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OESIGN EXPERIENCE ON SEISMICALLY ISOLATED BUILDINGS

Gian Carlo Giuliani (Studio Giuliani - Milano - Italy/Alberta - Canada)

This paper describes the practical problems associated with the
structural design of a group of seismically isolated buildings now under
construction in Ancona, Italy. These structures are the first
seismically isolated buildings in Italy.

The Ancona region is in Zone 2 of the Italian Seismic Code. It has a
design acceleration of 0.07 g which corresponds to a ground surface
acceleration of 0.25 g. The last significant earthquake was recorded on
June 14, 1972, having a single shock-type wave with a peak acceleration
of 0.53 g. Taking into account the aforesaid earthquake, the structural
design of these new buildings was performed according to an acceleration
spectrum which was different from the Zone 2 seismic code and which
provided protection for stronger ground motions.

To minimize the cost of the structure, the buildings used ribbed plate
decks, thus reducing the amount of material and the mass of the struc-
tures to be isolated. The design requirements, dynamic analysis
performed, structural design, and practical engineering employed are
reported in this paper.

A comparison between the costs of a conventionally designed and a
base-isolated structure is also reported. It shows a net savings of 7%
for the base-isolated structure.

The tests undertaken for certifying the mechanical properties of the
isolators for both static and dynamic loads are also described, as is the
full-scale dynamic test which is scheduled for next year (1990) for one
of the completed buildings.

Introduction

The basic idea of isolation relies on increasing the effective period of

vibration of the structure toward values higher than those that exist for a

fixed base (or conventional) construction. In the case of stiff- or medium-

soil foundation conditions, the input response spectrum normally shows a

marked decrease in acceleration when period increases. For this reason, the

energy transmitted by the earthquake to the building is significantly reduced.

This benefit is, of course, offset somewhat by the need to accommodate fairly

large displacements that have to be sustained by the isolation system.
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The use of seismic isolation not only reduces the forces acting on the

structure, but also shifts the response spectrum for which equipment must be

designed, usually resulting in greatly reducing input to individual pieces of

equipment. Also, because the loading is reduced and maintaining near-elastic

stresses is quite feasible, the demand for a high level of assurance of

ductility in the structure is reduced.

In conventional seismic engineering practice, earthquake resistance is

provided by the nonlinear, highly dissipative behavior of the structure and

the force-reducing high-period modes which occur under the condition of over-

strain. Because of this reason the allowable stress of the structure is

usually limited to 1/3 to i/5 of its ultimate strength. Thus, analysis can be

performed in the linear elastic range. However, the structure must be care-

fully detailed to assure the desired high level of ductility.

In the isolated structure, the "decoupling" of the structure from the

ground motions is physically achieved by the use of seismic isolators, which

must comply with stringent structural and performance requirements.

A mandatory requirement for the isolators used in civil constructions is a

very high axial stiffness (of the same order as the columns which bear on the

isolators) and a very low horizontal stiffness. These features are feasible

through the use of isolation bearings constructed with steel-plate-laminated

elastomer. Rocking of the building is minimized, and horizontal accelerations

are greatly reduced. The isolators essentially divide the structural system

into two relatively independent parts: (1) the basemat foundation, and (2)

the superstructure above the plane of the isolation system.

Basic Requirements for Design

The full advantages and reliability of the isolation system can be best

realized for a given design only if an appropriate mathematical model of the

structure is prepared and a detailed analysis is performed. Because the

effectiveness of the isolation system depends on the fundamental vibration

periods, a comprehensive dynamic analysis is mandatory.
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Design analysis performed on the isolated structures for this project

requires three-dimensional (3-D) modeling. The complexity of the 3-D building

frame, which is composed of floor slabs, columns, and shear walls, all of

which are interconnected and subjected to dynamic loads, simply cannot be

represented by one mathematical model without some simplification. This

simplification of the mathematical model is necessary.

Not only the dimension of the stiffness and mass matrices is reduced,

saving central processing unit (CPU) time and obtaining better approximation

of the eigenvalues, but also the calculation of clusters of unimportant

eigenmodes that only cause negligible relative mode shifting is avoided. On

the other hand, a very simple and crude model is inadequate for detail design.

Therefore, modeling of the structure requires a skilled balance between an

overly complex analysis and a much too simplified approach. In the opinion of

this author the growth and use of the isolation technology in normal

engineering will be strictly related to research on the proper modeling.

