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1. INTRODUCTION

1.1 In the past, experimentation has played a prominent role in the study

and seismic design of large structures. This was owing to its importance as a

fundamental research method for the understanding of phenomena associated with

the dynamic behaviour of the structure and as an alternative instrument of ver-

ification, with respect to calculation, through the use of physical models on

a reduced scale.

Today, however, the availability of increasingly sophisticated codes and power-

ful computers has enormously enlarged the field of problems that can be direct-

ly dealt with mathematically, which therefore accounts for the almost complete

absence of experimentation from the design phase, owing to the obvious econom-

ic advantages and the precision offered by mathematical means.

As such, experimentation has necessarily undergone substantial changes as re-

gards both the objectives as also the test techniques and, while continuing to

maintain its indispensable role in the field of research, it has also develop-

ed an highly important function as control and surveillance instrument in the

constructional, final inspection and operational phases of a structure.

The reason underlying this evolution is to be sought, above all, in an increas-

ingly felt need - especially in the sector of plants - for operational relia-

bility, which has led to the adoption of higher safety standards and as made

the execution of frequent and in-depth checks indispensable.

Paradoxically, however, the availability of sophisticated codes, that are capa-

ble of examining complex load conditions and structures, has also set up the

basis for an ever increasing experimental activity, which is called for in or-

der to confirm the codes themselves and for the gathering of a more ample docu-

mentation on the input data.

Finally, it needs to be emphasized that in recent years, along with the mathe-

matical techniques, the experimental ones too have made rapid progress by ex-

ploiting the availability of more and more powerful loading devices, measure-

ment instrumentation and data processing systems. Indeed, having by now over-

come the residual misunderstanding that set up the experimental approach in op-

position to the analytical one, one witnesses the transformation of the experi-

mental method into a "hybrid" method, which is based on the increasingly close

interaction between the traditional test techniques and those - of the mathe-

matical type - for the processing and interpretation of the data.

It is obvious from the foregoing that in the international field today experi-

mentation represents an activity of growing interest, both on the research lev-

el - for the setting up of new test methods and techniques - as also on the

strictly application plane for the study of the behaviour of structures and

their trial and control over time.

More than elsewhere, in Italy in particular, the recourse to experimentation

has at all times found a favourable consensus in the scientific and technical

world, which is bourne out by the fact of the wide-randing wealth of experimen-

tal investigations in the most varied sectors of engineering: from those of

bridges and buildings to dams and industrial units - smoke stacks, rotating
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machinery foundations, etc. As such, there is a solid tradition in Italy that

has made it possible to deal, on the basis of widespread experience, with the

problems raised in connection with verifications and controls in the nuclear

sector.

1.2 The experimental activity related to the seismic verification of a struc-

ture - nuclear or other - is rather differentiated and commences even prior

to the design phase, with on-site investigations, characterization of the foun-

dation soil and the determination of the design earthquake.

Should these activities, that are parts of specific disciplines such as geo-

physics and geotechnics, be not dealt with here, then for purposes of an organ-

ic exposition of the current situation in the experimental field it is possi-

ble to identify three lines of tests depending on the aims, the structures in-

volved and the procedures employed:

a) Investigations for the study of the dynamic behaviour of the structures

and the soil-structure interaction

Tests of this type are by now widespread as a trial procedure prior to the

operational start-up of the plant and are meant to set up a kind of "iden-

tity card" of the structure, serving as a reference for the evaluation of

all subsequent alterations in behaviour during operation.

Besides the foregoing activity, aimed at the analysis of a particular

structure, there is also an ample activity of basic research for the study

- from the general standpoint - of the soil-structure interaction.

b) Investigations for the study of the behaviour of mechanical and electro-

mechanical components

There are two distinct branches of tests:

- qualification tests effected by subjecting the component to the real

load conditions, for purposes of demonstrating the capability of the

component for carrying out correctly the task for which it was designed.

Generally, these are complex tests carried out in the laboratory direct-

ly on the component;

- tests for the characterization of the component, which is already in-

stalled on the site, for purposes of final inspection and verification

of the conditions of set-up.

c) Surveillance investigations

In line with an on-going evolution in the concept of surveillance, this is

meant to provide information on quakes and on the response of the struc-

tures to quakes and show up possible damage.

