Chapter 8

Base | solation for Earthquake-Resistant design

8.1 Introduction

A natural calamity like an earthquake has takentdHeof millions of lives through the ages
in the unrecorded, and recorded human history.sfugtive disturbance that causes shaking
of the surface of the earth due to underground mewe along a fault plane or from volcanic
activity is called earthquake. The nature of foroetuced is reckless, and lasts only for a
short duration of time. Yet, bewildered are the hamwith its uncertainty in terms of its
time of occurrence, and its nature. However, wite advances made in various areas of
sciences through the centuries, some degree ofictabiity in terms of probabilistic
measures has been achieved. Further, with thessneely, forecasting the occurrence and
intensity of earthquake for a particular regiony,shas become reasonably adequate,
however, this solves only one part of the problenprotect a structure - to know what's
coming! The second part is the seismic designrotcgires - to withstand what’s coming at
it! Over the last century, this part of the probleas taken various forms, and improvements
both in its design philosophy and methods haveigoatsly been researched, proposed and
implemented.

In this chapter, the concept of base isolationefathquake-resistant design of the structures
is presented. The modeling and analysis of muttiest building, bridges and tanks supported

on isolators is developed and demonstrated thetefémess of seismic isolation.

8.2 Conventional Seismic Design Approach

Over the past few decades, earthquake resistangndef structures has been largely
based on a ductility design concept worldwide. lingkat the Indian code specifically, the
design philosophy evolve around the intensity af garthquake: moderate earthquake or
design basis earthquake (DBE) which has a 10% ehana return period of 250 years, and
most credible earthquake (MCE) which has a 2% obhama return period of 250 years. The
seismic philosophy in the Indian code expects thetire to possess a minimum strength to
protect structural and non-structural contents iftensities less than DBE. For intensity
equal to DBE, it should withstand without much stanal damage, however, some non-

structural damage is allowed, and for major earkgs, it must not collapse suddenly. The
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ductility helps to dissipate energy while undergplarge permanent deformations causing
damage that can incur heavy repair costs, as machudding the structure itself. It is
apparent from this approach that more emphasisit dn life safety, and not much
importance is given to protect the non-structuaitents. Non-structural damage sometime
costs more than the structure itself, for exampé&communication data centers, nuclear
facilities, laboratories etc. Hence, ductility amg from inelastic material behavior and
detailing is relied upon in this philosophy.

Indian code follows the seismic coefficient methioddetermining the lateral design
forces to build the structure. It is important toderstand how the ductility is procedurally
inculcated in this method. Seismic coefficient noethhelps to determine base shear
considering only the fundamental mode of the stmgctThe performances of the intended
ductile structures during major earthquake, howekave been proved to be unsatisfactory,
and indeed far below expectation (Wang, 2002). Higlertainty of the ductility design
strategy is primarily attributed to:

1. The desired strong-column weak-beam mechanism nadyfarm in reality, due to
existence of walls.

2. Shear failure of columns due to inappropriate gddos proportions of short-column
effect.

3. Construction difficulty in grouting, especially beam-column joints, due to complexity
of steel reinforcement required by ductility design

Thus, it necessitates finding a method that is wewd the shortcomings of the ductility

approach. We shall see how the uncertainty in bikyatiesign and the performance levels are

increased in following section by an alternative amovative approach.

8.3 Alternative and Emer ging Approach: Base I solation

We have seen that though ductile approach sttivéackle the effects of the earthquake,
it had various shortcomings as discussed beforse Balation is a passive control system;
meaning thereby that it does not require any eatdorce or energy for its activation. It is
necessary to understand why base isolation is deidenhance performance levels of the
structure subjected to seismic excitations. Togiestructure in such a way, that it may
withstand the actual force by fixed base strucelestically, is not feasible in two senses.
First, the construction cost of the structure via# highly uneconomical. Second, if the

overall strength of the structure is increased laking it more rigid, then it will be at the
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expense of imparting actual ground forces to thectiral contents, thus causing heavy non-

structural damage.

Apparently, as the name implies base isolatiogstto decouple the structure from the
damaging effects of ground motion in the eventrokarthquake. Base isolation is not about
complete isolation of the structure from the grouasl with magnetic levitation, which may
be very rarely practical. Most of the base isolasgstems that have been developed over the
years provide only ‘partial’ isolation. ‘Partiah ithe sense that much of the force transmitted,
and the consequent responsive motions are onlyceedoy providing flexibility and energy
dissipation mechanisms with the addition of bastatsn devices to the structure.

Base isolation, as a strategy to protect strudiarma earthquake, revolves around a few
basic elements of understanding:

1. Period-shifting of structure: Base isolator is a more flexible device compaedhe
flexibility of the structure. Thus, coupling both &olator and the superstructure together
increases the flexibility of the total isolatedustiural system. In this way, this technique
lengthens the structures natural time period away fthe predominant frequency of the
ground motions, thus evading disastrous resporaesed due to resonance.

2. Mode of vibration: The fundamental mode of vibration (first mode #)ajis altered
from continuous cantilever type structure to an ainrigid superstructure with
deformations concentrated at the isolation level.

3. Damping and cutting of load transmission path: A damper or energy dissipater is used
to absorb the energy of the force to reduce thativel deflection of the structure with
respect to the ground.

4. Minimum rigidity: It provides minimum rigidity to low level servideads such as wind
or minor earthquake loads.

Abundant literature is available on the base-ieolastructures and their seismic
performance (Kelly, 1986; Buckle and Mayes, 199@nfn and Roeder, 1991; and Ibrahim,
2008, Kelly and Jangid, 2001). It has been repotiedi several types of isolation systems
were proposed by researchers and are being usseismic isolation of structures (Jangid
and Datta, 1995). The base isolation techniqueatption of structures from earthquakes is
also reported to be used for liquid storage tankb wdifferent types of isolation systems
(Shrimali and Jangid, 2002).

The isolation systems are also used nowadaysdgds as reported by Kunde and Jangid
(2003). For bridges, earlier vertical mounting eabngs have been used widely; however, its

primary uses have been for isolation of the vertidarations, and to control thermal stresses
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due to expansion. With the advances in rubber wolyy in the 1980s, it became possible to
produce bearings that had high vertical stiffness lw horizontal stiffness, thus enabling
the concept of period-shifting and additional meahslamping. However, with increasing
flexibility the displacement response may get uirdbee. This is where energy dissipater or
damping is required. In elastomeric isolation systedamping is provided by lead extrusion
and in friction system, friction provides the medosenergy dissipation. Figure 8.1 shows
the effect of damping on acceleration response@daous time periods. Such kinds of rubber
based isolation systems are able to provide danmgditite order of 10% to 15%.

