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Abstract

The use of the base isolation, in particular with High Damping Rubber Bearings (HDRB) has
proven, even in recent earthquakes, to be a very efficient technique to protect structures from
the earthquake.

The base isolation utilising HDRB achieves 2 effects:

1) To shift the own period of the structure reducing in such away the seismic response
2) To dissipate energy reducing again the response and the displacement

The paper describes the conception of the HDRB, the structure analysis required, the results
of performance and ageing tests and some important examples of applications.



1. INTRODUCTION

According to the current codes adopted in several countries, structures may suffer even severe
damages under strong external dynamic loading such as earthquakes, provided that collapse is
prevented. Thus, the conventionally founded and constructed structures shall be capable of
undergoing significant inelastic deformations, i.e. they shall be ductile.

However, the reduction or even the absence of damage may be of primary importance for
some types of structures, such as:

- structures which house high risk components and materials (nuclear facilities, some
chemical plants, etc.);

- important bridges and viaducts,

- important public buildings, especially those critical for emergency and disaster
planning (hospitals, emergency control centres, energy and communication
distribution centres, etc.);

- structures which are important for the national defence;

- structures which house costly components and el ectronic equipment;

- museums and historic and artistic monuments.

The absence of significant seismic damage to the above-mentioned structures may be quite
difficult — and in some cases, impossible — to be achieved in severe earthquakes if the
conventional design approach is used, which is based on the resistance of the structure and as
mentioned, relies on its post-elastic behaviour to make it withstand severe earthquakes. In
particular, the prevention of damage to the non-structural members and inner equipment and
components is especialy difficult by means of such an approach. Also, severa existing
structures have been found inadequate in severe earthquakes, but their retrofitting by
conventional methods (strengthening) is frequently rather difficult and quite costly, and may
not improve seismic resistance sufficiently.

However, aternative design approaches were recently developed, which considerably reduce
the seismic vulnerability of structures and are able to ensure the integrity of both structural
and non-structural members to very high earthquake levels. These are based on the concept of
decreasing the seismic loads acting on structures, instead of increasing structural resistance.
Based on experience, there is aready an international consensus that, among the aforesaid
alternative design approaches, seismic isolation is aready reliable enough for a wide-ranging
use for both new constructions and retrofitting existing structures of all the various types
(bridges, buildings, plants).

2. BASIC PRINCIPLESAND REQUIREMENTSOF A SEISMIC ISOLATION SYSTEM

Seismic isolation is one of the most significant earthquake engineering developments in
recent years. As mentioned, this technique is already mature enough for awide-ranging usein
civil constructions and some industria plant types.

Several examples of application to bridges, buildings and non-nuclear plants and structures
already exist in some highly seismic countries or areas, such as Japan, New Zealand, the USA
(especidly Cadlifornia) and some European countries like Italy, Greece, Portuga and
Switzerland.

Seismic isolation consists in the insertion — usually between the base of a structure and its
foundations (base isolation). — of devices (isolators) that are characterised by a high flexibility
in large earthquakes. This flexibility must be such as to move the fundamental response
frequencies of the structure to values that are well below the range where the seismic motion
of the soil (if this is sufficiently rigid) is amplified. In this way, the soil motion is filtered,



because most energy is withdrawn from the frequency range that characterises the vibration
modes of the superstructure.

In principle, a structure may be isolated in both the horizontal and the vertical directions. At
present, however, the application of seismic isolation is usualy limited to horizontd
directions. The reasons are that seismic loads are largely less critical in the vertical direction,
compared to the horizontal (because of both lower excitation levels and smaller amplification
of structure); also, possible rocking due to three-directional (3D) isolation must be avoided.
On the other hand, setting up adequate 3D isolation systems is rather complicated. However,
the need for vertica isolation of some kinds of structures, containing quite sensitive
equipment, is already obvious: important R& D work and some applications are in progress to
thisaim, for instance in Japan, mainly to protect computer centres.

For large earthquakes, isolators must be characterised by a horizontal stiffness that is such as
to move the fundamental response frequencies of the structure well below 1 Hz, (normally
between 0.5 and 0.3 Hz) i.e. in the frequency range where the seismic motion of the soil (if
this is sufficiently rigid) is characterised by a low energy content. In this way, the structure
mainly moves as a rigid body in the horizontal plane. (In the case of soft soils, the application
of seismic isolation requires particular care).

