue to
exist,for a good range of increase in the viscosity coeffi—v,,v
cients,'there~is however, an optimum level of damping, beyond
rwhoch the peak response values no longer become 'smaller. On
the contrary, they start becoming larger and larger due to the -
analytlcal complexities existing in the hlgh amount of damplng.'

The crltlcal damplng ratio, B, may be related to the -

o-VIscosHv coefhcuent approximately by the following expression:
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cgT
B:.—-'—
4TW
in which,
T = fundamental period.of vibrationly

It

total weight of the structure.

For instance, in D4-case, considering a viscosity coefficient
of ‘

cy = 30 kg. sec./cm

the critical damping ratio becomes

_+2x 30 x 981 x 1:10
- 4 x 7 x 16200

= 0.32

Basically the viscodampers reduce the peak response va-

lues. Especially, the dlsplacements are reduced with the in~-

crease in magnitude of viscosity coefflclent - It is p0551ble
however, that the additional amount of damplng may cause an
‘undesirable increase in the magnltudes of acceleratlons. The

actual reduction -in acceleratlon occurs as a result of modifi-

cation of the.fundamental period of vibration of the structure.

As an example, the reductlon in the horlzontal accelera—
'tlon response of the 5th floor of the test frame on account of
'V1brat10n isolation is illustrated in Figs. 5.20 to 5.23. It is
seen that when no vibration 1solatlon is implemented the peak
response is a= 1185 cm/sec?, and it is subsequently reduced to
~a= 224 cm/sec? (reduchon by about five times), when vibration isola-

tion is used in connection with four viscodampers.



153

5.10. DISCUSSION of -
ANALYTICAL RESULTS

The acceleratidn response curves (Fig. 5.20 to Fig. 5.23)
show -in general that the base.isolated systems lead to much
reduced horizontal and vertical aCCelefations compared with
tﬁe fixed base model. The displacements, on the'other hand,
are observed to be usually larger in the case of isolated
models. '

It is interesting to note that- the increased damping may
" sometimes lead to slightly higher accelerations than the lower
damping;‘ Startlng from relatlvely smaller crltlcal damplng
ratio values (on the order of 09 to 5% crltlcal), when there '
is an 1ncrease in the- viscosity coefficient there is a paral—
‘ lel decrease in both the peak response accelerations and dls—
fplacements. A further increase in v1scodamp1ng beyond an- op-
timum level however, although effectlve 1n reducing dlsplace—

ments, may result in an increasing trend in peak accelerations.

In‘fact such a trend is clearly.obserﬁed in the analyti- |
cal investigations performed. 'As an example tovincreasesin peak
acceleratlons due to increase in viscodamping, the test Run
No. 20 and No. 46 may be compared. The peak roof acceleratlon
is a= 224 cm/sec?, when 4 viscodampers are used. This response
is’increased to a=286<mvsaf, ‘when the viscodampers are doubled
in number. | | ) |

It is also observed that the level of reduction of the.
acceleratlon response is much higher when the 1nput motion time
interval is scaled down for both 1940 El Centro and Petrovac
earthquakes. This may be observed clearly in Figs. 5.20 and
'5.21 for the El Centro earthquakes, one w1th real tzme and the B
other with scaled time. In this way, the effect of the fre-
quency shift is analyzed and it is concluded that the reduetion
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in acceleration response is very much related to the natural
frequencies of the structure and to the- frequency content of
the input motion.- '

Pure vertical earthquake inputs produced negligible hori-
zontal accelerations and displacements in the-spriﬁg isolatedi
model. It is evident that, in this case only the vertical
mode of vibration contributed to the response. The input ac—
celerations is not amplified, on the contrary a reduction by

a factor of two generally is observed for both El Centro and
' petrovac earthquakes. o '

| In the case of spring isolated system the horizontal dis-
placements grow from base to top of .the model similar to the
fixed base model with very small horizontal deflections at the
base level. The only difference however is that in phase with
" the horizontal deflections} the test model is also vertically
displaced. A tilting motion, coupling horizontal translation
and pure rocking with the rodking»center near to the base level
is the reason for horizontal amplitudes growing with height.
Hence, the structure is displaced almost as a rigid'body,with'
Iittle or no rélatiVe storey displacements thus creating neg-
ligible internal stresses. o

- It is finally observed that the results for the concﬁr—v
rent actions of the horizbntal and vertical earthquakes may be

derived simply through linear‘superposition of the independent

I'e

‘results of separate excitations.
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7.8 2911 2586 2288 2110 1905 1470 .. 793 73 -824 -1912
8.0 -3219 -3948 =4206 -3343 -2406 ~966 201 1122 1809
8.2 2343 2385 1971 1745 31743 1623 1308 795 -192 -1185
8.4 -1634 -2195 -2929 ~2813 ~3093 -2836 -2090 -~884 - -85 513
B 2Y 1407 1755 1811,, 1861 1701 1470 1581 1444 1198 907
8.8 231 S8 -1087 ~-1485 -1%62 -2199 -1734 -758 =~ 3 778
‘9.0 1151 1256 1188 905 - 426 8 100 29 98 -6
9.2 29 -273 -820 -1123 —1"01 -uv" -891 -629 -514  -501
.4 -459 © -905 -1392 -1471 -19e2 -!‘f? [ -2%4 #R4 1442 1931
9.6 2042 1871 1TBI leoR 4°l~ 132 43;0 1252 4is2
.0.8 1228 1300  to:0 46 ,3; - 1 ..517 ~83( -8§36 -4

: TIME

0.02

V.04

0.06

-0.10

9.90 0.08 0.12 0,14 0.16 .18
10.0 -877 =761 =843 -1144 -1331 -1544 -1405 -1184 =982 -805
10.2 =882 ~749 -1056 -1311 -1105 =844 =-412 =155 .° 190 - S40
10.4 871 1148 1344 1413 1781 2015 1837 1990 . =77 -914.
10.6  -t424 ~1871 -2040 -2222 -2335 -2348 -1840 -1424 -1137 =—697
10.8 =224 149 465 745 871 10846 1444 1800 2233 2359
S11.0 | 22946 2414 2528 2925 "3087 3109 2712 1738 570 - -362
11.2 =1132 -2055 ~3100 -4050 ~4231 <3039 ~2264 —1539 . =444 118
11.4 201 569 929 . S36 -108 602 -852 -1015  -964 =667
L1146 -655 -632 =136 " 190 80 -150 -302. -3I3y 59 & 364
11.8 451 798 816 948 1584 2134 2514 2494 2058 1451
12,0 743 64 ~555 —1224 ~1554 -1411 ~-B823 -273  -554 -1108
12.2 =1277 ~1389 -1429 -1293 ~72% -202 473 1354 2434 3368
12.4 3755 3142 Z079 - 745  ~385 -1174 -1643 <2060 ~2760 -3545
12.6 =3054 -2132 -1042 =305 24F . 676 B13 2757 705 - 937
12.8 1297 1535 1454 1398 959 7463 417 -5 . -454 -822
© 13.0 ~1147 -1326 -1232 ~-1003 -392 188 715 1044 1110 - 906
13.2 459 =79 -422 =423 -1028 -1407 -1731 ~1452 -943 =-447
13.4 ~243 -7 - 285 579 774 1000 1072 944 932 1073
13.46 1077 836 = 383 -108  ~481 <¢B4 =973 -133% -1555 -1296
13.8 -881 =771 499, -2F4 139 374 435 990 1482 1859
14.0 . 1907 1861 1424 892 120 =355 ~578 -§22 -1257 -1526
14.2  -1168 -972 1116 ~-832 =642 ~452 -542 -108° 128 174
14.4 ~34 9 347 706 498 746 921 753 ° 602" 504
14.6 425 | A57 501 44L 538 554 429 148 - -207 -425
14.8 ~994 ~1180 ~1440 -:732 -2059 -1742 -1%15 -1322 . -&43 5
15.0 766 1173 1477 1841 D179 2446 2645 2124 2197 1582
15.2 655 =144 -884 -1423 -~1983 -2927 -3042 -3565 -2977 -25465
15.4 —1842 -1064 -440 -220 =8 479 1049 1468 21ul Z446
15.6 - 2851 3148 2944 2308 144D . 595 -123 -%94 -1015 -1386
15.8  -1578 -1812 -1538 -137% -1074 -859 -B00 =-448  -238 -~138
©16.0 7 64 332 '529. 574 457 381 411 435 333
16.2° 234 265 361 SO3 566 312 28 =91 -163 244
16.4 ~270 =258 =75 217 - 4a3 497 447 109 -259 -332
16.6 =408 ~524 =437 =719 <-429 <-548 - -433 -457 -532 =340
14.8 L1 ed 40 - =54 204 onuE 93V iRy 709 =nq 208
1700 FII0TTAG7 -505 <635 ~TP9 =797  -e4%  -oB2 78 243
17.2 424 400 701 426 428 113  -i83 =383 -12S =2
17.4 219 290 - 288, 154 13 -1S1 =329 -438 -404 ~-155
172.6 =7 =91 =219 =211 -241 =-347 -5%03 -436 =-738 -784
17.8 -565 ~56 392 710 1003 1093 915 818 715 . 578
18.0 411 304 142 -4% -227 ~342 =398 -495  -556 —794
18.2 -929 =989 -8B854 <492 -~575 . -425 -113 324 -~379 . 7&9
18.4 1947 1209 1322 1278 1041 595 186 -~10 -114 -198
18.6 - - =315 ~462 ~599 -748 -~BP3 -945 -O11 -4&8° -181 94
18.8 362 532 637 &S5 339 206 42 -39 =104 =79
19.0 19  1B4 2eB 199 41 -83 =203 <zss -113 189
19,2 291 137 ~134 - -288 ~344 318 -281 -314 -332 -1S2
19.4 57 96 a3 73T -131 -227  -3a3 2aay -11 64
19.¢ 402 2} 36 tg 47 137 284 >0 22
9.6 Sof 34 337 ue 36l 486 4o} ~Joo -;qy -gée -



TABLE 3. 8 = PETROVAC EARTHQUAKE VERT1LAL ALLELERATIONS
RECORD NO. IIIE58 VERT.
PETROVAC.1979-04-15,06-20
NUMBER OF DATA = 2413

MAX. ACCEL. -1976 6.75 SEC
ACCEL. UNIT = MM/SEC**2
TIME INTERVAL = 0.02 SEC

TIME ~ ©.GO o .02 %, 04 0. os o.oa Q.10 0.12 0.14 -TIHE. 0.14° 0.14. 0.18°
‘aca 3 10.0
g:g “10.2
o.% 10.4
0.8 . 10.6
0.8 110,8
‘1.0 ‘11.0
1.2 -11.2
1.4 ° 211.4 .
1.6 ¢ C11.4
1.8 19 . .:u.g
2.0 322 =382..<653.
202 77. 3 . - B&S.< 1095
2.3 . : - 13'3 L 732 : "“a@0 . sso /. &77"
2.4 - 12.2 159 <1079 US21 TLp13  s26 . 24152,
2.8° . 12.8 . 1094 -4197 ~131° -48. -237 ‘-216
3.0 T& 17 13.0 - s 201 ..94. 158 . -53 . .-24"
3.2 35 182 13.2 .- 47 439 - T ~338 =172 -=401.
3.4 -83 -1 13.4° ° -529 5 ,.487 1477 285 375 -sio-
3.6 ~67 =10 T 13.4- --1393 =355 , ~51 -284° ~30 - 19& " 154
3.8 -10 1 40& 13.8 363" . 4 =560 -£23  -178 ,-140 . -140 398 680 -
‘a0 305" 116 . -139% 14.0° - 441~ - 48 - 7184 150 ~-142 TAB2 . =147 379 126, =403 .
4.2, -340 ' ~103 . -35 14.2 . -427 -229.. -294 630 -738 722 -335 197 -214° -274
a3 . 254 -7 --15& 14.4  .-129 74 519 8935 1074 4&21. 449 , a5z 70 =495
4.6 - 90 72 895 =32 -390 ~400 ~477 =401 -~ -471- &2° 14.6 =748 —488 " .-134 ~128° -326 81 .370 ‘312 -85 -8’
a,a -384 4 -88 : 174 =121 83 229 ° & ~-48 . 33 14.8 | 397 188 248 . S97 3155 -114 ~393 -oge 135 - ~66
5.0 131 ~274 -189 -3 -248 -99 . 262. 210 ‘34 - 83 15.0 =397 =545 1281 46 .38 123 4S5 - 710 &27 487
5.2 -89 -—440 -252 - 518 .78 -137° 207 , 158 -, 177 ~243. 13.2 213 257 ° 314 =24 =228 -~449 -435 -74& -732 -~411 -
5.4 ~306 2 311 482 . 175 327 | ~74, ~593 <422 —448 15.4 2198 -367 -437 -298 -194 11 Ss8 T44 620 318
© 5.8 ~a59 38 _257 -235 -1 299 -120 -~448 . 323 905 _15.6 124 -83 . =4 249 478 P35 B43 371 . =4 ~173
. 5.8 Y382 " 307 420 -27 -216 ~102 56 ' S&9 .418° -37 ©T15.8  —475 ~703 ~480 -474 -583 -749 -195 . 356 683 793
&.0 =220 =265 -699 ~-454 =343 -178 =90 -533 -555. -289 16.0 592 493" 294 13 -399 =478 =~447 - -45 37 -4 .
6.2 111 38 216 556 473 101" -113 126~ 320 50 16.2 292 426 143 =109 -1446 127 44" - -3 2 28
6.4  ;.213 469 423 - 872 413 47 254 - 223 =250 -149 16.4 162 228 .0 62 277 -116 -26 ' -94  _9& .32 288
646 2537 613 208 -287 -1084 1217 -9&1 —1422 ~1801 16.56 247 237 ° ‘@8 125- 232 “1es- =229. -393- -312 =351
4.8 . —1098 =518  J10] 521 " 499 @74 ‘1107 . 651 1300 _1319. - 4.8 . -272 . -2B3 ~119 -84- “115° 298 a7 73 -58 -44
7.0 <867 --742  776° 552" 380 174 ~ 81 =347 -119-" 242 17-_,3 < ~67 ~165  -279 S7. 310 163 -298 -718 -o51 =320
7.2 -18  -%26 -373 . ¢ -357 -317 - 333 -9 . —411° -497° 17.2 '-35 .237 434 474 ° 332 322 “o04 . ¥8 213 424
7.4 =722 * =311 =300, ~1i19 -3¢5 =231 71 =267 -739°- -532 17.4 221 =135 ~254 ~308 -393 -263. 139 244 228 101
7.4 -269 133 232 =417 -287 390 108 °~31 -133- 314 . 17.6 - 131 -3 =170 ‘-277 312 =286T  ~2WW1  -228 -7t =33
© 7.8 704 . 693 1139 785 444 239 . 130 ~106 -345 -728 17.8 87 °. 157 226 - 254 142 1sy 94 32 1a0 -~31
8.0 -426 15 126 ‘-201 84 245 229- ~337 -781 -150' 18.0 139 <2247 -174° -gx -=g 31 179 157 - .13 -B6
g,2  ,.~3035 133$° 1021 .439 301 ~524 -828 " -18 . 217 <170 18.2 64 -44 44 - -67 -~174 -146 -59 138 -139 -39
8.4 g1 =207 -533 -1135 =483 =235 °© 537 . -32 ‘=640 ‘=452 18.4 =50° -44 163 173 62 354 | 448 349 319 237
. 8.4 =307 ~-B817 -444 295 251 -394 591 975 S8 124 18.8- 124 ~167 -560 . -544 =295 —171 -124 &4 323 272
8.8 = =193 =323 287 =115 =272 -774 ~147 -182 -a72 -472. 18.8 34 -277 -320 . -50 124 116 190 31> 317 2°
‘9.0 -© =720 =370-.-138 _ 499 742 - 427 a94 - 834, @18 " 615 19.0  11€  -30 -237 -330 -3I9F -390 =23 w120 15 26
2.2 .89 =60 -537 o837 -S43 285 553, 410 1141 338° 192.2 =76 147 ~43 -7 .25 13 A5 . 31 ~1463 -Z07
2.4 -s48- “-382  32°-7 7 307 708  S97 101 ' -44 -94 19:4  -163° 176 175 42 105 ' 40 . -10 -107 .m0 92 - .
A,y ~333 =79 .233 136 SZ -102 -4St. =533 -548 -619 19.6 - 1 =147 <152 - -5y 6 -6} 5. a5o S33 313
-o.3 -zZg4 -i8 392 70' ~F3 ° sar  1t7 fl° ~29 195 19.% . o2 82 ~186 -297 279 . -g¢ é9 96 {90 146.

