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Abstract

This paper describes the work carried at the Russian Federation Research Center of
Fundamental Engineering (RCFE), in development of innovative pneumatic multicomponent low-
frequency seismic isolation bearings for advanced nuclear power plants.This device incorporates both
supporting spherical elements, which provide displacements in the horizontal direction, and
pneumatic dampers with rubber diaphragms for displacement in the vertical direction. To decrease the
relative displacements of the isolated object the system uses viscoelastic dampers. Damping devices
had been specially elaborated for the reactor building seismic isolation system as a result of
substantial advances in the design and operation of the HD-type hydrodampers, created at the CKTI
VIBROSEISM. The procedures developed have been used for comparison of the test and computer
data on model isolated steel structure (MISS) and isolated rigid mass (IRM) isolators produced by
ENEA and KAERI. Most recent work has concentrated on the development of mathematical models
of isolators and isolated nuclear structures. Force-deformation characteristics of the HDRB model had
been calculated on the basis of a special method of non-linear elastic theory using the continual
transformations method.

1. INTRODUCTION

For the last few years specialists from different countries have been developing a
concept, which should balance conflicting tendencies in seismic designing of nuclear
facilities: safety, which is to be guaranteed, ambiguity of earthquake prediction,
standardization of components as well as technical and economic indices. Application of
seismic isolation systems can be considered as such a concept. Among the seismic isolation
systems three main types can be identified: horizontal isolation of a nuclear structure as a
whole; hybrid system, in which the structure is isolated in horizontal direction and the reactor
pit is isolated in vertical direction, and global three-dimensional (3D) isolation in both
horizontal and vertical directions. Under this conditions the earthquake loading decrease is
ensured due to reducing the resonance effects in both equipment and building constructions
under the earthquake condition. Choice of a certain type of seismic isolation system and
seismic isolation devices essentially depends on the peculiarities of seismic input on a NPP
site. Taking into account these peculiarities when predicting the earthquake is a rather
complicated problem. Analysis of data of the latest destructive earthquakes had shown that
earthquake prediction for a given site in many cases involves large errors in determination
both the ground motion amplitude and frequency content, as well as the correlation of its
vertical and horizontal component rates. 3D seismic isolation systems are less sensitive to
earthquake prediction accuracy. This condition has defined the expediency of such systems
development, in spite of the fact that their structure is more complicated as compared with
horizontal seismic isolation systems.

The amount of recently well-known designs of three-dimensional seismic isolation
systems to be applied in nuclear structures includes the developments of Swiss, German, US,
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Japanese and Russian specialists. In the Swiss system [1] slab supports made of natural rubber
are installed between the lower and the upper base. Stability of the isolated facility position
under normal operation is ensured with the aid of elements made of glass reinforced plastic,
which would collapse under earthquake loading. In the seismic isolation system of GERB
Company, Germany [2], spring isolators with piston viscous dampers are used. While
developing a perspective modular NPP of SAFR-type in USA the possibility to create a global
seismic isolation with the help of low-module high-damping laminated elastomeric supports
has been under consideration [3]. The supports are flexible in both horizontal and vertical
directions. In the 3D isolation system of FBR reactor building foundation, which is under
development in Japan [4], the horizontal isolation is ensured by laminated rubber supports
which are located on the intermediate plate. Vertical isolation is provided with high pressure
pneumatic dampers installed under the intermediate plate. This way seismic isolation system
responses along the directions of seismic input are separated.

In Russian multicomponent seismic isolation system for the WWER-640 NPP reactor
building [5] pneumatic cinematic supports are used together with viscous dampers. Natural
frequency of the system in horizontal direction is 0.1-0.2 Hz, in vertical direction 0.3-0.4 Hz.
The use of additional dampers permits to provide for design limitations on the amplitude of
isolated building relative displacements while preserving the essential decrease of earthquake
loading. The system as a whole extends the feasibility of standard NPP design to the regions
with increased seismicity.

Up to now development of seismic isolation system is finalized for type design of NPP
with WWER-640, a start had been made on the design and construction of the object-
representative of this seismic isolation system on the construction site of a pilot NPP unit in
vicinity of St.Petersburg. As a demonstration object provision is made for construction of a
seismic isolated cylindrical tank, designed for technological water release from the reactor.
Mass-dimension characteristics of the tank are as follows: diameter-23.0 m, height — 13.0 m,
weight ~ 6000t. These conditions have defined the necessity of further development of
analysis methods of seismic isolated nuclear structures. Analysis methods make up the basis
for detailed optimization of the procedure of choosing the optimal structional design of
seismic isolated object with the use of a complex of dynamic, technical and economic criteria
for the specific conditions of the construction site. Development of analysis methods assumes
abandoning the earlier accepted simplifying assumptions, among the other things, on the
absolute stiffness of the base slabs. It is especially important for the case of soft soils of the
foundation structure of the object-representative. It is to be noted, that accounting for the base
slab deformability eventually permits to formulate the requirements to the structure of seismic
isolators and to receive the value of extreme tolerance when installing their support elements.
A property of seismic isolators to adapt to possible non-collinearity of support elements takes
on great importance for provision of dynamic efficiency and stability of static position of the
seismic isolated structure.

2. THE STATE OF THE ART OF EXPERIMENTAL AND ANALYTICAL WORK IN THE
FIELD OF NUCLEAR SEISMIC TECHNOLOGY

2.1. General systems of seismic isolation

Depending on their designation: seismic isolation of an object as a whole (for
example, a reactor building), separate rooms, responsible equipment and engineering
communications, the means of seismic isolation can be considered as general, group and local
ones.
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Taking into account the distinctions in inertial and dimensional characteristics of the
objects to be protected, and the level of their seismic stability in seismic isolation systems
several types of seismic isolators could be applied.

At present in Russia we have stock-produced supporting pneumatic and pneumatic
hydraulic isolators of different load-carrying capacity, used in low-frequency systems of
seismic isolation. Usually, it is a block of seismic isolators which consists of a common steel
part and a set of seismic isolators. This common steel part ensures horizontal displacement,
and the seismic isolators ensure vertical displacement. Depending on the number of the
seismic isolators in the block its load-carrying capacity varies from tens of tons to thousand
tons. Application of seismic isolation for protection of the most responsible equipment,
including the equipment of localization systems, has several special features, related to the
opportunity of selective damping of seismic reaction components of bearings in the required
frequency area. Under such conditions it is possible to use devices with lower load-carrying
capacity on the basis of stock-produced pneumatic and elastic-plastic isolators.

General systems of seismic isolation of nuclear power plant facilities ("nuclear island"
as a whole, reactor building, reactors of different types), are based on using, mainly, rubber or
steel rubber isolators and are intended for decreasing the horizontal component of seismic
effect. To make the universality of such a structure more full in Russia for the new-generation
enhanced-safety mean-power NPP (WWER-640) we use effective multicomponent low-
frequency system of seismic isolation designed for seismic response with an acceleration up to
0.5 g. This system is to be placed below the reactor building slab (Fig. 1).

This seismic isolation system which we discuss here is based upon the use of
pneumatic dampers of original design. The pneumatic dampers in question are combined into
seismic isolating devices, which are installed on the foundation of the structure between the
lower and the upper base slabs. Arrangement of seismic isolation facilities on the foundation
mat is subject to the structural features and stiffness characteristics of the structure, as well as
to condition of uniform loading of the facilities. In this case between the building base slabs
an interlayer is formed which is vertically and horizontally compliant and isolates the reactor
building against seismic wave propagation. Technical characteristics of the seismic isolation
system for the NPP WWER-640 reactor building are as follows:

Seismic input - up to 0.5 g
Mass of the superstructure - 75000 tons
Number of seismic isolation facilities - 90-100
Load capacity of each facility - up to 900 tons
Design structural motions
(displacements) of the facilities

in vertical direction - 200 mm
horizontally in any direction - 300 mm

Natural mode frequencies - 0.2-0.3 Hz
Load attenuation factor - 20-30

As is well known, under the conditions of long-period seismic effect of deep-focal
earthquakes the structure with low-frequency seismic isolation system commits large relative
displacements. To decrease them the NPP in question is provided with additional viscous-
liquid dampers whenever necessary.

The calculations which were completed using state-of-the art technique have shown
that application of the proposed low-frequency multicomponent seismic isolation system leads
to sharp decrease of loads on each story of a building (10-30 times) in comparison with the
values realized in the damper-free modification.
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Thus in highly seismic regions it is possible to use either non-seismic or low-
reinforced equipment. This possibility reduces common costs of NPP construction
considerably keeping valid the strict requirements imposed on its reliability.Relative
displacements for the reactor building with WWER-640 under earthquake with acceleration
0.5 g were in the worth case 400 mm and 120 mm in vertical and horizontal directions
respectively. Angular rotation of the block in vertical plane did not exceed 0.0015.The
important feature of the system in question is its weak dependence on frequency
characteristics of the design seismic load within a range from 0.6 Hz and higher. It is the most
saturated part of the spectrum of seismic ground motions. This situation defines a weak effect
of accuracy of seismic prognosis on the efficiency of seismic load decrease.

Nowadays, when designing liquid-metal reactors, the blocks of approximately 140
MW are used. Because of this, as a rule, their placement in mine-type shallow deposition is
under consideration. Modular construction of BN-type reactors, which are placed in
underground mines, facilitates solving the problem of building seismic isolation. Compactness
of reactors and relatively small mass create favorable conditions for development of universal
structure, non-critical to seismic effect.

Considering the embedded location of reactor a relatively high-frequency area (2-10
Hz) prevails in input spectrum. In this case the most effective is application of low-frequency
seismic-isolation devices, ensuring free running frequency of isolated building in the range of
0.3-0.4 Hz. As such devices we can apply supporting pneumatic-cord or pneumatic-hydraulic
isolators with load-carrying capacity of 200-400 tons. Placement of supporting isolators on
the level of the reactor center of mass permits to ensure its high stability during vibrations of
the system and, respectively, small angular vibrations.

It is quite evident, that selection of particular type of general seismic isolation system
depends on many factors, the main of which is consideration of the seismic and geological
state of a construction site, as well as cost considerations, hi some cases, for example, if there
is a deep layer of soft soil it is more expedient to apply a single-component seismic isolation
system to decrease the prevailing horizontal component of the earthquake effect.

In Russia we have developed a series of similar systems with sliding supports,
dynamic columns, steel rubber bearings, dry friction damping devices. Along them it is to be
noted a new hydraulic and frictional system of general seismic isolation, in which the gaps
between the upper and the lower base slabs are filled with thin layer of fluid. Fluid is under
adjustable hydrostatic pressure, and the initial state of layer is ensured with the aid of flexible
membrane, installed at the foundation edge. Such a system appears to be effective if the NPP
construction site has weak soils and permits to diminish the soil pressure by increase of
dimensions of the base slab at uniform load distribution.

2.2. Group and local systems of seismic isolation

For protection of NPP facilities and equipment nowadays in Russia we apply systems
of group and local seismic isolation. Thus the domain of primary use of various seismic
isolation systems is determined by their designation, namely:
• systems of group seismic isolation are intended for protection of the equipment which is

located, as a rule, in one building or in its part;
• systems of local isolation are used for protection of one or several units of equipment,

predominantly process-related blocks.
For nuclear facilities there is developed a series of damping devices, which can be

used for creation of systems, ensuring the required degree of equipment protection. The
systems which are most extensively developed from the structural point of view and had been
put through experimental tests are the systems of group seismic isolation with spring devices,
power parameter of which is formed due to compression and shear elastic strains of the spring.
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When solving the problem of group isolation we can use suspended and supporting
bracings of isolated and protected structures. In suspension systems the structure (platform) is
attached to building construction elements: floors, walls, columns with the aid of flexible
(cables) or rigid (links) connections. Attachment of these connections to seismic isolators is
performed with the aid of hinges, blocks and other mechanical units. The suspension is made
with the help of links, in which the units, that sustain the loads perpendicular to their
deformation axis are used. Otherwise a cable suspension is applied. In the schemes a
preliminary tension is realized and additional damping of horizontal vibrations of the structure
due to energy dissipation in cable suspension elements is ensured. In supporting systems the
installation of platforms is carried out with use of various rolling bearings, which create
resetting force acting on the structure. Arrangement of support units on the structure depends
on the location of load-carrying elements, building configuration, as well as isolated building
geometry. Selection of support units layout is determined by total weight of protected
equipment and platform, load-carrying capacity of units, as well as maximum conceivable
height of main platform beams. Attachment of the suspension members to the structure is
carried out as follows:
• rigid fixing of seismic isolator casing. Attachment unit is high-reliable: load from the

structure is transferred directly to isolator, there are no transitional members in tension,
compression or bending;

• seismic isolator or suspension members are attached by umbilical doweled connections
(threaded connections or with the aid of axis) to construction-welded jacking adapters.

Attachment of suspension to building constructions is carried out with the aid of
brackets, installed on pins of embedded pieces. Embedded pieces are predominantly of the
following type:
• anchor pins, projecting from floor or covering;
• beyond-anchor steel-iron plate, to which the adapter plate with tapped pin holes is welded.