If on the one hand isolators lead to a strong decrease of accelerations of a structure, on the
other hand, they obviously considerably increase its displacements. Thus, in order to limit
displacements to acceptable values, isolation systems must also contain dissipating € ements,
in addition to the filtering elements. They should also have a good self-centring capability, i.e.
the capability of carrying the structure back to its initial position after each peak of the
seismic motion, thus, at the end of the earthquake also. This guarantees the structure safety in
aftershocks al so.

Finally, the horizonta stiffness of isolation systems —which is quite low at large excitations —
must be, on the contrary, sufficiently high at low excitations, such as those caused by winds
or small earthquakes. this is necessary to ensure the absence of appreciable vibrations in these
Ccases.
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3. BASIC FEATURESOF THE HDRB

HDRB can provide at the same time period shift and energy dissipation. They consist of
aternate layers of rubber and steel plates bonded by vulcanisation and are for some aspects
similar to standard elastomeric bearings, being able to support vertical loads with limited or
negligible deflection and horizontal loads with large deflections. The following peculiar
properties however characterise the behaviour of the HDRB that for these aspects are very
different from standard elastomeric bearings.

The rubber compound presents damping capability. The parameter measuring the damping

capability is the equivalent viscous damping coefficient x that is defined as follows:

A
X =
20kd?
Where: Aisthe area of the hysteresis|oop

kisthe stiffness of the HDRB

d isthe design displacement
To be defined as HDRB a device should provide an equivaent viscous damping of at least
10%.
Normally the equivalent viscous damping is a function of the displacement. In the
following diagram is given the relation damping-shear strain for a compound developed by
ALGA.

Fig. 3 Typical High Damping Rubber Bearing | Fig. 4 Typical load deflection plot of a HDRB

The rubber compound is designed in order to withstand very large shear deformations,
much larger than for standard elastomeric bearings. Shear deformations are normally
measured through the angle g For standard elastomeric bearings the alowable value of
tang is normally equal to 0,7. For HDRB under design earthquake values of tang up to 2,0
can be accepted provided that the rubber compound fulfils some specific requirements. For
instance in the European Standard draft for antiseismic devices the allowable shear strainis
determined in function of a shear bond test to be passed in accordance with the following
table




Max design shear strain (tang) Shear bond test (tang)
1,4 2,0
1,6 2,25
1,8 25
2,0 2,75

Table 1 Design shear strain in function of test results

The rubber compound in many cases presents a very useful property for the application in
the base isolation of severa kind of structures: the stiffness is much higher for small
deformations and is reduced for large deformation. This property, that is normally as much
higher as the damping increasesis very useful because:
Allows the structure to respond rigidly to low excitations like wind or braking forces
Provides high flexibility for large excitations like earthquakes
The increase of stiffness for low excitations may be very important (of the order of 4
times) as shown in the following diagram shear modulus-shear strain for a compound
developed by ALGA.
The fixation to the structure is not based on friction but on positive connections. It is an
explicit requirement in most of the updated standards on bridge bearings (like prEN
1337.1, CNR 10018 and DIN 4141) that the friction between bearing and structure shall be
disregarded in case of dynamic actions like railways or earthquakes. Besides HDRB shall
transfer very large horizontal loads to the structures.
There are normally 2 systemsto transfer the horizontal load to the structure:
By recess or dowels. In this case the rubber is not subject to tensile stresses, however
the maximum allowable shear strain may be limited (to tang of the order of 1.4) to limit
bending of the steel plates vulcanised to the rubber and prevent the risk of roll-over.
By bolts. In this case the highest values of the shear strain may be achieved but the
rubber is stressed by tension and its mechanical properties must be extremely high.

Fig. 5 HDRB with fixation by recess Fig. 6 HDRB with fixation by bolts




4. DESIGN PROCESS FOR HDRB

The preliminary design of an isolation system can be performed in avery easy way alowing a
few simplifying assumptions:

The base isolators act like perfect spring under the action of the earthquake

The superstructure is considered as arigid mass.
In that case the structure subject to the dynamic effect of the earthquake can be considered as
a system with one degree of freedom and its own period is given by the expression:

M
T= —

P K

Where: M is the mass of the structure

K isthetotal stiffness of the base isolators

The mass of the structure to be isolated must be known. The designer than shall choose the
desired own period T of the structure (normally between 2 and 3 seconds).

