
XA04NO128

EXPERIMENTAL RESEARCH PROJECT ON

THE DYNAMIC BEHAVIOUR OF GARIGLIANO N.P.P.

by

Tito Sanb M and Edmondo Vitiello

Division Head Professor of Structural Eng.
ENEA, DISP. Politecnico di Mano
Rome(ITALY) Milan (ITALY)

SUMMARY

The GARIGLIANO N.P.P., 150 MW electric and 500 MW thermic, was built from

1961 to 1964. During 1980 it was shut down and thereafter the decomissioning

procedure was started. In 1984 ENEA-DISP sponsored a preliminary study for a

program of on-site experimental research on the Garigliano plant as part of a

more general research program on seismic safety margin assessments.

This paper presents the main conclusions of this preliminary study.

For the research concerning the dynamic behaviour, some features have been

pointed out:

a) The Garigliano N.P.P. gives the opportunity to get some results on the

soil-structure interaction in the interesting case of soft-soil (indefinite

layer).

b) The interaction structure-soil-structure can be tested between reactor

building and turbine building that are separated by an expansion-joint

(extending in the mat too).
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c) The spherical steel containment has no other structural connections with

the inner reinforced concrete structure than at the foundation level and

therefore it may give clean experimental results on the dynamic behaviour

of the containment alone.

d) The H/B (height/base) ratio of the reactor building is sufficiently low to

obtain translational modes of the structure.

The research program is subdivided into many phases. The ones concerning the

overall structure behaviour are as following:

1) Excitation by underground explosions.

2) Excitation by actuators on the mat using as reaction mass a concrete slab

(ad hoc built aside). The latter is also used to compare the dynamic

foundation response with and without micropiles.

3) Excitation by shakers inside the reactor building (at the top of the

concrete structure).

4) Impact tests on the external R.C. wall of the turbine building.

Others phases of research program are related to the tests of aged components

on site and on shaking table (up to failure load).

At the end of this paper An outline of the first experiment (excitation by

explosions) and some results are presented.

142



DESCRIPTION OF THE PLANT

The Garigliano Nuclear Power Station was built as part of the first Italian

program n nuclear power plants in the early 601s.

Information on the plant can be found, for instance, in literature of that

time (1). From fig. to of the present paper one can get an idea of the

architecture of the plant.

Basically there are two main buildings, separated by an expansion joint

(extending in the foundation too):

a) The reactor building made of a box-type tower in reinforced concrete,

resting on a cup-shaped foundation over short piles. The

containment is a spherical shell of steel.

b) The turbine building, made of a reinforced concrete frame structure,

with walls of r.c. in the upper part.

The foundation of the turbine-generator is entirely separated from the

main building by an expansion joint (see fig. 6 On the contrary,

the auxiliary and control building (reinforced concrete frame with

infill panels of masonry) is connected to the turbine building.

A few minor buildings are situated around, having small masses and

sufficient distances to make dynamic interaction negligible.

2. HISTORICAL BACKGROUND

The plant was built with the standards and the methods of the early 601s,

in particular no quality assurance was adopted. No explicit seismic design

was made.

In 1980 the reactor was hit by an earthquake of small local intensity

(epicentral distance of about 200 km, magnitude of about 60), see fig.

913.

The records at "free field" (station situated at point D in the reactor site,

fig. 1) are shown in fig. 9A. No damage was detected.
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In the same year the reactor was shut down, and the decomissioning

procedure started. In 1984 ENEL (the utility company) and ENEA-DISP,

(the nuclear licensing body) decided to explore the feasibility of a

experimental research program taking advantage of the situation that was a

"first" in Italian experience.

Their aim was that the research project should not be seen as a test for

that individual plant, but should contribute to a more general research

program on real "safety-margins" of nuclear power plants.

Indeed in the early 80's a common feeling among structural engineers

operating in nuclear reactor design was that regulations were rather

conservative, but to an unknown extent.

In order to measure the difference between actual cases and codes (i.e.

the "margins") three research fronts had to be developed:

1) calibration of the design input

2) more realistic theoretical models

3) quality assurance.

The research project that is here presented operates on the second front,

particularly in the following aspects:

1) dynamic behaviour (seismic and impact)

2) fragility of (aged) compontents.