In order to maintain vertical stiffness steel shihplates are used which does not alter the
horizontal flexibility. The two materials, namelyhber and steel, are vulcanized together
resulting in elastomeric isolation systems. Moré&aiie about isolation systems, their types,

behavior and mathematical modeling will be deathwm the subsequent topics.
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Figure 8.1 Idealized acceleration response spedtéurns &, <¢.).

Midrise structures with 10 to 15 stories are thestrsuitable to be base-isolated. Base
isolation provides an excellent substitute for fixbase design where earthquakes are
frequent. The economy of base isolation is not e@w terms of its initial installment but
over the design period of the structure during Whids expected to experience earthquake.
After an event of earthquake, the repair of stm&tand loss of non-structural components
may be a more costly affair than installing bas#aison. So far, base isolation technology
has been adapted in very important structures asi¢fospitals, laboratories, and data centers

etc. Also, base isolation has been found to beemdly useful for retrofitting of the old
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structures where the aesthetic, architectural ardage value is required to be maintained
intact (Matsagar and Jangid, 2008).

In few countries located in high seismic zonespmaotum of development and use of
base isolation has increased over the years. Nela@@ United States, and Japan are the
leading countries that have adopted this technolagydly, and have put in great deal of
energy and funds in this regard. Thus far no bssktied buildings have been subjected to
the designed earthquake motion to ascertain itnatie capacity. It is worthwhile to mention
that during the recent major earthquake in Tohdlapan some base-isolated structure had
performed well within its limits (Takewaki, 2011)his will build confidence in the base
isolation technology and its widespread use inin@utonstructions.

Though research has been going in this area dya&sy 100 years, it was only since
1980s had base isolation been implemented followhegmodern engineering realms. Yet, a
formalized and simple procedure for its implemaatatis not very well developed. The
formalization through codes itself have been atrtidimentary level. Hopefully, with the
simplified code procedures, construction techniguesd financial incentive (like lesser
insurance premiums) earthquake protection can beaklty, and base isolation will gain
popularity.

8.4 Elastomeric Base | solation Systems

The developments in rubber technology made the isa¢ation a practical reality. In the
implemented projects of base isolation worldwidejsi observed that elastomeric based
systems are the most common. Typically, these systonsist of big rubber block, which
can be natural or synthetic (in case of neopreha) are generally characterized by high
vertical stiffness compared to the horizontal sgfs and damping capacity. The vertical
stiffness is kept close to rigid, as the structurembers are designed to take care of the
vertical force component of the seismic excitati@moviding high vertical stiffness also
prevents undesirable bouncing motion that is induifevertical flexibility is provided.
Discussions on few popular base isolation systemgm@vided in the next sections.
8.4.1 Laminated Rubber Bearing

The laminated rubber bearings (LRB) representntost commonly used elastomeric
isolation system. The basic components of LRB #&elsand rubber plates, built through
vulcanization process in alternate layers (Simo léellly, 1984), as shown in Figure 8.2(a).

The dominant feature of LRB is parallel action iokehr spring and damping. A schematic
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diagram for the mechanism is shown in Figure 8.2@®nerally, the LRB is characterized
with high damping capacity, horizontal flexibilignd high vertical stiffness. The relatively
low shear stiffness in the horizontal plane is pted by the rubber, and the high vertical
stiffness is provided by steel shims to control Hmaincing effect on the structure due to
vertical vibration caused by the earthquake. Tleelsthims also help to confine the rubber
from bulging out. The damping constant of the sysiaries considerably with the strain
level of the bearing. The system operates by ddimughe structure from the horizontal
components of the earthquake ground motion by potng a layer of low horizontal
stiffness between the structure, and its foundafitve isolation effects in this type of system
are produced not by absorbing the earthquake enéyyever by deflecting through the
dynamics of the system. Usually, there is a larnfferdnce in the damping of the structure,
and the isolation device, which makes the systematassically damped.

The high-damping rubber bearings (HDRB) also exfslmilar properties, and falls in
the same category of elastomeric systems (Kikucil Aiken, 1997; Koo et al., 1999;
Tsopelas et al.,, 1991). The ideal force-deformabehavior of these isolation systems is
generally represented by non-linear characterisissshown in Figure 8.2(c). The HDRB
may exhibit hardening at higher strains values. e\mv, the code specifies an equivalent
linear viscous model (to be used for response gpacanalysis), which represents the linear
stiffness with viscous damping.

Permanent residual displacement is very less iB BRer an event of earthquake as the
rubber mobilizes sufficient restoring force reqdi® re-position the building to its initial
state. The restoring fordg, can be mathematically modeled from the force-deétion plot
as,

F, =c, X, + KX, (8.1)
where,c, andk, are damping and stiffness of the LRB, respectively

The two parameters that characterize the LRB systemmamely: (a) the isolation time-

periodTy, and (b) damping ratid,, . Their specific values are obtained from the iséiffs and

damping for which the LRB is designed. These twapeeters are defined as,

Ty = ZTEW/M (8.2)
Ky

(8.3)
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where, M = (mb + ZL mj) is the total mass of the base-isolated buildmngjs the mass of

j™ floor; andwy, = 21T, is the isolation frequency.
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Figure 8.2 Laminated rubber bearing: (2) LRB; (bhé&natic diagram of LRB; (c) Force-

deformation behavior of LRB.

The laminated rubber bearings generally exhibiedimforce-deformation behavior (with
some hardening effects at large strains i.e. 200ep#) and are characterized by their lateral

stiffness and viscous damping ratio.

The vertical stiffness of the laminated rubberrlmgpis expressed by

(8.4)

whereA is the area of the bearing;is the total thickness of rubber in the bearingj B. is

the instantaneous compression modulus of the redibet composites.
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For a bearing square in plan the instantaneougpssion modulus (Naeim and Kelly,
1999) is given by

Ec = 6735°G (8.5)

whereS is the shape factor (i.e. ratio of the loaded &oethe force-free area of the rubber

layer); andG is the shear modulus of the bearing typically dejeat on the rubber hardness.