When the platform center of gravity doesn't coincide with the center of stiffness of
seismic isolation systems balancing of the structure is to be carried out. The purpose of this
balancing is horizontal installation (suspension) of the structure in horizontal position. As
isolation devices for local seismic isolation systems we mainly use all-metal units with elastic
plastic operating elements. These units are 3D (six-axis) isolators, operating elements of
which are performed as space-located curvilinear rods. During the load input this curvilinear
rods experience elastic plastic deformations, ensuring substantial decrease of transmitted
dynamic loads due to active energy dissipation on sections of plastic deformation.

When designing local seismic isolation systems there are allowed various layouts of
protected equipment. Thus "symmetrical" layouts, in which it is possible to align the center of
gravity and the center of system stiffness are preferable. Selection of one of these schemes is
determined by mass-dimension characteristics of protected equipment and peculiarities of
building structural layouts, where this equipment is located. Depending on the aspect ratio we
distinguish low, average and high equipment. For the low and average equipment damping the
most widely used are suspended and (or) supporting schemes. For protection of high
equipment supporting and stopping, supporting-spacer and console suspension schemes are
used. When selecting the suspension scheme it is required to take into account the possibilities
of isolators attachment to equipment, which, in main, are determined by:

• design of equipment and utility systems;
• operational requirements;
• requirements on installation;
• aspect ratio of equipment and seismic isolators.
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Modes of attachment of the isolator to bearing elements are conditioned by:
• requirements on arrangement of equipment in rooms of buildings;
• characteristics of layout of the building, in which the equipment should be installed;
• limitations on building utilities layout and their supply to equipment;
• availability of embedded pieces and opportunity of their installation.

Selection of structural approaches to seismic isolation which can ensure protection of
the equipment is carried out in accordance with requirements of industrial Norms and
Standards.

Procedure of seismic isolation selection and design as a rule is multistage. It
incorporates the stages of preliminary selection of facility parameters, design assessment of
dynamic efficiency of system, selection of structural layout and refined calculation. Thus,
taking into consideration the results, received on various stages, necessary correction and
verification of parameters of system are carried out: stiffness and inertial characteristics of
isolated building, power specifications of units, conditions of equipment placement and
fixing.As initial data for realization of selection procedure the following information is
required:

1. Data on possible effects:
• parameters of building motions, presented as time dependencies on acceleration, speed

and displacement of equipment installation positions;
• ratio of effects, possible temporary intervals between them.
Parameters of motion can be specified in analytical or table form with a step not more than
0.1-0.2 of the minimum duration of separate input half-waves or in the form, suitable for
direct computer input from data carriers (magnetic tapes, drums, floppies, hard disks etc).

2. Data on the protected facility:
• geometrical and inertial parameters of protected facilities;
• preliminary layouts (equipment arrangement scheme) with indication of possible gaps for

seismic isolation placing and functioning;
• coordinates of attachment of engineering utilities (cable links) and information on their

elastic-dissipate characteristics;
• values of building seismic stability when fixed according to specifications, as well as the

data on resonance frequency of equipment;
• information on disturbing forces and moments, created by operating vibration-active

equipment (if it is available).
As a criteria for dynamic seismic isolation efficiency we use the relation between the

required and the actual seismic stability. Data on the actual seismic stability are given in
corresponding literature or are determined experimentally. Values of required seismic stability
are determined at seismic isolation dynamics design under the conditions of seismic input.

2.3. Characteristics of seismic isolation system

2.3.1. Seismic isolation device

When performing this work two versions of layout and arrangementsof a seismic
isolation device were under consideration:
• Version 1 — Supporting spherical seismic isolation device with pneumatic dampers.
• Version 2 — Supporting spherical seismic isolation device

Seismic isolation device (Version-1) ensures the isolated structure displacements in any
vertical and horizontal direction. The load capacity of the device is determined by the load
capacity of vertical pneumatic dampers with rubber-cord diaphragm.
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Seismic isolation device (Version-2) ensures the decrease of isolated structure
displacement in vertical direction. The load capacity of the device is determined by the level
of specific contact loads on the supporting spherical surfaces of the plates. General view of the
seismic isolation device (Version-1) is presented in Figs 2 and 3. Seismic isolation device is a
unit which contains a central guiding strut with a supporting element of a telescopic-cylinder
shape and five rubber-cord pneumatic dampers located around the strut. The pneumatic
damper casings are fixed on the outer cylinder flange of the guiding strut, and the plungers are
fixed on the internal cylinder flange of the guiding strut, hi the internal cylinder chamber of
the central telescopic strut the sixth pneumatic damper with step force characteristic is
located. The main parts of the pneumatic damper are casing, plunger and rubber-cord
diaphragm. Displacement of the pneumatic damper plunger relative to the casing is followed
by roll-over of the rubber-cord diaphragm in the gap between the casing and the plunger.
When the load to the damper changes its design provides for plunger movement relative to the
casing due to a change of pressure inside the casing and the elastic properties of the rubber-
cord diaphragm. When the plunger moves in compression of the damper the pressure inside
the casing increases, when the plunger moves in tension — it decreases.

Normal force of the pneumatic damper (load capacity) is determined by the diaphragm
rated pressure and effective area. When the damper works in compression as a part of seismic
isolation device the plunges of all six pneumatic dampers move thereby ensuring the change
of pneumatic damper inner space and pressure. When working in tension the central
pneumatic damper plunger in the initial position is butted up against the rigid stop inside the
damper and does not participate in the further motion in tension. Thus, five dampers located
around the central strut work in tension/compression of the seismic isolation device and
ensure monotonous force characteristic. The central damper remaining in the framework of
the basic approach, which is common for all pneumatic dampers, has some structural
peculiarities, which ensure the step force characteristic of the seismic isolation device.

Seismic isolation device design incorporates five dampers with monotonous
characteristics and one damper with step force characteristic and permits to create a seismic
isolation system, in which all seismic isolation units display step force characteristic. Thus,
this design of isolators ensures free motion of the superstructure under the action of seismic
forces in all directions (vertical and horizontal) with return to the initial position when the
action is over.

Supporting elements of the central guiding strut are performed as spherical plates and
base plates. The centers of sphere radiuses are biased relative to the guiding strut axis. Overall
dimensions of the plates are chosen under the condition that ultimate displacements in
horizontal direction are equal to 800 mm. Due to rotation of the strut along the spherical
surfaces of the base plates the seismic isolated structure moves in horizontal direction.
Spherical supports of the strut are fixed on the base plates by means of a hinged bar,
preventing the spherical plates from sliding along the base plates. For the isolated structure to
be fixed in the initial position (in the horizontal plane) a central part of the spherical plate is
flat. Rubber-cord diaphragm of each pneumatic damper is performed on the basis of stock-
produced rubber-cord diaphragms, which had undergone a whole cycle of manufacturing, tests
and operation on the production-type objects.

Pneumatic damper is filled with gas (compressed nitrogen) with the aid of a special
device which is to be installed on the damper filler. This design of a seismic isolation device
allows to use central struts as an erection support. Technical data on seismic isolation device
(Version-1) are listed in Table 1. General view of the supporting spherical seismic isolation
device (Version-2) is presented in Fig. 4. Supporting spherical device incorporates a rocking-
type strut, supporting spherical plates, welded casing flanges and stiffening elements: ribs and
shells. Supporting spherical plates are fixed on the casing with flanges and bolt joints. Overall
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dimensions of the plate are chosen under the condition that ultimate displacements of the
superstructure in horizontal direction are ~800 mm. The proposed design of pneumatic
dampers allows the superstructure to move vertically within the limit of 10 mm and gives the
dampers elastic characteristics of "air spring".

The base plates are fixed on the rocking-type strut casing with hinged bars, thus
preventing the spherical plates from sliding along the base plates. Rotation of the telescopic
strut allows the superstructure to perform horizontal movement. Horizontal force trying to
bring the isolated unit back to its initial position arises due to the vertical response
displacement on the opposite ends of the rocking-type strut when it tilts. Spherical plate has a
flat area, which permits to receive the step force characteristic of seismic isolation device in
horizontal direction. All vendor units, which are used in this seismic isolation device, are
designed and produced on industrial enterprises of Russian Federation. Technical data on
seismic isolation device (Version-2) are listed in Table 2.

2.3.2. Damping device
In the superstructure seismic isolation system the HD-type damping devices designed

in CKTI VIBROSEISM are used. Fig. 5 presents a damping device of this seismic isolation
system which consists of a casing, filled with viscous service fluid, a piston and a core, which
are immersed in this fluid. To provide for the required characteristics between the casing and
the piston additional elements are installed, which in this version are made as thin-walled
cylinders, m order to prevent foreign matters and media (water, decontamination solutions,
etc.) ingress into the fluid an elastic protective jacket is provided, which is attached to the
piston and casing with the help of clamps. The casing is attached to the base, and the piston —
to the isolated structure, which is to be protected against dynamic loads under vibration,
seismic or other effects. The damper works as follows. Horizontal, vertical and angular
impacts are transferred to the piston and cause viscoelastic deformation of the service fluid in
the space between core, piston, thin-walled cylinders and the casing. As a result a damping
force arises which counteracts the piston displacement. Number of additional elements (thin-
walled cylinders) can be changed to achieve the necessary damping value. When the height of
piston immersion into the service fluid changes, the core, remaining on the casing bottom,
practically does not change the piston operational height. The damper preserves its efficiency
in all directions both at small and large amplitudes of impacts, which are comparable with the
values of the gaps between the piston and the casing. The dampers ensure the resistance force
up to 250 t in all directions.

2.4. Experimental investigations of devices

Pneumatic damper with a rubber-cord diaphragm (Fig. 6), which is similar in design to
the damper recommended for SIS, had been developed by the Special Engineering Design
Office (St. Petersburg) together with Research and Industrial Enterprise "Progress" (Omsk-
city) and is serially produced by Russian industry. The main technical property of the
pneumatic damper is stability of its elastic force characteristics (Fig. 7) under long-term
operation. Stability of the characteristic is ensured by constant pressure of the service medium
(gas) in the preset limits. Nitrogen is used as the service gas in this pneumatic damper.
Pneumatic damper is designed to:
• keep the isolated structure in the initial position during the service life;
• decrease the isolated structure overloads under the action of seismic forces to allowable

values;
• return the isolated structure to the initial position when the action is over.

Pneumatic damper has the following technical characteristics:

• operating pressure (under static condition) at temperature 20° C to 62-105 Pa;
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Fig. 1 Seismic isolated building ofNPPVVR 640

1 • side pneumatic damper with a diaphragm;
2 - base plate;
3 - bratktt;
4 - central pneumatic damper with a guiding device;
5-supporling spherical plate;
6-embedded piece on the isolated structure;
7 - embedded piece on the superstructure.

Fig. 2 Supporling spherical seismic isolation device with pneumatic dampers (version I

1 - embedded piece on the isolated, structure;
2 - b u t piste;
3-supporting spherical plale;
4 - rocking-type strut using flange;
5 - rocking-typt slcut earing;
6- stiffening elements oC the using;
1 - embedded piect on the superstructure.

Fig. 4 Supporting spherical seismic isolation device (version 2)

Fig. 5 General view of viscous elastic damper

Fig. i Supporting spherical seismic isolation device with pneumatic dampers (version )

Pig- 6 General view of pneumatic damper
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TABLE 1. TECHNICAL DATA ON SEISMIC ISOLATION
DEVICE (VERSION-1)

N
1
2
3
4

5

6
7

8
9

10
11

12

Characteristics
Mass
Load capacity
Overall dimensions
Working stroke:
in vertical direction
in any horizontal direction

Step force characteristic value:
in vertical direction
in any horizontal direction
Quantity of pneumatic dampers
Damper dimensions:
height
diameter
Working gas
Initial volume of gas in a pneumatic
damper
Static pressure in a pneumatic damper
Dynamic pressure in a pneumatic
damper
Test pressure in a pneumatic damper

Dimensions
t

KN
m
m

%

pc.
m

-
Pa

Pa
Pa

Pa

Value
21

8800
3.5x2.5x2.4

to ± 0.2
to 0.8

to ±10

6

1.7
0.78

nitrogen
0.43

62 • 105

80 -105

100 • 105

TABLE 2. TECHNICAL DATA ON SEISMIC ISOLATION
DEVICE (VERSION-2)

N
1
2
3
4

Characteristics
Mass
Load capacity
Overall dimensions
Working stroke:
in vertical direction
in any horizontal direction

Dimensions
t

KN
m
m

Value
5

10000
3.5x01.3

to ±0.1
to 0.8

• load capacity under this pressure is ~ 160 tons;
• vertical stroke of the damper:

• in compression to 340 mm;
• in tension to 370 mm.

Allowable pressure drop in a pneumatic damper, which is allowed for in the step in
elastic characteristic, is ~ 5% of the initial pressure throughout the whole operation period.
Each isolator after being properly tested during manufacturing and gas-charging is
encapsulated and therefore requires no maintenance during operation. The step in elastic
characteristic can be ensured both by cinematic properties of the devices, connecting
pneumatic damper and isolated structure, and the construction of the pneumatic damper itself.
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Pneumatic damper leak-tightness and guaranteed operability without additional filling
with nitrogen throughout the whole operation period are ensured by its structure and control
and testing operations during manufacturing of rubber-cord diaphragm and pneumatic damper
as a whole. Pneumatic damper structure has only one unit of possible decompression it is the
filling branch pipe. The branch pipe is designed for filling the pneumatic damper with
compressed gas and controlling the pressure in it. Filling the pneumatic damper with nitrogen
is produced with the help of return-type charging valve. Operating position of the charging
valve is a closed one. After filling and controlling the pressure in situ the filling branch pipe
chamber is filled by oil, which gives rise to a hydraulic seal.