2.00 0.02 0.04- ol'os “o.08

851




TABLE 5.10 | En 'ns 20 | BL CENTRO, Real Time | - |%max,n T 342  em/sec
o o . : : : o ‘ , : . amax,v = 296,‘? )
_ ACCELERATIONS; cm/sec> ﬂ . '
FIXED o . : - R : _
"BASE - 'SPRING BASE - Du SPRING BASE - D8~ = ‘,! RUBBER
= 137 T iae ~ an. = o Y = -
E,lh S ah 1_37 .. aV =0 v ‘h 128 s av -0 ah—_— 137
T=0.293T =0.92| T =1.23|T =1.43 |T=1.47)JT =0.92|T=1.14|T= 1.43)T = 147§ T = 1.91
a1 444 134 124 89 87 137 . 159 66 | 97 ° 113
=1 u 412 125 108 70 73 135 128 55 77 108
513 412 117 93" 59 64 125 108 52 66 105"
5l 2 353 104 82 57 55 117 93 57 . 62 98
g 11 223 97 72 - 80 79 102 86 77 77 99
T |IB = 98 103 118 120 D97 92 100 | 109 - 99
] . i . ' .
S |21 62 .84 53 59 60. 45 7
B {22 48 65 40 50" 47 37 5
g |23 44 22 41 55 16 45 2
> - - ~ o
DISPLACEMENTS,- cm
15 0.85 1.81. 3.56 4.11 3.80, 1.07 2.66 2.89 3.11 3,71
2 | u 0.78 1.79 3.12 3.50 3.28 1.05 2.28. 2.49 2.63 3.68
2 13 0.67 i.77 © 2.66 2.89 2.70 1.03. 11.90 2.10 2.15 3.63
8 12 0.52 1.74 2.20 2.26 | 2.11 1.00 1.51 1.69 | 1.66 3.56
2ot 0.32 1.70 1.73 1.63 1.52 | o0.98 1.17 1.28 1.17 3.48
2 |8 0 1.67 | 1.19" 0.87 0.85 | 0.96 | 0.87 0.75 0.64 3.36°
5 | 1.06 1.34° | 1.29° 0.58. | 0.89 | o0.90 f o0.05
= |22 0.87° .1.04 1.04: 0.51- | .0.69 { 0.74 § 0.03 "
B |23 0.50 - 0.38 0.53 - '0.50 | 0.24 | 0.51 i__,o_.01_..
£ - A g ) . , 0. 51 _ .

(:In/visec_2 \

091



- _ — - , —
iy :  ma ~ A ¥qmax . h™ 342 ‘em/sec
EL -CENTRO, Scaled Time = | - ax:v 206 cm/sec?

| TABLE 5.11 - |'EB ng 20

ACCELERATIONS, cm/sec?

- FIXED .

BaSE " SPRING BASE - D4 . - . SPRING BASE - pg8 .. |} RUBBER
= ; L - ‘ . i : BASE,
= 200§ - myc203 . a0} ¢ =221, . ay=0 - fap=203
T=0.29fT=0.92|T=1.23|T =1.43|7=12.47]T =0.92|T =1.44| T = 1.43 T=21.47fT = 1.21
<15 927 -} 115 130 96 | 106 -} 173 | 142 | 91 | 123 } 130
Sl 836 94 97 . 68 .73 135 - 96 74 79 115
313, 782 89 . 86 . 66 73 117 95 80 86 107
N2 654 92 | 86 77 86 . 113 | 98 104 ] 122 104
& 11 427 87 |- 102 87 110 .97 1 139 124 | 154 .93
=18 - 90 | 130 | 119 .} 192 )} 136 .| 164" | 130 | 157  } & 106
S jet , N . 60 | . 72 .57 _ : 101 82 | 101 13
o122 o 48 | - s6- | 44. § - - 88 64 | 85 fF . 10
Bo123t 33 19 27 4 61 - 22 . 54 3
£ B I , e :

- DISPLACEMENTS, cm

5 1.59 1.41 3.04 3.34 2.96 1.03 2.03 2.38 2.65 3.51
= 1.47 1.41 2.62 2.86 2.54 1.01 1.76 ‘| 2.04 | 2.20- 3.48
2131 1.26 1.37 |~ 2.18 2.37 2.10 0.99 1.47 1.71 1.74 § 3.43
] |2 0.97 1.34 | “1.74 1.87 | 1.67 0.96 | 1.18 1.38 | 1.28 ] 3.37
= |1 0.58 1.30 1.30 1.37 1.23 0.93 | -0.88 1.03 0.90 3.30
2 | B 0 1.26 0.86 0.84 0.70 0.91 0.54 | . 0.62 0.52 3.19
g 21 } - 0.73 “1.18 | 0.92 | 0.91 - . ] 0.39 0.85 | 0.66 0.05
o122 B - 0.53 ] .0.91 } 0.7t | 0.71 L 1.0.30 0.66 ' 0.52 0.04
g'_zsa .} o0.35| 0.31 |-0.44 | 0.44a } | o0.32 0.23 | o0.49 l 0.01 .

9L




Co S : L . e 7 S o S - = 342 j'cm/sécz
* TABLE 512 ‘EN VK 20 | EL CENTRO, Real Time i’:\zzzs =206 = cm/sec?
ACCELERATIONS, cm/sec?
“FIXED L o . . R L 1 '
BASE - o ¢ SPRING BASE -D4 - -} . SPRING BASE - D8 . - . RgiggR,‘
ay=87 o 8 =0, a =86 8 =0 -, 3y =66 3,=86
T=0.29§T = 0.92| T =1.23|T=1.43|T=4.47)T=0.92|T=2.145|T=2.43|T=12.47}T=1.21
a | 5
S |3
5|2
O 1
T 1B
< for 31 36 44 39 43 ] 51 34 29 31 746
B 22 - 36 .| - 43 37 39 51 31 27 1 27 765 -
& |23 25 36 | 48 . |. 36 41 52 30 - 27 27 1053
DISPLACEMENTS, cm
. 5 |
= | ‘
z |5
2 |1
g |3
5 {2t fo.0006 § ©0.33 | o0.3a | 0.32 | 0.3a | 0.3a | o0.19 | 0.19 | 0.19" f0.17
= |22 L= . 0.33 0.36. 0.32 | 0.36 0.34 | 0.19 | 0.19 '0.19 0.19
§ 23 } 0.0008 | 0.33 | 0.41 |-0.34 | 0.39 - 0.34 | 0.23 | 0.19 0.23 -} 0.28

291



 TABLE 5.13. --| EN. 20 10 | EL CENTRO, Real Time max,h = 342 cm/sec’
o L - : ' ax,v - 206 cm/sec
ACCELERATIONS, cm/sec?
FIXED oA | , o '
BASE 'SPRING BASE - D | SPRING BASE. - D8 RUBBER
. ; » _ BASE_ "}
-~ - » L | ap=221".
a= a, = 221 , Ca = 44 Bp =247, a, = 36 ay= 41"
T=0.29|T=0.92|T=1.23{7T=1.43|7T=1.u7}T=092|T=1.1u|T=2s|T=1u7f7=1.2
o s 218 | . 198 144 | 142 264 | 297 | 128 189 | 183
=S| o 177 114 121 240 107 150 175
=z |3 189 151 95 102 241 203 101 127 170
52 133 92 90 : 178 109 118 158
= o114 130 128 198 167 149 147 161
T 1B 160 166 191 _194 |- 190 179 194 211 161
i) Co - ) ‘L . .
S |or 20 96 141 82 14 106 121 88 383
5|22 20 78 110 66 14 87 93 73 f 392
2 |23 10 68 43 65 13 104 36 84 536
= - ; :
DISPLACEMENTS, cm
5 2.92 5.83 6.66 | 6.25 2.06 5.12 5.59 6.07 6.02
2 1w . 5.09 5.67 5.32 S 4.40 4.82 | 5.15 5.96
= 2.87 4.34 | 4.67 | 4.37 2.00 3:.65 | 4.06 | a.20 5.88
8 12 3.58 | 3.66 | 3.42 . 2.92 3.28 | 3.24 5.77
21 2.81 2.64 2.46 1.89 2.24 2.48 | :2.28 | 5.64
2 | B 2.70 1.92 | 1.41 1.39 | 1.86 1.66 1.45 1.25 [ 5.44
g 21 0.17 1.66 . | 2.15 2.07 - 0.10 1.08 1.72 | 1.75 0.13
=22 0.17 | 1.36 | 1.66 | 1.67 | o.10 | 0.95 | 1.34 | 1.43 .} 0.13"
&2 |23 0.17° | 0.77 | -0.60 0.86 ] 0.1i0 0.92 | 0.46 | 1.00 |} 0.15

g9l



TABLE. 5.’14 |en 40 20 | EL CENTRO, Real Time ‘ 2max h '_‘_ ‘342 ‘““/seczz ’
o - - amax,v =. 206 _ct};/sec :
’ ACCELERATIONS, cm/sec
‘FIXED _ o "
BASE SPRING BASE - Dit_ SPRING BASE - D8 RUBBER
. BASE
a = ah =416 ’ ‘ a = 81‘ ah =370 N aV__= 62 .
T=0.23 T =092T=123|T=1.43T=1.47]T=002{T=1.au|T=12.3r=1.07}7=1.00
a5 409 | 371 269 267 - 264 442 191 | 282
S|4 S 332 214 227 357 159 224
513 355 283 179 192 241 302 150 190
N2 - 249 173 169 o 265 163 176
- 297 215 - | . 244 240 198 249 223 218
T 1B 301 312 ] 359 365 189 268 290 - 315
~ - — — ‘
S |at 38 180 265 153 14 155 181 132
s 22 37 145 . 207 123 14 134 140 110
g 123 36 128 80 121 13 154 - 54 125
o ’ . L .
DISPLACEMENTS, cm v

5 2.92 | 10.94 | 12.49 11.73 | 2.06 7.63 | 8.35 | 9.09
2 |4 9.56 10.65: '9.99 6.56 7.20 7.69
A 2.87 8.14 8.77 8.21 2.00 5.45 6.06 | 6.28
Q|2 - 6.72 6.88 6.42 . 4.35 4.89 4.85
I 5.28 4.95 4.62 1.89 3.35 3.70 |..3.42
2 | B 2.70 '3.61 2.64. '2.60 1.86 2.50 2.16 1.86
g | 0.17 3.11 | 4.0a 3.89 0.10 1.60 2.57 | 2.61
i 0.17 2.56 | 3.12 3.14 0.10 | .1.41 2,00 | .2.13
g |23 0.17 1.45 | -1.12 1.61 -0.10 1.36 | 0.69 | 1.51 -
2 , , S € 36, et I

s



. TABLE 5.15 | EB 20 10 { EL CENTRO, Scaled Time | |2max,h™= 342 ..'j‘,";ﬁ‘./séc'zz' e
R R S —_— —_— : dmax,v =206 em/sec® | .
ACCELERATIONS, cm/sec? o
FIXED e S e e C .
BASE - " /SPRING BASE - D4 - ' .SPRING BASE - D8 . RUBBER
. | . BASE
- _ Ny j - . x . _ ‘ ah=196
_a - A N 306 s a, e 87 8 T 312 3 &y =80 a,= 56
T=0.29JT =092 T=1.23T=21.43|T=2.47)T=0.92|T=21.18]T=1.43/7T=1.47f7=1.2
o 167 192 145 157 241 195 128 172 125
S o . 144 103 111 ' 138 105 115 112
= |3 140 127 100 113 167 130 113 123 103
Nl 2 ‘ 134 116 130 _ |- 140 146 172 100
11 , 159 132 168 135 1 199 175" 221 90
= 1B 136 200 132 2170 188 232 - 183" 222 1102
ERE: 17 104 112 97 19 138 142 | - 138 223
5| 22 17 73 | . 87 74 18 120 104 116 177 -
& |23 16 50 39 45 18 89 45 76 226 -
> ' : R
DISPLACEMENTS, cm
5 2.13 4.58 5.04 4.53 1.45 2.83 3.36 3.76 3.39
2 | 3.95 4.31 3.89. . | 2.45 2.88 | 3.12 3.36
E |3 2.08 3.30 3.58 3.23 1.40 2.06 | 2.42 2.48 | 3.32.
S |2 2.64 2.83 | 2.56 . 1.66 |- 1.94 | 1.83 | 3.26
= |1 1.97 2.06 1.88 1.31 | 1.24 | 1.45 1.28 3.19
S | B 1.92 1.32 1.27 1.09 1.28 0.78 0.87 | 0.77 [ 3.09
5 |21 0.13 | 0.13 | 1.79 | 1.47 0.09 | 70.57 | 1.19 | o0.98 0.06 .
=i V) 0.13 | 0.83 | "1.39 | .1.17 0.09 | .0.42-| 0.92 | 0.81 f 0.05"
g 123 0.13 { " 0.52 | -0.48 |  0.67 0.09 | 0.48 | -0.31 | 0.71 .} 0.06
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‘ ,a.mé.x ,h"’

342 .

~cm/sec? \

. TABIE 5.16 . | EB 30 15 | BL CENTRO,. ; ime = .
VLE‘ 5.16 - EE : L CENTRO,: Scaled Time .. amax;v =" 206 'cm/sec\z
' ACCELERATIONS, ‘em/sec? : )
"“FIXED SN R LRI :
BASE 'SPRING BASE - D4 = SPRING BASE - D8 'RUBBER _
: L - BASE
a = B =er o, o e, =147 8 =430 -, . a; =114
T'=0.29JT=0.92| T=1.23|T=2.43|T=21:47)T=0.92|T=1.44|T=21.43T=1.47]T=1.21
I 227 256 | 194 210} 333 | 268 | 176 | 237
= ~ 192 138 150 ' - 190 - 145 158
513 190 171 134 152 229 179 156 - | 169
N2 o 180 156 175 193 202 | 237
&1 176 214 - 177 - 226 185 275 | 2417 |. 305
= 1B 182 270 | 177 "245 261 320 252 306 -
S |2t 28 145 156 . 134, 26 190 197 190
H |22, 28 101 117, 102 26 165 144 160
g }23 26 | .75 58 67 27 123 62 105
DISPLACEMENTS, cm
5 2.87 | 6.15 6.77 | 6.10 | 2.00 | 3.90 4.63 | 5.18
2 | u o 5.30 5.79 5.23 , 3.38 3.96 . 4.31
O 2.79 |- 4.43 4.80 4.35 1.93 - 2.83 1. 3.33 3.42
] |2 _ 3.54 3.80 3.45 2.28 2.68 2.52
S5l 2.64 2.66 2.77. 2.53 | 1.80 1.72 L 2,00 1.77.
e |sB 2.57 | 1.78 1.71 1.48 1.76 1.07 1.20 1.06
2 |21 0.21. | .52 2.41 | 2.00 } 0.13 [ .0.79 | ‘1.63°] 1.36
0 |22 0.21 1.12 1.87°]  1.60 0.13 | 0.58 1.27 1.12
B |28 0.21 0.70 | . 0.66 | 0.89 0.13 0.66 0.43 0.98

99}



- TABLE 5.17 - | BN Ns 20| PETROVAC, Real Time nax,h = 427  cm/sec?
S — : %max,v = 198 cm/sec

- ACCELERATIONS, cm/sec?