For a bearing circular in plan the instantaneampmression modulus is given by
E. =65°G (8.6)

The horizontal stiffness of the laminated rubbesings is expressed by

K, = CA (8.7)

8.4.2 New Zealand Bearing

The second category of elastomeric bearings agrgbber bearings, which are similar
to the LRB except that a central lead-core is wsedh Figure 8.3(a), to provide additional
means of energy dissipation, and initial rigiditgamst minor earthquakes and winds
(Skinner et al., 1975; Robinson, 2000, Matsagar dayid, 2004, Jangid, 2010). Because
this bearing is developed, and widely used in Neal@nd, it is generally referred to as N-Z
system. The lead-core provided, reduces the isoldgvel displacement by virtue of its
energy absorbing capacity. The N-Z systems alswigeoan additional hysteretic damping
through the yielding of the lead-core. This seisimsaation system provides the combined
features of vertical load support, horizontal flekiy, restoring force and damping in a
single unit. The schematic diagram of the combimathanism is shown in Figure 8.3(b).
The ideal force-deformation behavior of the N-Zteys is generally represented by non-
linear characteristics following a hysteretic natas shown in Figure 8.3(c).

The N-Z system also poses the capability of mobilj the restoring force as LRB.
However, the mathematical modeling is done with lile¢p of a non-linear model (Wen,
1976) to characterize the hysteretic behavior & MrZ systems. The restoring force
developed in the isolation bearing is given by,

F, =C,%, +0k,x, +(1-a)F,Z (8.8)
where,Fy is the yield strength of the bearinm;is an index which represent the ratio of post
to pre-yielding stiffnessk;, is the initial stiffness of the bearing; is the viscous damping of
the bearing; and Z is the non-dimensional hystemigplacement component satisfying the

following non-linear first order differential equah expressed as,
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0z = A%, +B[%,|Z|Z|" - x,|Z]" (8.9)
where,q is the yield displacement; dimensionless paramm@er, A andn are selected such
that predicted response from the model closely hestavith the experimental results. The
parametemn is an integer constant, which controls smoothrdgsansition from elastic to
plastic response.

The N-Z system is characterized by three parasiet@) isolation periody, (b) damping

ratio &, and (c) normalized yield strength il8/W (where,W=Mg is the total weight of the

building; andg is the acceleration due to gravity). The beariagametersl, and ¢, are

computed by equations (8.2) and (8.3).
In the above equation, post-yield stiffness of biearing is used. The typical values of

parameters of the N-Z system gre 2.5 cmB =1=0.5,A=1 andn = 2.
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Figure 8.3 New Zealand bearing: (a) N-Z; (b) Schigrdiagram of N-Z; (c) Force-
deformation behavior of N-Z.
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Example 8.1

Determine the horizontal and vertical stiffnesssguare (300mmx300mm) and circular
(diameter = 300mm) bearing as shown in the Figute Bhe height of the bearing between
top and bottom steel plates is 75mm. The five nunob&mm thick steel plates are provided

in the bearings. Take the shear modulus of theeua 1.06 N/mf

L 300 X
Top steel plate l —
E R T T SRR Ty
E |
5mm Steel Plate | > [ = = = = = -
Rubb . . I
ubber | > 10

Bottom Steel Plate —

Figure 8.4 Cross-section of the bearing (all dinm@mg mm).

Solution: Given for the each bearing

Total thickness of the rubber = 75 - 5x5 = 50mm
The shear modulu§ = 1.06 N/mm

(a) Square Bearing

300 _

The shape factorS = 10
P > 2x15

E, = 673x10% x 1.06=713.4 N/mm

_ 713.4x (300< 300
v 50

K =1284120 N/mm

The horizontal stiffness of the bearing

_ 1.06x 300< 300

Kn =1908 N/mm
50
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(b) Circular Bearing

300

2x15

=10

The shape factor$ =
E, =6x1( x 1.0€ = 636 N/mnd

636% (’Z'[x 300< 300

K =

, = 899123.8 N/mm
50

The horizontal stiffness of the bearing

1.06% (’7: x 300 300
- 50

K, = 1498.5 N/mm
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8.5 Sliding Base I solation Systems

Sliding systems with restoring force offers adageis over elastomeric isolation systems.
The sliding system is effective in the sense that capable of taking care of wide range of
frequency input from the seismic excitation. Thietional force is proportional to the mass
of the structure and hence the center of mass lamccénter of resistance of the sliding
support coincide, thus diminishing the torsion&ets produced by asymmetric building.

8.5.1 PureFriction System
The simplest sliding isolation system, used papyl@r bridges in particular, is the pure
friction (P-F) system based on the mechanism alirgi friction (Westermo and Udwadia,
1983) as shown in Figure 8.5(a). The use of layesaad or roller in the foundation of the
building is the example of P-F base isolator. Unatimal conditions of ambient vibrations,
and small magnitude earthquakes, the system &etsalfixed base system due to the static
frictional force. For large earthquake, the statidue of frictional force is overcome, and
sliding occurs with reduced dynamic resistance etwerreducing the accelerations. The
horizontal frictional force at the bearing intedaoffers resistance to the motion, and
dissipates energy. The schematic and force-defaymadiehavior of P-F system is rigid
elastic-plastic as shown respectively in Figurgl8.and 8.5(c). It should be noted that the
coefficient of frictionu of P-F system varies significantly with the natofdriction surface
used. Generally, in addition to these types ofingarsupplemental devices are indispensable
to provide restoring capacity, and check on theessiwe displacements across isolation
layers. Coulomb’s frictional resistance is usedhtwdel the limiting frictional force. It is to be
noted that the frictional coefficient p is indepentl of the sliding velocity. The limiting
frictional force in the bearing is given by,
F, =uMg (8.10)
Depending upon the magnitude of the frictional &€, the system will be in stick or slip
conditions. IfF <F, then it will be in non-sliding (stick) phase, ahe bearing forcesy is,
F,=F, (8.11)
If Fx > Fs, then it will be in sliding (slip) phase with besy forcef; as,
F, = F, sgn(x,) (8.12)
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Figure 8.5 Pure friction system: (a) P-F; (b) Schgodiagram of P-F; (c) Force-
deformation behavior of P-F.
8.5.2 Friction Pendulum System

One of the most popular and effective techniqoesé&ismic isolation is through the use
of sliding isolation devices. The sliding systemdibit excellent performance under a
variety of severe earthquake loading and are viéegteve in reducing the large levels of the
superstructure acceleration. These isolators aaeacterized by their insensitivity to the
frequency content of earthquake excitation, becaisthe tendency of sliding system to
reduce and spread the earthquake energy over arande of frequencies. There is another
advantage of sliding isolation systems over coriveat rubber bearings. Due to
development of the frictional force at the basés fproportional to the mass of the structure,
and the center of mass and center of resistancehef sliding support coincides.
Consequently, the torsional effects produced byayenmetric building are diminished.