The designer shall aso select, possibly based on the catalogue of a manufacturer, the
following data:

The equivalent viscous damping x of the isolators (normally between 10% and 16%). This
value, together with the own period of the structure, following the applicable code for the
design of structures subject to earthquake, allows the computation of the seismic response
R and the relative displacement D of the structure. According to severa codes, including
Eurocode 8, the effect of the equivalent viscous damping can be considered in a simplified
way reducing the response through the parameter

h = 10 £ 0,55
5+x

The design shear strain tang of the rubber (normally up to 1,4 for doweled or recessed
connections and up to 2,0 for bolted connections). This value alows the computation of the
net rubber thicknesst of the isolators dividing the relative displacement D by tang The net
rubber thickness shall be increased to alow for the foreseen movements due to
temperature, creep and shrinkage.

The shear modulus G of the rubber. This value, together with the required stiffness K and
the net rubber thickness t of the isolators, allows the computation of the total area A of the
isolators through the formula

K = A
h
At this moment the designer can share the total area of the isolators into the number of
foreseen isolators according to the actual loads acting on each one of them.
The dimensions of the single isolators however shall be such as:
Toresist the vertical design loads with allowable pressure that are normally the following:

7 to 15 Mpafor shear modulus ranging from 0,7 to 1,4 Mpa



4 to 10 MPafor shear modulus ranging from 0,4 to 0,7 Mpa

To prevent buckling
It will however generally be necessary to minimise the number of different types of isolators
and to check their availability in the catalogue of a manufacturer.
The detailed analysis for the complete verification of abase isolator may be very complex and
may require the use of non linear finite elements analysis. It is beyond the scope of this paper.
The preliminary design of the base isolators must be followed by a more detailed one.
Normally linear dynamic analysis of the structure plus isolators is required but in many cases
the results doesn’t vary from the preliminary ones more than afew percent.

5. TEST PROCESSFOR HDRB
5.1 Type and routinetests

Tests must be carried out to demonstrate the conformity of the product with the applicable
standards or the specified performance. In the particular case of the HDRB the tests must be
very severe for the following reasons:

- The mechanical properties of the rubber are normally much higher than those required for

standard elastomeric bearings. Only a very accurate quality assurance system with frequent
test can assure the expected quality and its constancy.
HDRB are normally much larger and in particular much higher than standard elastomeric
bearing. The difficulties met to obtain a uniform vulcanisation increases tremendously with
the increase of the size. For that reason many standards or specifications require load tests
on 100% of the finished products in order to avoid any possible vulcanisation defect

Since the quality assurance is of fundamental importance for the production of HDRB most

standards or specifications require that the manufacturer is at least certified 1SO 9001. In

many cases the owner will require also tests audited by athird party.

Normally adistinction is made on the following test levels:

Type test. They shall be performed before starting the production in order to validate a
particular type of isolator and must be repeated if any change in the construction product or
manufacturing process occur. Normally the type tests shall be audited by an independent
third party. Type tests shall include dynamic tests on finished products. Scaled specimens
are normally accepted in that case since dynamic equipment to test large bearings may not
be available.

Routine tests. They shall be performed during the manufacture to verify the conformity of
the production with the specifications and the results of the type tests.

The tests and controls performed during the validation and the production of HDRB may be

divided asfollows:

Raw materials and components controls. They must verify the compliance of the raw
materials and components with the specified requirement. Normally the steel plates are
verified by means of the certificates supplied by a manufacturer having a quality assurance
system. The rubber must undergo several type and routine tests as shown in the following
table taken from the European standard draft on antiseismic devices:



Test description Type | Routine
test test

Tensile strength

Elongation at break

Tear resistance

Compression set

Accelerated ageing

Ozone resistance

Static shear modulus at low temperature

Dynamic shear modulus and damping

Dynamic shear modulus and damping at low temperature
Dynamic shear modulus and damping after ageing

Table 2 Type and routine tests foreseen by European standard draft for HDRB

Tests on complete HDRB. The tests foreseen by the European standard draft are listed in
the following table

Test description Type | Routine
test test

Quasi-static shear modulus and damping
Dynamic shear modulus and damping
Static shear modulus after ageing