Because of the reduced forces resulting from the use of isolation the

elastic behavior of the structure is likely to be maintained during the

earthquake and the dynamic analysis can thus be limited to the linear range,

thus improving the accuracy and limiting the CPU time.

In conventional seismic engineering (i.e., no seismic isolation) the verti-

cal ground motions are considered independent from the horizontal accelera-

tions and this assumption is assumed to result in few or no significant

errors. Whether this procedure can also be applied to seismic isolation

design practice is a matter for both theoretical and experimental research.

There is also a strong need for knowledge about the reliability of a modal

analysis as compared to time history analysis. This need may exist even if

the lack of information about ground displacements is compensated by

overdesign of the allowable shear strain of the isolators.

Design Experience

In the following, design experience is discussed which applies to a group

of seismically isolated buildings composing the Italian Agency for Telecom-

munication Services (SIP) administration center at Ancona that are now in the

process of construction (see Fig. 1 for the general layout).2 The Ancona
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r-egion is in Zone 2 of the Italian seismic code with an equivalent design

ground acceleration of 0.07 g. The last strong motion earthquake was recorded

on June 11, 1972 showing a single shock-type wave with a peak acceleration of

0.53 gi as shown in Figs. 2 and 3.

Taking into account the above-mentioned June 1972 earthquake, the struc-

tural design was performed according to an acceleration spectrum that was

different from the usual Zone 2 requirements to cover for higher frequency

events (Figs. 4 and 5).

To minimize the cost of the structure, the buildings feature ribbed plate

decks, thus reducing the amount of material and the mass of the structure to

be isolated (Fig. 6).

Seismic isolation of these buildings was selected for the following

reasons:

1. A conventional fixed-base building structure, complying with the requested

architectural layout, would have required very stiff elevators and stair-

case structures subjected to high-level tensile stresses. This, in turn,

because of lack of significant vertical load acting on these parts, would

have required extensive foundation (tensile) anchorage. The soil on the

construction area is actually composed of multiple layers of soft clay and

stiff marl, thus posing difficult problems for the shear strength of the

tensile pile anchors; on the other hand, this upward restraining from the

foundation is unnecessary for an isolated structure.

2. The columns and the shear-walls of the isolated buildings feature reduced

cross sections. The connections of exterior building facades and interior

partitions are also greatly simplified.

3. The "high-tech" equipment, required for work activity in these buildings,

can be given virtually total protection aga'nst the earthquake by use of

base isolation. Thus, continuity to the business is ensured as well as

saving very high damage/repairing costs in case of any future strong

earthquake motions.

4. The savings obtained according to reasons 1 and 2 (above) more than

compensated for the costs of the isolators, the substructure, and of the

special joints to accommodate relative motion. The overall result is a

reduction of the structure construction price of ~7>.
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Structural Provisions

The foundation of a seismic-isolated building is subjected to reduced

forces compared to the fixed-base case. In any case, however, in addition to

the basic requirements of the foundation to provide proper distribution of

vertical loads into the soil, the foundation for the isolated structure must

provide for shear anchorage for the isolators/bearings.

A substructure, acting as a shear diaphragm and composed of a two-way beam

grid and an upper slab, connects all the isolators and adds restraint to the

superstructure (Figs. 7 and 8). The stiffness of this substructure can be

selected as an average of the same property of the shear walls. However, by

proper positioning of the isolators under the projections of the vertical

member edges, the stress level is not the governing parameter.

The substructure cited above and the isolators will increase the construc-

tion cost and therefore a study for their optimization is necessary. The

substructure must include manholes for scheduled periodic inspection of the

isolators and to provide access and other provisions for any possible

replacement of the bearings. Such replacement might be needed for possible

damage from earthquakes of unexpected magnitude or for loss of the required

bearing stiffness (or other properties) due to aging.

Even though the horizontal seismic forces are reduced, there are still

shearing and bending behavior acting in elements of the isolated structure.

Therefore, the structural layout for an isolated building should include

horizontal decks (properly tied to and supported by columns) that are capable

of transferring the in-plane forces (and moments) to the bracing system. This

can be easily provided by coupling shear walls in two directions.

Two different structural layouts were required according to building

shapes, as given in the architectural layouts. Type A structure (Fig. 7) is

the office building, whereas Type C (Fig. 9), is the meeting and conference

building.