The concept of sliding bearings is combined witle toncept of a pendulum type
response, resulting in a conceptually interesteigrsic isolation system known as a friction
pendulum system (FPS) (Zayas et al., 1990) as slwigure 8.6(a). A simple pendulum
type response model is shown in Figure 8.6(b)ltstilate the similarity to friction pendulum

system. The concept of sliding systems is markedsllming of an articulated slider on
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spherical concave chrome surface. The slider isdfadth a bearing material which when in
contact with the polished chrome surface resultslenelopment of friction force while
concave surface produces restoring force. The mystectivated only when the earthquake
forces overcome the static value of friction aneffioient of friction depends upon the
velocity attained. The FPS develops a lateral feqgpeal to the combination of the mobilized
frictional force, and the restoring force that deps because of the rising of the structure
along the spherical concave surface (Jangid, 200&) .combined mechanism of FPS system,
and its ideal force-deformation behavior is showfigure 8.6(c) and 8.6(d), respectively.

Displacement ~ Articulating  Self-lubricating

restrain slidel bearing materi Restoring

force

\

Frictional resistance

RE-CENTERING POSITION

Concave plate  Stainless steel concave sut

(a) (b)
Fu)

— 1+
—

() (d)
Figure 8.6 Friction pendulum system: (a) FPS; @dulum action; (c) Schematic

A
XY

AT

diagram of FPS; (d) Force-deformation behavior @SF

The resisting force provided by the system cambthematically modeled as,
F, =k, +F, (8.13)
where,ky is the bearing stiffness provided by virtue of aral gravity action at the concave
surface, andry is the frictional force.

The system is characterized by two parametersbéaying isolation period} that
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depends upon radius of curvature of concave suyrfacé (b) friction coefficienu. The
isolation stiffnesk, is adjusted such that the specified value of sbhéation period evaluated
by equation (8.2).
8.5.3 Resllient-Friction Base | solation System

Resilient-friction base isolator (R-FBI) systemnsists of concentric layers of Teflon-
coated plates in friction contact with each otleargd a central rubber core (Mostaghel and
Khodaverdian, 1987; Mostaghel and Mortazavi, 19&13hown in Figure 8.7(a). It combines
the beneficial effect of damping provided througietion, and the resiliency of the rubber.
The rubber core distributes the sliding displacemmand velocity along the height of the R-
FBI. The rubber does not carry any vertical loaag] are vulcanized to the sliding ring. The

system provides isolation through the parallelaacof friction, damping, and restoring force.

Central rubber

core »
7
g |k, _ﬂ
Sliding Rubbt é_cb, Xp
rings é ' - >
é K p—
_ , 7
Peripheral rubber
core
(@) (b)
Fo g
MW
/_7—
< >
Y

(€)
Figure 8.7 Resilient friction base isolation systéa) R-FBI; (b) Schematic diagram of R-
FBI; (c) Force-deformation behavior of R-FBI.

A schematic diagram of the mechanism is shownigure 8.7(b) As the R-FBI is very

rigid in the vertical direction it does not provig®lation against vertical ground motion. The
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ideal force-deformation characteristic of R-FBlais shown in Figure 8.7(c) along with the
schematic diagram. The bearing force in case oBRslystem is,
F, =cX, +kx, +F, (8.14)
Thus, the parameters, defining behavior of R-RBE (a) the isolation period,, (b)

damping ratio¢, , and (c) friction coefficienii. The T, and §, are evaluated respectively

from equations (8.2) and (8.3).
8.5.4 Electricite-de-France System

This system was developed under the auspices ¢dctlie de France” (EDF)
standardized for nuclear power plants in regiohigh seismicity (Gueraud, 1985). The EDF
base isolator consists of laminates (steel reiefdyof neoprene pad topped by lead-bronze
plate which is in friction contact with steel platachored to the base-raft of the structure as
shown in Figure 8.8(a). The EDF base isolator @sdnuses elastomeric bearing and
friction plate in series. An attractive feature BDF isolator is that for lower amplitude
ground excitations, the lateral flexibility of neepe pad provides seismic isolation, and at
high level of excitation sliding will occur whichrqvides additional protection. Such dual
isolation technique was intended for small earthggawhere the deformations are
concentrated only at the bearings. However, fgdaearthquakes the bronze and steel plates
are used to slide, and dissipate seismic energg.cbhceptual schematic model, and force
deformation behavior of EDF isolator is shown igufe 8.8(b) and 8.8(c), respectively.
The restoring forcé&, from the force-deformation behavior can be mathealdy modeled
as,

Fy = €%, +KpX, (8.15)

When the restoring force exceeds the limitingtimital forceFs the sliding at the top
plate of the EDF system takes place. The restdonge during the sliding phase remains
constant and is given by,

F, = F sgn(x,) (8.16)
Thus, the EDF system is characterized by the patens1 (a) isolation periody, (b)

damping ratio, , and (c) friction coefficient of top plate
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Sliding surface

(b) (c)
Figure 8.8 Electricite-de-France system: (a) EDIfSchematic diagram of EDF; (c)
Force-deformation behavior of EDF.
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8.6 Modeling and Analysis of Base-I solated Buildings

Buildings are places of dwelling and work. Builggnoccupy people and for a good
duration of time. The destruction of buildings in earthquake can result in both heavy
causalities and economic damage, which is evidemh fprevious such catastrophic events.
So these must be many of the structures that eeganthquake protection. In this section, we
analyze simple building in 2D plane as shear twpling model subjected to understand its
dynamic responses when subjected to earthquak&gaewi It should be emphasized that the
accuracy of a solution of any problem depends upmn closely the model simulates the
exact behavior of a real-life structure. Howeveary assumption to simplify the complex
models to decrease the computational cost andtbnebtain sufficiently accurate results is

welcome.

8.6.1 Assumptions

1. The superstructure is considered to remain withe élastic state during the period of
seismic excitation. This assumption is considen@or@priate because the base isolation
attempts to reduce the earthquake response keepiitgin the elastic state.

2. The floors are assumed to be rigid in its planel, #we mass is assumed to be lumped at
each floor level.

3. The columns are inextensible and weightless, pmogitateral stiffness, which governs

superstructure time period of the structure.

m,
‘ _) Xn
Mh1
L —> Xn1
P
my
. 2 —> X1
my
Q- —> Xb
e ——

(a) (b)
Figure 8.9 Building model: (a) Assumed deformedpghdb) Lumped mass model.
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8.6.2 Governing Equations of Motion

For a multi-storied building, an assumed defororarofile is shown in Figure 8.9(a).
The columns in the model is assumed to undergor dhefarmation and floor diaphragm,
being relatively more rigid than the columns, doé loend or undergo axial deformation under
earthquake excitation. Therefore degrees of freegonorresponds to floor level lumped
with massm in the horizontal plane. The displacement acrdss isolation (isolator
displacement) is denoted By. Generally, the displacements of floors are exqaégselative
to the base mass / slab, whereas the displacerhtrd base mass is expressed relative to the
ground.