In this context, the tests carried out for the dynamic characterization of

the structure and the components become fundamental, since they make it

possible to identify possible damage via comparison with a past reference
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situation.

Subsequently an overall view will be offered of the main activities in course

in Italy. Obviously, the aim is to provide a general idea of current problems

and on-going tendencies, without entering into details of individual research.

2. EXPERIMENTAL INVESTIGATIONS FOR THE ANALYSIS OF THE DYNAMIC BEHAVIOUR OF

STRUCTURES

2.1 The determination of the seismic response of the reactor building and of

the other buildings of a nuclear plant is one of the key problems, since such

response defines the dynamic load on the structure and the components housed

therein.

Both from the conceptual as also the operational standpoints, the problem is

one of the most difficult ones owing to the complexity of the structure and

the importance of the phenomenon of interaction with the soil or with neigh-

bouring structures, thus involving the use of highly complex codes.

If then account is to be taken of the need - at least for the soil - for a

non-linear analysis, and the scarsity of experimental data available until now

for purposes of a comparison and a guide in the schematization of the problem,

the advisability of executing tests to back up the mathematical analysis is

all too clear.

For the analysis of the dynamic behaviour of buildings, ample research has

been carried out in the past in sectors other than the nuclear one, which have

facilitated in refining the test techniques and data interpretation procedures

in use.

In this context, it is worth recalling the studies carried out vis-�-vis the

dynamic behaviour of quite a number of ENEL concrete dams, which offered the

stimulus and the opportunity for the use of excitation techniques with several

exciters acting simultaneously, as also for the desig n of new instrumentation

such as a high-sensitivity optical sensor ("LADIR") for the remote measurement

of vibrations and, besides, tests on bridges and buildings, during which the

techniques of identification of the modal parameters were established.

These experiences have been successfully transferred in recent years to both

conventional and nuclear power stations.

2.2 Recently, a rather wide ranging experimental research was carried out on

the reactor building of the PEC nuclear plant. Its comprehensiveness makes it

a model for illustrating the current trends and possibilities in this field.

The final aim of the investigation was the determination of the dynamic charac-

teristics of the reactor building and the prior setting-up of a "calibrated"

mathematical model capable to reproducing accurately the real behaviour of the

structure.

As already mentioned, such a model is fundamental for the setting up of seis-

mic surveillance of the structure, but it also facilitated in confirming the

characteristics - amplitude and frequency content - of the floor response
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spectra assumed for the design of the components of the plant.

This objective was achieved via the intermediate determination of a num-

ber of parameters - or functions - derived from the reprocessing of data ob-

tained during the tests, these being:

- the modal parameters (natural frequencies, modal shapes and damping) of the

structure considered with a fixed base;

- the mechanical impedance functions of the soil;

- the modal parameters of the soil-building coupled system;

- the transfer functions ' that link the response of the structure with the

seismic acceleration at the base.

Two different test methods were employed in carrying out the research.

The first method is the classic one, which is based - for the application of

forces to the structure - on mechanical vibrators fixed at suitable heights

and in the required direction (Fig. 1).

The interpretation of the accelerometric data recorded during the investiga-

tions is effected on the basis of the conceptual scheme drawn in Fig. 2 In

this drawing the hypothesis of rigid foundation is adopted, owing to which the

movement of one of its points - for instance the reference point at the low-

est height - describes, together with the geometric characteristics of the

foundation, the movement of every other point of contact between ground and

foundation.

The mechanical impedance of the ground may then be obtained via the relation-

ship:

IF = [Z X P�

where F is the vector of the generalized forces discharged on the ground and

computed starting from the inertia forces - this being known since the mass

matrix of the structure and the response accelerations are available - and

the vector (measured) of the components of the movement of the foundation.

The parameters of the rigid base vibration modes are identified by exploiting

the relationships that link the response of the structure �' (in terms of re-

lative acceleration with respect to the foundation) with movement at the

base XP� and with the forces applied N�:

J6 [HXI I 1H N�R� p NI

In this context, it suffices to bear in mind that the individual transfer func-

tions of the matrices [H I and I may be expressed by simple relationships
X N

in which the sought for modal parameters appear, and that the vector is

determined immediately from the vector fO (measured) of the absolute a era-

tion.
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The modes of the coupled system are obtained, instead, by interpretating with

the usual modal analysis techniques the recordings of the absolute motion.