‘FIXED BN ‘ — : .

'BASE - . 'SPRING BASE - Dy SPRING BASE - D8 RUBBER

Sk N - . BASE

=141 a, = 142 a =0 ap = 138 ., a, = 0 ap=142

T=0.200T=0.92|T=1.23T=1.u3|T=1w7}T=0.92|7=1.an)T=1.u3|T=1.47]T=1.210
a5 | 626 152 | 162 | 122 105 125 214 96 88’ 106
S 573 149 | 112 ' 86 69 125 163 74 69 102
8 13. 481 143 | - 84 73 61 123 116 72 69 .97
S12 386 139 |- 94 82 73" 220 100 77 76 90
N EN 258. '} 131} 100 .| 94 95 ). 116 114 84’ 90 . 88
= | s < S127.] 120|119 133 114 123 | 102 123 84
S | 76 101 67 59 83 53 6
= f 22 68 78 63 61 - 64 51 4
g 128 64 27 61 81 22 55 1

* DISPLACEMENTS, cm -

5 | 1.35 2.53. | 3.70 | 4.69 a.18 | 1.57 | 3.74 3.29 | '3.08- } 3.35
2w | o1.25 2.50 | 3.08 | 3.98 | 3.49 1.55 3.16 | 2.81 2.57 3.32
2. 13 | 1.06 2.46 2.48 .| 3.25 2.81 . f 1.53 | 2.55 | 2.32 | 2.06 f{ 3.28
g |2 0.81 '2.40 | 1.98 2.59 2.16 1.49 | 1.92 | 1.84 | 1.57 3.22
211 ] o.49 2.34 | 1.50 1.96 |. 1.54 J-1.45 1.27 | 1.37 | 1.10 3.15
2 [B ) o 2.30 | 1.02 1.25 | .0.93 1.41 | 0.74 | o0.81 | 0o.61 | 3.04
g | c0.96 | 1.70 | . 1.19 - 0.59- | 1.13 | 0.73 f - o0.05
022 - 0:84 {1 1.31 | 0.97 ' 0.59 | o.88 | 0.67 0.03-
.g« 23 0.74 | -0.4a | 0.71 .0.83 /{ 0.30 0.65 '} 0.0

L9l .



- TABIE 5.1g: | PB NS 20. | PETROVAC, Time Scaled : | |2max,n =427 . -em/sec?|
, : T . : Y R T R v amax,v;‘ 198 . ~ ’cm/_sec?' L
ACCELERATIONS, cm/sec? ) SRR e
FIXED T L S . . ) R g N
"BASE - -SPRING BASE - D4 " SPRING BASE - D8 RUBBER
T : : : BASE
ap=345 a, =354 a = o ap =344 5, - a, =0 an=354
h H] v . . o . v . -
T'=0.29§T =0.92f{ T =12.238jT=1.43|T =147} T=0.92|T=1.2u|T=1m3|T=10u7}7=1.21
=215 2222 193 130 84 102 243 | 148 " 90 112 139
i 2152 174 78 . 59 67 202 © 93 72 73 110
Z |3 1819 139 87| 80 100 179 137 98 133 79
N |21 1309 106 ‘| 136 | 121 154 164 180 | 137 153 74
& 11 ). 865 108" 178 160 193 155 198 - 1747 190 98
T | B S 120 215 .| 201 207 164 239 | 196 237 134
< |2t 142 113 141 147 148 165 33
s 22 114 - 88 116 122 115 133 23
& 123 62 30 160 g2 | = 40 . 71 7
> I B » . - =
'DISPLACEMENTS, cm .
5 4.39 -1 1.43 2.55 2.717 2.63 | 1.22 1.86 2.21 | 2.08" 2.44
2 |4 4.05 1.40 2.18 2.54 2.37 1.18 1.63 | ~1.97 1.78 2.40
E 13 3.44 1.38 1.81 2.32 2.12 1.12 1.37 1.74 | 1.47 2.37
Q|2 2.60 1.35 1.44 +2.08 1.86 1.06 1.12 1.51 1.25 § . 2.31
211 1.56 1.31 1.16 1.83 1.63 .1.00 0.86 | 1.29 | 1.08 2.26
2 | B o '} 1.29 | 1.15 1.46 1.31. 0.96 . 0.59 0.96 | 0.86 2.19°
5 |22 1 0.60. | 0.99 - 0.97 0.37. ,0;71' 0.78°f 0.05
Ho 122 ~0.44 f 0.77 | o.81 ) .. | .0.16-| 0.55 | -0.67 § 0.04:
B |23 0.38 -1 -0.26 " 0.45 f -~ - 0.47 | -0.,19.{ 0.19°§ . 0.02
£ ) - _ $S - .47 1 013 . ; _

891



‘ .amax,h‘ = 427

A o ST ‘ ' L ) . em/sec?
| TABLE 5.1 9;% PN VK 40 .| PETROVAC, Real Tlmé_ Tpan e = 198 cm/hs‘ecz \
ACCELERATIONS, cm/sec? |
“FIXED . B '
| , , _ . RUBB
BASE _ - ‘SPRING BASE - D4 SPRING BASE - D8 e
a7 138 a, =0, g =146 ay =0  , . a, =108 a =146 |.
o jr=o0.29)T=0.92] T=1.03|T =143 T=27)T=0.92|T=2.14|T=1.43|T=a.7fT=1.2
g | 5 %
g3
5|2
o 1 3
= | p .
2 lar ] 25 127 | 131 125 130 87 88 1307 | . 84 735
a |22 o 127 138 125 132 87 89 130 | 81 770.
& 123 14 127 155 129 144 87 96 133 ‘84 | 1007
> x ‘ .
'DISPLACEMENTS, cm .
|s
g 4
£ |3
S
2|1
g | B
g {21 [ 0.0001 | 116 | .1.20 1.16 1.29 0.57 .| 0.54 | 0.84.| 0.60 0.18
S5 ol22 | 1.16 | .1.27 | 1.16 | "~ 1.36 0.57 0.60 .| ~0.84 | 0.65 0.20°
o {23 | 0.0001 ) 1.16. | 1:.49 | . 1.18 | 1.53 ) 0:57 0.76. . 0.87-] 0.73 | 0.27

691
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" TABLE 5.20 - CHANGE IN ACCELERATIONS (cm/sec2) DUE TO VISCOSITY

D8 EN NS 60

‘ C, = VERTICAL- VISCOSITY (kg. sec/cm)
o = HORIZONTAL VISCOSITY .
o
[ ] ' C , .
S [C0 | 10 ‘20 30l 40 s 6o f 70 90 |10 | 0
Cu=0 | 5 | 10| 20 | 30| 40| 50| 60| 8o | 100 '
su | 406 | 197 | 164 | 147 [ 150 | 158 | 168 | 179 {206 | 239 | ‘266
4 | 182 | 122 {110 | 118 | 117 |119 | 135 | 153 | 186 | 215 | 177
3 | 266 | 100 | 99 | 109 | 121 [136 | 146 | 161 | 193 | 221 | 161
2| 427 121 | 93 | 94 | 109 }127 | 142 | 154 | 173 {187 | 1s1|
1 | 615 | 165 | 132 | 151 | 172 | 192 |- 209 | 223 | 247 | 267 | 177
B | 843 | 260 | 204 | 178 | 192 | 206 | 218 | 230 | 248 | 262-| 213
a1v | 480 | 166 {118 | 99 | 89 | 84| 81| 82| 79 | 73 | 115
22 |373 |12t | 79) 63| 65| 75| 78| 79| 715 | 68 | -
231128 | 59| 58| 59| 67| 71| 72| 74| % | 18] -~
" TABLE 5.21.- CHANGE IN VELOCITIES (cm/sec) DUE TO VISCOSITY.
| C, = VERTICAL  VISCOSITY (kg.sec/cm)
. _ Cy = HORIZONTAL VISCOSITY -
* m b .l g '
g :r,v-o\ 10 200 {30 |40 {50 |60 70 {90 |10 |0
@ | Cy=0'| 5 |10 |20 {30 |4 |50 |60 |80 |100 '
su| s3 | 38 |34 |31 |28 {26 |25 25 |26 | 28 | -
4| 36 |31 |20 |26 |26 |22 {21 |21 |22 | 23 | -
3| 35 | 25 {23 j21 |19 |18-|16 |17 {18 | 19 | -
2. | 46 | 21 [19 |16 |15 |13 |13 (13 |13.5 16 | -
1| s6 | 18|15 |12 |11 | 9.5| 8.9 8.7| 8.8 8.8] -
B | 70 l 20 |13.] 9.50 7.4 6:1] s5.6| 5.4] 5.0]. 4.7 -
21v| 47 | 16 |11 | 9.3] 7.8] 7.0] 6.6] 6.2] 6.0 5.9 -
22736 4| 12 | 9.0| 7.50 6.6| 6.2| 5.8] 5.6] 5.3] 4.9 -
23 12 || 6.7 6.4} 6.0/ 5.7| 6.2 6.6] 7.0| 7.6] 8.0 -
" TABLE 5.22 - CHANGE IN DISPLACEMENTS (cm) DUE TO VISCOCITY
B IR | €, = VERTICAL  VISCOSITY (kg. sec/cm)
e Cy = HORIZONTAL VISCOSITY :
o —
S |60 |10 J20 430 Ju fso 60 f70 f90 110 |
= | Cy= 5 |10 |20 |30 |40 |s0o [eo [so |100 :
5u | 8.53 | 6.73]6.33{5.89{5.39]| 4.90|4.71| 4.80{ 4.95 | 5.11 | 3.54
4 | 7.12 | 5.75{5.36|5.00 | 4.59| 4.16| 4.00 | 4.06 | 4.17 | 4.28 | 2.88
"3 7.21 | 4.75]4.37)4.11|3.77| 3.41} 3.27 [\3.30 | 3.38 | 3.44 | 2.34
2 | 7.27 | 3.7413.403.21|2.93] 2.65| 2.54 | 2.56 | 2.58 | 2.59 | 2.00
1 | 7.26 | 2.72]2.44)2.33|2.12| 1.89 | 1.82{ 1.80 | 1.76 | 1.73 | 1.62
B. | 7.27 | 2.12|1.53|1.331.19 1.04| 0.98| 0.93 | 0.82{0.72.| ?-
21V |-5.43 | 2.30|1.74 | 1.59 ) 1.50) 1:42) 1,357 1.28 | 1.16 { 1.05 [ 0.80
22 | 4.22 | 1.69|1.52]1.28]|1.21|1.15{1.10{ 1.05]0.96{0.89 | - -
23 | 1.44 | 0.78}0.75]0.70{0.73] 0.74| 0.76| 0.80 | 0.94 | 1.07 | .-
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CHAPTER 6

CORRELATION OF TEST RESULTS WITH
ANALYTICAL STUDIES

6.1. GENERAL

| It is highlf desirable to have sufficient experimen-
tai data preferably frem shaking table ﬁests for the veri— ‘
f&cafion of analytical~studies._ In the laboratory,.struc—
tural medelsbmay be'tested at shaking tables capable of
simulating‘specified earthquake motione. Aithoﬁgh the
‘geometrical scale of the model and the characteristics of
fhevsimulated earthquake may-not hecessarily represent the
aCtuallconditons, the data obﬁained from the experimental
testing provide feirly sufficient means of better under-
-standing of dynamic behavior of the structural systems.
On the other hand, these‘results are compared with those
of the analytical works to estimate the 1evel of correct-
ness of the»assumptions,made in the analytical models.
Consequently, this sets up an effective feedback mechanism
to lead thevanalytical studies to more realistic assump-

tions.
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Vlbratlon 1solat10n of structures against earthquake
motions is a relatlvely new concept which is prlmarlly at
the stage “of laboratory testing and analytlcal investiga-
tions, There is still much to do both analytically and
experimehtally in order to determine the behavior of

various isolation schemes. .

It is evident that a properly designed isolation
scheme may substantially reduce. the structural damage for
.a'wide range of earthquakes. However, 1aooratory‘testing
- of the model structures with isolation elements is time
‘cohsuming‘and very expensive, These laboratory investi?
gations will, on the other hand, produce more reliable
data about the exact behauior of the system under earth?
quake loads compared with the results of the analytlcal

works, which are based on numerous simplifying. assumptlons.

It 1s expected that careful interpretation of the
discrepancies between the measured and analytical results
will pave the way for the development of more realistic

analysis of structures.

In previous chapters, the experimental and the
analytical studies of a 3-bay and 5-storey steel frame with
and without vibration isolation have been discuesed; The
objective of this chapter is'tobcompare and critisize the
Yesults obtained from the laboratory work and the analy-

tical'investigations.' In the following sections probable
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causes of differences in the results will be discussed.

6.2. COMPARISON OF NATURAL FREQUENCIES OF VIBRATION

Free vibration analyses of the test model for various
base conditions have been performed in order to determine
the natural frequencies and the mode shapes, The results

are already summarized in Chapter 5.,

In the laboratory, a series of tests is carried out
on the test model by simﬁléting bbth impulse’and sinusoi?
dél displacement inputs. Impulse excited fixed base model |
showed a first natural frequéncy of vibration at 3,38 Hz   k
(T = 0,30 sec). Sinusoidal inpﬁt tests on the othei hand,
v prodﬁced natural frequencieékwhich are about ten percent

- higher.

The frequencies defined.by the simulation of Sinu—
’sbiaal input'show better corfelation with those,of‘the‘b
analytical results. The reasbn'for thekhigher,freqﬁehciés
in the impulse tests is that a certain coupling exists

between thé model and the shaking table.

The sinusoidal input tests on the shaking table are
also carried out for the model with spring—-dashpot elements
‘installed at the base. The results for both four and

eight dashpots are already given in Chapter 4.
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The results of the analytical investigations in the
form 6f.f£ee vibration analysis were given in Chapfer 5.
The first naturai period of vibration corresponding to |
the rocking mode ranges from T =0.92 Sec to T = 1.47 sec
for various base conditions. This range covers the test
results of T = 1.15 sec and T.=-1.08 sec for the cases
with four and eight dashpots, respéctively. The calculated
natural periods for the vertical direction range from
vT = 0.65 séc td T = 0.60 sec. These results are in good
agreement with the measured feSults of T = 0.59 sec and

T = 0.56 sec.

The discrepancies in the measured and calculated .
'natural periods of vibration, méy be attributed mainly to
vinadequate mathematical modellind and unintentional irre—:
gularities of the test structure. First of all, the addi?
tional tensional rigidities existing in the test mddel due
to the exiétence ofiout—of-plane members are not accounted
for in the analytical studies. Moreover, the analytical.