A mathematical model of a base-isolated buildinghva base slab, resting over the
isolator device, is shown in Figure 8.9(b). Under most ideal conditions, this model holds
good. However, all the isolators may not have t@es force-deformation behavior, hence
even for unidirectional forcing there maybe threetions. The restoring actions to these
motions are provided by the isolators. Before fdating the necessary equations of motion,
the dynamic degrees of freedom are chosen as simolrgure 8.10 when dissimilar isolators

are provided.

X
vb
O A @)

/e—> ~ %o

Figure 8.10 Dynamic degrees of freedom of base waskb.

The equation of motion for the superstructure gdaover the base slab under seismic

excitation takes the form as follows,

[MJi)+ [C.d + [k Jix) = Mg, +5,) 617)
where, [MS], [CS] and [Ks]are the mass, damping, and stiffness matrices ef th
superstructure, respectivelyx, , {x,} and {X } are the unknown relative displacement,

velocity, and acceleration vectors of each floovelewith respect to the base slab,

293



respectively;X, and X, are the base slab and earthquake ground accetgregspectively,

and{r} is the vector of influence coefficient.
The equation of motion for the base mass undsnseiexcitation is given by,
myX, +F, =KX —C% =myX, (8.18)
where, m, is the base slab masg; and X, are the first floor displacement and velocity

respectively;k, and ¢, is the damping and stiffness of the first floortbé superstructure,

respectively, anér,is the restoring force of the base isolator. Equmti(8.15) and (8.16) can

be coupled, and written as,
[MI{3} +[CH{ % +[K}{x} +[DI F.} = IMNr}(%) (8.19)
where,[D] is the location matrix of the isolator.

The response of the base-isolated building casbb@ined by solving the equation (8.19)
using the step-by-step Newmark’s Beta method ginghe Section 7.5.

Example 8.2

Consider a five-storey building having the fundataétime period of the superstructure be
0.5 sec and damping of the order of 2 percent.btilding has the same inter-storey stiffness
at all floors. The masses at all the floors as wasllbase mass are also same. Two base
isolation systems are designed for this buildinmely: (i) LRB system with characteristics

asTp = 2 sec an&p = 10 percent and (i) FPS system wilj = 2 sec andt = 0.05.
Determine the top floor absolute acceleration efghperstructure (i.&, = X, + X, + X;) and

the relative base displacemexg) Also, compare the results for fixed base cooditi

Solution:

The response building to EI-Centro, 1940 earthqua&and motion is shown in Figures 8.11
and 8.12 for LRB and FPS system, respectively. freégushow that there is significant

reduction in the absolute acceleration of supestire for both models confirming the

effectiveness of base isolation in reducing thema response of structures. The maximum
isolator displacement is observed to be 12.34cm afdcm for LRB and FPS system,

respectively.
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8.7 Modeling and Analysis of Base-1solated Bridges

Like buildings, bridges also need to be protedtedn earthquake events. Bridges are
lifeline structures and require seismic design, vgby because they provide the necessary
transportation network which is critical to condaogtemergency relief and rehabilitation for
post-earthquake operations. Thus, dynamic assessimaud carefully be taken into account
while designing bridges. In this, section a 3D ¢hspan continuous deck bridge, as shown in
Figure 8.13, subjected to earthquake excitationanslyzed (refer Kunde and Jangid,
2003,2006, Jangid, 2004, Jangid, 2008).

[ ] Isolation system/igl :

or bearings

<—Abutment
<— Piel

" C—

Figure 8.13 Model of three-span continuous girdetge

Rock

8.7.1 Assumptions

1. Bridge superstructure and piers are assumed toimemahe elastic state during the
earthquake excitation. This is a reasonable assamas the isolation attempts to reduce
the earthquake forces in such a way that the streicemains within the elastic range.

2. Piers of the bridge are fixed at the foundatioreleand effects of soil-structure interaction
are ignored. The abutments of the bridge are assasegid.

3. The bridge is founded on firm soil or rock and #erthquake excitation is perfectly
correlated at all supports.

4. The base isolation system provided at the piersamdments have the same dynamic
characteristics.

5. The bridge deck and piers are modeled as a lumped system assumed to be divided

into number of small discrete elements.
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Figure 8.14 Lumped mass bridge model

8.7.2 Governing Equations of Motion

The structure is discretized along the lengtrhefdeck with masses lumped at abutments
and intermediate supports, and at mid-spans asrshowigure 8.14. Also, structure is
discretized and masses are lumped along the peéah Euimped massy corresponds to a
nodei, which has two degree of freedom- one in longiatlidirectionx, and other, in
transverse directioy of the deck.

The equation of motion of the isolated bridge sysunder the horizontal component of

earthquake ground motion is expressed in the fatigunatrix form,

[M{ 3 +[CH{ 3 +[K{Z =IM){rH 2} (8.20)

e ={5]
Y (8.21)

where M], [K] and [C] represents the mass, stiffness and damping reatriespectively of

the isolated bridge systednZ},{ zZz and {z} represent the structural accelerationjctrral
velocity and structural displacement vectors, respely; {r} is the influence coefficient

matrix; {Z,} is the earthquake acceleration vectsf; and Y, are the earthquake ground

accelerations acting in the longitudinal and transe direction of the bridge, respectively.
The damping matrices of the bridge deck and pieesnat explicitly known. These are
constructed from assumed modal damping in each rabddration using its mode-shapes
and frequencies.

The response of the base-isolated bridge can taének by solving the equation (8.20)
using the step-by-step Newmark’s Beta method ginehe Section 7.5.
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The stiffness of the bearings is obtained by thiewing expression

_ My
Ty =2m |—0- 8.22
b ke (8.22)

wherem, is the mass of the bridge dedkk, is the sum of the horizontal stiffness of all the

bearings provided for bridge isolation; amglis the isolation time period of the bearings.
Note that theT, may be interpreted as the fundamental time pesfatthe isolated bridge if
the deck and piers of the bridge are perfecthdrigiowever, the flexibility of the bridge deck
and piers will slightly increase the fundamentaldiperiod of the bridge beyond the
The total viscous damping of the elastomeric Img@ris expressed as
Cp = 2&p My Wy (8.23)
where ¢y is total viscous damping of all the bearindgs, is the damping ratio of the

elastomeric bearings; ana, = 2r/Ty is the isolation frequency of the bearings.
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Example 8.3

Consider a three-span continuous bridge with ptaseof the deck and piers given below.