Shear bond at ambient temperature
Shear bond after ageing

Compression stiffness

Stability test

Sustained compression

Externa geometry

Table 3 Tests foreseen by European standard draft for complete HDRB

Fig. 7 Static tests on HDRB Fig. 8 Dynamic tests on HDRB




The required frequency for the routine testsis particularly high:
100% of the HDRB shall be tested for compression stiffness and external geometry
20% of the HDRB shall be tested for quasi-static shear modulus and damping
The routine test must obviously be carried out on the full scale bearings. This implies the
availability of very large testing equipment specially designed to apply very high vertical
loads and simultaneous horizontal loads with very large deformations. In figure 7 is shown
the testing equipment owned by ALGA capably of applying vertical load up to 50000 kN with
simultaneous horizontal loads up to 20000 kN.
For the type tests that include al'so dynamic ones scaling is allowed. Figure 8 shows dynamic
tests on HDRB performed at ALGA laboratory

5.2 Ageing tests

Particular care must be given to the problem of ageing and to the assessment of the expected
life of the bearings. The prediction may be based on the Arrhenius law in accordance with the
standard draft 1ISO/TC 45. The theoretical principles are here explained.

When the temperature is raised the reaction rate of a chemical reaction is normally increased.
Also the ageing of the rubber can be assimilated to a chemical reaction and, like many other
organic-chemical reactions an increase in temperature by 10 °C means 2 to 3 times higher
reaction rate. For this reason all accelerated ageing tests are performed at high temperature.
The reaction rate, is normally a function of the temperature according to the Arrhenius
equation.

Integration of the Arrhenius equation, followed by the taking of logarithm, results in the
following equation:

Int:E*1+B
R T

In this equation, B is a constant, R is the gas constant or, depending on the units, the
Boltzmann constant, T is the absolute temperature and E is the activation energy of the ageing
reaction. E is constant as long as the main deterioration mechanism is the same.

A plot of In time versus 1/T is then a straight line of slope E/R and is known as an Arrhenius
plot.

In order to alow extrapolation of short- time data to predict long- term performance, an
appropriate curve must be drawn through the short-term values.

At a chosen temperature the variation is the numerical value of a chosen property in function
of the time. For instance in fig. 9 are plotted the variations of the elongation at failure of
rubber specimens in function of the time for the temperatures of 60, 70 and 80 °C.
The time limits for which a certain variation of property is reached are then plotted in an
Arrhenius plot as a function of the temperature and the curve is then extrapolated down to the
temperature of use (seefig. 10).
Similar tests have been performed for different mechanical properties of the rubber:
- Tenslle strength

Elongation at failure

Shear Modulus

Equivalent viscous damping



Fig. 9 Decay of the rubber in function of |[Fig. 10 Arrhenius plot alowing the
temperature and time extrapolation for ambient temperature

The validity of the method becomes higher by increasing the ageing time and decreasing the
ageing temperature. The ageing time on which the results are actually based is of 256 days.
The tests showed that the variation of properties estimated for a period of 60 years is of the
order of 20% of the origina value. No significant variation has been observed for the
equivalent viscous damping

6. EXAMPLESOF APPLICATION
6.1 The TELECOM, Italian Telephone Company Building in Ancona, Italy

The Telecom centre of Ancona consists of a group of five buildings of five, six or seven
floors that are interconnected but structurally independent. Among the various reasons that
convinced the owner to adopt the base isolation the two following are the most important:

1. The high-tech equipment, which is required for the staff activity in the buildings, can be
completely protected against the earthquake by the base isolation, thus insuring continuity
to the business and saving very high damage-repairing costs in case of an earthquake.

2. The adoption of the base isolation made possible considerable savings in the
superstructure and the foundations, so that the cost of the structure, including the base
isolators, resulted 7% cheaper than the correspondent non-isolated structure.