- model does not consider fhe partially hinged connectioh
at the base level in the fixed base case, Also, slight
deviations from the expected natural frequencies of the
test model may'bé caused by.probable non-uniform distri-
bution of the graviﬁy loads due to small differecnes in ”

~the masses of some blocks.
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6.3. DAMPING PROPERTIES

i

A) MEASURED DAMPING RATIOS

Equivalent viscous damping in the test structure
is estimated from the results of impulse and sinusoidal
tests'ﬁsing the zell known halfépower band method. 1In
‘this method the damping ratlo B is determlned from the '
frequen01es at whlch the response is reduced to /—72

times. the amplitude at resonance, as

B = : .. (6.1)

in which f0 = resonance frequency, fl and f2 = frequencies

at Jiyzitimes the maximum amplitudes.

The value of percentage of critical damplng deter- :
mined for the fixed base case is B= 0.04 (Fig. 4. 7) : Hoﬁ4>
ever,vthls value is not very reliable, since the,;mpulse
test is performed by considering very small displacemente
when eompared with displacements during the actual earth-

quake simulation tests.

In faer, in some cases the test structure is sub-
jected to very severe base motions-pushind the stresses .
into the idelastie range.»‘Apparently, the capacity of
fhe model to absorb energy is significantly'larger during

the earthquake simulation tests. It is thus evident that
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. the actual damping is larger than the measured value ob-
tained through the half-power method.‘;Therefore, in the
analytical investigations a damping value of B = 0.0i5

is used.

- In the vibratidn isoiated)cases, however, the.damping
Vaiues-are calculated by two different fechniques in con-
’nectioh with impuise and sinuébida; tests. The logarithmic
decrement method produced damping values for different
modes of vibration by utilizing the impulse excited dis-
placement‘response>curves shown in Fig. 6.1. 1In this
method, the reduction in amplitudekfor the free vibratioh
response of thé structure, is used to determine the dam—"
ping ratio .as folldws; | | » |

Ln(xl/xz)

B = == e (6.2)

in which,‘xl and x, are the two successive displacement
amplitudes, a full peridd apart, as measured from the

impulsive vibration response curve.

The critical damping ratios of 8 = 0,16 and B = 0.35

are obtained in the vertical direction for the four visco

dampers and eight visco dampers cases, respectively (Fig.
6.1) . The first natural frequency of vibration of the
test model with base isolation springs and dashpots cor-

responds to the'rocking mode and mainly activated by the
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- horizontal displacements. The responsebcurves obtained
from the horizontal displacement impulse'tests shows a
critical damping ratio of 3 =0.25 for the eight visco

dampers case,

.The frequency response curves obtained from the

sinusoidal input tests yield damping ratios of f=0.28

~ and ‘ﬁz 0.33 for the four visco dampers and eight visco

‘dampers cases, respectively (Fig. 4.8) . However, it is

evident from -the wide arch chape of the spectrum curves

‘that the use of half-power method will give only an esti-

_ mated damping capacity much higher than the ttue values.
This is due to the coupling of the two frequencies which
~are rather closeAand their response curves are nbt dis-
tinctiy separated. .The réqunse of the system between
frequencies of 0.90 Hz and 1.70 Hz is the sum of the re-
sponses of the two resonant curves (those corresponding
to the uncoupled systems).A Therefore, the damping ob-

tained in this way is considered to be overestimated.’

¥
1

B) DAMPING VALUES IN THE ANALYTICAL STUDIES

The uncertainties encountered in damping
measurements using the impulse and the sinusoidal tests

are mostly due to the complex dynamic behavior of the

192

strucﬁural model. In addition, further difficulties exist

in measuring the damping characteristics of the visco-

dampers .
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It is already mentioned in the previous chapter
that the'viscodamperskused in shaking ﬁablé tests afe very
sensitive to both frequency and temperature changes; The
variation of viscosity coefficientskqf the viscodampers
with respect to fréquency and‘tempefature, is given in
- Fig. 5.5. It is apparent fhat iS% to 202 increase in the
value of viscocity is possible;for each degree centigrade
drop in temperature. In order to investigate the effects
- of changes in temperature, three different sets of damping

values were considered in the analytical studies as

follows:
¢
CASE NO. v h
kg-sec/cm ~kg-sec/cm
Case 1 and 3 . 41 - 34
case 2 | 68 57
Case 4 60 50

The viscosity coefficiénts are approximatel& proé
portional to the velocity at certain frequencies of the
input motion. At higher'ffequenciés however, the ampli-.
tudes are so small that the dampers provide only velocity
indenpendent material damping. Due to this fact damping
should be treated as a variable parameter rather than

constant during the analytical investigations.
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Further, in the base isolated case, only the effect
of the actually existing viscodampers is taken into
account in the form of vilcous damping. However, some
additional material damping inherent to the structurevalso
exists. No structural damping 1s considered to exist in
the analytical investigations. It is assumed that the
relatively high values of damping coefficients assigned
" to the viscodampers may readily and easily accomodate the
small percentages of structurai'danping, which may exist

in a steel frame,

6.4.  MEASURED AND CALCULATED RESPONSE

Parallel to the tests conducted on shaking table,
the test model is extensively analyzed under the action
of the same earthquake loads in order to correlate the
results of tests and analyses with each other. For pur-

poses of 51mp11c1ty, only the maximum amplltudes of the

analytical and tests results are compared.

It is clearly demonstrated by both analytical and
experimental studies‘that when vibration isolation system
in the form of helical springs and ViscodamperS»are used;
both the vertlcal and horizontal components of accelera—-
tlon response of the structure to any given ground exc1—f

tation is s;gnlflcantly reduced.

In general, the peak response values determined by

analytical studies are in acceptable ranges with those
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obtained_from the Shaking table tests. 1In the case of

the 1940 El Centro real time earthquakes however, the
cbrrelatlon is not satisfactory regarding the peak aéce—
1eiations of the fixed base modei. ihe}analytical results
are highef almost by a factor of two with respect to the
experimental results. This is particularly attributable
to the nonlinear behavior of Ehe»frame during the tests,
which is consideréd to be linear in the analytical inves—
tigations. The peak accelerations éf the analyses and
_tests'for the vibration isolated models, however, are in

very good agreément with each other.

Similafly, the Petrovac earthquake results indidate
that accelerations of the base isolated system are in very
good.agreement'for both low énd high damping values. Fér
the fixed base model however, the correlatioﬁ is hot
satisfactory for the reason of linear assumption of behavidr.

in the analysis. .

The measured and calculated diéplacements for the
fixed base case are consistently in good agreement at all
earthquake input motions. In the spring supported condi-
tions, however, the peak displacement values of the analy—
sis for the real £ime scale of the E1l Centro earthquake ére
somewhat larger than thdse of the test results. This /
discrepency may be due to the low frequency content of the
motion altering the behavior of the frame andkthe-démpersv

differently than those assumed in the analysis. The peak
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kdisplacements of the test results and the analyses ére,in
good correlation for almost all cases Of scaled time input

motions.

The peak accelerationé'and displacements calculated
at each floor level and also at:the joints located along
the base beam are given ianables 6.1 to 6.10. The labo-
ratory testing results are also tabulated fof comparison

purposes. Although, the analytical studies have been per-

formed for fou: different structural and damping,conditions,‘

only the peak response values of the "CASE 4" with’T - 1.47
sec natural period is used‘in constrﬁdting the comparative
tables. The béak floor response values of the analytical
studies are also_compared illustratively with those of the
shakihg taﬁle test results for some;of the input’mofibn

data in FPigs. 6.2 and 6.13.

. The anomolies between the experimental and the

analytized results may be attributed to various differences o

existing in the real test structure and its corresponding

mathematical model.

First of all, it should be pointed‘out that, in the
analytical studies, the input motion is assumed‘to be‘givgn»
to the structure at fhe level of the centerline of the' /
base'girders. The real loéation of the input motion‘is
actually at the centerline of the shaking table aCtualers.

Therefore, any possible modification of the input motion.
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from the level of actuators to the centerline of base
girders, while transferred through the(height of the elas-

tic springs, has not been accounted for in the analyses.

Secondly, the input motion ordinates are displaqe—
ments in .simulating the earthqueke motion at the shaking -
‘table. In fact, the actuators,erefprogramﬁed torapply
only the time history ordinafes of,displacements. In the
analytiCal-investigétions however, ohly the time history
of acceleration ordinates are used as input‘data. There-
fore, there is a basic difference iﬁ'the characteristics
of the input motion data used in the experiments and the

.analytical studies. S v , / S

The accelerations actually recorded at the shaking
teble are not necessarily the same as those of the real
earthqﬁake data given in the 1iterature. The differencee
of'the time history accelerations recorded at the shakiﬁg
table and of:the real earthquake are illustrated in Figs.
6.14 and 6.15 for the hofizontal components of the 1940
El Centro and 1979 Petrovae earthquakes respectively.
Aleo, the acceleration Fourier Transforms of the shaking
table'and the real earthquake records are evaluated for-
the horizontal and vertical coﬁponents of the Petrovae |
earthquake. 'Tﬁe spectrum curves are plotted in Figs. 6.16
and 6.17 -for horizontal and vertical-components,‘respec-
tively. The main ffequency eontent of the horizontal -

excitation is below 3 Hz, whereas of the vertical excita-
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tion between 0 Hz and 5 Hz., In both horizontal and ver-
tical cases of the shaking table there exists some addi-
tional peaks which are not noticed in the real earthquake

record.

In conclusion, it is'obserﬁed in all cases that the
frequency contents of the acceleratidns recorded at the
shaking_table are larger thah those . of the accelerations
given in the literature. This fact is important in the
sense‘that the discrépancies in the acceleration response
values of the fixed base models are likely due to this
frequéncy content"change.' This agreement is strengthened
by the fact that considerably good correlations existed
in the acceleration fesponses of the spring supported
models with lower gbVefning frequencies. Eurther, response
values calculated on the basis of recorded shaking table
input accelerations, correlated better with the test re-

sults,

- It is obvious that fhe displacements are very much
controlled by thé amount of damping existing in the strué-
ture. The differences in the dispiacements~therefore may
be thnght of being cauSed.by the'discrepencies of damping
- assumptions not necessarily corresponding to the real

vValues existing in the tests.

Finally, certain other differences may exist between

the measurement and the analysis, especially when the
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éoupling of the shakihg table with the test model is con-
sidered. Considerable coupling of the mass of the shaking
table (32 tons) méy exist with that of the\modél frame,
(also 32 tons), possibly altering the predictable peak |
“fespdnse values. 1In fact, a clear Whipping action (a
local increase in the peak respbnse) is querved in both‘ 
the top floor and bése’beam horizontal accelerations,
when the scaled timé (t=0.01 seq) interval is used‘in 
conjunction with either thé 1940 El Centro or the l979:

: Pétrovac,‘Yugoslavia earthquakés. It appears ﬁhaf,vthis
phéndménum resembles, to a certain extent, to the’presence\'
of an‘appendix or a set—backfsupersttucture on top'of;a

"tall building.



" TABLE 6.1

CENNS20

EL CEHTRO, Real Time

atz 0.02sec

200

.Péak Accel, - l‘ o

ah'

3y

‘342

206 -

- ACCELERATIONS, cn/sec?

SPRING BASE-D4

{SPRING BASE-D8

- ;.I.Damp_i.r]g ratio B: 1.5% R

FIXED- BASE NEOPRENE BASE
2 . "
B % | B Ch ay I ay ay | ay
< ' v
g | 137 - 137 - 128 | - 137 -
- | TEST |ANALYS!| TEST | ANALYS| TEST |ANALYS | TEST |ANALYS
No:l |T=0.29 | No:l8 | T=1.47]| -No: 44 |T=1.47 | No: =.1.21
5 ) 18l | 444 | 142 | 87 | e | 97 | 119 113
- 4 §-.129 412 147 73 48 77 . 97 108 -
CE| 3] L | a2 |17 64 | -48 66 102 105 -
‘gt2 | 122 | 353 147 |55 | 46 62 100 98
S 93 223 142 719 | 58 77 90 99
oy 4. - 1 - 147 | 120 72 | 109 102 99
2|,
g |21 ok 53 : 45 7.4
Hi22 17 40 | 38 | 37, 5.4
@23 ) 41 45 1.8
DISPLACEMENTS, cm
15| o.60 |'0.85 |'1.73 | 3.80 | 1.29 |3.11 | 6.95 | 3.71 |-
21 4| 0,53 | 0.78 | 1.37 | 3.28 | 1.03 | 2.63 7.20 | 3.68
Z| 31 043 067 | 1.07 | 270 | 0.79 [2.15-[ 7.70 | 3.63
g 2] 035 [ 0.52 | 0.86 | 2,11 | 0.71 | 1.66 8.30 | 3.56
=1 1] 031 | 0.32 { 0:65 | 1.52 | 0.55 | 1.17 8.70 | 3.48
= | B - - ? 0.85 | ? = | 0.64 6.40 3.36 .1
) 35'2] 1 1.29 10.90 0.05 .
R 0.03? | 1.04 | 0.29. | 0.74 0.03
§~ 23 0.53 0.51 0.01




201

- TABLE 6.2
ENNS40 | EL CENTRO, Real Time | Peak Accel.
—— ‘ - a 3,
atz 0,025ec h v
P 342 206
- ACCELERATIONS, cm/sec?
FIXED BASE  [SPRING BASE-D4 ~ |SPRING BASE-DS | NEOPRENE BASE
é f'ah dy ah ay an | ay | @ dy
< — f '
§- 257 - 256 | - | 252 | - | 256 -
| TEsT |AwaLys!| tes? | awarLys| TEST |anaLys | TEST | awarys
- { No:2 {T=0.29°] Wo:l9 | T=1.47 | No:45|T=1.47] No: '=1.21
{9} 338 |.835 | 10? | 163 | 176 | 191 | 21y
q 4 256 | 775 65 | 137 .{ 117 152 S| 202
E 3] 244 ) 7757 67 120 103 | 130 196
Sl 21 208 664 72 . 103 103 122 | 183
=11 1 180 419 101 148 | 127 152 | | 185
S-S E EE T 168 | 224 146 215 ] o1ss
S | R 99 89 | | 1w
- ’ . . , . .
g2 T 101 75 72 731 10
@3t | o - 89 3.4

DISPLACEMENTS, cm

. AN v

51 1.30 | 1.60 | 3.59 7.22°| 2.28 | 6.13 6.93

g 41 1.04 | 1.47 | 2.91 6.13 | 1.85 | 5.18 '6.88

& 3] o0.80 | 1.26 | 2.27 5.05 | 1.53 | 4.24 6.78 |

82 Q.70 [ 0.98 { 1.81 3.95 | 1.30 .| 3.27 6.65

51 1 0.62 | 0.60 | 1.33 2.84 | 1.05 | 2.30 -6.50

= B - - ? 1.59 ? 1.26 . 6.28

g 21 1 - 2.41 - 1.77 0.09
nia22 a 1.00 | 1.94 | 0.54 | 1.46 : 0.06 }
L‘é a3t 1 ) 0499 1.00 c ) o 0.02 )

e A'Dampipg ratio B= 1.5%
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203