Properties Deck Piers
Cross-sectional area fjn 3.57 4.09
Moment of inertia as (fi) 2.08 0.64
Modulus of elasticity (N/rf) 25x10° 25x10°
Mass density (kg/f) 2.4x10° 2.4x10°
Length/height (m) 3@30=90 8

The bridge is isolated using the elastomeric begariwith T, = 2 sec and¢, = 12.5%.

Determine the absolute acceleration at the ceritbridge deck, base shear in the piers and
the relative displacement of the elastomeric beariat the abutment and piers under El-
Centro, 1940. The N-S component is applied in toegitudinal direction and other

orthogonal component with scaling factor of 1.@pplied in the transverse direction.

Solution:

Based on the method developed in the Section Be7¢camputer program in the FORTRAN
was written and the response of the bridge to Eit®e 1940 earthquake ground motion is
shown in Figures 8.15 and 8.16 in the longitudiaadl transverse direction, respectively.
Figures show that there is significant reductiothi@ absolute acceleration of deck and base

shear in the piers. The maximum response of tligéris summarized below:

Response quantity Longitudinal Transverse
Deck acceleration of non-isolated bridge (Q) 0.905 0.985

Deck acceleration of isolated bridge (g) 0.150 0.21
Reduction in deck acceleration (%) 83.42 77.76
Pier base shear of non-isolated bridge (W) 0.492 540.

Pier base shear of isolated bridge (W) 0.079 0.120
Reduction in pier base shear (%) 83.94 77.81
Displacement of bearing at abutment (cm) 14.67 ri.4
Displacement of bearing at pier (cm) 13.91 20.37

(W=myg = weight of the bridge deck)
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8.8 Moddling and Analysis of Base-lsolated Liquid Storage Tanks

Liguid storage tanks are very important structwigich is connected to social life. It has
also wide applications in the industry. Apart frdimese applications it is strategically
important since it is used for storage in the naiclgower plants. In past earthquakes there
had been a number of reports on damage to liqoidge tanks. Therefore, it is necessary to
design liquid storage tanks against earthquakeir€i§.17 shows the schematic model of a
typical liquid storage tank (refer Shrimali and giain 2002, 2003, Panchal and Jangid, 2008).
8.8.1 Assumptions
1. The entire liquid mass is assumed to have thregpooents.
2. Masses are connected by corresponding equivalengsp

3. Earthquake excitation imparted to the tank is usitional.

N Flexible

U
~—____— wal k/2 4= kJ2
/ \ s / =
ki2 4 k2
H . —— H
Liquid o2 a_U)b 2
Isolator Rigid @ Rigid Hi
e - =7
[
2R

Figure 8.17 Model of base-isolated liquid storaayekt

8.8.2 Governing Equation of Motion

The mass components are convective, impulsive igiddmasses referred as mc, mi and mr,
respectively. The convective and impulsive masses @nnected to the tank by
corresponding equivalent springs. The system ha®edtiegrees-of-freedom under
unidirectional earthquake motion. These degredseaeidom are denoted by uc, ui and ub,
which denote the absolute displacement of convectimpulsive and rigid masses,
respectively at each lumped mass. The parametdaisedanks considered are liquid height
H, radius,R and average thickness of tank wallThe effective masses are defined in terms

of total liquid mass, m from the parameters as

Y, =1.01327-0.8757& + 0.357085” - 0.06695° + 0.0043%* (8.24)

Y =-0.15467+1.21716 - 0.6283%° + 0.144348° - 0.0125" (8.25)
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Y, =-0.01599+ 0.863565 — 0.30941S” + 0.0408F5° (8.26)

where,S = H/R is the ratio of the liquid height to radius of ttaak; also known as aspect

ratio, andYg, Y;, andY, are the mass ratios defined as

y =1
com (8.27)
Y = ﬂ
om (8.28)
y =M
om (8.29)
—_ 2
m=T1IR HpW (8.30)

where, py is the mass density of liquid. The natural freques of sloshing massy. and

impulsive massy are given by following expressions,

P |E

HYPp, (8.31)

W, = \/ 184 (gj tan){184iJ
R R (8.32)

where, E angs are the modulus of elasticity and density of taraftl, respectivelyg is the

acceleration due to gravity; aRds a dimensionless parameter expressed by
P =0.07726+0.175638 - 01065° + 0.0260%° - 0.0025* (8.33)

The equations of motion of isolated liquid storagek subjected to earthquake ground

motion are expressed in the matrix form as

[M{% +H c{X H KI{>} = {ml{r}, (8.34)

where, {x} ={x., X ,xb}T is the displacement vectog_=u_-u, is the displacement of the
convective mass relative to bearing displacement: u, —u, is the displacement of the
impulsive mass relative to bearing displacemexgt;= ub—ugiS the displacement of the

bearings relative to groundy, [c] and K] are the mass, damping and stiffness matrix of the

system, respectively;r}={0 0 1}T is the influence coefficient vector; and, is the

earthquake ground acceleration; dnohdicates the transpose. The matriaeg [c] and K]

are expressed as

304



m, O m,
[m=0 m m,
mc mi mc + mi + mr (835)
c. 0 O
[c]=|]0 ¢ O
0 0 g (8.36)
'k, 0 O
[k]={ 0 k O
L0 0 Kk (8.37)

where,c; andc; represent the damping akdandk; represent the stiffness associated with the
vibration of convective and impulsive masses of sherage tank whileg, andk, are the
damping and stiffness of the isolation system, @eBpely. The response of the base-isolated
tank can be obtained by solving the equation (8u3)g the step-by-step Newmark’s Beta
method given in the Section 7.5.

The equivalent stiffness and damping of the conwvecand impulsive masses are

expressed as,

ke =m0 (8.38)
k, =m oy (8.39)
Cc =28.M, 0, (8.40)
¢ =25ma (8.41)

The damping and stiffness of the bearing are design provide the desired value of two

parameters namely the period of isolatibnand bearing damping rati§, expressed as

+m +
T, =on [T
b (8.42)
Cb
& =
2(m, +m +m)w, (8.43)

where,w, = 21Ty is the isolation frequency. The total base shedhe liquid storage tank,
Fp, due to earthquake ground motion is expressed as

Fp = mu, + mu;, +m.d, (8.45)
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Example 8.4

Consider a water storage tank with properties ghadow.

Type of Tank

S(H/R)

H (m)

t/R

wx (Hz)

w (H2)

Slender

1.85

11.3

0.004

0.273

5.963

The tank is considered as filled to a heidthiyith water. The damping ratios for convective

mass and impulsive mass are taken as 0.5 per ndr2 per cent, respectively. For the tank

with steel wall the modulus of elasticity is takesE = 200 MPaandthe mass densityps=7,

900kg/m®. The tank is isolated using the elastomeric beanigs T, = 2 sec and, = 10%.