Control and testing procedure set includes:
• production quality control of rubber-cord diaphragm and pneumatic damper;
• testing of each diaphragm and stand testing of each pneumatic damper under static loading

condition and for leak-tightness;
• dynamic testing of a batch of pneumatic dampers;
• periodic monitoring of pneumatic dampers state under operation.

Production quality control of rubber-cord diaphragm provides for:
• check of each rubber-cord diaphragm for strength and gas permeability;
• check of physical-mechanical properties of rubber;
• check of stability of the cord thread spacings;
• check of rubber-cord diaphragm exterior view and dimensions.
From any batch of 20 pieces one damper to be chosen at random is tested. Thickness of
rubber-cord diaphragm walls and strength reserve factor (up to rupture) of the rubber-cord
diaphragm and its boundary zones are to be checked.

Pneumatic damper workmanship as a whole is ensured by:
• technological process which provides for step-by-step leak-check of each welded joint and

check of each intermediate assembly strength, leak-check is carried out by helium leak
detecting method;

• hydraulic pressure tests of each pneumatic damper for strength;
• leak-check of each pneumatic damper by mass spectrometry method with determination of

its actual loss of leak-tightness in sm 53 0/hour (g/hour);
• testing of each pneumatic damper on a static stand with provision of its compression and

tension in full working strokes (displacements) (Fig. 8);
• testing of several pneumatic dampers from the amount produced within a year period on a

dynamic stand (Fig. 9).
Monitoring of pneumatic dampers state in situ is carried out on the basis of studying

isolated structure placements, as well as by visual inspections under the scheduled
maintenance procedure.

A number of special investigations and tests preceded the elaboration of technological
process of production-type manufacturing of pneumatic dampers. These investigations were
carried out in order to forecast damper operability under long-term operation. They include
periodic monitoring of the state of a rubber-cord diaphragm installed in experimental
demountable pneumatic damper. A comprehensive qualification of manufacturing and testing
technology made reliability and operability of pneumatic dampers very high. It has been
confirmed by operational experience of production-type pneumatic dampers within
approximately 20 years. More than 1000 pneumatic dampers had been manufactured on the
production-type basis with no operational failures or unsatisfactory equipment reports.

Acceptance characteristics of each produced pneumatic damper are:
• smooth plunger displacement in working stroke under static loading of a pneumatic

damper (Fig. 10);
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• leak-tightness, determined by mass-spectrometer control method, which is not to be lower
than that prescribed for the pneumatic damper.

The permissible loss of leak-tightness is determined on the basis of allowable gas leakage
throughout the service life of the device. Under this control technique conditions it is possible
to test encapsulated pneumatic dampers for leakage by means of quantitative estimation of
nitrogen mass, which leaks due to faults in the protective pneumatic damper coating into leak-
proof chamber. Acceptance characteristics of the pneumatic dampers, subjected to dynamic
testing, are as follows:
• absolute vibration damping of the isolated structure in a time that doesn't exceed 8 sec.

under dynamic loading of a pneumatic damper;
• required total leak-tightness after dynamic tests.
During factory dynamic testing a pneumatic damper is subjected to dynamic loading at the
rate 3 m/sec on impact testing machine (Fig. 11) at least 7 times with subsequent leak-check.

Statistic data on the leak-tightness control of pneumatic dampers testifies that actual
loss of leak-tightness for all the pneumatic dampers produced does not exceed 50% of the
prescribed value regardless of the year of production. This testifies the reliability of
technological process of pneumatic dampers manufacturing and quality control.Forms of
vibration oscillograms received at dynamic loading of pneumatic dampers with step and
monotonous force characteristics are shown in Fig. 11. During their service life the pneumatic
dampers are under compressed nitrogen pressure. The value of rated (static) pressure is 53-
62 kgf/sm . Allowable pressure drop in a pneumatic damper throughout its service life makes
up 50% of the static pressure. Under operation conditions provision is made for repeated
pneumatic dampers dynamic loading in compression and tension at full working strokes
(displacements). Under this condition each loading is characterized by absolute vibration
damping. In-service monitoring of the pneumatic dampers state is performed remotely with
the help of sensors, which fix changes in the setting position of the isolated structure. Pressure
control in the operating chamber of pneumatic dampers is carried out:

• during the filling procedure before the acceptance tests on the manufacturing plant;
• after installation at the site;
• after the expire of warranty period of pneumatic damper operation. At present the warranty

period of pneumatic damper operation is more than 20 years and can be prolonged on the
basis of special investigation results.

These investigations include:
• dynamic and static loading of the demounted pneumatic dampers with expired warranty

period on the manufacturing plant stands;
• control of their leak-tightness by mass-spectrometer method;
• removal (Fig. 12) and investigation of rubber-cord diaphragm, including:

• fault detection of the diaphragm;
• X ray inspection of the diaphragm;
• gas permeability testing;
• testing for determination of the diaphragm reserve strength factor;
• determination of physical-mechanical indices for the diaphragm.

Investigations of leak-tightness of a series of pneumatic dampers after 20-year
operation under static dynamic tests have shown that their actual loss of leak-tightness
practically had not changed and did not exceed 50% of the prescribed value.Results of the
investigation of physical-mechanical indices of rubber and strength of rubber-cord diaphragm
bonds after 20 years of operation and production tests are listed in Table 3. Ultimate values of
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TABLE 3. PHYSICAL-MECHANICAL INDICES OF DIAPHRAGM

N

1

2

3

4

5

Names of indices

Conventional strength at tension. mPa,
no less than
Relative elongation at rupture.
%, no less than
Relative permanent deformation
After rupture.
%, no less than

Resistance to lamination,
KN/m. no less than
Strength of bonds between diaphragm
members under lamination, KN/m. no
less than
-between coating rubber and frame:
-between frame layers.

Standard
value
11.8

400

40

39.2

4.9

6.9

Actual value

16.21 -16.75

480 - 490

11.5-12

52-53

10.05 -13.65

11.80-13.80

TABLE 4. DESTRUCTION OF DIAPHRAGM AFTER
DIFFERENT TERMS OF SERVICE LIFE

N

1

2

3

4

5

6

7

8

Mean
value

Service life

After manu-
facturing

9 years 15 years 20 years

Collapsing pressure, mPa

28.0 - 30.0

26.8

23.6

25.2

22.6

25.6

22.0

25.2

23.85

23.0

22.4

22.7
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TABLE 5. PRESSURE CONTROL DATA

N

1

1
2
3
4

5
6
7
8

9
10
11
12

13
14
15
16

17
18
19
20

21
22
23
24

25
26
27
28

29
30
31
32

Pressure in
pneumatic damper after
installation, adjusted to
t=20°C. mPa

2

5.38

5.35

5.36

5.36

5.37

5.36

5.36

5.36

Pressure in pneumatic
damper after the expiry of
warranty,
adjusted to t=20°C, mPa

3

5.34
5.31
5.33
5.35

5.32
5.31
5.33
5.34

5.33
5.35
5.34
5.34

5.266
5.256
5.256
5.27

5.32
5.32
5.32
5.36

5.27
5.27
5.28
5.29

5.28
5.28
5.28
5.28

5.30
5.33
5.33
5.32

Pressure drop %

4

0.74
1.3

0.93
0.56

0.56
0.75
0.37
0.18

0.56
0.86
0.37
0.37

1.75
1.94
1.94
1.68

0.93
0.93
0.93
0.186

1.68
1.68
1.49
1.3

1.49
1.49
1.49
1.49

1.12
0.56
0.56
0.75
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1

33
34
35
36

37
38
39
40

41
42
43
44

45
46
47
48

49
50
51
52

53
54
55
56

57
58
59
60

61
62
63
64

65
66
67
68

69
70
71
72

2

5.36

5.36

5.36

5.36

5.36

5.36

5.36

5.36

5.36

5.36

3

5.34
5.35
5.34
5.35

5.307
5.32
5.297
5.297

5.33
5.30
5.31
5.32

5.26
5.255
5.255
5.255

5.28
5.26
5.30
5.27

5.27
5.25
5.24
5.26

5.28
5.30
5.29
5.30

5.25
5.26
5.25
5.257

5.32
5.31
5.32
5.34

5.35
5.25
5.36
5.35

4

0.37
0.186
0.37
0.186

0.99
0.75
1.17
1.17

0.56
1.12
0.93
0.75

1.87
1.96
1.96
1.96

1.49
1.87
1.12
1.68

1.68
2.05
2.24
1.87

1.49
1.12
1.31
1.12

2.05
1.87
2.05
1.92

0.75
0.93
0.75
0.37

0.186
2.05
0.0

0.186
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1

73
74
75
76

77
78
79
80

2

5,36

5.36

3

5.308
5.32
5.33
5.33

5.28
5.25
5.27
5.28

4

0.97
0.75
0.56
0.56

1.49
2.05
1.68
1.47

diaphragm destruction characteristic are presented in Table 4. Rubber-cord diaphragms which
were demounted from the pneumatic dampers after being under operation within 20 years
meet the Norms and Standards by all the parameters checked. Visual inspection of rubber-
cord diaphragms, measurement of their working dimensions, analysis of X ray patterns, shears
and lamination had not indicated any deviations, which can result in serviceability losses of a
diaphragm as a part of pneumatic damper.Results of pressure control in the pneumatic
dampers after warranty period expiration are listed in Table 5.The data, listed in Table 5,
testify that pressure drop in pneumatic dampers per 20 years of operation (without additional
pressurizing) remained within the range 0-2.24%. This value is considerably lower than the
prescribed one, accepted as the criterion of no-failure pneumatic damper operation, which is
5% of the filling pressure after installation.HD-type dampers had undergone the whole cycle
of qualification tests on the stands of CKTI and Ishikavadzima Harima Heavy Industries
Company (Japan) and are recommended for application on nuclear power plants by
Atomnadzor of Russian Federation.Recently sufficient experience of successful industrial use
of dampers has been accumulated on thermal and nuclear plants, where more than
100 dampers are in service. They are used not only to provide for seismic stability, but also to
decrease the vibration of various equipment in vibration isolation systems.

2.5. Analytical determination of force characteristics of seismic isolation system
components

The main technical complexity when implementing a multicomponent seismic
isolation lies in the necessity to combine the observance of two contradictory requirements:
• seismic isolation system shall constantly remain in full operational state during its whole

service life and lower the level of isolated structure loads to the allowable values under the
earthquake;

• during its service life the seismic isolation system shall function as the building foundation
and ensure the absorption of all working loads thereby providing for the building position
stability.

From the standpoint of mechanics it means the necessity to create the areas of
increased stiffness in the mechanical system characteristic in the vicinity of the static
equilibrium point. As this seismic isolation system is a multicomponent system, the area with
increased stiffness is spatial and its dimensions are determined by the design level of loads,
acting on the building while in service. Outside the area of increased stiffness the stiffness of
mechanical system characteristic is to be minimized in order to ensure effective decrease of
the loads, related to specific impacts (earthquake, airplane crash etc). The main minimization
criteria under this conditions are the values of allowable design loads on the equipment and
the limitations on the relative displacements.
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Practical realization of this nonlinear approach for a multicomponent seismic isolation
system involves serious difficulties which are to be overcome. Recently in the world practice
of elaboration of seismic isolation systems for nuclear power facilities only a limited number
of attempts to solve this problem are known.

As the base approach to the SIS problem solution in the given study the pneumatic-
cinematic multicomponent low-frequency seismic isolation system of reactor building was
accepted, this system has been developed in Russia. This seismic isolation system
incorporates both supporting spherical rocking-type devices, which provide for the isolated
object displacements in horizontal direction, and pneumatic dampers with rubber-cord
diaphragm for seismic isolation in vertical direction. To decrease the relative displacements of
the isolated object viscoelastic dampers are used in the system.

Damping device has been elaborated specially for the reactor building seismic
isolation system with due regard for the experience in designing, investigation and operation
of the HD-type hydrodampers designed in CKTI VTBROSEISM. Dynamic characteristics of
all dimensions of dampers within the range of frequencies from 0 Hz to 60 Hz are received by
experiment. HD-type hydrodamper structure ensures the necessary conditions of thermal and
mechanical displacements compensation.T hus, the seismic isolation system is a composition
of elastic-plastic dampers and damping devices. Selection of devices number and layout in
each particular case is determined for the construction site conditions when solving the
seismic protection problem.

Seismic isolation of a building both in vertical and horizontal directions involves a
series of basic peculiarities into the structural and layout diagram of the construction. At the
same time the seismic isolation system, being a mechanical system, has a certain sensitivity to
various external and internal factors. These conditions cause the necessity to search for
optimal seismic protection problem solving.

The main design and methodical features of the problem to be solved are as follows:
• functional purpose of seismic isolation system places a constraint on its design as regards

dynamic efficiency and load capacity;
• necessity to provide for analysis of the influence of all possible operational modes of the

building while under construction and operation on the seismic isolation system;
• as opposed to the non-seismic isolated version the pattern of load application to the

building base slabs changes. This can give rise to ambiguity of these load values, that
substantially complicates selection of the most adverse combination of loads when
estimating the strength of plates;

• necessity to take into account the ultimate stiffness of the building construction, base slab
and soil deformability while calculating the forces in the seismic isolation supports both
under the operational condition and earthquake condition and under specific dynamic
loads, which assumes the necessity to create large-size design models;

• rather rigid limitations on the placement of the system elements under the reactor building
due to the conditions of their installation and servicing.