During year 1990 one of the buildings has been subjected to dynamic tests, the most exciting

of which was a so called snap-back test. To perform this test the building was displaced by

means of hydraulic jacks acting between a retaining wall and the sub-structure, thus applying
shear strains to the isolators; a collapsible set of steel plates, held together by an explosive
bolt, was installed beside each of the jacks which were finally released and removed. The

simultaneous explosion of the bolts released the imposed displacement, up to 107 mm,

allowing the building to swing toward its initial position. Thistest allowed to check the actual

value of the equivalent viscous damping.
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Fig 11 General dimensions of the Telecom centre
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Fig 12 The Telecom centre under construction | Fig. 13 Details of the HDRB

The main technical and design data for one single building are here summarised:

Actual maximum ground acceleration 0,509

Actua maximum building acceleration 0,239

Maximum relative displacement of the superstructure +140 mm

Own period of the isolated structure 1,68 s

Total mass of the building 7800t

Total stiffness of the base isolators 115,6 KN/mm

Number and type of the base isolators (per building) N. 48 dia 600x270
N.13 dia 500x270

Equivalent viscous damping at £ 70 mm displacement 16%

The structural design of the buildings and the base isolation has been performed by Dott. Ing.
Giancarlo Giuliani.

6.2 The Bridge over the Corinth Canal in Greece

The motorway connecting Athens to Corinth crosses the Canal with two parallel bridges for
which a base isolation system has been provided.

Each bridge consists of a continuous prestressed beam wit spans 32 + 110 + 32 meter plus
two counterweights of 7 + 9 m. The cross section is a single cell box girder with varying
depth, decreasing from 6,0 m at the piers to 3,5 m at midspan and a width of 16,5 for one
bridge and 14,5 for the other (see fig. 14). Each bridge is supported by two centre columns
and two abutments.

The bridges present a relatively high curvature in plan (radius 400 meters) that has a
considerable influence on the seismic behaviour.

The construction method was the free cantilever system.

The bearing system isshown in fig. 15

On each column it is foreseen a pot bearing and on each abutment 6 High Damping Rubber
Bearings. The bearings at each abutment were arranged in two groups of three, one group on
either side of the bridge at the maximum possible offset in order to resist the torsional seismic
effects.

12




Fig 14 The bridge over the Corinth canal Fig. 15 Bearing layout

According to the design requirements the dynamic friction coefficient of the pot bearings had
to beincluded in the range 0,04 to 0,10 including the effect of ageing etc.:

the lower limit was given in order to limit the bending moment in the bridge due to the
transverse earthquake; to limit the horizontal movements; to dissipate energy in friction.

the upper limit was given in order to limit the horizontal force applied on top of the
columns to the maximum allowable values, dictated by geotechnical reasons.

On each abutment have been foreseen 6 HDRB with the following characteristics (see fig. 16)

Dimensions of the rubber pad 315x700x800 mm
Net rubber thickness 210 mm

Bearing capacity 9000 kN

Shear stiffness 4,0 KN/mm
Design displacement under MCE +400 mm

Max. shear strain under MCE 190%

Equivalent viscous damping (at 100% shear strain) 16%
The outstanding performance of the HDRB in terms of damping and maximum shear strain
were possible thanks to a new rubber compound developed in Alga’'s laboratories in occasion
of aprequalification tender for the ALMR project in California. The physical properties of the

elastomer are the following

Shore A hardness 753
Shear Modulus 1,4 Mpa
Tensile strength 18 Mpa
Elongation at failure 500%

The very high shear Modulus allows the design of the HDRB for a required shear stiffnessin
the most economical way. Besides the very high elongation at failure allows the production of
bearings that can pass combined vertical and horizontal load tests up to a shear deformation
up to 300%, thus allowing a shear deformation of 200% under design earthquake.

The rubber compound showed also a very good behaviour at low temperatures giving an
increase of stiffness of only 70% between -20 and +40 °C and can assure a useful life of at
least 60 years.

13



Fig. 16 Scheme of the HDRB for Corinth|Fig. 17 The Corinth cana bridge under
canal bridge construction

The properties of the rubber have been verified through preliminary tests on rubber specimens
and reduced scale models performed a ISMES (Bergamo, Italy), MRPRA (UK) and
University of Californiaat Berkeley.

The pot bearings on top of the columns are designed for a vertical load of 55 MN and an
horizontal displacement of £400 mm. They are similar to standard pot bearings except for the
low friction materia that have been utilised in order to meet the requirement of the
specifications (friction 0,04 to 0,10).