GEBNS 20 EL CENTRO, Scaled Time ' Peak Accel.
b . : N N . - a a
4tz 0,01 sec h Y
B - | ' 342 206
~ ACCELERATIONS, cm/sec? RN
FIXED BASE - [SPRING BASE-D4 |SPRING:BASE-D8 |- NEOPRENE BASE |
_E ~an dy '} " &n dy A dy S 8p | dy
< , - -
g 204 |- - 203 - 221 . - 203 _
. TEST ' [ANALYS! | TEST | ANALYS| TEST |ANALYS | TEST |ANALYS
, ‘No:5 |{T=0.29 | No:23 | T=1.47| No:50|T=0.29 | No:50 |T = 1.21
5 1 759 | 927 146 106 178, | 123 ] o
|4} 515 836 771 73 o1 |. 79 115
513} 467 | 782 82 73 89 86 107 *
812 307 | 654 117 . 86 | 98 122 104
H |1 o289 | 421 | 16l 110 | 129 154 4 o3
S| B} - - ] 249 192 | 192. | 157 - 106
Q121 57 101 13
b |22 129 44 | 101 85 S 9.5
0123 ' 27 54 3.2"
 DISPLACEMENTS, cm
5] 2.3% |- 1.59 | 3.41 | 2.96 .| 1.92 | 2.65 3,51
24| 1.06 | 147 | 2.79 | 2.5 | 1.58 | 2.20 3.48
2| 3] 1.56.| 1.26"] 2.13 2.10 | 1.25 | 1.74. 3.43
S| 2§ 1.1 | 0.97 ['1:67 | 1.67 | 1.03 | 1.28 | 3.37
Bl 1] o0.66 | 0.58 | 1.24° | 1.23 | 0.85 | 0.90 3.30
= B = ? 0.70 ? 0.52 - 3.19
g 21 0.66 0.05
Hp22 1.00 0.48 | 0.52 0.04
‘é, 23 | | o.49 0.10-

o 1‘:Démping ratio B= 1.5%
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204

EN VK 20 EL CENTRO, Real Time Peak Accel.
e : ‘ 2 ay
| atz 0.02sec L
— | 342 | 206
- ACCELERATIONS, cm/sec? '
| FIXED BASE - [SPRING BASE-D4 |SPRING BASE-D' | NEOPRENE BASE: |
gi ap S dv dh | Ay an dy ’.ah ~ dy :“
g = | as - |0 | - 34 - | s0 |
| Test |AnaLYS!| TEST | aAwaLys| TmST |AwALYS | TEST |ANaLys |
: No: .~ |T=0.29 | No:26 | T=1.47| No:54 |T=1.47| No: = 1.21) -
- 5 8 N 10.0006
24} 10 7 7
g3 19 7 10 | 0.0006
Bla | 1 12 17
H 5 7° 7
Sol B - 5 7 10.0006 |
‘. i“ . v' ) . | - ' . .
9 21 16 K 25 118 434
8122 - 22 23 22 14 445
@123 13 2 14 612.
. DISPLACEMENTS, cm )
15} o1 |, 0.10 0.10 0
21 4] o.06 0.03. 0.08 =
%| 3| o0.06 0.04 0.06 0
8l 21 0.04 0.04 0.07 |
=1 1] o.03 0.06 0.07 R
Tl B - ? -9 .0
g‘f 21 - | 0.0003 -} o.20 0.10 0.10
B2 | 0.09 | 0.21 | 0.05 | 0.10 011 |
f g 23 0.0004 | 0.23. 0.12 0.16

Cod Damping ratio B= 1.5%
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“TABLE 6.6
EN4020 EL CENTRO, Real Time Peak Accel.
, a, . a,
“at= 0,0256c G B
| - 342 | 206
~ ACCELERATIONS, cm/sec? |
FIXED BASE  [SPRING BASE-D4 |SPRING BASE-DB | NEOPRENE BASE'
S | 616 | 81 | 370 | 62 416 | 83
A . , . , s . : ;
TEST |ANALYS! | TEST | ANALYS| TEST |ANALYS | TEST |anarys |
- .{ No: I No:31 T= 1.47] No:58 | T= 1,47} No: . |T=1.21}|"
RN 120 | 267 162 | 282 344
a1 4" 69 | 227 | 103 | 224 329
513 7% | 192 | 144 | 190 320
8|2 91 | 169 149 | 176 - 297
Sl 110 240 115 218 303
&l 182 | 365 180 | 315 303
T — 3
g2 : 153 132 721 | -,
5|22 110 | 123 285 | 110, 738
823 o | 125 1009
. DISPLACEMENTS, .cm
s 3.94 | 11.13 | 3.17 | 9.09° 11.33
- q 4 3.19 | 9.99| 2.50 | 7.69 11.22
x| 3 2.5 | 8.21| 1.81 | 6.28 11.07
8] 2 2.05 | 6.42 | 1.89 | 4.85 10.86 -
| 1.51 | 4.62) 1.48 | 3.42 10.62
=l B 2 | 2.60 ? 1.86 10.24
212 3.89 2.61 0.24
B2 1.0 | 3.14) 207 2.13 0.24
C#les , 1.61 | is 0.28

1 Damping ratio Bz 1.5%
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o -1 '_Damp._ijjlg ratio f= 1.5%

. TABLE 6.7
EB 30 15 EL CENTRO, Scaled Time © Peak Accel.
, a 8,
atz 0,01 sec h’ *
- | 342 206 .
- ACCELERATIONS, cm/sec?
FIXED BASE  |SPRING BASE-D4 [SPRING BASE-D8 | NEOPRENE BASE
2 )
E ap dy ah Ay an dy ah Ay’
< ; _ . v —
g 411 | 147 430 114 411 | 117 -
TEST - |ANALYS!| TEST | ANALYS| TEST |ANALYS | TEST |ANALYS
1 No: = No:33 | T=1.47| No:61 | T=1.47 | No: Tz 1.21 ¢
5] 1 205 | 210 | 256 | 237, 262
3.8 117 150 125 158 235
g3 137 152 129 169 216, .
o2 149 175 153 237 210 .
Al 218 226 182 305 189
2| B 347 | 245 244 306 214 -
012} . 134 o 190 468
el22 192 | 102 | 129 160 371
|23 67 | 105 474
- DISPLACEMENTS, cm
s 5.5 | 6.10 | 2.99 | 5.18 7.1
| Eg’ A4 4.48 - | 5.23 | 2.47 | 4.31° 7.05
& 3 3.51 4.35 | 1.93 | 3.42 6.96
N2 2.73 3.45 | 1.55 | 2.52 6.84
R 1.94 2.53 1.24 | 1.77 6.69
=B ? 1.48 ? 1.06 6.48
| 3 21 - 2.00 1.36 0.13
Bl 1.71 1.60 | 0.78 | 1.12 0.10
E' 23 0.89 ' 0.98 0.13
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TABLE 6.8
PNNS20 PETROVAC, Real Time FPeak Accel.
’ . . = —
at=0,02 sec LY RN A
b ; | 427 | 198
ACCELERATIONS, cm/sec? e
'FIXED BASE  |SPRING BASE-D4 |SPRING BASE-D8 | NEOPRENE BASE
= .
2l on ay. - 8h 3y 3h ay 8h | By
< - -
g L | - 142 - 138 - 142 -
| TEST | ANALYS}| TEST | ANALYS| TEST |ANALYS | TEST |ANALYS |
No:1l |-T=0.29| No:35 | T=1,47| No:64 |T=1.47| No:  |T=1.21|
|5 {335 | 626 | 106- | 105 | 120 88 163 | 106
314 | 261 573 67 69 | . 89. | 69 135 . | 102 |
g3 249 | 481 65 . 61 81 69 1" 153 97 .
Sl 21 204 386 | 65 73 84 76 | 136 90
S11 ] 153 | 258 7| 84 95 79 90 | 128 88
SR - 125 133 93 | 123 | 138 .| 84
3121 67 53 5.8
H |22 77 .63 58 51 4.2
& |23 61 3 1.4
B0 ‘
-~ DISPLACEMENTS, cm
5] 196 | 1.35 | 2.56 | 4.18 | 2.16 | 3.08 | 6.85 | 3.35
21 4] 1,05 | 1.25 2.09. | 3.49 | 1.75 2.57 | 7.50 3.32 |
Z1 3] o.84 | 1.06 | 1.63 | 2.81 | 1.38 | 2.06.| 7.80° | 3.28 |
S| 2] 0.63 | 0.81 | 1.26 | 2.16 | 1.12 | 1.57 | 8.40 | 3.22
2| 1| o.44 | 0.49 | 0.89 | 1.5 [ 0.88 | 1.10 | 9.05 | 3.15
& B - - 7 | 0.93 | 2 0.61 | 6:35 | 3.06 |
_gi 21 1.19 0.73 0.05
=122 0.81 | 0.97 | 0.53 | 0.67 10.03
HEE 0.71 0.65 0.01

-~ 1 D_amping ratio B= 1.5%




TABLE 6.9

| PBNS20

PETROVAC, Scaled Time

| 8t=0.01 sec

©ACCELERATIONS, cn/sec?

208

. Peak Accel,

dy

427

198

| FIXED BASE  [SPRING BASE-D4 |SPRING BASE-DB |- NEOPRENE BASE
E ap | Ay ap dy ap | 3y ap of By
<
g | 345 | - 354 .| - 344 - 354 -
| TEST. |AwALYS)| TEST . | ANALYS | TEST |ANALYS | TEST . |aNALYS
] No:14 |T=0.29 | No:39 | T=1.47] No:68|T=1.47 ] No:

s | 1763 | 2222 | 226 | 102 | 245 | ‘112 139
3|4 | 1268 | 2152 98 | .67 | 151 73 110
‘£ 3 ] 1050 | 1819 | 113 | 100 | 141 | 133 79

Q 2 791 1309 216 154 151 . 153 74

=11 ] 558 | 865 | 331%) 193 182 | 190 98
g8 1 .- - | s46 | 207 | 276 | 237 | 134

S.f21 Sy 141 | 165 33

& |22 268 116 | 158 133 23 |-

|23 | 160 | 71 7.2 |

=2 BT
__ DISPLACEMENTS, cm_
51 5.18 | 4.39 | 2.67 | 2.63 |2.07 |2.08 2,44

g 4 4.38 4.05 2.18 2.37 1.71 1.78° - 2040
‘2| 31 3,42 | 3.44 ) 1.69 | 2.12 | 1.35 |1.47 2.37

S| 2] 2.45 |.2.60 1.31 | 1.86 | 1.11 | 1.25 2.31

=20 R I I Y 1.56 1.08 1.63 0.89 1.08" 2.26
=B - - ? 1.31 ? 0.86 2.19
Fla 0.97 | |o0.78 0.05
Hi22 0.89 | 0.81 | 0.52 | 0.67 0.04

E 23 | 0.45 0.43 0.02 -

t_,. 1:Damping,ratio =z 1.5% -

T=1.21
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S -Damping ratio f= .l‘.,.596

'

~ TABLE 6.10
~ PN VK40 PETROVAC, Real Time Peak Accel.
- a ay,
At=0.02 sec __n 2R
A 427 198
- ACCELERATIONS, cm/sec? ’ T
© | FIXED BASE ~ |SPRING BASE-D4 |SPRING BASE-DB | NEOPRENE BASE
g _ n ay ah dy ah dy ap . dy
< S mans
e - | 138 - | 146 - 108 - 146
_ . = == .
| TEST | ANALYS| TEST | ANALYS| TEST |ANALYS | TEST :|ANALYS
o ‘No:17 |.T=0.29 | No:42 | T=1.47] No:72 | T=1.47 No: T=1.21
ﬁ 15 |40 2 | 40 | 0.0009 |
a4l 2 10 22 ]
g3 34 12 26 0.0013 | -
912 29 14 24 : v
Al 12 19 19 R
8le |- 81 38 0.0009
Q121 25 130 | 8k 735.
B2 §. - - 141 132 113~ 8L 170
N3 23 | 14 144 8 , '1907
__DISPLACEMENTS, cm e
| 5 o021 0.10 0.42 -0
;?,] .4 10.09 0.06 0.35
| 31.0.08 0.06 0.23 0.
8| 21 0,07 0.05 0.22 '
=111 0.06 0.06 0.21 -
g 21 0.0001 1.29 {. | 0.60 0.18
Rl22] - 0.62 | 1.36 0.30 | 0.65 0:20
E 231 10.0001 1.53 0.73 0.27-
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CHAPTER 7
"OTHER ASPECTS OF VIBRATION ISOLATION

7.1. COMPARISON OF RUBBER AND SPRING ISOLATION SYSTEMS

It is already menﬁioned that a variety of shdck ab-
sorbing devices and base iéolation systems, sﬁch as mecha-
nical restrainers, neoprene pads and spring—dashpot sys-—
tems, alsé available inlliterature. The behavior of thé
spring—dashpot isolation system and the rubber elements
have been already discussed, both experimentally and analy-
tically in Chapters 4 and 5 in connection with a five
storey steel frame. In.this chapter, a more detailed com—v
parative study will be presented in order to determine the

relative efficiencies of the neoprene pads and the spring-

dashpot isolation systems.

| A) ANALYTICAL MODEL AND INPUT MOTIONS

For the purpose'of comparing the behavior of the
spring—dashpot vibration isolators with that of the neo-
Préne pads,.eépecially in the vertical direction a simple

two-story test frame is selected as shown in Fig 7.1.
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The basic data and. the mathematical model of the test
frame is given in' Fig., 7.2, A total of nine lumped masses
are considered, each capable of vibrating in both horizon-

tal and vertical directions.

The base of the model was édnéidered to be suppofted ‘
in a number of different ways as shown in Fig. 7.3, so as
to represent (a) the fixed base case, (b) the'iéblation'by
neoprene pads, and (c) the iSOlation by springs and dash-
pots. In order to arrive at the best possible vibration
isolation, to discover the relative efficiency of the
locations of the dashpots, and also to find out the most
suitable.orientation of springs and biscous dampers, a

parametric study has been conducted also as summarized in

Table 7.1.

The two—storej test frame with_different’support
conditions is subjected to the N-S and vertical components-wf
- of the 1940 El Centro earthquake. For the purpose of |
investigating the importance of vertical isolation, the
vertical and horizontal'coméonents of the input earthquake -

motion have been applied first separately and then simul-

taneously,

The peak ground acceleration is 0.35 g (3.45 m/secz)
in the horiéontal,and.O.Zl g (2.06 m/secz) in the vertical
' directions. The reason for this earthquake to be selected

as the input ground motion is that it causes a significant
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TABLE 7.1 PARAMETERS OF VIBRATION ISOLATION OF THE TWO-STOREY FRAME

'DAMPING

C L - - SPRINGS VISCOSITY T = PERIODS f = FREQUENCY
FOUNDATION ISOLATION ~(ton/m) (<) (t-sec/m) (sec) ' (Hz)
CASE (1 . - . o
_ kv ﬂk'h B, B - Cv Ch ) | Vertical Rocking 1| Vertical | Rocking

A. TFIXED BASE CASE w o 0 0 0 0 0.03 0.28 33.33 3.57

[5. weopmenE PaDs 105 600 |- 0 | 7z |- 0o | 15.3| 0.05 1.17 | 20.00 | 0.85
C. SPRING-DASHPOT SYSTEM | |

1.Springs only, No dashpots| 660 |1200 0 0 ¢] 0 - 0.50 1.42 2.00 0.70

2.Dashpots at the center 330 | 600 20% 347(2) 73.2 | 43.9 | '0.70 1.99 1.43 0.50

3.Dashpots at the edges (a) | 330 | 600 | 207 343 36.6 | 43.9 | .0.70 1.99 1.43 - 0.50

() | 660 {1200 207 | 362¢¥52.5 | 63.0 | o0.50 1.42 2.00 . 0.70

(l)viscosity coefficient in the horizontal direction is taken as 607 that of the vertical direction.