The peculiarities of seismic isolation system elaboration listed above presuppose the
need to solve a set of correlated problems, the main of which is determination of the force
characteristics of the system elements (elastic supports and dampers). These characteristics are
to be optimal from the standpoint of dynamic efficiency.

In this case the following purpose-oriented functions are to be considered:

kj >min,foruneU;

Af<P , formeM,
where

208



Af is the vector of changes of the total forces in seismic isolation system elements when
the loads on it change in the prescribed limits;

m is any condition from the M set, related to the change of loads on the seismic isolation
system, which is provided by technological or operational requirements or safety
requirements (impact of the aircraft on the containment etc);

P is the minimal necessary value of force characteristic stiffening, realized in the system
to provide for the stable position of the isolated structure under operation conditions;

koj is the coefficient of dynamic loads decrease at the level j for any seismic input un of
the typical set of design effects U (both in horizontal and vertical directions) or for the
given design effect.
The coefficient stated above is usually defined as a relation of the peak values of floor

spectra XJ (Aco) and X*J (Aft)) at the level j for seismic isolated and non-seismic isolated

versions of the isolated structure respectively in the given frequency range (or ranges) ACO, i.e.

ko
j = x j (Aroyx* (Aco)

Search of the optimal seismic isolator characteristics is regulated by a system of
limitations, which are related to the necessity to meet the Norms and Standards requirements,
as well as to the structural and layout diagram of the building, technical and economic
requirements etc.When performing this work the following conditions were accepted as the
criterion of dynamic SIS efficiency:

SHOr(Aco) < a for Aco G {coiH, co2
H}

Svert(ACO) < p for ACO G {COiV, C02
V},

where

CX= const, |3= const,

COi, CO2 are the boundary frequencies,

SHor(AC0),Svert(AC0) are the values of response spectra for the vertical and horizontal
components of the seismic response.

At elevation 24.6 m the following values of parameter were accepted:

a = 0.5g, p = 2.0g, COiH = 5Hz, COaH = 40 Hz, CO iV = lOHz, CO2
V = 40Hz.

Taking into account the fact that the spectrum of the seismic input response (at the
level of the base) has the values of dynamic coefficients higher than 1 within the frequency
range AC0{2Hz; 2 5 H z } , the seismic isolation stiffness characteristics should ensure that
resonant effects are impossible. View of stiffness characteristic of the multicomponent low-
frequency seismic isolation system which meets this requirement is shown in Fig. 13. Analysis
of the data presented in Fig. 13 confirms the possibility of their realization in the pneumatic-
cinematic seismic isolation system.

A quantity of seismic isolation supports was determined on the basis of their rated load
capacity and dimensions and was accepted as 220. To reduce the time of the isolated building
motion damping and its relative displacement decrease additional dampers are installed in the
SIS, they ensure equivalent damping at the ~ 3 - 5 % level.

2.6. Analytical study of the efficiency of seismic isolation system

All phases of seismic isolation system designing are followed by carrying out the
design estimations. Under this condition depending on the goal of estimation the complexity
of the design models under consideration and the necessary completeness of initial data can
vary. Using the cantilever single-element model with equivalent lumped masses corresponds
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to the initial phase of seismic isolation designing. When the initial phase is under performance
the force characteristic parameters of the system which meet the initial requirements are
specified, at the same time the possibility of structional characteristic realization in separate
devices is under study. If there are alternate versions of seismic isolation system it is desirable
to receive evaluation of their efficiency for each of them. Solving the problem of the isolator
arrangement, determination of the base slab loads, installation procedure etc. is accomplished
with the use of more complicated spatial finite-element models.At design estimation of the
seismic isolation system efficiency the data on the design seismic input, required levels of
protection at the specified building elevations and force characteristics of the system, chosen
at the preliminary analysis stage, are used. To evaluate the efficiency of a dynamic seismic
isolation we performed calculation of the parameters of motion of the model isolated part
relative to the foundation at the prescribed seismic input and response spectra (floor spectra)
in the points of discrete masses location which correspond the floor levels. Under this
condition the system dynamics calculation is carried out separately for horizontal and vertical
directions of motion. During design evaluation of efficiency two system versions were
considered. In the Version-1 seismic isolation system the supports with pneumatic dampers
are used, and in the Version-2 system the supports without pneumatic dampers are used.
Efficiency of the isolation was evaluated due to the degree of load decrease on the isolated
part relative to the version of building installation directly on the ground. Under this condition
the maximum displacement value of the isolated part relative to the foundation was under
control.

Force characteristics of seismic isolation system used in calculations are presented in
2.3. The main peculiarity of the system operation is repeated changing of deformation
direction under the preset seismic input. In this circumstances it was found that the
predominant influence on the isolated part response is of the stiffening value of the force
characteristic initial part. It is evident, that reduction of the stiffening level of force
characteristic and the stiffness of initial part will favorably effect the system efficiency. The
seismic isolation system proposed has the following parameters of force characteristic:
• for horizontal direction the stiffening level of force characteristic corresponds 0.0025, and

initial part stiffness is equal to 6 Hz frequency for both system versions;
• for vertical direction the stiffening level of force characteristic corresponds 0.005 for the

Version-1, and for the Version-2 there is no stiffening at all; stiffness of the force
characteristic initial part is equivalent to the frequencies: 15 Hz — for the Version-1 and
20 Hz — for the Version-2.

Different stiffness values of the force characteristic initial part of the system can
involve the change of natural frequencies values of the model vibration for the model which
incorporates seismic isolation system. Definition of the natural frequency of the model
vibration is reduced to the solution of the following partial eigenvalues problem :

[K]-(p = X - [ M ] - 9 (2)
where
[K] and [M] -are stiffness and mass matrices of a non-damped oscillatory system respectively.

The solution of this problem is a number of lowest eigenvalues X\ of non-damped

system and corresponding forms of vibrations (pi- To solve the equation (1) a subspace
iteration method is used. Calculation data on natural vibration frequencies for two Versions of
seismic isolation system are presented in Tables 6 and 7 for horizontal and vertical directions
respective Analysis of natural vibration frequencies and response spectrum of the design
effect had shown that occurrence of resonant vibrations in horizontal direction within the 5-8
Hz frequencies range is possible. Values of the dynamic coefficients in this frequency range
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are 6-10. In this case, due to controlling the damping parameters in a seismic isolation system
we can receive the solution which satisfies the initial requirements.

In vertical direction the seismic isolation system vibration frequencies are close to the
vibration frequencies of a superstructure (more than 10 Hz). However, within the range of
high vibration frequencies the dissipative properties of structural materials are displayed
markedly, that gives no way for resonant vibrations of superstructures to be developed.

TABLE 6. EIGENVALUES FOR HORIZONTAL DIRECTION

N

1

2

3

4

5

6

7

8

9

10

Vertical direction

Natural
frequency

f(Hz)

6.9

20.7

31.4

37.6

51.5

62.2

84.0

91.1

120.5

133.9

Natural period
T(s)

0.1449

0.0484

0.0319

0.0266

0.0194

0.0161

0.0119

0.0104

0.0083

0.0075

Horizontal direction

Natural
frequency f(Hz)

4.4

7.4

11.4

15.0

19.0

21.98

25.9

29.0

34.8

36.1

Natural period
T(s)

0.2273

0.1353

0.088

0.0664

0.0526

0.0455

0.0386

0.0344

0.0288

0.0277

TABLE 7. EIGENVALUES FOR VERTICAL DIRECTION

N

1

2

3

4

5

6

7

8

9

10

Vertical direction

Natural
frequency

f(Hz)

10.1

21.0

31.5

50.5

59.8

79.0

91.0

99.2

121.5

134.5

Natural period
T(s)

0.0991

0.0477

0.0318

0.0198

0.0167

0.0127

0.011

0.0101

0.0082

0.0074

Horizontal direction

Natural
frequency f(Hz)

4.4

7.4

11.4

15.0

19.0

21.98

25.9

29.0

34.8

36.1

Natural period
T(s)

0.2273

0.1353

0.088

0.0664

0.0526

0.0455

0.0386

0.0344

0.0288

0.0277
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For calculation of dynamic loads of linear elastic structures with non-linear discrete
relations, imposed in separate units, the finite element method algorithm (in displacements) is
used.The basis of dynamic load design is the solution of differential matrix equations, which
is recorded in the form of:

[M].{u}- [C]{u}- [K]{u}={P}- {R} (3)
where
[M], [C], [K] -are, respectively, the mass, damping and structure stiffness matrices;
{u}, {u}, {u} -are acceleration, speed and displacement vectors;

{P} — the vector of applied external loads.
{R}-the vector of the forces which simulate influence of discrete connections on the structure.
Vector {R} is determined by the relation:

{R} = [N] {F} (4)
where
[N] -is a topological matrix of integration of the external discrete connections with

the structure of dimensions n x m (n — number of the structure degrees of
freedom, m — total number of degrees of freedom of all connections);

{F} -is the vector of forces in the connections in the direction of degrees of
freedom.

The components of vector {F}, in general case, are nonlinear functions of relative motion A

and relative velocity A

F^F^A), i=l , ,m
Specific form of these functions is presented in 2.5.

The components of the damping matrix [C], which accounts for the mechanisms of
structural and inner damping, are taken in the form, which is convenient for practical use
(damping by Reilay):

[C] = a[M] + p|X] (5)
where
OC and (3 -are the constants, which are defined from two given values of the damping

factor, which relate to two different vibration frequencies.
To solve the equation (3) the Newmark integration scheme and Newton-Rafson

iterative method is used. Parameters of the integration scheme were taken as y = 0.5 and 8 =
0.25. Calculations of reactor building model dynamics had been performed for the prescribed
seismic input for two Versions of the seismic isolation system, separately for vertical and
horizontal directions. For the Version-1 seismic isolation system Table 8 presents the
maximum values of displacements of the isolated part of building model relative to the base
slab, as well as absolute value of acceleration of the model unit at elevation 24.65 m for
vertical and horizontal directions of the input. The similar data, received for the Version-2
system, are listed in Table 9. Figs 14 and 15 show the floor response spectra received at
elevation 24.65 m for the horizontal and vertical directions respectively.To perform
comparative analysis the similar calculations had been conducted for the building model
directly erected on the ground.

Comparison of structional versions of the building model (seismic isolated and non-
seismic isolated) permits to make the following conclusions:
• seismic isolation system ensures the required level of decrease of the loads on building

constructions and equipment in the frequency range higher than 5 Hz in horizontal
direction and higher than 10 Hz in vertical direction with the use of any system versions (1
or 2);
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TABLE 8. DYNAMICS CALCULATION RESULTS

(VERSION-1)

Item

Maximum acceleration, m/s2

Maximum displacement of
isolation object, m

Vertical direction

2.6

0.033

Horizontal direction

0.93

0.38

• on the basis of the calculations performed there were determined the damping values in
seismic isolation system, that ensure meeting the initial requirements, which were:

• for the Version-1-2% of the critical value in horizontal direction and 5% — in
vertical direction;

• for the Version-2-2% of the critical value in horizontal direction and 3% —
vertical direction;

• for both seismic isolation system Versions the return of the building model into initial
position after termination of the effect is ensured.

Dynamic loads reduction factors at elevation 24.65 m of the building model were:
• in horizontal direction (frequency range higher than 5 Hz):

• for the Version-1 — 6-15;
• for the Version-2 — 4-12;

• in vertical direction (frequency range higher than 10 Hz):
• for the Version-1 — 4-10;
• for the Version-2 — 5-12.

3.DESCRIPTION OF COMPUTER AND ANALYTICAL METHODS

3.1 Method of choosing the solution of the seismic isolation system

Dynamic, technical and economic indices of seismic isolation are formed in
accordance with the specifications and the purposes of their use: for comparative analysis of
the SIS versions at the feasibility report phase or for evaluation of the engineering solution
level. These indices characterize the structional SIS design from the viewpoint of its
conformity with the following groups of requirements [6], [7]:

• requirements on the seismic isolation system as it is, which are imposed upon the
dynamic properties of the system and its technical and economic characteristics;

• requirements on the SIS elements and units;
• requirements on fulfilling its protective functions by the seismic isolation system.

The first group of the requirements corresponds with the following indices.
• Seismic isolation system reduction index of the load, transferred to the protected structures

and components

-are the load reduction factor,

where

Ko
j = xc

J (C0i)/xHi
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TABLE 9. DYNAMICS CALCULATION RESULTS
(VERSION-2)

Item

Maximum acceleration, m/s2

Maximum displacement of
isolation object, m

Vertical direction

2.6

0.000058

Horizontal direction

0.94

0.38

TABLE 10. CALCULATION RESULTS OF ALTERNATING

BUILDING DISPLACEMENTS

Effects
of soil

OBE
SG

SSE
SG

QBE
RG

SSE
RG

X

io-2

m

2.8
-2.7

5.5
-5.4

2.3
-2.1

5.1
-5.0

y
10-2

m

2.0
-2.4

4.2
-4.7

2.1
-2.3

4.7
-5.4

z
io-2

m

0.6
-0.5

1.3
-1.1

0.7
-0.6

1.6
-1.4

f
io-3

m

1.5
-1.3

2.7
-2.3

1.1
-1.0

2.2
-2.0

j
lO"3

rad

1.3
-1,2

2.4
-2.4

1.1
-1.0

2.1
-2.1

q
io-3

rad

0.4
-0.3

0.5
-0.4

0.02 -
0.01

4.6
-4.2

..