Because of the large displacements of the isolated structures, the joints

between adjacent buildings require an unusually large gap compared to the

conventional fixed-base solution. The same need arises at ground level where

retaining walls have to provide a wide gap between the soil and the structure.
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Structural Analysis

The structural models o - buildings were assembled by means of iso-

parametric and normal she ements for portraying the shear walls and

decks. Columns were simulate Dy beam elements.

At the junctions between isoparametric and normal shell elements, a

compliance relationship for the displacements was assigned to obtain proper

behavior of the center joints of the isoparametric elements.

Stresses are calculated at the Gaussian points of the elements. To obtain

the maximum level of the stresses in the shear walls, truss elements were

added at their edges, The areas of these truss elements represented the local

reinforcement.

The isolators were modeled as spring elements. The shear stiffness of the

isolators was determined by one of the design requirements; i.e., under the

action of the designed vertical loads and earthquake ground motions, the

maximum shear strain of the bearing is 100}. This requirement permitted

structural system response to be analyzed by a linear method.

The critical damping factor of the isolators normally ranges from 0.10 to

0.20 (depending on elastomer compounds, etc.). This is quite different (and

larger) than damping associated with the structure, which, according to the

linear behavior, has a value around 0.01 to 0.06. For the purpose of reducing

computer time, the aforesaid damping factor can be set to the lower value for

all the structural components, thus increasing the safety margin.

The following data describe the building models obtained:

Horizontal #
Type of No. of No. of Mass Number of Stiffness Frequency
Building Joints Elements kNs /m Isolators kN/m Hz

A 1679 1151 7000 61 1HS080 0.612

C 1181 952 3700 36 61680 0.665

It is obvious, but nonetheless important to note that in seismically isolated
buildings the first three vibration modes are the rigid body motions: two
horizontal displacements and one rotation around the vertical axis. The
frequencies of these motions are very close to the value calculated by means
of the well-known basic formula:
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1/2

where k is the isolator stiffness and m is the isolated mass of the building.

A modal analysis was then performed to obtain the first eight eigen-

vectors. These vectors were found to be distributed in the following way:

For A-type building:

1,2,3 are rigid body modes. Their frequencies are 0.63135, 0.63581, and

0.69109 Hz, respectively.

4,5,6 are bending and shearing modes. Their frequencies are 3.5854,

4.4058, and 6.3518 H2, respectively.

7,8 are bending and shearing modes in slender isolated columns of the

structure and vertical bending motions for the roof deck. Their

frequencies are 9.6035 and 17.134 Hz, respectively. (See Fig. 10.)

For C-type building:

1,2,3 are rigid body modes. Their frequencies are 0.64782, 0.71091, and

0.73918 Hz, respectively.

4,5,6,7,8 are bending and shearing modes. Their frequencies are 3.1765,

4.0336, 6.4612, 9.1272, and 15.716 Hz, respectively. (See Fig. 11.)

The periods for each of the first three vibration modes deviate very little

from their mean value and it is likely that, because of the lack of numerical

precision arising from the sub-space iteration method for finding the eigen-

values, these modes cannot be exactly calculated.

This problem is not very important for practical engineering purposes since

the response spectrum corresponding to these periods yields reduced accelera-

tions and results in large displacements which take place in the isolators and

do not affect the structure per se.

The higher frequency vibration modes are mainly flexural and shearing

motions, and show proper shifts among their periods, also making their

participation factors less important.

Participation of the masses arising from the first eight eigenmodes was

found to be very satisfactory, 99.9999 for a Type A building and 99.994$ for a

Type C building; for the aforesaid reason no static compensation for the

higher modes was effected.
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The elastic response spectrum resulting from the site conditions was then

assigned in the horizontal directions ai the following magnification factors

were imposed:

1.10 for the importance of the building

1.00 for the soil properties

1.20 for the shear walls based resistance of the structure.

According to th« limited interstory drift, no adjustment for the P-A effect

was introduced in computation of the eigenvalues.

To obtain the design data, the square root sum of squares, (SRSS) values

(see Figs. 12 and 13) were calculated from the spectral analysis and combined

with those resulting from the static analysis. The higher stresses were then

obtained from the following combinations:

1.00D+O.4L+1.4E

0.90D+0.0L+1.4E

where D = dead loads, L = live loads, and E = earthquake effects (SRSS).