Determine the base shear, sloshing displacemergulséine displacement and bearing

displacement of the tanknder EI-Centro, 1940 earthquake motion.

Solution:

Based on the method developed in the Section Be8¢camputer program in the FORTRAN

was written and the response of the tank to ElH©erif940 earthquake ground motion is

shown in Figure 8.18. The maximum response obtidge is summarized below:

Type of Non-isolated Isolated
Tank xc(cm) | x(cm) | Fp/W | x.(cm) | xi(cm) | X,(cm) | F, /W
Slender 41.54 0.39| 0.319 61.10 0.09 10,02 0.105

It is observed from the Figure 8.18 that the basassand impulsive displacement of isolated
tanks are significantly less in comparison to théthout isolation system. Therefore, the
isolation system is quite effective in reducing base shear and impulsive displacement due
earthquake ground motions. The peak bearing diepiant for the tank is observed as 10.02
cm. The peak sloshing displacement as a resudtisinc isolation is slightly increased.
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Figure 8.18 Time variation of the base shear, hitgsdisplacement, impulsive displacement
and bearing displacement of the tank of Example 8.4
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8.9 Applications of Base | solation

Base isolation was first formally used by Frankyd Wright to design Imperial Hotel in
Tokyo in 1921, though the technique then used tspnevalent as of today. Under the site,
there was an 8 inch layer of fairly good soil, dedow that, a layer of soft mud. This layer
partially provided the necessary isolation from tmarizontal ground movement during
earthquake. The building was tied to the upperrlafgood soil by closely spaced short piles
that penetrated only as far as the top of theraafl. The building performed extremely well

in the devastating 1923 Tokyo earthquake.

Different type of
structures

Different
EMERGING countries
AND
POPULAR

Financial
I ncentives

Different
isolation systems

Figure 8.19 Rising popularity of base isolation Inoet

Base isolation application as a means of eartheumakigation is becoming a popular
method. As depicted in Figure 8.19, ever sincebtse isolation was illustrated practically in
1909 by a medical doctor from Scarborough in Engjlahe method became popular due to
its simplicity, and its tremendous impact to mitegalamaging earthquake consequences.
This method is used in new, and existing (as rigfrsifructures, both important and civilian,
in different type of structures and in differentuatries. From this simple concept, newer
isolation system patents are often awarded, andesgavernments have also proposed
financial incentives to reduce insurance premiumsthe structures built utilizing these
technologies as the confidence in its mitigatidoré$ are being proved.

Generally, the “old, traditionally-built” structes, such as the monuments and traditional

buildings, are more affected by earthquakes. Thedeings are mainly constructed in the
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period before the ample use of reinforced concmeitly elements and technology based on
the experience of the builders alone, without ammycsural-seismic design. Nevertheless,
interesting construction techniques can be sedhase historical buildings throughout the
pre-historic period up to the first half of the tntieth century. Therefore, increase on seismic
performance of traditional-historical buildingsdensidered necessary, especially for those
located in seismically active regions. The rettofg by base isolation of such buildings
becomes an obvious choice as the historical amthit® characteristics of the building
remains preserved (Matsagar and Jangid, 2008).

In bridges, the base isolation devices can ratlasilye be incorporated by replacing the
traditional bridge bearings by isolation systemssé isolation bearings serve the dual
purpose of providing means for thermal movementvall as protecting the bridge from
dynamic forces by increasing the fundamental tiexogl, and dissipating the seismic energy
by hysteretic damping.

Also, this method has started to be introducddjind storage tanks. Liquid storage tanks
are lifeline structures, and strategically very artpnt, since they have vital use in industries
and nuclear power plants. Past earthquakes haverdgrated the seismic vulnerability of
tanks wherein the damage occurred in the form aklng of tank wall due to excessive
development of compressive stresses, failure oingigystems, and uplift of anchorage
system. The seismic behavior of liquid storage sark highly complex due to liquid-
structure-interaction leading to a tedious desigsc@dure from earthquake-resistant design
point of view. Base isolation technique can beatively used as retrofit scheme for liquid
storage tanks as well.

Introduction of base isolation technique as me@ansnitigate earthquake in sensitive
nuclear structures have got immense attentiors. hainly due to the fact that the provision
of base isolators helps to maintain the standasijdeof nuclear structures which otherwise
would escalate cost on relocation to differentssdee to different seismic activities.

Different projects using base isolation technol@yg explained briefly to express its
emerging and confident trend, country-wise. It && possible to enlist all cases of base-
isolated structures, however a few projects thiicgently state its emergence and popularity

is discussed. The details of some of the baset&blarojects are presented in Appendix-IV.

In the United States of America (USA), Foothill f@munities Law and Justice Center,
County of San Bernardino, California was the firetvly constructed building in 1986 in the

United States applied with base isolation technplothe building is a five story plus
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basement braced steel frame supported on 98 higipidg rubber bearings. It is located near
to one of the most active San Francisco faults. &ofrthe systems installed were removed
and tested as part of long term monitoring, ancevieand to perform satisfactorily (Clark et
al., 1997). The Oakland City Hall, built in 1914 one of the most noted retrofitted old
structures utilizing base isolation technology. sThineteen stories high and 97.5 m tall
building hasa full basement, a three-story podium, a ten-sbdfige tower, and a two storied
base for the clock tower that is itself 26.5 m highe structure of the building is a riveted
steel frame with infill masonry walls of brick, gnige and terracotta. The isolation system
uses a combination of 36 lead rubber bearings,7a&nmardinary rubber bearings. The bearings
range from 737 mm to 940 mm in diameter, and afe m tall. A moat was constructed
around the building to provide a seismic gap of B& to avoid impounding (Walters,
2003). The City Halls such as Los Angeles, Sandisan and historical building Utah State
Capitol are the important base isolation projette Golden Gate Bridge North was built in
1973, however the proximity of the bridge to then Qendreas Fault places it at risk for a
significant earthquake. Once, this bridge was thoug have been able to withstand any
magnitude of anticipated earthquake, however, it vaatually vulnerable to complete
structural failure triggered by the failure of thigpports on the 320 feet (98 m) arch over fort
point. A $392 million program was initiated to inope the structure’s ability to withstand
such an event with only minimal (repairable) damdade retrofit program, using lead rubber
bearings, is planned to be completed date in 20i2New Zealand, William Clayton
Building was the first building to be built usingad rubber base isolation system in 1970.
The idea of introducing central lead plug to rubbearing was first used in this building to
increase the damping up to 10-15% of the critieathding. The building is four-storied high,
and has a reinforced concrete frame. The naturabgef the isolated building is 2.5
seconds. The building sits on 80 LRBs. Later in5l9%nergy dampers were introduced to
compensate for the small seismic gaps that wenaded earlier due to less understanding of
ground motion variations at that time (RobinsorQ®@0 The function and heritage of the
New Zealand Parliament Building constructed in 1922e crucial criteria for its protection
using base isolation system. The building consi$téve stories of unreinforced masonry
bearing walls supporting concrete floors totalifyOD0 sg. m of floor area. A total of 417
high damping rubber (HDR), and lead rubber bearifig®B) were installed between the
foundations and the superstructure. The retrofiblved re-piling the building with lead-
rubber bearings and rubber bearings in the suppastsvell as cutting a seismic gap in the

500 mm thick concrete walls. During an earthquédleehuilding will be able to move in any

310



direction on a horizontal plane up to distance3aif mm (Robinson, 2000).