X

g

0.16-
0.16

0.17-
0.18

0.15-
0.15

0.21 -
0.20

y
g

0.16-
0.17

0.19-
0.19

0.16-
0.15

0.21-
0.22

z

g

0.12-
0.11

0.15 -
0.13

0.13-
0.12

0.17-
0.16

TABLE 11. DYNAMIC LOADS REDUCTION FACTORS

Elevation, m

Vertical

Horizontal

-4,5

3-5

3-4

0,0

3-6

3-8

4,5

4-8

5-10

10,5

4-10

5-15

16.0

5-15

6-20

23,5

6-22

8-30

28,0

8-30

10-40

where

xc
J (CO;) and XH1 (COO " a r e the peak values of floor spectra on the jth elevation level

for the seismic isolated and non-seismic isolated versions of the
protected object, respectively.

As a value of integrated reduction factor we can use the averaged over the preset frequency

band ACO value K0; CL\ — reduction factor, corresponding to the extreme level of possible

dynamic loads from the seismic input (in each ith direction), transferred to the building

constructions and components.
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• Index of stability of the protected object setting position relatively the base slab (fencing
structure) during the term of its operation taking into account possible change in inertial
properties of the object

n2 = (p (t)/(p0,
where

(p (t) is the protected object tilting,

(po is the allowable value of tilting with regard to standard tolerance,
t is the time of operation, on the moment of which the value of tilting is

determined for all SIS versions under comparison.
The limiting value t is equal to the object operating time.
• Index of adaptability to external exposure in accordance with actual inertial and stiffness

specifications of the system:

f(X,AX,P) f,AX{a<AX<b},
Mn

where
X is the vector of design parameters,
a, b is the design value of lower and upper boundaries of design parameter

deviations AX,

P is the parameter of SIS actual state, enabling to compensate the deviations of

design parameters within the range of {ap , bp }, AX {ap < AX < bp }, f,

f are total specifications of the system, respectively, realized and design ones,
Mn is the set of realized effects.

When comparing the versions of structional SIS designs the best one will be the
version, which makes it possible to compensate the deviations of design parameters in more
wide range, i.e. (bp-ap) > (b-a) and under this condition ap < a, bp 0 > b.
• Index of adaptability 113 can be determined as relation of the realized range to the required

one
n3 = (bp-ap)/(b-a), ap < a, bp > b.

• Index of the system sensitivity to the protected object changes of mass and displacement
of the center of mass takes into account the cases, provided by technological and
operational requirements, when slope of the object stays within the allowable limits.

hi consequence of the object change of mass and displacement of center of mass a
violation of insensitivity condition can be

A f > 0 f o r V m e M,
where

Af is the vector of total power characteristic of SIS,
m is any condition of a M-set.

Taking into account, that under this condition a part of SIS devices receives additional
deformation in statics, the sensitivity index EU can be determined as follows:

n4= Al max/lR for Vm G M,
where
Al max is the peak value from the values of additional static deformation of the SIS

devices,
1R is the value of the working stroke in the additional deformation direction.

• Index of permanent deformations

n5 = {Ax0}/{AX},
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where

{AXo} and {AX} are the residual and permissible departures of the object center of mass
position in absolute coordinate system.

{AXo} includes the values of both linear and angular deviations.
• Index of invariance of SIS with the seismic input parameters changing
within certain limits

n6 = max (Kj/aj)i V f, (t) e {f, }, i e [1, N],
where
f; (t) is the accelerogramm from the set (range) preset for the object design {f; }, i = 1, 2...

N.
• Technical and economic indices, for which the specific dimension-mass and value

characteristic can be used:
M - Mi/Mo, V = Vi/Vo, S = Si/So, C = Ci/C0,

where
Mi is the total mass of all SIS elements,
Mo is the mass of the object to be protected,
Vi is SIS space,
Vo is the usable space of the object to be protected,
51 is the loss of room area for SIS arrangement and operation,
So is the useful area of the object to be protected,
Ci are the costs of SIS creation, including the costs for manufacturing technique development

and erection works,
Co is the cost of measures for equipment modification and increasing the building construction

strength.
The second group of requirements includes the following indices.

• Index of safety margin of the SIS elements
n7 = Ki/K,

where
Ki is the reserve factor (design),
K is the assigned value of the reserve factor (minimum allowable).
• Index of relative deformations in the SIS (in vertical and horizontal
directions) with allowance for the assigned constraints:

n8 = {KX}/|X|,
where
|X| is the extreme deformation in the system, for example, working stroke of the seismic

isolation devices,
X is the design deformation in the system,
K is the assigned deformation safety factor.
• Index of rationality of the SIS device arrangement

n9 = (Si + max (S2, S3))/S4,
where
52 is the total area, occupied by the seismic isolation devices,
53 is the additional area, required for servicing of all the SIS devices;
54 is the additional area, required for installation of all the SIS devices,
S4 is the area of supporting elements, under which the SIS devices can be installed.

The indices which correspond to the third group of requirements reflect, mainly, the
expenditures, related to the necessity of carrying out additional measures to provide for the
SIS normal operation conditions and its protective functions realization. Circumstances and
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reasons of these expenditures emergence for any of SIS versions under comparison can be
different. However the total index of additional expenditures II10, can be roughly presented as
follows:

niO= (Ci + C2 + C3 + C4)/C5,
where
Ci is the expenditure for realization of structional base slabs changes, related to the

necessity to increase their bearing capacity in the seismic isolation devices installation
places,

C2 is the expenditure for the technological measures, related to the horizontality provision
(in the preset limits) of the base slab embedded elements,

C3 is the expenditure for the measures to provide for the necessary temperature-humidity
conditions of the SIS operation,

C4 is the expenditure for the measures to prevent the injurious effect of aggressive media
on the SIS devices,

C5 is the cost of measures for equipment modification and increasing the building
constructions strength in the absence of the SIS.

Apart from the indices specified when designing the SIS versions the indices which reflect the
expenditure on realization of some specific requirements, caused by peculiarities of building
construction erection, SIS installation and other similar factors can be taken into account.

Evaluation of the SIS engineering solution level is carried out by comparison of values
of integrated relative technical and economic indices with basic values of these indices.

The following indices can be proposed as the main basic technical and economic
indices:

• specific mass of the seismic isolation device

(Xi= G1/G2,

where
Gi is the mass of the device,
G2 is the load-carrying capacity of the device;

• unit costs of seismic isolation device

0C2= C6/G2,

where
C6 is the expenditure on the SIS device production including the erection costs;

• metal consumption (or a material, assigned to metal in costs) for Ini2 (lm.3) of
seismic isolated area (space) of the object

0C3= G1/S0 (or 0C3= G1/V0 ),

where
So is the seismic isolated area,
Vo is the isolated facility;

• overloads on the isolated facility at the fundamental frequency of the seismic

isolation system OC4, it.

3.2. Method of evaluation of dynamic seismic isolation system efficiency

Efficiency of application of a seismic isolation system is evaluated on the basis of
intensity comparison of the loads, transmitted to the base slab and building constructions in
cases with and without the seismic isolation (i.e. direct building construction on the soil).
Under this condition the main criterion of dynamic SIS efficiency is performance of the
following conditions.
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Structural analysis of seismic isolated building with the help of two-dimensional
model under the effect of natural seismicity with intensities 9—10 according to the MSK-64
scale has shown, that behaviour of a building with SIS is adequate to the behaviour of a rigid
body with isolating suspension. It provides a way for solving the problem of evaluation of the
3d SSI efficiency with a simplified structural model.As a consequence a design model of the
seismic isolation system acquired the rigid body-type form with imposed elastic-dissipative
ties, which simulated dynamic characteristics of damping devices.
When calculating the dynamics of a NPP reactor building with seismic isolated foundation

we accepted the following assumptions:
• effects of seismic input time delay and damping, related to the extent of the building

construction base were not taken into account;
• in case of the rocks the seismic input was considered as applied in the attachment points of

isolated facility bracings to the base slab;
• non-rock ground base was simulated by a system of elastic-dissipative discrete ties,

characteristics of which were determined depending on the soil properties.
Procedure for determination of the floor response spectrum of seismic
isolated reactor building included the following phases:
• calculation of the response spectrum for every seismic input in the nodal points, specified

for each of the building levels;
• averaging the results of the response spectrum calculation for each of the specified nodal

points over the entire set of seismic inputs;
• construction of the enveloping curve of the averaged response spectra over the entire set of

nodal points of the given mark
As the result of the performance of all phases of the above procedure the floor respons
spectra of seismic isolated NPP reactor building to the preset With the use of computer
complex "STRUCTURE" the calculation of reactor building dynamics over the entire set of
seismic input for two types of ground conditions had been conducted.

Table 10 presents the values of alternating building displacements relatively the base
slab and angles of rotation averaged over a set of effects, as well as the absolute value of
building center of mass acceleration over the entire set of the effects under consideration
which correspond to the operating basis earthquake (OBE) level with magnitude 8 and to the
safe-shutdown earthquake (SSE) with magnitude 9. The following symbols are used in the
table :
x, y, z are the displacements of reactor building center of mass;
f, j , q are the absolute angles of reactor building turn;
x, y, z is the absolute acceleration of reactor building center of mass.
SG is the soft soil
RG is the rock soil

For the purpose of comparative analysis the similar calculations of reactor building
with direct installation on the soil had been conducted.

Comparison of versions of structional design of building (with and without seismic
isolation) permits to make the following conclusions:
• SSI introduction ensures the required level of decrease of loads on the building

constructions and components in the frequency range from 2 Hz up to 40 Hz with reserve
of about 50-100%;

• SSI ensures the building return to initial position upon completion of the effect.
Within the range up to 2 Hz some excess of the level of seismic isolated building spectrum
relative to the non-seismic isolated building can be realized, this is related to the SIS
frequency responses (0,5-1,0 Hz). However, this increase leaves unaffected the level of loads,
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which are excited in the building constructions since characteristic vibration frequency bands
are in the other part of the spectrum (5,0-10,0 Hz). Dynamic loads reduction factors for
frequency ranges higher than 2,0 Hz on the characteristic building levels are listed in
Table 11. Analysis of the calculation data for seismic isolated building dynamics indicates that
in addition to a considerable decrease of peak acceleration amplitudes on various building
elevations the floor response spectra are substantially transformed. Application of three-
dimensional reactor building seismic isolation determines a set of basic peculiarities of the
construction layout and structural configuration. The main of them are as follows:
• in the structure apart from the nuclear reactor building base slab which transfer the load

from seismic isolators to the building construction there is an additional base slab, on
which the seismic isolation system is located.

• deformability which is caused by this plate dimensions has a pronounced effect on the
seismic isolators reaction depending on their layout and degree of ground base stiffness.

Construction of the seismic isolation system as a building foundation element assumes
defining a set of additional requirements.

3.3. Requirements to seismic isolated building structional design

It is evident, that for a seismic isolation system an ideal condition would be absolute
base slab non-deformability. However the selection of rational seismic isolators arrangement
under the building to be protected shall take into account the strength and deformability
constraints of these plates. The main constraints are as follows:

• constraint on maximum stress 8(x, t), acting in the base slab sections at static and dynamic
loads

max S1 (x, t) < [ 8],
where
i=l is for building base slab;
i=2 is for construction base slab as a whole;

[8] are the allowable stresses for reinforced concrete of corresponding grade,
working at elastic stage;

• constraints on maximum conceivable slope of the embedded pieces in the seismic
isolation bearings at base slab deformation under all loading conditions:

max |Hi -Hi° |<8 , i e ( l ,N) ,
where
H;° is the eccentric distance of embedded pieces of ith bearing, which are located on the
base slabs;
Hi is the distance between the points, located on the embedded pieces contour of the
bearing;
N is the number of bearings in the seismic isolation system;
8 is the allowable value of nonhorizontality of the embedded elements surfaces;
• constraint on the overall dimensions of seismic isolation bearings on the provision of

sufficient load-carrying capacity:
min r > max (min rn, min r2), i (1,1)
on the provision NxQ > G,

where
r is the minimum distance between the seismic isolation bearings (or between the

bearings and lateral base slab walls);
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ri is the minimum distance between the bearings, necessary for servicing and repairing
the i-type bearings, given by the specifications;

T2 is the minimum distance between the bearings, specified in accordance with the
technological requirements on the system installation;

1 is the number of the bearing types, used in the system;
Q is the load-carrying capacity of one device; G is the maximum total weight of the
object to be protected; N is the total number of the seismic isolation bearings;
• constraint on the spread of forces value in the bearings AP relative to the average level P:

AP -^min,
where

Pi is the force in the bearing.
Introducing the last constraint into consideration is related to the fact that when constructing a
reactor building technological bearings (erection supports) are to be used, which after
completion of the construction are replaced with seismic isolators. Removal of the erection
supports is possible only in the event if the building weight load has been removed. In the
proposed seismic isolation system version the erection supports removal is produced by filling
all the pneumatic dissipators and does not involve additional devices.