The structural member designs were then performed according to the afore-

said principles. Accurate detailing of rebars and concrete sections was

effected to avoid brittleness, even though high levels of ductility are less

mandatory for isolated structures than for normal (nonisolated) construction.

Practical Provisions

To account for the expected large relative displacements between the

build'ings and the surrounding soil, a group of practical provisions had to be

designed, according to the following requirements:

1. Watertightness of the Basement

A continuous membrane of waterproof material was provided to cover the gap

between the buildings and the retaining walls to provide leaktightness, at the

same time allowing for the relative displacements.

To prevent the accidental falling of maintenance crew, a safety-welded wire

mesh is installed below the membrane (see Fig. 14).
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2. Entrances to the Building

A two-way joint at the building entrances is necessary to allow for the

differential displacements arising from the relative motion of the building

and the soil. A stainless-steel joint, sliding on bronze bearings, was

preferred to the well-known rubber-steel items available for bridge construc-

tion, because of its frictional behavior which yields a negligible coupling

between the isolated structure and the soil (see Fig. 15).

Two kinds of similar joints were designed for the pedestrian and vehicle

entrances.

3. Connections Between Adjacent Buildings

At all levels the corridors of the buildings are interconnected, thus

requiring pedestrian expansion (or articulated) joints similar to the tase

designed for entrances.

A facade Joint also had to be provided. An aluminum-rubber assembly was

found to be suitable for this purpose (see Fig. 16).

4. Duct Connections

All the piping, wiring, and heating/cooling ducts had to be designed to

allow for the aforesaid relative displacements. Custom-made flexible

assemblies will be used for this purpose.

Technology of the Isolators

The basic parameter used for the design and construction of the isolators

was the expected maximum displacement of 0.15 m resulting from the design

spectrum. This value was then assumed for design of the isolators at a 100%

shearing strain. The isolator bearings consist of multiple layers of high-

damping natural rubber and steel plates vulcanized together. The consultant

for the preliminary design of the isolators and for the relevant isolator

specifications was Professor James Kelly of the University of California

(Berkeley/USA).

During the final structural design, the mounting system of the seismic

isolator bearings was modified, separating the steel end plates from the

rubber but providing a machined groove for restraining the isolators to avoid
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possible peeling of rubber in the joint fillet. A bolted-type connection was

also provided to assure ease of replacement of the isolators because of aging

or remote, but possible, damage arising from a strong motion earthquake. (See

Fig. 17 for details of the bearing design.)

According to procurement specifications, a comprehensive set of static

tests was undertaken to assure attainment of the requested quality of the

isolators. All of the isolators were tested under sustained vertical load.

Twenty percent of the isolators were tested using five cycles of reversed 100J

shearing strain, while being compressed to the service loads (see Figs. 18 and

19).

The ISMES laboratories in Bergamo (Italy) were appointed for the aforesaid

tests (see Figs. 20 and 21).

A group of dynamic tests was also performed with the purpose of checking

the sensitivity of their stiffness against the frequency of excitation and for

evaluation of damping characteristics. The resulting shearing stiffness was

practically constant and the equivalent viscous damping factor was found to be

0.11 (see Figs. 22 and 23). More extensive data will be released very soon by

ISMES, which has begun wide-ranging research on these kinds of isolator

systems.

State of the Project

The Ancona project started in early July 1988 with excavation and placement

of the retaining structures (in-situ diaphragms); the beginning of the super-

struc e started the end of July 1989.

Un-.r a research program sponsored by ENEA and ISMES, dynamic tests on one

of the completed buildings will be performed. This should result in a great

deal of interest, since this will be one of the very few full-scale tests

performed on seismically isolated buildings.
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Fig. 1. Photo of the SIP Administration Center Model
in Ancona
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Fig. 12. SRSS Displacements of the A1-Type Building

Fig. 13. SRSS Displacements of the C-Type Building
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Fig. 14. Engineering Details for Water Tightness
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Fig. 15. Engineering Details for Pedestrian Entrance
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Fig. 16. Engineering Details for the Facade Joints
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Fig. 17. Construction Drawing of the Isolators
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Fig. 20. Isolators under Shearing and Compression Testing Machine
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Fig. 21. Isolators under 100* Shearing and Compression
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Fig. 22. Isolators under Static Compression and Dynamic Shear
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