Museum of New Zealand-Te Papa is a structure emthterfront in Central Wellington.
Te Papa is believed to be the heaviest seismicstilated building in the world. This
190%x104 m building, with a triangular floor plas,isolated by 142 lead-rubber bearings with
Teflon sliding bearings under the shear walls. heseum with five floor levels has a total
floor area of 35,000 sq. m, and height of 23 m. Bb#ding was not designed according to
code, however it is required to suffer no damaga 250 year return period earthquake, and
not collapse with a 2000 year earthquake (Robin2080).

In Japan, the isolation performance of the bagkatisd computer center of the Ministry
of Post and Telecommunications. The superstructitiee steel reinforced concrete structure
has six stories, and a total floor area of 46,823ns. The seismic isolation system in this
building, considered as the largest base-isolatgldibg in the world, comprises of 54 lead-

rubber bearings.

In India, the first base isolation project in ladvas completed for a hospital in 2003. The
three hundred bed, 4-storied, Bhuj hospital (Fig8lzD) replaces the old hospital building
that claimed 176 lives when it collapsed duringraor 26" January 2001 Bhuj earthquake.
The isolation system comprises of 280 lead-rublmet sliding bearings developed using

technology in New Zealand (Sharpe, 2002).

Figure 8.20 Bhuj Hospital (Sourcgcience Learn -
http://www.sciencelearn.org.nz/Contexts/EarthquékesMedia/Images/Bhuj-Hospital).

As of 2005, there are six seismically isolatedleaic power plants; four in France, and
two in South Africa (Malushte and Whittaker, 200Bj.the Cruas plant in France, each of
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the four units has been constructed on 1,800 naegrads measuring 500x500x65 mm. The
seismicity at the site is moderate with a safeddwh earthquake design acceleration of 0.2g
(g is gravitational acceleration). In Koeberg, $oAfrica, two units are isolated on a total of
2,000 neoprene pads measuring 700x700x100 mm. Hier site, the safe shutdown
earthquake design acceleration is 0.3g. The paslouatfitted with flat sliders on the top
surface, consisting of a lead-bronze alloy lowetgl and a polished stainless steel upper
plate.
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8.10 Tutorial Problems

Q1. Determine the horizontal and vertical stiffnessquare (200mmx200mm) and circular
(diameter = 200mm) having height between top antbbosteel plate as 50mm. The five
number of 3mm thick steel plates are provided i@ #ach bearing. Take the shear
modulus of the rubber as 0.9 N/rim

Q2. Consider a three-story base-isolated buildingleted as 4-DOF system and rigid floors
as shown in Figure 8.21 with fixed base and isdlatendition. Take the inter-story
lateral stiffness of floors i.ek; = ko= ks=16357.5 kKN/m and the floor & base mass
my=m= Mp,=10000 kg andmz=5000 kg. The above building is isolated by the
elastomeric bearings with,=2 sec and¢,=0.1. Determine the maximum top floor
absolute acceleration and isolator displacement tudl-Centro, 1940 earthquake
ground motion.

ms
—> X3
ks
my
—> X2
k,
msy
—> X1
k1
my
—>Xp
Isolator— = =
o
~— X,(t)

Figure 8.21 Model of fixed base and base isolateldling.

Q3. If the building of Q2 is to be isolated by leatbber bearings with,=2 sec, Fy/W=0.05
and &,=0.1, determine the maximum top floor absolute kBradon and isolator
displacement due to El-Centro, 1940 earthquakengroootion.

Q4. Let the building of Q2 be isolated by FPS systeth T,=2 sec anqu=0.05. Determine
the maximum top floor absolute acceleration antateo displacement due to El-Centro,
1940 earthquake ground motion.
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Q5. Consider a two-span continuous bridge with ertgs of deck and piers given below.

Properties Deck Piers
Cross-sectional area fin 4 3
Moment of inertia as (fi) 2 0.8
Modulus of elasticity (N/rf) 25x10° 25x10°
Mass density (kg/f) 2.4x10° 2.4x10°
Length/height (m) 2@25 =50 6

The bridge is isolated using the elastomeric begarwith T, = 2 sec and§, = 10%.

Determine the absolute acceleration at the centebriolge deck and the relative
displacement of the bearings in the longitudinakcdion under the EIl-Centro, 1940

earthquake motion.

Q6. Consider a water storage tank with propertresngbelow.

Type of
Tank S(H/R) H (m) t/R wx (Hz) w (Hz)
Broad 0.60 14.6 0.004 0.123 3.944

The tank is considered as filled to a heighHt,with water. The damping ratios for
convective mass and impulsive mass are taken gz &ent and 2 per cent, respectively.
For the tank with steel wall the modulus of elastics taken a€E = 200 MPaandthe
mass densityps=7, 900kg/m®. The tank is isolated using the elastomeric beanvits T,

= 2 sec and§,= 10%. Determine the base shear, sloshing displacenmmpulsive

displacement and bearing displacement of the tawler EI-Centro, 1940.
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8.11 Solution of Tutorial Problems

1.
Bearing Shape Ky (N/mm) Kn (N/mm)
Square 692228.6 1028.6
Circular 484702.8 807.8

2. Top floor absolute acceleration = 1.3mfsaud isolator displacement = 0.12m

3. Top floor absolute acceleration = 2.04m?se isolator displacement = 0.066m

4. Top floor absolute acceleration = 3.35mfs&w isolator displacement = 0.057m

5. Absolute deck acceleration = 1.2mfsaed isolator displacement = 0.117m

6.
Type of Non-isolated Isolated
Tank | x.(cm)| x(cm) | Fo/W | x.(cm) | X (cm) | X, (cm) | Fp /W
Broad 53.08| 1.28| 0.258 5741 0.2 771 0.079
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