The availability of [H XI and % I makes it then possible to compute the rela-

tionships between the response of the structure at a particular point and the

seismic motion at the base a �:

= [S]-' QT] [HX]) apj

where:

[S = ([I] ([T] [H X1) [ZI-I [T3T [MI)

This motion is the one that would be measured on the ground in correspondence

of the reference point - foundation base - in absence of the structure but

taking into account the kinematic interaction.

The second test method employed a special system of excitation, which was made

up of a set of hydraulic actuators introduced between the foundation of the

reactor building and that of the fuel element handling building (Fig. 3 and

acting in parallel. Each single actuator had a large cross-section and a

small thickness - in the order of 10 cm - and was powered by a servovalve.

Substantially, the method differs from the previous one inasmuch that the ex-

citation is applied simultaneously to the two buildings in a manner similar to

that which occurs during an earthquake. This is obvious when one refers to

the diagram in Fig. 4 and to the equations of the motion of the system, which

take into account - more generally an excitation made up of quake a

forces applied at the foundation NbM ) and external forces ( (f�

For this reason the method better highlights the interaction between one struc-

ture and another rather than the excitation applied at height to a single

building alone, and it facilitates in identifying the crossed terms of the

impedance matrix of the soil.

In Fig. the recordings of the motion at the base of the reactor building are

compared, these having been obtained via the two methods mentioned. In the

second diagram, a peak at the resonance frequency of the fuel element handling

building appears clearly. Obviously, this occurs when in the expression of

the base motion:

J�Pl = a Pi + [G 11 I (�N bl - [TIiT [M 11 [G 12 ](�N b� - [T2]T [M21�QJ)

(where [G = ]-l), the term:

�G (JN - [T T Q
121 bl 21 I M211 2J

becomes important.

The forces set in play with this method can be considerable, easily achieving
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intensities in the order of hundreds of tons; and the application of the load-

ing device is found to be suitably convenient so long as it is foreseen in the

constructional phase of the structure. This leads to the thought of a possi-

ble permanent installation of such actuators and their periodic employment for

a check over time of the dynamic behaviour of the building.

The experimental investigation was completed with the setting up of a tridimen-

sional, finite element mathematical model of the reator building: in order to

take into account soil-structure interaction, the impedance functions of the

soil derived experimentally were introduced directly into the model.

The natural frequency values of the system - with fixed base and with soil in-

teraction - obtained experimentally and mathematically were in optimal agree-

ment (see Fig. 6.

2.3 The experimental activity of dynamic characterization of structures, car-

ried out on the lines of the criteria set out previously, has been enhanced in

recent times by the addition of a large number of other investigations that

have generally been called for by particular requirements of analysis of a num-

ber of structures.

By way of evidence of this gathering interest and also so as to be able to of-

fer more comprehensive information on the current situation, it is worthwhile

citing the two examples hereunder:

a) Investigations on the RHR system building of the Caorso nuclear power

station

The research, which was carried out a few years ago, and which moreover

marked the commencement of this experimental activity in the nuclear field

in Italy, was the outcome of the difficulty met with by a mathematical

type analysis in taking into account the interaction with the soil - the

structure, which has a rectangular base, is partly embedded in the ground

- and the presence of water in the tanks.

The tests were effected by applying sinusoidal forces via a vibrodyne fix-

ed to the top of the building and recording the response accelerations in

some of the significant points (Fig. 7.

The use of the usual techniques of identification let to the determination

of the parameters of the first vibration modes. In view of the geometric

dimensions and the stiffness characteristics of the building, these latter

were found to be rigid body motions on an elastic foundation. The effect

of the presence of water on the natural frequencies,-which was examined by

repeating the investigations with different levels in the tanks, was seen

to be negligible.

b) Analysis of the dynamic behaviour of the machine-room of the Torre Valdali-

ga thermal power station

The machine-room building is a steel structure made up of 17 frames and
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houses 4 thermoelectric groups. A longitudinal expansion joint has been

provided for in correspondence to the central frame and divides the struc-

ture in two symmetrial sub-structures (Fig. 8).

Although not involving nuclear plants, the investigation is to be cited

owing to a significant detail. In fact, in this instance, recourse was

had to the dynamic characterization not so much from the standpoint of a

seismic analysis, as for purposes of a general inspection of the structure

and of the operating behaviour of the joint.