It would appear reasonable to assume that when object designing the preference will
be given to such a version of seismic isolation system, effective operation of which is related
to fulfilling the maximum stress constraint. In view of this fact when designing advanced SIS
the principle of system adaptability to the real object conditions had been used as the basic
one in the new concept. Adaptive SIS design assumes incorporating the control (or self-
control) elements. A perspective way of the above problem solution is incorporating the
control units in the seismic isolator structure. This permits, first, to make "adjustment" of
every bearing in accordance with its actual loads and deformations of the base slabs in
installation place, second, to develop basic SIS components, suitable for any conditions of
object fitting, third, to reduce substantially the requirements to base slabs stiffness.

As a result of calculations for various fitting conditions we had shown that verification
of the range of the changing control parameters of bearing construction blocks and
development of a special technology of SIS conversion from the mounting state to the
operational one, permit to eliminate additional requirements for the building constructions.
Disassembling of the technological bearings provides for their off-loading, for which purpose
only pneumatic elements with monotonous characteristic are used, such elements form a part
of every SIS bearing. This is equal to producing a low stiffness air layer between the base
slabs, which assume a certain form of static equilibrium depending on the construction fitting
conditions and distribution of the protected object mass. On the next stage we perform
adjustment in the units (change of mounting dimension) which transfer the load, thus the
system ensures the interference fit in the vertical direction (elements are in this moment
unloaded), depending on the distance between the base slabs in the bearing arrangement
positions. The pressure in the operational pneumatic elements decreases to a value, which was
received from the results of determination of the protected object actual
mass and its distribution verification.

3.4. Mathematical model of adaptive pneumatic seismic isolator

Now let's consider the influence of lack of parallelizm and axiality of the embedded
elements on the power characteristic of a bearing. Description of support structure is presented
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in 2.3.1. It is apparent, that the factors specified mainly influence the values of bearing
response in horizontal direction.

When designing a mathematical model the following assumptions had been made:
• support consists of two unyielding parts (upper and lower), dimensions of which

correspond the actual hinge-connected structures;
• in view of support and loading pattern symmetry a 2D model is under consideration;
• ribs of curvilinear trapezoid are approximately replaced with constant radius circles;
• rolling of supports takes place without slipping;

• under the vertical load Pv and horizontal displacement the support comes to equilibrium
position on the rectilinear site or lateral curvilinear surface; the value of horizontal force
PG, necessary for holding a support in the deflected position, is equal to the horizontal
response value of the support;

• only static loading on the support is considered.
From the equations of support static equilibrium the expression for horizontal force

determination will be as follows:
P G = Pv (XA_XB ) + Po ( X A - X B ) / ( Y A - YB)

here
Po is the weight of support, applied in the center of gravity;
XA» YA and XB, yB are the contact point coordinates of the support lower and upper sections

with embedded elements, respectively.
To determine the influence of embedded elements location on the value of support

response at its displacement within the working stroke in horizontal direction three states of
support had been considered:

• support with parallel and coaxial embedded elements;
• support with non-parallel and coaxial embedded elements;
• support with non-parallel and non-coaxial embedded elements.

A support center of gravity being displacing to a value Ax, it is rotated through the
angle a, value of which is determined from the formula:

oc= arc sin (|xi-xo|/Ro4),
where
xjXo are the coordinates of center of horizontal site and the point of its integration

with curvilinear surface, respectively;
R04 is the radius of curvilinear surface circle.
Coordinates of the rigid body points are combined from their X-axis displacement and
displacement due to rotation around the center of curvilinear surface circle. In this case the
current coordinates of the support points (x,* , y,*) at its displacement in horizontal direction
are calculated from the formulae:

x;* = Ax-R4i sin ( (p4i + a ) y4j

yi* = R4i cos ( Cp4i + a ) ,
where
R4i is the distance from the center of curvilinear surface circle to the point i;

(p4i is the angle between the negative direction of OY-axis and the radius-vector, drawn
from the point 4 (see Fig. 16) to the point i.
After substitution of the values PB and Po it is possible to determine the force of

support transfer from the horizontal part to curvilinear surface. Table 12 presents the values
PG for different support displacements.

Let's consider rolling of the support with non-parallel embedded elements. It is
assumed that upper embedded piece remains horizontal and lower one is rotated through
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angle B relative to the axis, passing through the center of the site. Such assumption is true, for
the supports, as a rule, are located under the building walls. When the embedded piece slopes
the support lower part is rotated together with it in such a way that the contact between the
support and the embedded piece along the flat site is preserved. Formulae for calculation of
the coordinates of contact points A and B change and acquire the following form:

Xj* = Ax sin ( p)-R4i sin ((p4i + a )

yi* = R4i cos (cp4i + a ) - Ax cos ((3),
If nonaxiality of embedded elements is taken into account additionally it was agreed

that fracture along the internal hinge (see Fig. 16) occurs in the support. Under this condition
we assumed, that the lower embedded piece has been rotated in the opposite direction through
the same angle in such a way that the contact between the support and the embedded piece
along the flat site is preserved. Formulae to calculate the coordinates of the contact points A
and B will be similar in the shapes. Table 13 presents the calculation results of the response
value PQ for both cases at the time of the support transfer from the horizontal section to the
curvilinear one and at its maximum displacement. As a result of the calculations performed it
was determined that:

• internal hinges in the support permit to realize its self-control conditions relative to the
embedded piece with a certain slope As this takes place, for example, it is sufficient to
provide for a gap of 10-12 mm between separate support components if the slope angle
of the embedded piece is 0.02 rad;

• equilibrium position of the support if there is a "fracture" along the hinge is preserved
throughout all design displacement range (taking into account the vertical
displacements), i.e. the moment sign relative to the hinge does not change;

• embedded elements nonaxiality results in occurrence of non-symmetry of "interference
fitting" in the support power characteristic.

Furthermore, adaptation is expedient for the systems with other types of seismic
isolators, for example with steel rubber bearings. Evaluation of its realization due to the
support rubber material properties in this case involves continual models. Analysis methods
of dynamic and static characteristics of the support structures have been developed on the
basis of comparison with known data, among the other things for natural rubber bearings
(NRB).

4. THE RESULTS OF VERIFICATION OF THE CODES DUE TO THE CRP

Full-scale experimental investigations of a full-scale fragment of WWER-640 reactor
building low-frequency seismic isolation system had been performed. General view of a
seismic isolation system fragment, installed on the shake table, is shown in Fig. 16. The
testing fragment consists of 2-story metal construction. The dimensions of this construction
are about 22.0 x 6.0 x 7.0m.Elastic and inertial construction parameters has been chosen
similar to the real building characteristics. Full-scale seismic isolators with 30% filling of the
cassette assembly (2 devices from 6) had been used in the system. Principal view of the
seismic isolation devices on the shake table is shown in Fig. 17. For prediction calculations of
the behaviour of seismic isolation system under the input which simulates seismic ground
motions, a simplified design model of the isolated facility has been used. The object itself was
simulated with elastic beam, supported on the nonlinear isolation devices. Force
characteristics of the isolators are shown in Fig. 7.

The data on geometrical, inertial and stiffness characteristics of the isolated facility are
presented in Fig. 18. Figs 19-22 present the test results of a full-scale fragment of the seismic
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isolation system under various conditions. Figs 19-20 correspond to the first test conditions
(testl) and show the accelerogramms of the seismic stand and the isolated facility motion as
well as the response spectra which correspond with them under natural oscillations of the
system in horizontal direction due to nonzero entry conditions for the position. Figs 21-22
correspond to the second test conditions (test2) and present the similar results of seismic

TABLE 12. CALCULATION RESULTS FOR SUPPORT DISPLACEMENTS

Displacement of
support, mm

Support angle of
rotatation, rad

Reaction value
Pat / f

0.0

0.0

89.23

30.0

0.019

89.04

60.0

0.038

88.83

120.0

0.075

88.31

150.0

0.094

88.01

TABLE 13. RESPONSE VALUE OF PG

State of a support

Embedded pc

slope angle

Support angle of
fracture along the

internal hinge, (3, rad

of angles

0.02

-0.02

0.02

-0.02

PG (values of support
transition from the
horizontal part to the
curvilinear one)

89.11

89.32

78.52

99.95

PG (maximum
displacement in the
horizontal direction)

87.99

87.99

77.34

98.33

TABLE 14. ELASTIC CONSTANTS

1

2

3

4

5

6

7

8

9

10

11

ClO.mPa

0.4329

0.4856

0.4463
0.4099

0.1566
0.8284

1.058

0,8627
0.2261
0,3415
0.1567

COl.mPa

-0.05416

-0.04484

-0.01076
-0.03338

0.0434
-0.6284

-0.858

-0.6627
0.1415
0.1196
0,09905

Cll.mPa

0.01039

0.004457

-

-

-0.07328
-0.006014

-

-

-0.022
-0.005142
-0.00675

C20.mPa

0.00693

-0.008389

-0.003075
0.01559

0.0869
0.0424

0.03639

0.2678
-

-0.07412
-

C02.mPa

-0.001531

-

-

0.000291

0,0122
-

-

-0.000751
-

-

-

C30.mPa

-

0.001052

0.001018
-

-

-0.000675

-0.000679

-

0,00445
0,007558
0.000597

G.mPa

0.76

0.88

0,87
0.75

0.4

0.4

0.4

0.4

0.7352
0.9222
0,515
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Fig. 18 Design mode! of the seismic isolation systerr
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isolation system tests under excitation of vertical system motion due to explosive methods.
Figure 22 (curve *̂ ) presents calculation results of response spectra under the conditions of the
test 2. Comparison of calculation and testing results has shown a small difference of reaction
spectra in the large amplitude domain. We plan to carry out further seismic isolation system
tests under various loading conditions and take into account variations of dissipative and
elastic characteristics of the system.

5. COMPARISON OF THE TECHNICAL SOLUTIONS AND CALCULATIONS RESULTS

5.1. Main theoretical preconditions of the calculation

The problem of determination of the stressed-deformed state of bearing rubber layers
has been solved under the conditions of the following method. At first a form of

transformation Ry\qx,q2,qi)) of the undistorted reference configuration into the actual one

with an accuracy of the TBD natural coordinate functions is specified. Further on the basis of
this transformation a deformation measure expression, stress tensor and equilibrium equations
are set up. After solving the equations for the unknown functions the fields of displacements,
deformations and stresses are determined.

For the natural coordinates the cylindrical coordinates Y, (f), C, are accepted. Radius-
vector of the reference configuration in this coordinate system assumes the form

7 = rer + B,k ,

where
-er ,F - are the unit vectors of coordinate axes.

Radius-vector of a deformed state is given as follows

R = [a + ra^)r cos^J ix + [b + rb^)r sin<p F2 + a ix + X k, (6)

where

a,ax,b, bx,a,A, - are the TBD functions of the natural coordinate £ and time t,;

/j,r2,A;- are the unit vectors of the Cartesian coordinate system (the horizontal load is

applied in the direction of the unit vector Zj).

Radius-vector R~ answers the following assumptions of the displacement field:
- section £ = const which was flat prior to deformation remains flat under the

deformed state;
- circle of r radius (in the^ = const section) during the deformation process will

be transformed into an ellipse with semi-axes a + rax, b + rbx.

Dependence of the expressions for semi-axes on the coordinate r allows for
"pressing-out" the material during the deformation process on both the external and internal
boundary cylindrical surfaces r = Ro and r = Rl, respectively.

It is accepted, that coupling of steel and rubber layers in a damper is "rigid" and there
is no deformation on the contact surfaces. Then

a(0) = a{h) = 1, MO) = b(h) = 1,
(7)

fl1(0) = fl1(A) = 0J b1(0)=b1(h) = 0.
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In this relations parameters aQ,ah,^Q,\ are defined as corresponding displacements of
the steel plates adjacent to the rubber layer. These parameters are determined from the
conditions of compatibility of strain components.

For the model of material (nonlinear elastic spring & viscous element) a viscoelastic
model with a rheologic scheme in the form of parallel coupling of elastic and viscous
elements is used. In addition it is assumed that damping properties are governed solely by
rate-of-strain deviator and are independent of the given tensor ball part. The expression for
stress tensor in this case will be as follows:

T = Te + 27] dev(d), (8)

where

— ? / & (us
~~ \ \ fi \r

w 2\—'is the stress tensor of elastic element in the

d = —(D + DT), D = S7V--V-- E

Cauchy form,
_ dlC
v = dt '

(9)

E - is the unit tensor,
rj - is the viscous factor

F - is the Finger deformation measure.
Equilibrium equations for the rubber layer in terms of the expression for w and

relations (6) will have the following form

G

g

dW

du'
+ r R s - d •••

du'

g\dl
• r * }rd<pdr = 0,

i = l,...,N

(10)

is the specific potential energy,

are the invariants of Cauchy measure of deformation,
a r e the vectors of main and mutual bases in the reference and

where

W = ^ ( / 1 , / 2 ) / 3 ) -

/ 1 > / 2 ) / 3 -

rs,r
s ,TS,T

S -
actual configurations;

G , g - are the determinants of covariant components of unit tensors in the reference and
actual configurations, respectively.

Hereinafter the rule of sum over the repeating ("dummy") indices is used, and the sign '""

means differentiation with respect to £ .