It has been used a composite material consisting of three layers: a bronze backing strip and a
sintered interlocking porous matrix, impregnated and overlaid with a PTFE/lead mixture; for
the mating surface it has been used austenitic steel with the same characteristics normally
used for bridge bearings. In order to meet the required friction values the pressure with design
load was fixed at 75 N/mm?,

6.3 The Riace sbronzesin Reggio Calabria, Italy

The magnificent and very famous bronze Hellenistic statues of the first century A. D. found in
the sea at Riace are exhibited in the Archaeologica Museum of Reggio Calabria, Italy.
Although the Museum’s building is a recent structure designed in accordance with the
existing codes for construction in seismic areg, it is not base isolated. This means that in case
of earthquake the building will not collapse but may suffer severe damages. Besides the
content of the building would be subjected to strong accelerations, amplified by the building
itself. Under such circumstances it may be expected that the statues would be severely
damaged.
In the frame of the recent restoration to which the two statues have been subjected, sponsored
by Finmeccanica, ALGA was charged to design suitable supports assuring to the statues the
seismic protection.
The specifications for the two supports, as agreed with the Italian Fine Arts Superintendence
included the following requirements:

Reduction of the seismic acceleration of the statues below 0,19

No risk of chemical or galvanic interactions

14




High reliability without maintenance

Easy removal or replacement
HDRB has been utilised to fulfil the above requirements. Since the mass of the statues is very
little (2000 kg including the supports) the area of the bearings must also be very small and
their thickness must be relatively high in order to obtain the very low stiffness required for the
seismic protection. In that case the bearings must be segmented both in plan and height
through a steel structure to prevent buckling or roll-over as shown in Fig.19.

Fig. 18 The maquette of one of the Riace's|Fig. 19 Detail of the segmented HDRB
bronzes on its antiseismic support during tests

Before the installation under the statues, as it is obvious since the two masterpieces has
priceless value, the supports have been tested utilising models of the statues on the shaking
table of Ansaldo Ricerche.
The main characteristics of the isolation system are the following:

Own frequency for horizontal oscillations 1,0 Hz

Design displacement +90 mm

6.4 Chemical plant in Visp, Switzerland

The chemical plant belongs to the private chemical industry. In afirst step the base isolation
by use of HDRB has been applied to a 2600 m® capacity cylindrical tank, other steps for other
parts of the plant are foreseen in a near future. The tank was an existing one so that the
application of the base isolation was a seismic retrofitting The tank is used to store dangerous
chemical products. Its base isolation aims not only to the safety of the structure and its
valuable content, but in particular to prevent an environmental catastrophes in case of
earthquake.

In Switzerland the seismic risk is not so high as in near countries like Italy: therefore it must
be emphasised the far-seeing and attention to the environmental problems of the owners of the
plant.
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The tank consist in a cylindrical steel structure supported by a concrete slab. The concrete
slab is supported by 26 concrete columns. Between each column and the concrete slab has
been inserted 26 HDRB having diameter 300 mm and thickness 107 mm (see fig. 20 and 21).
The HDRB has shifted the fundamenta frequency of the tank from 2,4 Hz to 0,5Hz (own
period from 0,4 s to 2,0 s) and increased the damping from 2% to 8%. The calculated
horizontal displacement in case of earthquake will be £120 mm.

Fig. 20 Side view of the tank Fig. 21 Plan of the tank

Fig. 22 and 23 show the base isolated tank and a detail of the HDRB:

Fig. 22 The base isolated tank Fig. 23 Detail of the HDRB
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6.5 The Bridge over the River Tagusin Santarem, Portugal

The bridge over the river Tagus in Santarem includes a central part of 570 meter length
including a cable stayed span of 246 meter (see fig. 24) and two access bridges having
respectively 35 +54 spans of 42 meter divided in sections of 8 or 9 spans from joint to joint .
The total length of the bridge is 4308 meter and its width is 28,2 meter.