‘(Z)Horizontal critical damping ratio is calculated on the basis of the rocking natural period.

622




230

~disturbance on relatively rigid structures -like two-storey

test frame,

B) ENERGY ABSORPTION BY VISCODAMPERS AND NEOPRENE
PADS |

The major handicap iﬁ‘vibration isolation is

. that the rigid body displacements of Ehe structure may be
excessively large. The use of Viscous dampers however,

, is an indispensible tool in eliminatiﬁg these large dise
placements. The viscous dampefs provide sufficient amount
ef damping, up to the value of 20% to 30% of critical

‘damping; in ail three directions. The successful appli-
>cetion of viscous dampers and the performance ofvspringe

‘dashpot systems are presented.by Huffmann (1980) .

. Based on experimental evidence, the upper limit of
‘the amount of damping supplied by the viscous dampers in
the vertical direction is taken as 20% of the,criticai
value. Once -the critical damping ratio is‘khown, the

coefficient of viscosity C is determined, for the first:

mode of vibration, from

c C
= = ’ (w = Zﬂ/T)
ﬁ Ccr 2mw
C= gTW (7.1)

in which, W = total weight of the structure, and T = naturalv

period of vibration of the structure. The coefficient of
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viscosity in the horizontal direction is assumed to be

60% that of vertical direction.

In the case of neopréne pads, the critical damping
ratio in the horizontal direction is assumed as 5h-= 6.07,
which corresponds, for the naturalvperiod of T = 1.17
seconds in the rocking motion, to the coefficient of vis-
cosity of ¢, = 15.3 ton-sec/m. No viscous damping is
assumed to be present in,thé.vertical direction when neo-

~ prene pads are used,

C)  DISCUSSION OF RESULTS

For the test framé)shown in Fig. 7.2 and for.all
Cases.of vibration isolation given in Table 7.1, the time
" history of displacements, velocities and accelerations at
each node have been calculated. In this Qay,‘it has been
possible to determine the akial forces, shears and moments
in each element of the structure due fo the single or.
combined action of the horizontal ahd verfical compbnents

of the earthquake.

The main emphasis in the calculations has been to
demonstrate the significance of the vertiéal and rocking
motions. It has been shown that in the case of neopreney/
pads, the Vertical accelerations’in the structure are pro-
hibitively large, since these pads ate unable tbbprovide

vibration isolation in the vertical direction. The spring--
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‘dashpot system however, is a three dimensional arrangement
‘and it is capable of providing vibration isolation in all
three directions. Therefore, the response of fhe structure

in vertical and rocking motions also becomes very small.

‘Although the complete timefhistory respohse of all
the nodes of the'tWo-storey test frame has}beén‘obtained,
only'thé summary of the resulﬁs for Nodes 1 and 5 aie
givenvin Table 7.2. Compafative'results are also summa-
rized in Table 7.3. It is seen that in the case of neo-
prene.pads the vertical acceleration at the top storey at
Node 1 is magnified more than six timessy. But, in the case
of springs with dashpots the vertica; acceleration is

about the same as that of the ground motion.

‘Maximum horizontal absolute accelerations énd,rela—
tive displacements of the test structure, due to the éom—
- bined action of the horizontal and vertical components 6f
the iearthquake; ‘are illustrated comparatively in Fig. 7;4;
Maximum vertical absolute accelerations and relative dis-
placements, due to the same input motion, are illustrated
comparatively in Fig. 7.5. In these figures, the results
. for the viscodémpers case correspond to the natuiai periods
of T, = l.42vsec and T, = 0.50 sec. It is seen that the.
best isolation is achieved, especially in the Vertical
direction, by means of the spring and dashpot system.
Isolation by means of neoprene pads in vertical motion is

even worse than the case with no isolation.



;IABLE Z.Z - MAXIMUM RESPONSE OF NODE ‘1 AND 5 OF THE TEST ERAME

NODE 1 NODE 5
: —_— = a
INPUT MOTIONS .- " , =z o S %
, & o
(1940 E1 Centro Earthguake) = @ ® B B _ = % el
a ﬂ = = B [=] ‘é 3 -7
Hy | &g | €3 | E£3 s | &3 | Bz | 2%
B & 2 &8 R7R-) g 2 ez -
NATURAL PERIODS (sec) _ ‘ — -
' Horiz./Rocking 0.28 1.17 1.42 1.42 0.28 1.17 1.42 1.42
Vertical 0.03 0.05 0.50 _0.50- 0.03 0.05 0.50 0.50
HORIZONTAL EARTHQUAKE(3 45m/sec?) ' B
Acceleratlon (m/sec?) Horiz. 16.90 |- 3.54 4.06 .2.18 3.45 - 3.06. 9.46 3.88
Vert. | 0.31 0.07 | . 3.65 '1.63 0 0.05 | 3.63 1.63
Displacement (cm) Horiz. 3.14 10.72 12.67 9.88 - 9.93 | 10.31 3.18
Vert. - 0.04 0.04 5.57 2.63 0 -0.03. 5.55 2.63
VERTICAL EARTHQUAKE(Z 06m/sec?) ' ' . . S
Acceleration (m/sec?) Horiz. 0 ' 0 0 0 0 .0 o o
. Vert. 6.57 12.72 2.61 1.21 ~2.06 - 7.95 2.59 1.18
Displeqement (cm) ‘HorizQ 0 0 0 0 0 : o 0 0
- Vert. | 0.02 0.08 1.61 0.69 - 0.05 ‘|- 1.60 0.68
(HOR+VERT) EARTHQUAKE . - ‘ - — ' v
Acceleration (m/secz) Horiz. 16.90 3.54 4.0@_ 2,18 3.45 3.06 9.46 . '3.88
S : Vert. 6.72 | 12.73 5.62 - 1.77 2.06 7.95 5.61 1.73
pisplacement (cm)- Horiz. 3.13 10.72 12.67 9.88 - - | 9.9 10:31 3.18
' : Vert. 0.04 0.10 6.32 2.64 - . 0.06 6.30 2.64

_ Notes: 1. Neoprene pads are assumed to prov1de 7% critical damplng 1n the horizontal direction.
{ 2. Viscodampers are assumed to provide 207 critical damping in the vert1ca1 dlrectlon.v

. 3. Vlscodampers are placed at the extreme edges of the foundation.



TABLE 7.3  RESPONSE VALUES AT ROOF LEVEL

INPUT MOTION

SPRING BASE

(1940 ELl Centro N-S) DIRFCTION . FIXED BASE RUBBE}%_PADS
. Without With Visco-
Dampers dampers
- - Hor 0.28 sec 1.17 sec 1.42 sec '1.42 sec
T = NATURAL PERIODS Ver 0.03 sec 0.05 sec '0.50 sec 0.50 sec
(HOR + VERT) EARTHQUAKE R R _ S Soa
Accelerations (ag = 0.35 g)| Hor 4.90 ag .5lides, 1.18 ag 0.63 ag
(ag = 0.20 g) Hor 4.90"ag 1.D3 ag 1.18 ag 0 65'"ag
(ag = 0.20 g)| Ver 3.19 ag 6.18 ag 2.73 ag 0.86 ag
Displacements (ag = 0.35 g)| Hor 3.13 cm slides 12.67 cm 9.88 cm
(ag = 0.20 g)| Hor 1.79 cm 6.13 cm 7.24 cm 6.65 cm
(ag = 0.20 g) Ver 0.04 cm 0.10 cm -6.32 cm 2.64 cm

pee
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From‘the discussion of the results it appears that
the spring-dashpot of base isolation is more effective
than the rﬁbber pads, in reducing the acceleration re-
sponses especially in the vertical direction. The.néo—
prene pads are equivalent to elastic springsvonly in the
horizontal direction. Their‘capécity of providing flexi-
bility in thelvertical direction is very small. Therefore,
the natural periods'of vibratidn of the structure in the
vertical motion will remain almost uﬁchanged when neoprene
pads are used. Consequently, the structure and its coﬁ—
ponents will not be saféguérded against vertical earth;
quake motions. Spring and dashpot systemg however, can
provide any desirable degree of flexibility in all three
directions of motion. Theréfore, complete wvibration iso-
lation is aéhieved for all types of motions~including the
vertical and rocking motions, thus tesulting in safer and

more reliable design against earthquakes.

D) OPTIMUM NATURAL PERIODS AND CRITICAL DAMPING

The optimum values of spring coefficients are
those cbrresponding to the naturai periodé of T,. = 1.42
. sec in the rocking motion and T, = 0.50 sec in the vertical
motion. Shorter natural period systems suffer higher
accelerations while the longer natural periods cause ex-—
cessively large deflections requiring unnecessarily costly
damping facilities. The best arrangement of viscodapers
is achieved, if the critical damping ratio is selected in

the order of 20% in the vertical direction.
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E) TIME HISTORY RESPONSE COMPARISONS

The

time history variation on the acceleration

- and displacement responses of Node 1, due to the comblned

actlon of both the horlzontal and vertical earthquake

input, are 1llustrated in Fig. 7.6, 7.7 and 7.8. The

efficiency of

the spring-dashpot system over the neoprehe

pads is clearly observed in these figures.

F) LOCATIONS OF VISCODAMPERS

In order to determine the relative efficiency

of the locations of the viscodampers, identical analyses

~have been perf

center, then p

foundation. F
compared in Fi

cienty reduced

G) INFLY

In o
underlying sodi
which develop
members at opp
causing the ro
integration di
although hotiz

systems with n

ormed once placing the viscodampers at the
lacing them at -the extreme edges of the |
esults of these two sets of analyses are
gs. 7.9 and 7.10. Response is more effi-

if the dampers are located at the edges.

UENCE ON AXIAL FORCES OF "COLUMNS

rdinary structures, dispiacéments of the

1 produce large relative'storey displacements
elongation and shortening of the vertical
osite sides of the structure simultaneously,
cking of the system. The step-by-step direct
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body at any instant of time during the earthquake. Hence,
the relative storey displacements are almost nil permit-

ting no stresses and strains in the structural members.

It is computed that the axial forces produced in
the columns of the lower storey of the model are 62.4 tons

and 12 tons in the neoprene and spring isolated cases,

fespectivély, The adverse effect of the neoprene pads in -

vertical vibration becomes once agaih obvious because of
the fact that the axial forces in the columns are more
than five times larger thaﬁ'those of the spring base case.-
The situation in the fixed base case isveven worse. Shears

‘and moments in the isolated systems are very small, since

-the structure“behaves almost as a rigid body not permitting

- any nodal rotations.

\

7.2. ADDITIONAL SAFETY PRECAUTIONS

It is already shown thaf the response of structures
to earthquake;induced motions is»greatly reduced by means
of vibration iéolators placed under the foundation. The
energy of the earthquake motion is absorbed primarily by
means of the shock absorbihgvdevices resulting in reduc-
tioﬁ of accelerations.. The structufe behaves completely”
in the elastic range and does not requiré any plastic
deformations for the purpose of absorbing enetgy{ How-

- ever, it.is unavoidable with the vibration isolation

| systems that the displacements may become larger as the
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accelerations are reduced. The dampers which are used
together with the springs reduce the amplitudes of dis-
placements also gnd prevent any occurrence of a probable

quasi-resonant state of vibration.

In addition to the fundamental elements of vibra-
tion isolation, such as springs or neoprene pads, some
other auxiliary safety precautions-shoulo be incorpotated
into . the system, depending on the~needs‘of the intensity
of vibrations. Some of these additional featurés‘and the
safety precautions are explained in the following para-

graphs.

. A) SAFETY FUSES

One of the problems associated with the use of
base isolation is that the strnctuie‘may nndesirably ‘
voscillate even during the small excitations of wind forces
or low amplitude earthquakes. Especially, the predominent
fiequency of the wind force is likely in the same order
of magnitude as the isolation frequency of the strnctures?

Therefore, the oscillations of the structure due to the

wind load may be at a.considerable level.

While there.is no intrinsic danger associated with”
such small oscillations, they would be ciearly disturbing
to ths occupants and‘would not ne acceptable. Therefore,
torvthe oomfort'of the ocoupants-in residential buildings

and also to prevent the cyclic motion of the service lines
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in other structures, it is advisable to install mechanical
fuées in the form of shear pins between‘the two foundation
rafts, such that for small disturbénces the vibration iso;
lgtors do not participate. When éhe levél of disturbahces
reach to a base shear value of about 103 of the weight
lhowever, the shear pins acﬁing like meéhanical fuses, frac-
ture and the structure is‘céupled with the vibration iso-
lators as described by Derham,‘et al (1977) and Delfosse
(1977) . These safety pins should be suﬁplied in both ho-
rizontal and vertical direction< and should be easily re—

placable after a strong earthquake.

B) EMERGENCY SUPPORTS

In order to prevent-excéssive,displacements of
the foundation during an unexpectédly high earthquake or
~in the very unlikely situation of springs and dashpots
being damaged, emergency supports should be designed in
~both horizontal and vertical directions. These-emergencyi
supports should be of shock-absorbing type rather than of
a mechanical type. For purposes of maintenance and ser-
vicing, the spacing be tween the upper and lower rafté

shouldkbe in the order of 1.80 m, the base isolation ele-
ments are normally mounted on appropriate pedestals.k Thgse
isolation elements‘should be easily accessible for in-
spgction purposes. They should also be removed and re-
.placed at any time, if necessary, without interferring

with the main function of the building.
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C) FLEXIBLE COUPLING OF PIPES

Differences of diSplacements between the lower
and'upper foundation rafts.should be accommodated partieu—
7,1afly for serVice lines by means of fiexible couplings .
and fail-safe mechanical deVices}’-Such coﬁplings are
necessary only at the,lnterface of foundation and building,

since the relative displgcements at upper elevations are
X v

negligible.
7.3, INFLUENCE OF SOIL CONDITIONS

'A)  GENERAL

In ofder to demonstrate the influence of local
soil conditions on the vibration isolation, especially in .
.fhe vertical direction, a simple numerical example is |
Selected. The mathematical model of a typical nuclear
reactor building by Plithon and Jelivet (1978) is idealized
iﬁto’a two-mass assembly of structure and soil as shewn‘ |

in Figa 3-3.

The subsoil medium may bevrepresented by means of
‘either an assemblage of finite elements or a series of
linear elastic springs. For reasons of simplieity in
determining the effects of local soil conditisons, the
subsoil is represented by means of equivalent springs.- 1n‘k
‘the numerical ekample a single spring is. selected to re-

present the vertical action of the soil_ because only the
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tendency of the influence of the soil condition is in--

vestigated,

Similarly, the superstructure is reduced to a singlé
mass, because the whole structure moves like a rigid bod§'
causing almost no stresses or strains in the superstructure.
:Furthgr, the purpose of this particular analysis is only
'vto investigate the changes of natural periods of.vibration'
due to different soil conditions. |

2

B) STRUCTURAL AND SDIL PROPERTIES

The total weight of the reactor building is
Hgiven as W, = 45 000 ton by Plichon and Jolivet (1978).
The total weigﬂf of the lower foundation, combined with
~ the phase in mass of the soil, is assuméd as Wl = 10 000
toh. The total horizontal stiffness of the reinforced
elastomer bearing pads is calculated from equatlon (l) of

3 ton/m. Assuming the

the reference as K= 1.12 x 10
vertical stiffness to be 800 times greater than the hoxi—.
zontal stiffness, the total vertical stiffness becomes

k, = 9 x lO7 ton/m. Two different soil conditions will

2

be considered as follows:

i) . "Soft Soil" representing finerdense'Sand with
- an allowable bearing stress of 25 ton/m2 requi-
ring a mat foundation area of about 1800 m2,

Assuming the modulus of subgrade as k = 5 kg/ém3

the total vertical stiffness becomes kl=0.9x107

ton/m.
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C)

model is

where
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- "Hard Soil" representing dense gravel or rock-

like soil with an allowable bearing stress of

35 tﬂn/m2 requiring a mat foundation area of

about 1300 m2

. Assuming the modulus of subgrade
as k = 22 kg/cm3, the total vertical stiffness

becomes k., =

1= 2.84 x 107 ton/m.