To this end, tests were executed by exciting the two sub-structures indi-

vidually with transverse forces generated by a mechanical vibrator. A

test was carried out also with excitation in the longitudinal direction.

The results obtained - transversal natural vibration modes - were found

to be in optimal mutual agreement as also with the results of a mathemati-

cal model, thereby confirming the correct execution of the structure. The

longitudinal tests alone showed incorrect functioning of the joint, which

was however easily remedied.

2.4 So as to complete the round-up of experimental activity along the pre-

sent line, it is worthwhile also touching on the experiences accrued for pur-

poses of research.

It is obvious that the test methods and the criteria of interpretation illus-

trated are in the main aimed at the characterization of a structure from the

dynamic viewpoint, with the intention of setting up a reference model. They

do not however enable an effective reproduction of the seismic excitation; the

major limits in this context being as follows:

- the excitation amplitude in the structure and in the ground is very low

with respect to that produced by a quake; as such, the non-linear behav-

iour of the system, which is especially important for the soil, is not

shown up;

- the inertial interaction alone is reproduced correctly (within the limits

allowed by the non-linearity); on the other hand, no information can be ob-

tained on the kinematic interaction with an excitation via external forces;

- the criteria proposed for the interpretation of data are ased on the as-

sumption of rigid foundation; should this assumption be denied, as in the

case of large structures, it is then no longer possible to employ the

concept of soil impedance.

Accordingly, the method set out in the foregoing is not capable of providing

the data required for the complete study of the soil-struct-ure interaction phe-

nomenon and, more generally, of the seismic behaviour of the plant. On the

other hand, it is well-known that even at the international level the problem

has not yet been met with a satisfactory solution overall and that direct ex-

perience that offers reference data is entirely necessary.

On this subject ENEA has proposed a wide-ranging research programme, involving

the Garigliano nuclear power station, a 160 MW boiling water type plant, which
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has recently been made inoperative and should be permanently shut down after

an operational life-span of about 20 years.

As such, the plant offers an ideal ground for facilitating study of all those

aspects of seismic behaviour of structures for which it is essential to

achieve high stress levels.

In overall terms the research programme is still in the elaboration phase and

in outline will include the following subjects:

- analysis of the behaviour of the structure of the plant up to significant

stress levels that are comparable to those of a large quake;

- study of the soil-structure interaction for the different structural typol-

ogies present on the site: reactor building, turbine building, stack,

etc., reproducing an excitation similar - in terms of intensity and fre-

quency content - to that of a quake;

- study of the seismic response of the main mechanical components;

- simulation of impact phenomena and analysis of the problems connected with

the behaviour of the structure and the components;

- calibration and setting up of analytical codes.

Currently, in the context of a research aimed at carrying out geophysical in-

vestigations in the area, an opportunity has presented itself of executing a

number of explosions; it has therefore been decided to take advantage of this

occasion for purposes of a preliminary.experience.

The investigation programme involved the explosion of charges between 100 and

600 kg of explosives at a distance of about 700 m from the power station (Fig.

9). The response of the reactor building, the turbine building and the stack

was measured with about 100 accelerometers and seismometers.

From the processing of the data, which moreover has not yet commenced, it is

hoped to be able to obtain useful information on the behaviour of the main

structures and valuable indications for the design of future tests and of the

mode of excitation, in particular for what concerns the possibility of simulat-

ing seismic motion by means of explosions.

3. EXPERIMENTAL INVESTIGATIONS FOR THE STUDY OF THE DYNAMIC BEHAVIOUR OF

COMPONENTS

3.1 The experimentation on mechanical and electromechanical components pre-

sents highly different aspects even when considering the problems connected

with seismic excitation alone.

In truth, a growing interest is to be witnessed today for experimental testing

and verification, which is justified by the following reasons:

- mechanical components are highly complex systems whose behaviour is general-

ly highly non-linear, even when the stresses in the material do not exceed

the elastic level owing to the presence of clearance;

- the acting dynamic loads are highly complex as well; not infrequently the
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component is tied to the main structure at several points: owing to which

an analysis with multiple excitation becomes necessary;

- the adequacy of a component is not to be examined solely in the light of

the stresses reached but also on the basis o the capability to carry out

correctly the functions for which it has been designed;

- the procedure of tying-in and assembly, as well as the conditions of age-

ing, have a determinant bearing on the seismic response;

- the seismic load is often added to loads of other types: temperature, pres-

sure, etc.