Fig. 24 The bridge over the Tagus in Santarem, central part

The bridge, including the cable stayed spans, is totally supported by HDRB and represents, as
far as known by the author, the largest application in the world of this technique and the first
application to a cable stayed solution.
For each section of the access bridges consisting of 9 spans were provided:
2 HDRB for each of the 6 central piers
2 bearings dliding in the longitudinal direction and elastically restrained in the transversal
direction for each of the 2 piersin correspondence of the expansion joints
2 free diding bearings for each of the 2 remaining piers
In fig. 25 is shown the cross section of the bridge in correspondence of a pier with the two
HDRB

Fig. 25 Cross section of the bridge in correspondence of a pier

For the main bridge consisting of 7 spans were provided:
20 HDRB for each of the 2 centra piers
2 bearings dliding in the longitudinal direction and elastically restrained in the transversal
direction for each of the 2 piersN. 2 and 7
free sliding bearings on the remaining piers
In fig. 26 is shown the cross section and the plan of apier of the main span
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Fig. 26 Disposition of the HDRB on the piers of the main span

The technical data of the HDRB are given in the following table

Access bridge Main bridge
Diameter 1150 mm 950 mm
Design vertical load 15000 kN 10000
Net rubber thickness 125 mm
Design displacement +250 mm
Prototype test displacement +344 mm
Equivalent viscous damping 10%
Stiffness (at 100% shear strain) 3,3kN/mm | 2,3 kN/mm
Shear modulus of the rubber 0,4 Mpa

Table 4 — Characteristics of the HDRB for the Tagus bridge in Santarem

The acceptance tests performed included:

Prototype tests with shear deformation up to 275%

Routine tests with vertical load tests performed on 100% of the HDRB and combined vertical
and horizontal load up to 200%shear strain on 20% of the HDRB.

Fig 27 and 28 show the scheme and the load deflection plot of one of the prototype tests
performed for the HDRB of the access bridges.

For the seismic analysis the response spectrum defined by “Regulamento de Seguranca e
Accoes pare Estruturas de Edificios e Pontes’ for Zone B has been used. The structure has
been modelled in a first step through beam elements and in a more accurate phase through
finite elements. The structure has been analysed in the elastic field. The non linear behaviour
of the HDRB has been taken into account through an iterative process, assuming the secant
stiffness corresponding to the maximum displacement resulting from the previous cal cul ation.
The seismic input consisted in a series of 3 accelerograms compatible with the response
spectrum.

For the access bridges the first 3 fundamental frequencies resulted:

f1 = 0,345 Hz (Longitudinal)

f, = 0,403 Hz (Rotation)

f3=0,431 Hz (Transversal)

whilst the following modes were not significant.

The maximum displacements resulted 78,5 (seismic) + 65,0 (creep and shrinkage) = 143,5
mm in longitudinal direction and 62,8 mm in transversal direction.
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Fig. 27 The main span of the bridge over the| Fig. 28 Detail of the approach ramps
Tagus in Santarem

For the main bridge the first 5 fundamental frequencies resulted:

f1 = 0,300 Hz (Transversal)

f, = 0,332 Hz (Rotation)

f3=0,449 Hz (Vertical)

f4 = 0,453 Hz (Transversal)

fs = 0,473 Hz (Longitudinal)

the following modes were a so significant up to the twelfth.

The maximum displacements resulted 92 (seismic) + 80 (creep and shrinkage) = 172 mm in
longitudinal direction and 56 mm in transversal direction.

Fig. 29 Scheme of a HDRB for the Tagus|Fig. 30 Load deflection plot for a HDRB up
bridge in Santarem to 275% shear strain
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As it may be seen the use of the HDRB shifted the fundamental frequency to the range of 0,3
Hz, much lower than in the case of arigid structure, with consequent great reduction of the
seismic response. In addition to that, thanks to the intrinsic damping properties of the bearings
the relative displacements between bridge deck and piers resulted very limited.

7. CONCLUSIONS

Base isolation is now a mature and well experimented technique

The examples of application described in the paper are limited for obvious reasons but there
are now in Italy more than 150 km of bridges and around 35 buildings or industria plants
incorporating antiseismic devices. Also in Portugal this technique has been widely applied
and in particular the bridge over the Tagus in Santarem represent one of the most outstanding
use of the HDRB in the world. In the United States and specialy in Japan the use of
antiseismic devices is growing exponentially, in particular after the recent earthquakes of
Northridge and Kobe.

Among the different types of antiseismic devices HDRB surely represent one of the most
interesting and promising techniques because they are reliable and don’'t require any
maintenance for their complete life.

Last but not least it must be emphasised that the base isolation by use of HDRB not only is
cheap but, in many cases as expressed in paragraph 6.1, may achieve important savings in the
cost of the structure.
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