CHANGES IN NATURAL PERIOD OF VIBRATION

‘The natural period of vibration of a two-spring

: +\/p2 - N
= 27/.», and (2 ZVB_ = 4B (7.2)
2 .
.k
A = 12 -~ - (7-3)
mymy
k. + k k v
Bo L 2 4 2 -ee (7.9)
ml m2‘

Incorporating the above mentioned numerical values

in these expressions, the periods cf vibration are ob-

 tained for "soft" and "hard" soil conditions as, T = 0.162

sed, and T = 0.098 sec, respectively. Fox infinitely

rigid subsoil condition, the natural peribd of vibration

in the vertical direction is T = 0.045 sec. It is seen

that the influence of soft soil condition on the change

of natural period of vibration is very insignificant,
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D) DISCUSSION OF RESULTS

The sdil‘under most nuclear power plants is hard
soil. Even in the case of soft soil, its cohtributidn to |
‘thé vibration isol tion is practically nil. In the case
of heoprene pads, no vibration isolation is supplied for
vettical and rocking motions of the structure, since neo-
i’prene pads are very stiff in the vertical direction. The
~claim that the subsoil conditions may assist the neoprene
pads in the isolation of vertical motions is thus unques-

tionably disproved by the above numerical example.v-

Earthquakes generate three dimensional moitions
which may contain, cose to the epicentral region, verti- .
cal accelerations as high as those in the horizontal direc—
tion. The structures possess inherently greater stﬁength
,ih the vertical direction.thus being sensitive to higher
fréquency motions. Since the vertical components of
earthquake motion contain relatively higher dominant fré— 
quénciés, in order to p—-event any quasi-resonance condi- -
tion, the nuclear power plants must be appropriately iso-

lated also in the vertical direction.,

Helical sérings and dashpots are ideally suitable
for thié purpose, gince they may provide any desired amount -
of fiexibility and damping in all three directions. Usual-
ly, the vertical stiffness of helical springs is inbthe

; rangé of 2 to 5 times that in‘the horizontal direction.
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~ The dashpots mya supply damping values as high as 20% to
- 30% of that of the critical damping ratio. The coeffi-
. cient of viscosity of the dashpots in the horizontal direc-

_tion is normally 60% of that in the vertical direction as

Vgiven by Huffmann (1980) .
' 7:4. BASE ISOLATION FOR NUCLEAR POWER PLANTS

Due to very serious consequences of earthquake in-
‘duced damages, it is necessary to make previsions in - the
,kaseismic design of nuclear power plants, for very severe '

~earthquakes with recurrence inte;vels of many thousands ofe
iYears. It is essential that>nuclear power stations which5
: operate in selsmlcally actlve areas have the ablllty to - J
shut down safely and the 1mportant components such as full
element, control nod, piping system, etc. must’all operate

"~ with high reliability when attacksd by an earthquake.-

The siting of nuclear power plants in regions of

high seismicity may not be desirable but may sometimes be
necessary. Since it is very difficult to provide adequate.
earthquake resistance with conventional design principles,
other techniques such as vibration isolation is indispen—
sabie in order to increase safety and reliability. With.
vibration isolatien systems a low probability of failure
ofvthe important plaﬁt components is achieved mainly by

E excluding large applied forces rather than designing the
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 system to withstand such forces. The energy of ﬁhe earth-
quake motion'is abSorbed primarily by ﬁeans of the isdla—

| tion devices installed at the bottom of the foundation and

the struqture behaves only in the elastic rahge.i Thus

vibration isolation systems offer a very practical solu-

tion as they can reduce the seismically induced forces in

the structures to very low tolerable levels.

The aseismic design of structuies requires a proper
estimate of earthquake parameters, such as peak ampiitude,.
'frequency content and the duration of the ground motion.
In general, because of the lack of adequate data and the
complexity of the problem, the determination of these-
quantities introduces many uncertainties. The use of base
isolation however, reduces the significancy of the above
uncertainties since the natural frequency of vibration of
the system is pushed very far away from the governing fre-
quencies of the‘probable earthquakes. Therefore, owing to
the reduction of the importance of the parameters of’
earthquakes which the sfructure will be exposed to'during
its lifetime, the use of vibration isolétion concept in
the aseismic design of nuclear strucﬁures becomes a very

attractive solution.

For the time being, because of importance of safety
the studies have been concentrated mainly on the isolation
of nuclear pbwer plants. Only a few ordinary buildings

have been vibration isolated so far. As reported by Roth
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et al (1970), the Heinrich Pestalozzi School‘in Skopje,
Yugoslavia, built’on vulcanized rubber“cushions placed |
between the strip foundation and the first floor slab of
the structure was constructed in 1969. The building was
designed by Swiss engineers and was a gift to the rebuil-

ding of Skopje after the 1963 earthquake. The synamic

characteristics of this school building and also theraseess+ '

ment of its aseismic design are later studied by Petrovski
and Simovski (1982). 1In that presentation, the natural
periods of vibration of the building are reported to be '

T = 0.71 sec and T = 0.44 sec in two horizontal directions.

Nuclear power plant structures on the other hand are
expensive structures where unquestienable protection~froﬁ
any possible damage is absolutely necessary. The placemeet
of the isolation elements leads to feasible results com-
pared to the questionable solutions through classical de-
sigﬁ prineiples. The isolation system brings with advan-
tagee like safety and reliability during the life span of
the plant due to the/efficiency in elimination of excessive
‘earthquake accelerations. The reduced designed time»needéd
beeause ofbthe readily predictable dynamic behavior of the
structure depending only on the known characteristics of
the isolation elements is another advantage. In addition
to the safety, re'liebility and the reduced design effort/,
'fhe possibiliity for the reproduction of prOven_standerd
design schemes for the plant and its components és develo—

ped‘for a series of plants can be used independent of the
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seismic environment,

—_—

While the isolation permits th~ construction of
Hstandardized structures in regions of high seismicity there
exist certain fundamental requirements such as the reduc-
"tion in acceleration response,'éontrblled displacements,

etc, which have to be satisfied by the isolation system,

if it is to be considered practical. In the case of nu—.
clear structures these requirements are particularly severe
because of the extremely stringent safety standards that
must be fulfilled., A considerably important design re—
quirement for a seismic isol-tion system is that it must
still be in operation for aftershocks without necessiﬁatihg '~
, ény.repairs after the main shock. A further réquirement

is that after a major earthquake, it must be possible to
restore the full effectiveness of the isolationrsystem by

replacing devices where and if necessary.

It is evident that base isolation provides an effi-
cient means for ensuring a high degree of earthquake safety.
However, it is usually preferable that a site with ade-~
quately hard rock should be chosen to minimize the effects
of longer period ground accelerations, since these are very

difficult to attenuate with a base isolation system,

A nuclear power. plant consists of various important
structures like the reactor building, the fuel building,

safeguard building, and the turbine building, etc on the
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"nuclear island". These buildings adjacent to each other
are interconnected by a network of electrical and mechani-
cal installations and also by heating and other piping
systems. If these buildings are vibration isolated inde-
pendently; there may be undesirable relative displacements
between the adjacent buildincslresulting in a possible |
damage of the install-tions., If the complete foundation
raft of the whole nuclear island is vibration isolated
however, as shown in Fig 7.12, the whole island behaves
like a rigid body during a strong fround motion and prac-
tically no relative displacements occur among the indivi-
dual structures, thus the installations remain undamaged.
In any case, the critical installations and piping elements;'
eSpecially those extending from an isolated to a non-
isolated building, should be supported and detailed by
means of special energy-absorbing restrainers as described

by Skinner et al (1976) and Powell et al (1980).

The idea of vibration isolation is widely utilized
for a very long time in connection with machine and turbine
foundations. The implementation of this principle against
earthquake motions in ordinary buildings and especially in
nuclear power plants however, is relatively new. Although
the use of vibration isolators against earthquakes is in
its developing stage, there are various structures and |
nuclear power plants already utilizing this concept as a

means of protection against earthquakes.
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By far the most successful examples of vibration
isqlation systems applied to ﬁuclear po&er plants ére the
Electicite de France (E.D.F.) sYstem as described by |
Jolivet and Richli (1977) and Plichon and Jolivet (1979),
»Iaﬁd Plichon et al (1980). The system has been already
applied tovnuclear power plants in (a) Koeberg, South
Africa, (b) Cruas, France, and>(c) Karun, France. In‘this 

isolation system, combination of neoprene rubber pads and

the friction plates of stainless steel are used. The fric
tion»plates are normally added to the isolation system in ~
order to decouple the superstructure from the base by sli-
» ding and limiting the shear forceé‘transmitted. With the
use of neoprene pads the fundamental‘frequency of the
systeﬁ is generally réduced to 1 Hz énd thus moving it out
of the range of 2 Hz to 8 Hz, where the earthquake excita-

‘tion is highest.

For a seismic isolation system to be feasible, it
must be cheaper to construct, monitor and maintain during
_the 1life of the structure than a conventional structure

constructed to withstand the seismic loads.

When conventional earthquake resistant design prin-
ciplés are followed, the additioﬁal cost of construction
is normally in thé order of 5% to 10% of the overall cosé#
The additional cost hbwever, is significantly less is_
vibration isolation system is used. In fact, based on the

preliminary cost-benefit analysis performed on a typical
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reactor building,‘the total additiona; cost of the vibra-
tion isélation sYstem and the special second layer founda— 
tions, etc., is found to be not greater than 2% to 3% of
the ovetall cost of the reactor building, as reported by
Kunan and Maini (1979). In-addition, thé facility brought
‘'with the vibration isolation syétem so as’ to allow the use
of a standard design, further increases the potentlal use

of the v1bratlon isolation concept.

~ 7.5. CRITERIA FOR IDEAL SEISMIC ISOLATION

Theoretically speaking, an ideal seismic isolation
“scheme should possess all of the criteria, which may be
"required to satisfy the conditibns of maximum safety,
economy, functionality and durability. .A set of_suéh
ideal ériteria reproduced from Tezcan (1982) is 1isted

below for reference purposes.

It is quite natural to expect that a particular iso;
lation scheme may satisfy some of these requirements,
while another isolation scheme may satisfy still others.
Before adopting-any'particular seismic isolation scheme,
oﬁé should be aware of its advantages and limitations,

The basic requirements expected from a seismic isolation

system are as follows:
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Seismic isolation should be achieved in all
four possible modes of vibration: horizontal,

vertical, rocking and torsional,

Damping should also be effective in all of these R

four possible modes of vibration,
The damping mechanism should be capable of re-

ducing the excessive displacements to any toler-

‘able limits,

There should be no need for a mechanism in thé‘
form of shock absorbers or stoppers to prevent
large displacements in the event of an unexpected
severe shock,

Isolation elements should be capable of self-
centering aftér an earthquake. They should
possess restoring capacity allowing for no per-
manent dislocation,

Isolation elements should be in working condi--
tion immediately after a maﬁor earthquake, no -
replacement of the entire system should be
necessary.

Damping elements should be in working condition
immediately after a major earthquake. No perma-
nent off-set or plastic deformations should
exist,'

Seismic‘isolation should not_be.sensitive to
travelling waves,

Mathematical analysis and also the implementa-

tion in the field should be as simple as possi-
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ble to convince aﬁd to obtain the confidence

of both the designing and the iicesing persons.
Simple systems are easy to analyse and also eaéy
to test in thé laboratories or in the field.
Isolation elements should be easily'replaced
when worn out or defeétive. | |

Isolation elements should be less sensitive to

‘changes in temperature. They should maintain the

desired levels of stiffness and damping at all.

practical ranges of temperature,

Isolation elements should not be very-sensitive

to small deflections,. imperfections or differen-

tial settlements, no constructibn or'manufadtured
material provides ideal theoretical conditions,
Isolation eleﬁents should provide sufficient
protection against external impact loads such

as aircraft collision and blast.

There should be some mechanism to prevent undue
vibrations and displacements during wind loads -
‘and minor earthéuakes.

Seismic isolation should be capble of being

implmented in any location or site,

Basic characteristics of various seismic isolation

schemes are listed in Table 7.4 on a comparative basis,

considering the ideal criteria mentioned earlier., There

is no doubt that, before deciding on any particular seismic



~ TABLE 7.4'-COMPARATIVE ASSESSMENT OF VARIOL

JS SCHEMES

558 .

: ; ' o ROCKING| NEOPRENE JHELICAL
IDEAL REQUIREMENTS - .| FLOATING | BEARING|PADS = |SPRINGS
o ' PLATFORM | BALLS + +
+ FRICTION{VISCO-
o A DAMPERS| PLATES . |DAMPERS.
REE DIMENSIONAL ISOLATION ‘ . IR
Horizontal Y K4 Y R
Vertical / NO NO R AR
Rocking Y NO "HO A
: Torsional - v/ / v v o
REE DIMENSIONAL DAMPING _ L
Horizontal NO ? /. A
Vertical NO .NO - NO Y :
Rocking NO NO NO Yoo
Torsional NO 7. / AR
FFICIENT DAMPING CAPACITY EXISTS _ o Ry
, ‘Horizontal - NO - 7% | 20%
Vertical NO - 272 |7 257
N WORK WITHOUT A SHOCK ABSORBER/STOPPER- 4 NO NO AN
; SELF-CENTERING PO'SSIBLE? Y, Y. “NO T
i IT REUSABLE AFTER AN EARTHQUAKE’ / /_ Y ,,/f :
; DAMPING DEVICE REUSABLE? - NO 24 v
| IT INSENSITIVE TO TRAVELLING WAVES? Y - NO R4
! IT A SIMPLE SYSTEM? . NO NO NO Y/
iimple to analyse? Simple to implement?) : -
| IT EASY TO REPLACE? NO NO No Y
. IT INSENSITIVE TO TEMPERATURE CHANGES? / / Y - No
| IT INSENSITIVE TO IMPERFECTIONS? , /o NO NO AR
FFICIENTLY PROTECTED AGAINST AIR HAZARDS NO / / /o
ND .LOADS TAKEN CARE OF? - NO Y Y e
SY TO APPLY AT ANY LOCATION NO /o / /o
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isolation scheme, a cost-performance analysis should be

carried out.