Integration in equations (10) is carried out for the undistorted surface.
Complementing this formula with the relations:

a (0 ) = a 0 , « ( / ? ) = « , , X ( 0 ) = X 0 , X (h ) = X , ,

we shall receive boundary conditions for the equations.
Dependence of potential energy on the invariants of the Cauchy measure of

deformation is specified as follows
• for incompressible material:

^ , „ / , _ A (11)- 3 ) J

where
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p - is the Lagrangian multiplier;

• for compressible material:

W = 1 C (A - 3)' (h ~ 3Y + 1 K.UI7-1)2', W

where

/ , = i3^
3'/,, 12 = r3

2/* 12.
In case of incompressible material the multiplier p = p(£j\ is among unknown functions.

Relations for the model (nonlinear elastic spring & elastic plastic element) are
determined by axioms of sequential and parallel connections and physical dependencies which
describe simple (classical) materials

d = d a = d p + d Y ; s = s a + s p ; s p = s y -

where
d _ are the tensors of form deformation speed;

s _ are the deviators of stress tensors.

Index Ct relates to values of elastic link of the model; indices (3, y - to elastic and
plastic elements of elastic plastic link; the values of rheologic model as a whole are designated
without indices.

Stress deviators of elastic elements are determined by the formula:

s = 2I~05 {F)dev{Y\ F + + ¥ 2 F + ) ,
where

F + — I ~ F >

•"+ - — + / j ( F ) 2 • '" - 2

Y Vl dI2{F+)
W = W^lX) + W2(I,(F

 + ) , I 2 ( F + ) )
For plastic element the stress deviator is determined by the relation

=0, N(sr)< X,

where
f is the tensor function from the form deformation tensor d N is the norm in the space of

stress deviators, T^is the material yield limit.

When calculating it was accepted that f (d ) = d , and the norm N was chosen in
the von Mises form

n " (13)N(s) = JI2(s) = J-s

5.2. Method of solution

Equilibrium equations (10) take rather complicated form even when expressions for
radius-vector (6) and specific potential energy (11), (12) are relatively simple; their notation in
the form which is convenient for programming as well as the process of programming itself
are stubborn problems. Therefore for solving the similar problems a method of continual
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transformations has been developed. The procedure is as follows. On the preliminary stage the
classes (in terms of object-oriented programming languages) of differential, tensor and vector
transformations are realized by way of programming. Functions-methods of these classes over
the expressions preset (strings or string arrays) perform the corresponding transformations
(operations of differentiation, scalar and vector multiplication, convolution of tensors etc.) and
return the results in the form of strings or string arrays. Further solving the problem follows
the scheme below. The input data for the "A" program are the preset expressions (strings) of
dependencies of specific potential energy on the invariants of Cauchy measure of deformation,
dependencies of radius-vector components on the natural coordinates and unknown functions.
On this basis the following parameters are determined sequentially (in the form of strings):
basic vectors, tensor of Cauchy measure of deformation, its invariants, stress tensor, integrated
force reactions (forces and moments required) as well as coefficients of equilibrium equations,
brought into the form

a tJ ( u , u ' , u , u ' ) r d q > d r \ u ' / + j j d ij (u , u ' , u , u ' ) r dcpdr \ u "
J V o )

j j b , ( u , u ' , u , u ' ) r d < p d r 1 = 0 , i , j = l , . . . , N

where
u — is the "vector" of unknown functions.

The result of the "A" program execution is creation of the source texts of subprograms
in the form of separate files for computing the coefficients#..,d{.,b{ and the required

integrated force reactions (for example, forces and moments on the upper plate of the
bearing). Then these files are compiled together with the "B" program which realizes
dicsretization and integration of the equations. Integration of the equations has been carried
out by net-point method and method of transforming the boundary-value problem into initial
Cauchy problem.

5.3. Determination of material constants

To describe deformation properties of rubber we used various rheologic material models
depending on requirements imposed on the material. In this case it is required to take into
consideration nonlinear nature of dependence of stress on the deformation, material
compressibility in stringent conditions, as well as material damping behavior under dynamic
loads. The constants which enter the description of material model are determined on the basis
of uniform deformation. For such deformations it is possible to construct an analytical
solution and to receive experimental data from their practical realization. In general, material
deformations can be divided into two components: form deformations and volumetric
deformations. Thus, potential of elasticity can be presented as a sum of two components: the
first one is responsible for form deformations and the second one — for volumetric
deformations. To find a coefficient of compressibility experimental data on the
compressibility are used. At compressibility the component which answers the form
deformation may be neglected due to its small value as compared with the volumetric
component. In turn, when finding the form deformation constants experimental data on
uniform deformations are used, in which volumetric deformation may be neglected. Thus,
coefficients of form deformation and compressibility can be determined independently from
each other. When determining the potential coefficients answering for the form deformation
we can might consider the material as incompressible and J=l. Let's consider incompressible
material.
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For description of stressed-deformed state of the filled-up rubber as an incompressible
material numerical models of elastic, viscoelastic and elastic plastic materials are under
consideration.

To find the constants for each of material models under consideration experimental
data, received for uniform deformation of elastomers are used. Thus the following uniform
deformations had been considered: axial tension, biaxial symmetric tension, pure shear, and
for the last two models the same uniform deformations with a cycle. Analysis of experimental
data on the uniform deformation with a cycle and without it permits to generalize that
superimposing the unloading-loading cycle on the uniform deformation does not prove any
substantial influence at further load input. Therefore it is expedient to consider as a first
approximation the elastic model of material and to determine coefficients of elasticity
potential. Using the data received and adding elastic plastic or viscoelastic elements it is
possible to find the constants answering for material damping behavior and to specify the
constants in elastic part.

a)Elastic material
For description of the stressed-deformed state of incompressible material a potential of

elasticity (6) is used. For uniform deformations we have:
axial tension_
A\ = A', A\ = /tj — A

" dW
a = 2( A - A

d I,
+ A

d I7

(14)

biaxial and symmetric tension

A 3 = A ~ ,' A •, = A j = A

<J —

pure

a -

= 2(X4

shear

= A;X

-- 2(X

-X'2)

2 = 1;X

X ~3)

dw
d I,

2 — X

dw
d I,

v X

1

d
d

2dw
d

w
A.

(15)

(16).

Using the expressions (14), (15), (16) and the results of corresponding tests on rubber
specimens, the least-squares method has been applied to determine the values of constants

d WC • Under small deformation, the law of elasticity^ = ^ goes over into the Hook

law, as this takes place the following condition is to be performed,

2 ( C 1 0 + C 0 I ) = G ( 1 7 )
where
G is the initial shear modulus of the material.

Thus, expression (17), if G is known, is an additional condition for determination of
the constants Ctj from the experimental data. Further two options were considered:

- shear modulus is considered unknown and condition (10) is the expression for
determination of G , from the Q found;

- shear modulus is considered preset and expression (10) is an additional condition
when determining the constants C •

230



b) Viscoelastic material
A viscoelastic material is considered, rheologic model of which is a parallel

connection of a Hook element and Maxwell material. Dependence of potential energy on the
invariants of Cauchy deformation measure for the Hook element ( J ) is specified in the form

w7= ^
and for the elastic element (O.) in Maxwell material it is accepted in the form

W a = C(If -3) (19).

For a viscous element the stress deviator connection with the tensor of form
deformation speeds has the form

dev{Tp)= 277 dev{dp) (20).

To find the constants which enter the expressions for potential energies w W

and viscous factor -q , the experimental data which had been received for uniform cyclic
deformation are used. The following uniform deformation are considered:
axial tension

3 1 1 1 1-0.5

X; = X ; X 2 = X3 - X
d W „ , , , , 9 W

where variable / is determined from the equation

^!L (22).
/ X 377

biaxial symmetric tension

A ^ = A ' ', A , = A 1 = A

(dW dW \ (23),
a = 2c(V- - r")+2tt2 - r4)\^-^+^-v ; v \dp dip

where variable / is determined from the equation

i= A _ _ L ( / ^ _ / - 4 ) C (24).

A j = A ,' A , = 1,' A j — A
pure shear ' f , (25),

where variables / /, are determined from the system of equations

l 2 ( l 2 ) r (26).

- 2

On the basis of experimental data the constants of the viscous-elastic material model
described are determined.

c) Elastic plastic material
Elastic plastic material is considered, rheologic model of this material is a parallel

connection of a Hook element and Prandtle material. Dependence of potential energy on the

231



invariants of Cauchy deformation measure for a Hook element ( Y) is specified in the form

(18) and for a elastic element in Prandtle material — in the form (19). For a plastic element
the connection of stress deviator with tensor of form deformation speeds is as follows

dev{Tp)= 8 dev(dp) (27),

where

S = 0, ane'e N\dev\TpU< ts;

S>0, anee N(dev(rp)}= rs; (28);

Ts is the yield limit.

To find the constants which enter expression for potential energies j/y , yy and

yield limit T s the experimental data received for the uniform cyclic deformation are used.

The following uniform deformation are considered:
axial tension

A, j — A ; A - , = A 3
= A '

dW d W

^U2 1\

0 , T =

4
_ _ ^ l ir2

0 , T = T.

d jj

where variable / is determined from the equation

(30).

biaxial symmetric tension

A , — A ' ,' A ., — A , — A

(31),
a - 2C(V - r4)+ 2(A2 -X-">[U^JL+iJLjL.xA

\ ) \ \ d I7 d II7 )

where variable / is determined from the equation

(32).

pure shear
A 3 = A' ; A , = / , ' A j = A , „ , .

r-2c(i, -(1,1,) ) + 2 ( z -A ) [ T 7 7 - + 7 7 7 F J

where variables i} j , are determined from the system of equations
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On the basis of experimental data the constants of the elastic — plastic model
described are determined.

When calculating steel rubber dampers it is required to take into account
compressibility of thin rubber layers. To describe the stressed-deformed state of compressible
elastomers a potential of elasticity of the form (12) is used, in which one part is responsible
for the shear deformation, and the other — for the volumetric one. Here the constants Qj have
the values, found for potential (11) from the experimental data at uniform deformations, for
which material compressibility may be neglected. Analytical solution of the problem on the
compressibility of a specimen from elastic material is as follows:

(35)

where

<P(J) = X K t ( j - \ f , j = 7 7 7 -

For other material models we have the following expression 36:

where variable / is determined from the following equations:
for the viscoelastic model

/ _ fi_ \_
T~ J Tn

for the elastic plastic model

Using expression (36) and corresponding experimental data, the method of least
squares determines the value of compressibility modulus.

5.4. Results of Experimental Data Processing

5.4.1. ENEA Damper

Values of constants Qj in potential of elasticity (11) were determined from the experimental
data for each type of uniform deformation for the preset and unknown shear module
respectively. The stresses, calculated due to the formulae (14)—(16) for the coefficients
received, fit corresponding experimental data well, but the values of coefficients in all cases
are different. Table 14 for ENEA damper presents the values of constants, which has been
found by simultaneous processing of experimental data due to various types of uniform
deformations.

In this case fixing initial shear modulus G=0.4 MPa gives us no way to find a set of
constants Cij, which would give a good coincidence of design and test values of stresses for
all uniform deformations considered. However, the set of constants Cij determined without
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fixing shear modulus permits to describe all the deformation types under consideration quite
well (see Fig. 25-27), in this condition the shear modulus is 0.88 MPa. Figures 23-25 show
comparison of the design curves with corresponding experimental curves. Points a), b), c)
indicate the results due to axial tension, biaxial symmetric tension and pure shear,
respectively. Fig. 23 demonstrates opportunities of the set of five constants
Cio,Coi,CnjC2o,Co2, Fig. 24 — Cio,Coi,Cii;C2o,C3O.

At last, Fig. 25 shows the curves due to four constants Cio,Coi, C2o,C3o. The values of
these constants are listed in Table 14. The Figures show that at calculations it is necessary to
give preference to the last two sets of constants. Using only four constants gives
approximation which is close enough.

It is to be noted that coincidence on sections with large repetition factor of lengthening
is good and some notconformity takes place at small repetition factor. As can be seen from the
Figures presented, distinction of initial shear module at large lengthening repetition factor is
compensated by the constants at maximum degrees of the first and the second invariant of
strain tensor. At the same time the initial section is described more accurately by the curves
with a shear modulus which differs from the preset 0.4 MPa value.

For determination of the damping constants in viscoelastic and elastic plastic models
of material the data on cyclic load input of damper under shear effect were used. These data
were treated as operation of some material at pure shear. After finding the elastic constants of
this material: Cio=-O.2332, Coi=0.329, Cn=0.027, Co2==—0.01566 the damping constants were
determined. For viscoelastic material model the damping constants C=1.7, 7̂  =0.12 are

received. For elastic plastic material model the damping constants C=0.7, T=0.5 are received.
On the basis of the expression (36) and corresponding experimental data the method of

least squares determines the value of compressibility modulus. Figure 26 shows experimental
data and design curves for the material of ENEA damper (N=l,2). When N=2, as can be seen
in the Figure, the coincidence with the experimental results is good. It is to be noted, that
change in elastic constants Cij does not prove substantial influence on the value of
compressibility modulus. Therefore any set of constants Cij, found for potential (12), can be
added with the received values of coefficients Ki and K.2.