3. INTERESTING ASPECTS OF THE GARIGLIANO PLANT

Some features of the Garigliano plant were considered to be interesting

with respect to the above mentioned aspects, these are:

a) The size of the plant is not so large as to require special dynamical

excitation methods and therefore traditional methods (underground

explosions, eccentric shakers, horizontal actuators on a contrast.... 

can be used. In this way the results of the experience can be useful

to validate theoretical models directly and not only to compare the

results of different experimental methodologies.
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On the other hand, the size of the structure is large enough to

approximate many of the phenomena that are likely to characterize

modern nuclear power plants.

b) The ground on which the plant is situated (see fig. 7 is of relatively

soft alluvium type, with various layers of similar mechanical

properties to a large (indefinite) depth: a situation suitable for the

determination of few (but significant) parameters of soil-structure

interaction, namely the equivalent impedance of the soil-foundation

system Jr radiation and material dumping.t.The foundation of the reactor

building rests on a series of piles having small diameter (50 cm) and

moderate length (15 m), they can be seen as way to constipate the

alluvium, rather than representing a real support (see fig. 8).

c) The shape of the reactor building is such that the ratio H/B

(height/base diameter) is near to one. In this way it is likely that

traslational modes too can be more easily identified by the

experiments.

Indeed, experimental results of this type are not very common in the

literature related to ull-scale reactor buildings.

d) The steel containment is completely separated from the reactor

structure, and no structural penetration links the two. For this

reason clean dynamic behaviour can be expected from both, making

structural identification easier.

e) The turbine buildin.9, because of its link with the auxiliary and

control building, is not suitable for global dynamic experiments which

can not be easily interpretated. However, since in the upper part a

reinforced concrete shell connects all the frames, experiences of

impact loading on this surface can be interesting, including the

experimental determination of some global parameters governing the

propagation of shocks in a complex structure.
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f) Components of a decommissioned plant can be seen as ideal models for

testing. However the presence of radiation put very serious limits on

infield testing inside the nuclear reactor building.

Instrumentation of some of these elements (tanks, pipes, racks,

cranes.... during dynamic excitation of the main building can be

seen as a way to improve our knowledge of seismic and impact

behaviour of such components.

g) Many large co ponents, particularly on the primary loop outside the

steel containment, have already been disconnected from their net and

can be removed and tested on a shaking table.

The intensity of the shake can be increased up to the "mal-

functioning" level of the component, contributing to the so called

"fragility curves", i.e. the relationship between the intensity of the

earthquake and the funtional reliability of the component.

All the above mentioned apsects were pointed out in 1985 as partial

conclusions of a' feasibility study on the research project that ENEA

committed to ENSE, an engineering company, that served as collector of

the opinions of various bodies and individuals on this subject (see cap.

9. for the list of contributors) and made a collection of documentation and

preliminary field investigations.

4. PRELIMINARY EVALUATION OF THE DYNAMIC PROPERTIES

As part of the feasibility study, a preliminary evaluation of the dynamic

properties of the reactor building was carried out.

The objectives of these calculations were as following:

1) To make preliminary evaluation of modal frequencies and shapes of the

overall vibration of the building, in order to facilitate the collocation

of instruments in any future dynamic experiments.
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2) To make a preliminary evaluation of how effective the experimental

determination of the above mentioned quantities would be for the

identification of the structural parameters. To this purpose, a

"sensitivity analysis" of those results for variation of some structural

data was made.

3) To fix upper limits for the excitation of the building during future

experiments, in such a way that the safety of the plant was always

guaranteed. To this purpose an indirect method was used, i.e.,

evaluation of the effects that the earthquake of Nov. 1980 had

produced on the structure, based on the theoretical model and on the

recorded free field accelleragrams. Since these effects did not

produce any damage, this can be used as a theoretical "threshold" for

safety. In practice the experiments were planned to reach 1/ of

those effects, in order to assure very large safety margins.

5. NUMERICAL MODEL AND-RESULTS FOR-REACTOR BUILDING

An axissymmetric geometric model, with the possibility of

non-axissymmetric loads and displacements, was adopted to simulate the

reactor building (ref 3.

Fig. 10 shows the finite element subdivision.

Ground and piles are simulated by a cylindrical element, whose stiffness

characteristics are such as to approximate the costants springs (ref 2:

32 1&A)R
K' = ---------- G T (horizontal)

x 7-8

411
KI = -- G T (vertical)

V I t-

3
8 R

K' = ------- GT (rctking)
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Where G shear modulus of ground
T

,A= poisson's ratio = ,5

R = radius of the foundation = 32,7 m

Although the embedment of the mat itself is not very important (about 6 m

for the cup-shaped base), certain effects of this type must be considered,

because of the presence of piles.

This is here taken into account using the coefficients e , ev- namely:

2
K = e . K1X= (1 + --- i/R).K1x

3

KV e V' Kyv= (1 047 i/R).Kl v

KO e0 KI0 (1 2 i/R)/Kl0

Where i is the theoretical depth of the embedment. Assuming the ranges

G 5000-10000 t/m 2 and = 516 m (the latter corresponding to the
T

maximum pile length) one obtain the table of costant spring stiffnesses of

fig. 11.