It is seen that helical springs and viscodampers'
are quite supérior to the,reinforced nebprene pads and
friétion platés. The‘superiority stems mainiy from the
fact that the%neoprene pads are unable to provide vibra-
tion isolatioﬂ in the vértical direction. Further, the

I
t
hamping resistance of viscodampers is much

. capability of

greater than that of the neoprene pads.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

?u
Bv1.  GENERAL

a) The use of vibration isolators in nuclear power
plants as well as in ordinary structures as a protection
against earthquakes is a revolutioﬁary techniquekin earth—
‘quake engineering. With the wide scale commercial produc-
tion of the vibration‘isolators there will be a majof |
break—through'and the conventional earthquake resistant

\
design princigles based on reserve energy and large plastic -

deformations #ill be obsolete.

b) Vibration isolators consist of elastic or elasto-

]
!
i
{

plastic rubber, pads or springs and dampers. The basic idea

of installing elastic devices at the foundation level is
to increase fhe natural period of vibration of the struc-
ture to a level much greater than the dominant periods of
thelearthquake,ground motion so that the response is dras-

tically reduced.
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c) - Vibration isolators reduce the ear thquake loads
on a structure bylmore than five to ten times with réspedt
to those of a fixedbbase strcture. Therefore, the in- |
crease in cost due to isolating devices and double layer
.foundations_is much less than the extra cost of aSeiSmiC
design requirements of the convéntional approach. In
‘fact, the additional cost of incorporatine~ earthquake re—,‘
sistanée to a nuclear powef plant by the conventional prin-
ciple may increase the ovérall cost by as much as 40% to
60%. The double mat foundations, vibration isoiation de-

vices, however, may increase the costrby only 3% to 6%.

d) The overall respbnse of a strﬁcture to a given
earthquake ground motion‘is,considerably'redﬁced by means B
of vibration isolatioh at its base, since the structure E
behaves mainly as a rigid body. Consequently, the stresses
in structural elements remain in the elastic range pro-
viding confidence in design, simplicity in detailing,‘and !

economy in overall cost.

e) It is a general tendency with vibration isolators
that the displacements become progressively. larger as_the
4accelerations are reduced. Thereforé, the amoﬁnt of
springs’and dampers must be selected so appropriately that
an optimum situation is developed in which the accelera-
‘tions are reduced to a satisfactory level, while the dié?

placements remain within tolerable limits. Reduction in

acceleration response always results in increase of dis-
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placements. With vibration isolation, maximum displace-
ments occur at the base of the structure. Relative storey

‘displacements at superstructure are negligible.

£) In‘order to prevent the presence of undue rigid
body oseillations, at small wind‘loads for instance, the
flexible starter pins or couplings should be installed at
the base, such that-the vibration iselation is triggered
only after the ground motion exceede a certain allowable
value. Similarly, to prevent excessive. .defléctions of
the spring system, a series of large capacity safety pins
should be also installed to discontinue the vibration
isolation after a certain maximum amount of relative basek

displacement.

g) In general, the peak response values determiped
by analytical studies, all in good agreement with those
measured at the shaking table. - Therefore, it would be
eufficient to perform analysis- of structures in order to .
predict their response to any given ground motion. Expen-
sive laboratory testing would thus be unncessary, since

the theoretical studies produce reliable results.
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8.2.° SUPERIORITY OF SPRING-DASHPOT SYSTEMS

a) Spring-dashpot arrangement is found to be the

most suitable and safest system for the vibration isola-

‘tion of structures especially against the vertical motions

~ of earthquakes.

b) The use of viscodampers provides significant
energy absorption capacity and reduces the fesponse of the
structure considerably. The_efficiendy is further in;‘
creased if the viscodampers are placed at the exterior ehds
of the base. Any degree of damping may be achieved sim-
ply by'installing the necessary amount of viscodampers at
the baSe; The major handicap in vibration isolation is
that the rigid body displacements of the structuré may
be exceséively large. The use of viscous dampers however
is an indispensible tool in eliminating these large dis-
_placements. The viscous dampersvprovide sufficient amount
of damping, up to the value of 20% to 30% of critical

damping, in all three difections.

c) As far as damping is concerned neoprene has a
critical damping ratio of 7% in the horizontal direction
'bnly;' Because of high rigidity and no damping in the
verﬁical‘directioﬁ, neoprene isolation is not consideredi
" an ideal solution. Since a system vertically flexible
and horizontally rigid would be even less satisfactory, a

spring-support éystem combining high flexibility in both
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vertical and horizontal direction séem to be a reasonable

solution.

| d) A greater degree of safety and assurance is in-
~coporated into the design, with springedashpot isolation
systgm than, the convéntional pfinciple or the neoprene
pads. There is no complex nonlinear behavior, no possi-
bility of slippage of pads even at acceleratiéns as high
‘Vas 1.0 g to 1.5 g, no possibility of magnified respohse

~in vertical and rocking motions.

e) The number of shut—downs in nuclear power plantsk
will be much less, since the acceleration respohse in alilb
three directiohs is greatly reduced. Further, a prompt
and.iﬁmediate restarting of the facilities becomes possi--
ble after a major earthquake, since neither the vibration
isoiation system ﬁor the installations are ekpected to be
damaged. In the case of néoprene pads, a difficult and
elaborate adjustment procedure is necessary after a\major'

ear thquake.

f) Helical springs and dashpots are durable and
less sensitive to support settlements and to physical con-
ditions. It is very easy to replace any defective helical

spring or dashpot.:
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g) ~Stiffness of the natural rubber bearings in the
vﬁertical direction is about four hundred times greater
than that in the horizontal direction., This is a serious
restriction in isolating the'veftical vibrations. The
spring constants of mechanical spfings however, may be
‘adjusted to any desired vélue for achieving thé best effi-

‘ciency in both horizontal and vertical directions.

h)  The rubber element behavés non—linéarly,under
higher loads, becomés stiffer. ‘This increases the stiff-
' ness causing the whole system to have‘higher natural fre-
qﬁengies. Due to this fact isolation efficiency decreases
as the stiffness of the isolation element increases. How-
ever, displacements of the helical éprinés are linear ﬁp
to the block height of the spring. Therefore, the effi-
ciency of vibration isolation does not decrease in helical

springs, as the displacements become. larger.

8.3. RECOMMENDATLONS

a) Cbviously, the real test for the efficiency and
reliability of vibration isolation as an‘indispensible
method of aseismic design, would be to observe their per-.
formance ih'the field under real structures subjected to
real strong ground motions. Thérefore, it would be very
much desirable to install'more and more'vibration isolators

under as many structures as possible in the areas of high
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potential earthquake zones. Only after satisfactory per—
formance of Vibration isolators obserﬁéd under real strong.
- earthquake conditions,’satisfactory level of confidence
will be established fo: their undeniable accéptanée by the
engineering profession.

b)  Usually, the rubber elements are used without
damping elements. It is considered to be‘sufficient with
‘the material daﬁping inherent in the rubber. But in most
‘ applcicatiohs,-this'material damping-is not suffigient.
Therefore,vin order to reduce the excessive lateral dis-
placements, rubber elements.should be .preferably accom-

panied by suitable damping devices.

c) With vibratibn isolation the foundation is usual-
ly heavier than that of conventional types of structures.
This very heavy mass at the base of the structure sometimes
causes rocking motion about the upper rolling éenter which
is'undésirable and should be avoided. A parametric study-
‘should be undertaken in drder to determine the influenée

of various parameters affecting this behavior.

d) Viscodampers work approximately proportional to
the velocity in the vicinity of the resonance. However,
at'higher fréquencies the amplitudes are usually so small
that the viscodampers provide only velocity. independent |

material damping, hence the isolation efficiency is prac-
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- tically not affected by the damping. Due to this fact
1 damping should be considered as a frequency dependent paraé

meter rather than constant during the calculations.

e) Viscodampers are also very much dependent on
theHVariations in temperature. Damping is drastically
reduced with incrgase,in'tempétature beyond the prescribed
levels. It may therefore be neceséary to arrange a suit- o
able environmental mechanism around the foundations, so
’that"the temperature may be controlled to remain between

‘desired levels.
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APPENDIX

»1~CODE_NUMBERS

By- definition a code number expresses the directions of
deformations of ‘the ends of a structure's member,.w1th 'u»f

reference to the directlons of deformatmons of the entire
structure. . ‘ _ ‘

The code numbers technique, which is described:.below, -

- permits an easy generation of .the main stiffness matrix
~as wellias of load matrix of any structure under con~ - tuve

51dcratlon. _ P e TSI B VL

[
W t"‘

This method is valid for all types . of structures; trusses,
frames, grids, plates and shells, in which "members“ may..
‘ be bars or flnlte plate elements, as well.r :

A code number furnlshes the follow1ng 1nformatlon-’-'ﬁ
a. It locates ‘each member w1th1n the structure.;, o
-b. It indicates the place in the main stiffness: matrmx. S
where -the elements of a member s stlffness matrix.:. . ...
should be transferreéd., . ' e
c. It indicates the place in the main load matrix, where
' the member fixed end bending,and torsional moments, _ 4
shear and axial forces should be transferred. Ci .w“aﬂ;_
‘d. From the mathematical standpoint, it represents in, a.. SRR
'~ short hand form the displacement transformation matrlx
of .a member. (A’ dlsplacemen- transformation matrix
« * ‘indicates the coefficients of equations of dlsplacement
“compatibility, which transform member deformations to
system deformations, and insure, in this way, the/,
cont1nu1ty cf the structure s mathematlcal model )

' Graphlcally, a code number 1s a series of locatlons whlch

- correspond to the seguential order assumed for numbering
‘of the end deformations of a typlcal .member.: The quantlty
of locations in a code number is equal to the guantity of

- specified end deformations (degrees of fixreedom) -of the

- corresponding member. - For instance, there are twelve
locations -ir. the code nuntber of a space frame member.
For each end deformation of the member, a location ijs:
reserved ipside the code number. “When written, a comma -~

- or a reasongkle space separates these lecatjens from cach -
other. Because ocach member is assumed to span from its
first end [i) to its secund end (3), and these directitns

are indicated by arrows at af{ members, on the structural

“ schare of the examined structrvre. it is always edsy. to
match awy divecticii of s;ystem deformation to the giver
memboer end deformation. Thus, the consecutive. number of _
the deformation ef *the system cownCdeng with that o
pdrtxcutar membex end deformat|on is entered Jr+o the &
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‘location ‘in the -code number. If there is no system defor-
mation with which to coincide, a zero is inserted. If any

- particular system deformation is equal for a series of mem-
bexs, the same values are placed ln the corresponding lo- '
catxons of the <¢ode numbers. :

However, it is Lndlspensable that common reference axes
- must be used for the deformations of the system and the
irdividual members. Hence, when the members do not inter-
sect at right angles, in a structure referenced to'a sys-
- tem of orthoconal axes, the code number method cannot be
applied unless the directions of the member deformation
~are. transformed from the system of member axes, to the sys-
tem of common axes. .. . . i ‘

The code numbers are generated automatlnally by the com-

‘puter. The following example illustrates the procedure.
Given a plane frame, as shown on Fig.A.1,members of which *
are assumed not to have any axial deformabillty, the pos-

...aikle directions of deformations are lndlcated in the se-
quentlal order by numbered arrows. )

Conseciitive number: -. ..Direction of frame's

of frame's: degree -~ deformations (degree
S of freedom: - - .- . of freedom) .
goint - o (type) T (type )~
 number . - . 0 t(,——;D
ST 'l) 5 2 : 2 .
' EI = 2
' 3 : A=1 ® 4
’ /\H"" \
kN LS
54
0
7 0
ﬂmmmﬂ ?
B
. Member !
© numbder _ .
(typ.) ‘ : le2 o

le
23

FIG. A.T - STRUCTURAL SCHEME : RIGID FRAME
WITHOUT AXIAL DEFORMABILITY.

.
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ﬂeFigure'A'éshowq a typical member “"n" of this frame and it

visualizes the sequent:al numberlng system of member end
deforma+1ons

ST o ' : o e L B TR A

ce
n .

"Direction of member s

o ) (\end deformatlons '
oA\ L :

Jo.

.o ) " l A‘:
R /i'\ | 3y
—— -
SV
. AQ _l . . ;\ .....
! i E ) B

'FIG. A.2'~ TYPICAL MEMBER

The code numbers of the three members of the frame are
- listed in Fig. n.3. As may be seen;.these. code numbers.
can-be expressed readily at a glance;. requiring.no cal=,
culation. They are, anyhow, generated by the computer,
automatlcally.» L : . : :
Member | .- CODE NUMBERS (' e
3 AR A A Direction of member
- 'Al AQ- A3 -A4~' </-end deformations .
Member
1 0 1 2 <:>¥\\\__Directien of frame
deformations which cor-
Member | 3 0 4 responds to a given mem-
2 ' ber's end defoxmation
| : | (typ-)
Member ¢ o i o |2 |4 | - ..
3 ,
i FIG. A.3 - CODE NUMBER T}\BLE Y
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~ A, 2-GENERATION OF THE MAIN STIFFNESS MATRIX

‘on the basis of the supplled joint coordlnates, member
incidences and member angle B , as well ‘as member elastic
data, the computer calculates automatically member stiff- -
ness matrices, transforms them into the system of common
axes, and after generating code numbers, builds up the - .
main stlffness matrix. f
Since the location of an element .in a, matrix is described
by its row and column count, and code numbers .furnish .
precisely that information, the generation of the main '
stiffness matrix proceeds’ automatically- accordlng to- the
fol;ow1ng rule: - » :

"Each location number in a code number, coupled with-
itself and with all the other location numbers, consti- -
tutes the row and column numbers of the elements to be
taken from the individual stiffness matxix,- ‘whereas the
numbers in the corresponding locations .coupled with each
~other in the same manner J.ndz.cate thé row and column -

" numbers of the general stiffness matrix 1nto vhich these
clcmcnts must be placed." T <o :

Locations contalnlng zZeros are 1gnored. The same'opera- 7
tion must be repeated with the code numbers of .all frame
members, in order to obtain the ‘main. st;{{ncss matrlx.-

Fig. A indicates the synth051s of the maln stlffnoss .
‘matrix of the frame shown on Fig A.1

. In order to show the procedure, the member stiffness
matrices are bordered by the corresponding code numbers
taken -from Fig. A.3. For clarity, the cross-reference be~

‘tween the elements of the main stiffness matrix and the
clements of the member stiffness matrices is: 1ndlcated by
roman numerals, in parenthesxs.
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Frame's degrees -~
of freedom e h R 2 3 o4
1 | { I _ ;
[ L { —
e ® T T @ T £ e
5 @ ( 0 |
[y 0~ To@y ~—Taw T T T -
'3 | : | alx) 1 2(5) 2 0 8 2
i — | SRS e S | » -
4 | O(‘_ﬂl e B M) I ° 0 2z 8
— I ’% l . 4 Main stiffness matrix
member number (typ.) code number (typ )
[c 7 = 5 e
. ' SRR w e IR B T * — —
‘ AR Rl 0|l 12 [ &'r-12!"s oll 11 o 1oyl
'._T—':"l""__‘:"—-— o b _f--.l-—_—l—-—._l_.; EEEEEE S I Dl R I_O___
11l o 14Dl o@ @f . g A e, | I
[ -1 .}_ | ) [ 6.|.4.l'_6 l-_.2— ‘ 0 0 ] a4 :0.;,2
k = SRS I R = ”’T—-f*— - —_1l
I Wz I '7) (\7) 7 H kg . - "‘ - "W
21|~ L0 I 184 V1) Xyz I i I |
' l_L_O( e O(_ - 0 “12_[ -6 112 -6 Dy 2([-11 o 1Y) o
1301 o | 28} o 4 latl - '_;(—m): S e DR S Tl Pt
' - ) T P R R
[ .o | [ | - L = L ' 4_ _ fJ_O'l 2 }0(‘91]' 4(?_—'/

FIG

. A 4 - SYNTH.ESIS OF MAIN STIFFNESS MATRIX -

—-

Member Stlffness matrlx (typ )
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