Owing to these reasons, experimentation often becomes the only instrument

available to the designer for demonstrating the adequacy of the component.

It is obvious that such demonstration involves the need to subject the compo-

nent under examination to tests in which all the acting loads are correctly si-

mulated. Generally, this implies laboratory tests carried out with highly com-

plex equipment.

There is, however, a second series of tests also, directly effected on compo-

nents already installed, for purposes of verifying their effective tie condi-

tions and for a determination of their behaviour.

3.2 For what concerns the first type of tests, which however falls outside

the subject-matter of this Meeting, it suffices to underline the fact the pro-

gress in the techniques of control of the loading equipment has facilitated in

offering the researcher the concrete possibilityt of reproducing on the compo-

nent the stresses deriving from the quakes.

This fact, combined with the requirement of experimental investigation, has to-

day made a common matter-of-fact step to resort to experimental investiga-

tions. In this context, it is worth recalling:

- the researches backing-up the seismic analysis of the core of the PEC reac-

tor, with the study of the mechanism of impact between one element and

another;

- the qualification of the shutdown mechanism of the reactor, with the set-

ting up of a loading device capable of simulating the accelerograms of the

quake in correspondence to the points in which such mechanism was tied or

came into contact with the core.

3.3 A characteristic example of the activity of in situ verification of me-

chanical components was the analysis of the PEC nuclear reactor vessel (Fig.

10).

The tests were aimed at:

- providing the dynamic parameters suitable for studying the interaction be-

tween core and vessel and, in particular, the transfer functions between

the motion of the grid or of the upper flange and the forces applied to the

grid itself, and those between the motion of the grid and that of the ves-

sel supporting floor;
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- measuring the lateral and rocking stiffness of the ve!3sel support system.

The tests were executed on the structure suspended inside the reactor building

by means of 9 beams, as in the operational condition. The vessel was further

connected to the two sodium inlet legs, without however the core, the inner

shield and obviously the sodium being present.

The excitation was obtained by means of a mechanical vibrator applied the

first time to the grid and subsequently to the vessel supporting floor.

Besides the transfer functions and the stiffness already cited, the main re-

sults obtained were the modal parameters related to the first two modes.

A small difference was noted in the values of the natural frequencies in the

two horizontal directions, owing probably to minor disymmetries of the support

system and the presence of the two inlet legs.

The test had the merit of demonstrating how with simple equipment it is possi-

ble to operate in situ even during an avanced phase of construction, carrying

out measurement of certain hysical parameters of the behaviour of components,

capable of diminishing the margins of uncertainty and make the design safer.

4. SURVEILLANCE

The criteria underlying the design of a seismic surveillance system for a

plant or structure are in rapid evolution, owing to both new safety require-

ments as well as the novel possibilities offered by measurement instrumenta-

tion. -

The minimum objective continues to be the signalling of the seismic event and

its characterization in quantitative terms - measurement of intensity and re-

cording of accelerograms in free field or at the base of the building.

But to this has been added the goal of the measurement of the response of the

building and of certain critical components, as also the indication of alarm

when the floor response spectra for such components are exceeded.

A further on-going evolution has led to the inclusion, among the objectives of

the surveillance system, of the determination of the fundamental parameters of

the behaviour of the building - for instance the modal parameters - both with

the aim of the calibration of the mathematical model employed for the seismic

analysis, as well as in view of a check of possible damage produced by the

quake.

As such, two distinct functions are shaping up:

- the first, which is directly linked to operational safety, leads to the

signalling of an alarm when certain critical values are reached or exceeded;

- the second function, which is equally important but not quite as critical

as the previous one, consists in providing information on the structural be-

haviour, this being useful to enable the carrying out of the verifications

required for the start-up of the plant after the quake.

In recent years, in the Caorso nuclear power plant a second surveillance sys-
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tem, that backs up and completes the previous one, has been installed. More-

over, two systems are currently being defined for the PEC reactor and for the

Alto Lazio nuclear power station. These systems incorporate, though not in

their entirety, the basic criteria set out above. In particular, the follow-

ing considerations are deemed to be valid:

a) Measurement of the response and alarm signal

It is at the present time a consolidated practice for the system to issue

an alarm signal when the response spectrum of the accelerogram recorded at

a certain level exceeds the corresponding design response spectrum.