Taking into account the stressed state of thin rubber layer and its large area, neglecting
the boundary conditions on its lateral surface the uniaxial compression of damper can be
treated as rubber compressibility. Therefore the data on uniaxial compression of ENEA
damper were used for compressibility modulus determination. The results received are shown
in Fig.27. As can be seen, two coefficients in the function which characterize compressibility
give good coincidence of design and experimental curves.

5.4.2. KAER1 Damper

For the material of KAERI damper the constant Cij were determined from the
experimental data for uniform deformation. Table 15 for this damper presents the values of
constants, found by simultaneous processing of experimental data from the various types of
uniform deformation. Potentials of elasticity with various numbers of constants are
considered. In this condition the shear modulus is determined simultaneously with the
constants. Its value practically coincides with the value specified in the given materials G=1.2
MPa. Figures 28-31 present design and experimental curves for one of the sets of the
constants received.
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TABLE 15. ELASTIC CONSTANTS

1

2

3

4

5

6

7

8

9

10

11

C10,MPa

0.2814

0.576

0.2993

0.4904

0.4327

0.279

0.2907

0.281

0.4554

0.49

0.27

COlJMPa

0.3426

0.0927

0.3121

0.0818

0.2093

0.464

0.2644

0.2277

0.2471

0.167

0.237

Cll,MPa

-0.0539

-0.0416

-0.0193

-0.0987

-0.051

C20,MPa

0.045

0.0307

0.0126

0.0181

-0.0099

0.0109

0.0062

0.0138

-0.0467

0.035

0.011

C02,MPa

0.0085

0.014

0.00104

0.0171

0.0136

C30,MPa

0.000755

0.0011

0.0067

0.0045

0.00097

G,MPa

1.24

1.32

1.22

1.14

1.26

1.46

1.1

1.00

1.38

1.3

1.00

For evaluation of damping behavior of KAERI damper material the experimental data
on uniform deformation with cyclic load are used. For viscoelastic model uniform
deformations are described by expressions (21)-(24). Using these expressions, values of
elastic constants and experimental data the damping constants had been found. When
determining the damping constants for particular type of uniform deformation it is possible to
receive good coincidence of calculations and experiments, but the constants have various
values. Figures 32-33 present experimental and design curves for viscoelastic model of
material, received by simultaneous data processing due to axial and biaxial tension and pure
shear.

Uniform deformations for elastic plastic material model are described by expressions
(29)-(32). Using these expressions, values of elastic constants and experimental data the
damping constants had been found. Let's consider some results of this investigation. For
example, from the values of elastic constants from the Table 15 the damping constants for
axial tension C=10.0 and T=0.5, biaxial tension 0=1.0 and T=0.25, pure shear C=2.0 and
r=0.25, uniaxial compression C=0.5 and T=0.1 had been found. As one can see, they differ
substantially. Hence, at simultaneous processing of various types of deformation one and the
same set of constants can't be equally good to describe all experimental curves. It is necessary
to give the preference to the most significant types of deformation. For the same set of
elasticity constants, when considering axial tension, biaxial tension and pure shear
simultaneously, the constants of damping C=1.5 and T=0.25 had been received. Design
curves for elastic plastic model of material with these constants and experimental curves for
corresponding uniform deformations are presented in Figures 34-36. For all types of
deformation the design curves were plotted with the same set of constants of elasticity and
damping.
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On the basis of the expression (36) and corresponding experimental data, method of
least squares determines the value of compressibility modulus. Fig. 37 shows experimental
data and design curves for KAERI damper material (N=l,2). At N=2, as exemplified by the
Figure, we have good coincidence with the results of experiment. It is to be noted, that
changing the elastic constants Cij does not prove substantial influence on the value of
compressibility modulus. Therefore any set of constants Cij, found for potential (6), can be
added with the values of coefficients Ki and K2 received.

5.5. Results of calculations

5.5.1. ENEA high damping rubber bearing with soft compound

Compression test was performed with different values of target vertical loads up to
1100% of the design value (50 kN).Combined compression & shear test was performed for
evaluation of horizontal stiffness at 50%-400% under vertical load equal to 50 kN,
100 kN. Calculations of force characteristics of ENEA damper model had been conducted for
two material models
• nonlinear elastic spring & viscous element (E+V);
• nonlinear elastic spring & elastic plastic element (E+EP).

In course of the calculations due to the first model the material constants listed in the
Table 14 were used. For a group of sets of constants of material (# 1-8, Table 14), which have
been determined from the data on the specimen experiments, a substantial distinction of
design and experimental data is observed. Maximum error reaches 200%. Calculation results
with the constants (# 9,10) which were determined with partial use of experimental data on
the damper model (compression test) also are in rather poor agreement with experiment (error
is up to 100%).Figures 38-40 show characteristic curves for the material, constants for which
were determined form the experimental data (#11) only. Satisfactory coincidence of
experimental and design data had been received. For the elastic plastic model (E + EP) the
similar results had been received, i.e. if we use the constants received from the test data with
rubber specimens the correlation between experimental and design data is insufficient.
Selection of constants directly from the experimental data permits to receive satisfactory
coincidence with the experiment. Figures 41-43 present design and experimental curves as an
illustration.

5.5.2 KAERI high damping rubber bearing

Combined compression & shear test was performed for evaluation of horizontal
stiffness at 50%, 100%, 150% under design axial stress equal to 2.55MPa.

Comparison of design and experimental data had indicated that with the use of the
constants, received from the results of processing the tests with specimens of materials, the
design data are in poor agreement with the experiment. When selecting the constants from the
experimental data a good coincidence of design and experimental data has been received.
Figures 44-45 present design and experimental data at combined load input of damper for
viscoelastic and elastic plastic models, respectively.

5.5.3 Model of isolated steel structure (miss)

MISS is a five-storied steel structure composed by 6 vertical columns (HEB-100)
4.5 m high, bolted on a base frame which was manufactured using HEM-140 beams. Four
horizontal frames (FIEB-100) can be bolted to the columns with an interstory distance of
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0.9 m. The total weight of the steel frame is 37 kN. Each horizontal frame, which is
3.3 m x 2.1 m, can support up to 8 reinforced concrete masses, each weighting 12.8 kN (a
total number of 20 masses is available).MISS was tested under both fixed and base isolated
conditions. In the latter case 6 HDRBs by ENEA were used.In present report a comparison of
experimental and design data has been carried out for the C3 configuration: 16 masses (4 for
each floor), isolated base.Calculations has been conducted for two load input versions:

• test #135 Time-history — Tolmezzo NS, Direction — Y, Excitation level — 0 dB(L);
• test #167 Time-history — Tolmezzo, Direction — XYZ, Excitation level — 0 dB( 1.)

Measurement positions and excitation axis are shown in Fig. 46 of the initial data,
presented by KAERI.When elaborating the design MISS model the matrices of stiffness,
inertia and steel structure damping were determined within the finite element method. As a
material model of rubber damper layers elastic plastic model (E + EP) was used. Comparison
of experimental and design data was carried out from the response spectra in three points: at
the base, in the middle, at the top for 1% and 5% damping. The results are presented in Fig.
47,48 (Tolmezzo NS) and in Fig. 49,50 (Tolmezzo 3D).

5.5.4 Isolated rigid mass (IRM)

A lumped mass-beam model for the mock-up is shown in Fig.51 . Weight of rigid mass is
17.9 ton, height of center of gravity of rigid mass — 1.5 m, moment of inertia — 39.19
tonf • m2

Cinematic load input on the IRM was performed under two conditions:
• design earthquake motion;
• beyond design earthquake motion.

As a material model of rubber layers of dampers elastic plastic model (E + EP) was
used. A lead plug provided a Young modulus E=1.75E5 kg I cm2, V = 0.44 and yield
stress equal to 20 kg I cm2 • The following relationship (Hirata, 1996) was used to model
post yielding behavior O) = 4.*(l.+ 0.096 • log 1 0 e, ) * e,0-31 , where a , and et are
actual tensile stress and actual strain, respectively, and e is actual strain rate of lead.
Comparison of experimental and design data was carried out from the response spectra in
three points at the bottom of rigid mass and at the top of rigid mass for 1% and 5% damping.
Results are presented in Fig. 52,53 (design earthquake motion) and Fig. 54,55 (beyond design
earthquake motion).

6. CONCLUSIONS AND RECOMMENDATIONS

The main technical complexity when implementing a multicomponent seismic
isolation is the necessity to combine the observance of two contradictory requirements:
• seismic isolation system shall constantly remain in the full operational state during the

whole service life and it shall lower the level of isolated structure loads to the allowable
values under the earthquake;

• during its service life the seismic isolation system shall function as the building foundation
and ensure the absorption of all working loads thereby providing for the building position
stability.
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Practical realization of this nonlinear approach for a multicomponent seismic isolation system
involves serious difficulties which are to be overcome. Recently in the world practice of
elaboration of seismic isolation systems for nuclear power facilities only a limited number of
attempts to solve this problem are known.

In the present study to solve the SIS problem a pneumatic-cinematic multicomponent
low-frequency seismic isolation system of reactor building was accepted, this system has been
developed in Russia. This seismic isolation system incorporates both supporting spherical
rocking-type devices, which provide for the isolated object displacements in the horizontal
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direction, and pneumatic dampers with rubber-cord diaphragm for seismic isolation in the
vertical direction. To decrease the relative displacements of the isolated object the system uses
viscoelastic dampers. This damping device has been elaborated specially for the reactor
building seismic isolation system with due regard for the experience in designing,
investigation and operation of the HD-type hydrodampers.

Full-scale experimental investigation of a full-scale fragment of WWER-640 reactor
building low-frequency seismic isolation system had been performed due to explosive
methods. The testing fragment consists of 2-story metal construction. Elastic and inertial
construction parameters has been chosen similar to real building characteristics. Full-scale
seismic isolators with 30% filling of the cassette assembly (2 devices from 6) had been used in
the system.
As the seismic isolated part of nuclear power object building we can consider a building as a
whole (common SIS), one or several rooms, as well as groups of equipment, located on one
and the same floor (group SIS), separate unit of equipment (local SIS). In case of common SIS
a joint action of ground base, base slab and building superstructure has substantial influence
on its static and dynamic responses, in the long run, on seismic isolation efficiency. Therefore,
on the one hand, the stressed-deformed state and the form of base slabs equilibrium are
determined by distribution of SIS supports and values of active forces. On the other hand, the
forces in supports depend on peculiarities of base slabs deformation under SIS-external
loads.The procedure developed has been used for intercomparison of the testing data on model
isolated steel structure (MISS) and isolated rigid mass (IRM), installed on isolators ENEA and
KAERI. Furthermore, it has been used for intercomparison of the Russian-technique
calculation results on the base of mathematical models of isolators and isolated
structures.Calculated evaluation of force characteristic of HDRB model has been conducted
by a special method of nonlinear elastic theory using the continual transformations method. A
satisfactory agreement of the calculation and experimental data has been received[7].Results
of the investigations performed had shown that the main problem of calculation of dynamic
response of real steel rubber dampers consists not so much in development of their
mathematical model (in selection of rheologic model of rubber, type of elasticity potential,
cinematic assumptions etc.) and realization of design methods, but in accurate determination
of material (rubber)constants.

The data presented in the tests with rubber specimens do not reflect real properties of
rubber layers in damper structure. Using the constants received from these tests gives large
discrepancy of design and experimental results. It is evident that it relates to the fact that
during manufacturing of damper under the action of elevated temperature and pressure a
substantial change of molecular structure of rubber layers takes place and, as a consequence,
its physical properties vary.
Therefore to determine the constants experimental data on model testings of damper were
used, which were treated (with some degree of approximation) as characteristics of simple
types of stressed-deformed states. Such approach, first, permits to determine constants rather
approximately since the type of experimental characteristics is influenced both by damping
and real conditions of integration of steel and rubber layers, and, secondly, the results received
in such a manner could not be generalized on calculations of a full-scale damper. It seems
expedient for receiving rubber material constants to carry out not the model tests (which are
vectorially similar to real ones), but the tests on fragments of a damper. In this condition the
fragment during its manufacturing should pass the same technological processes which are
identical to the processes at manufacturing of full-scale specimen. As such a fragment, as we
see it, a cylindrical fragment without central opening with full-scale thickness of rubber and
steel layers can be used. Therefore the number of layers should not necessarily coincide with
their number in a full-scale damper.
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Test load inputs of fragment must exclude wherever possible the influence of
boundary conditions on contact surface of rubber and steel layers. The most suitable loads are
such load inputs as torsion and total compression. In smaller degree shear load input will be
suitable. Tension-compression tests are to be conducted only for testing the material models
received. For independent determination of elastic and dissipative constants it is necessary to
carry out dynamic (cyclic), static and relaxation tests.

Participation of Russian specialists in the IAEA Coordinated Research Programme
"Intercomparison Of Analysis Methods For Seismically Isolated Nuclear Structures" has
promoted substantial progress in development of design and experimental methods of analysis
of seismic isolation systems of nuclear objects. This work made a major contribution to
harmonization of these methods under conditions of international cooperation. On the basis of
the results, received in the course of this work, Norms and Standards had been prepared which
ensure introduction of seismic isolation systems in the advanced NPP designs. At present such
designs are under development in Russia. In our opinion our researches in the framework of
CRP has created a base for preparing IAEA recommendations on application of seismic
isolation systems of various types in constructions of nuclear power engineering.
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