The values G 7500 t/m 2 and i = 9 m were selected for the "reference"
T

model.

The mat and the portion of the concrete tower below the operative level m

28.7) are simulated by full cylinders, with specific weight such as to

approximate the estimated masses. (see fig. 10).

The tunnel for the crane (from level 28.7 m to level 36.15 m) is a softer

story. It was simulated by a cylindrical shell, with its stiffness calibrated

such as to produce the same story drift for a unit story shear as the

model of fig. 12.

The top of the tower is again a full cylinder (from 36.15 m to 42.37 m).

The spherical containment is simulated by an axissymmetric shall element,

connected to the mat in its lower part.

The equatorial circumference of the sphere and the mat are connected to
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a series of steel columns. In the theoretical model this was simulated by a

cylindrical shell with orthotropic properties (such as to have very low

shear stiffness and vertical axial stiffness equivalent to the the one of the

column cross sections).

The program GOSH 3 was used to obtain the lower modes of the

structure, illustrated in fig. 13, 14 ("reference" model).

It can be seen that even in the first two modes a combination of sway and

rcLeking is present. Bending modes of the tower appear from the second

mode up. The containment has out-of-phase displacements, in the third

mode.

Lobe motion of the sphere was calculated for higher frequencies, see fig.

15.

It can be noted, that the frequencies of the first (global) modes are

rather low (may be because of extreme assumptions of soft ground) and

that they are different - but still not so well separated as one

would hope when planning experiments (see fig. 16).

In order to see if the situation would become confused if the real

parameters were different from the ones assumed by this reference

calculation the following influence analyses were performed.

The reference model was used to calculate the response of the building to

the earthquake of Nov. 1980. Some results are described in fig. 17.

6. SENSITIVY ANALYSIS

Finite variation of few structural parameters was considered, namely:

ET Young modulus of the elements representing the ground (especially

affecting the rocking mode)

GT Shear modulus of the elements representing the ground (expecially

affecting the rigid traslational mode)
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*T Mass of the mat (expressing the inertial participation of the ground).

*S =Stiffness of the elements representing the connection from elev. 28.7

m and 36.15 m (tunnel of the crane).

Calculations were performed for four different models, each considering

an individual variation of these parameters.

Fig. 18 shows a table of variation for the frequencies of the lower four

modes and for few modal displacement ratios.

It can be seen that there is not a simple relation between the variation of

one structural parameter and one result. On the contrary, each structural

parameter effects various frequencies and modes. For this reason, methods

of structural identification, (perhaps based on least square estimation)

should be used after the experiments are performed. It is desirable to plan

the sequence of the experiment in such a way that at the beginning the

global structural parameters can be identified, and later on to proceed

with the identification of the parameters of the components.

To this purpose the preliminary experiments w be aimed at detecting

modal frequencies very clearly, the following experiments to detect modal

shapes and dumping and the final will be related to partial excitation.

7. DYNAMIC EXCITATION BY UNDERGROUND EXPLOSIONS

The first stage of the research project is now in operation.

Excitation by environmental noise has not proved usefull for so large and

stiff buildings. In June 1986 an attempt was made to record the dynamical

effects on the reactor building excited by an under-water explosion that

was performed at about 20 km for geophysical investigation purposes, but

the signal/noise ratio on the site of the plant was so low as to make

identification impossible.
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In Aapril 1987 other series of underground explosions were planned much

closer to the plant. The sequence, locations and intensities of the

explosions were arranged to get some experimental results from the

buildings of the site, namely:

a) location: a too close position 20-50 m) was not thought effective,

because of the predominant high frequencies and p-wave effects. A

distance of about 600 m was selected (see fig. 5) and a depth of 60

m, as a way to produce useful waves at the plant site (p and surface

especially, with some shear).

The characteristic of the ground and the recorded accelerogram of

fig. 9A suggested that relatively low frequencies (3-6HZ) and

significant duration of the ground movement can be expected at 00 m

distance.

b) intensity: indications from other research-work suggested that 1000

kg of tritole will produce approximatly 004 g at that distance. This

was the maximum ground acceleration during the earthquake of Nov.

1980.

Three explosions were planned, of 75, 100, 150 kg each charge, plus

a double explosion of 75 kg/charge with a time gap of 0,5 sec. from

the two charges.

In this way ground accelleration of about 41000 g were expected in free

field at the site, with duration of 3 or 4 cycles. This would be useful to

excitate even the low frequencies of the reactor building.