Obviously, the adoption of this criterion has involved the research and

setting-up of suitable hardware and algorithms that enable the simultane-

ous acquisition of all the points and the computation of the spectrum in

real time, at least for some of the significant points.

The more complex problem remains the choice of the most significant meas-

urement positions, above all from the viewpoint of containing the cost of

the system.

In this context, it may be useful to have at hand mathematical relation-

ships (transfer functions), "calibrated" by means of tests to be effected

in situ during the phase of construction and assembly of the components.

These relationships tie in the responses of a component with the motion of

a particular point of the structure directly monitored. This criterion

may also be used for the surveillance of components not directly deployed

with-instruments: however, for the time being, this application remains

at the research level and calls for experimental confirmation.

b) Measurement of the dynamic behaviour

The measurement of the characteristic parameters of the dynamic behaviour

- especially the modal parameters - was foreseen, albeit in an elementary

form, when the surveillance system of the Caorso power station was de-

signed.

In this instance, in fact, the instruments were so deployed as to make it

possible to determine an estimate of the transfer functions between motion

at the top of the reactor building and motion - displacement and rocking

components - at the base, and thereby to obtain information on the natu-

ral frequencies.

In effect, notwithstanding the improvements in the instrumentation and the

experience accrued in interpreting data, the problem remains a highly com-

plex one, and if it is to be dealt with in a comprehensive manner (with

the identification of the modal shapes, besides the natural frequencies)

then a high number of transducers would be called for, which would add sub-

stantially to the cost.

The processing however is found to be considerably simplified, with surer

estimates of the parameters sought, in the ase of the availability of a

previous dynamic characterization of the structure, which is the one ob-
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tained via forced vibration tests.

This is the case of the PEC reactor, for which - as already illustrated

highly reliable data are available on the values of the natural frequen-

cies and the modal shapes.

5. CONCLUSIONS

This was meant to be essentially a brief round-up of experimental in situ ac-

tivity in the nuclear field for the study of structures, of soil-structure in-

teraction, and of components.

The wealth of this activity, which however is common to other structural sec-

tors as well, bears witness to the enormous progress made.

These developments would be even more highlighted if the analysis was to be ex-

tended to laboratory experimental activity for the qualification of structural

elements and of components.

Contributing in no uncertain terms to this development is the availability of

new equipment, that have facilitated in overcoming a number of limitations

that - until only a few years ago - were typical of experimentation in the

dynamic field, such as the impossibility of a faithful and accurate reproduc-

tion of loads and the difficulty in gathering data. The most novel and signif-

icant aspect of the evolution is, however, represented by the ever closer in-

teraction with mathematical methods.

As such, notwithstanding the need for further research aimed at a definitive

establishment of data interpretation techniques - one may call to in mind, in

particular, the identification of degrading - today it may be stated that the

experimental method has become an essential prt of the process of control of

large structures, and has come to be accepted as an indispensable instrument

for assuring a greater degree of safety.
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FIXED - BASE STRUCTURE AND SOIL - STRUCTURE SYSTEM

MODAL PARAMETERS

Fixed -- base structure Soil- Structure system

Numerical Experimental Numerical Experimental
values values values values

Mode n. Frequency Frequency Frequency Frequency Damping
(Hz) (Hz) (Hz) (Hz) W

1 10,3 9,7 9,1 9,1 2,0

2 1 I'l 11,0 9,3 9,2 2, 9

3 19,1 17,7 18,2 16,7 3,5

4 21,9 - 20,8 21,0 3,0

5 22,9 22,5 21,7 3,0

Fig. 6 PEC reactor building.Comparison between experimental and computed
modal parameters
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FLg 7 Caorso nuclear plant.Forced vibration tests;�on the RHR system

building.Lay-out of the forces applied and of the measuring points.
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Fig. 8 Torrevaldaliga thermal plant turbine building.Schematic
representation of the structure
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Fig.9 Garigliano nuclear plant.Area of explosion tests
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Fig. 10 PEC reactor vessel', forced vibration tests
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