A dense array of seismometers and accellerometers was installed in the

following location�r.(see fig. 5):

a) half distance, position M, surface and underground 60 m)

b) free field, position A surface and underground 30 m)

c) near field, aside the mat of the reactor building pos. R surface and

underground 30 m)

d) inside the reactor building, see fig 19
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e) inside the turbine building, see fig. 20

f) along the stack, see fig. 21.

The obtained results are still in the process of evaluation.

The general outcome is as following:

a) the ground motion at the plant had relatively low frequencies 34

Hz)and duration 410 sec.) to excite low modes on the buildings

b) intensity (max ground acceleration) was a little above the expected

values

c) the reactor building had predominant experimental frequencies a little

higher than in the reference model of chapt. 5.

8. CONCLUSIONS AND FUTURE PLANS

The feasibility study herein summarized and the first series of experiments

show that a program of experimental research on Garigliano N.P.P. can

produce usful results to fix more realistic safety margins in the design of

future power plant and the retrofitting of the existing plants. Some of the

experimental methodologies from the Garigliano site can be calibrated with

the aim to planning experimental validation procedures for other (existing

or before operation) nuclear power plants.

Future plans for the research project at Garigliano will be fixed in detail

when the results of the first series of experiences are evaluated. Following

the feasibility study, impact loads on the turbine building, excitation of

the mat of the reactor building with actuators, tests on shaking table of

components will be the main following steps.
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BRIENZA 2,22 1.88 1.68 13,74 11.68 12.16 38

CALITRI 1.59 1,65 1,77 26,02 23,69 29,01 26

GARIGLIANO 0.38 0.22 0.33 8.88 3.78 7.95 138

GIOIA SANNITICA 0 20 - - - - - 97

LAU RIA 0:20 - - - 95

MERCATO S. SEVERINO 1,11 0,52 1.42 11.47 7,70 14,62 50

RIONERO IN VULTURE 1,02 0,72 1,03 15,21 10,21 8,82 41

ROCCAMONFINA () - - 0,30 - - - 129

SANNICANDRO G. I) 0,40 - - - - - 123

S. GIORGIO LA MOLARA I) 0,25 - - - - - 68

S. SEVERO 0.27 0,13 0,22 3.85 2,14 3,10 105

STURNO 2,26 2,78 3,28 42,37 31,37 70.23 37

TORRE DEL GRECO 0,60 0.36 0.42 8.45 8,90 10.43 81

TRICARICO 0,48 0,24 0.38 9,77 8.82 6.91 78

VIESTE 0.38 0,18 0,35 5,14 6,05 6,83 146
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K

0

GT .SHEAR MODULS OF GROUND.

GT i Kx K V K
(t/m2) (M) 0 u-3 tn) (16, t4m) ooG c Yn)

5000 5 704 1019 471

9 776 1095 585

13 847 1171 699

16 900 1227 784

7500 5 1056 1528 707

9 1163 1642 879

13 1270 1756 1050

16 1350 1841 1179

10000 5 1408 2039 943

9 1 5 51 21 9 1 71

13 1694 2342 1399

16 1800 2455 1571

FIG. 1 - TABLE OF THE EQUIVALENT STIFFNESS OF THE

CONCENTRATED SPRINGS FOR SSI.
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FIG.16 - Summary of modal frequencies (reference model)

Lateral displacements

Mode f(Hz) T(sec)

1 2.04 0.489

2 5.61 0,178

3 7.86 0.127

4 10.43 0.096

Lobe motion

n f(Hz) T(sec)

3 25.84 0.0387

4 2 7 .13 0.0369

5 28.65 0.0349

6 30.36 0.0329
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FIG.18 FIELD RECORDINT SYSTEMS ( 80 CHANNELS)
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Fig 28 Some results of sensitivity analysis

t

Parameter with a variation of 100%

Rocking Sway
index 12, Stiffness Stiffness M R

3,4 mode (K (K (Mass of mat) (Soft story
X stiffness)

f 1 4 8 17.8 - i 9 0 .1

f 2 10.8 20.5 -25.1 .5

f 3 2.8 1.0 -4.0 1.7

f 4 6.4 1.9 -11.2 7.7

(b/r) 1 62.1 -26.1 8.8 -1

(n
(b/r) 23.7 53.2 -73.5 -3.7

2

Q)

(d/-s) 170.7 10.4 61.0 23.6
0 1

1� (d/9) 179.9 487.9 -18.40 2 -136.9

-4

CZ WS) - 51.6 24.5 3 4 5.6> 1

(t/s)2 218.4 -183.5 119.0 73.8

(t/s) 3 50.1 20.7 45.1 10.5

(t/s) 4 - 14.4 -1.3 54.4 -12.0
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