
Table I Fluid Gap.Configurations 
tested 
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unit : m 

Table 2 Inner Cylinder Mass and 
Beam Legs Stiffness 

Mass of inner cylinder 
with seal rings A 2 7 6 kg 
Mass of inner cylinder 
with seal rings B 2 8 7 kg 

Beam legs stiffness 312 x lO 6 N /m* 

» obtained from the natural frequency 
of the inner cylinder in air. 
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SUMMARY 
This paper presents the main features and results of the on-site 
dynamic tests and the related numerical analyses carried out for 
the PEC reactor vessel. The purpose is to provide an example of 
on-site testing of large components, stressing the problems 
encountered during the experiments, *a well as in the processing 
phase of the test results and for the comparisons between 
calculations and measurements. 
Tests, performed by ISHES on behalf of ENEA, allowed the dynamic 
response of the empty vessel to be measured, thus providing data 
for the verification of the numerical nodels of the vessel 
supporting structure adopted in the PEC reactor-block seismic 
analysis. 
An axisymmetric model of the vessel, implemented in the NOVAX code, 
had been developed in the framework of the detailed numerical 
studies performed by NOVATOUE (again on behalf of ENEA), to check 
the beam schematisat ion with fluid added mass model adopted by 
ANSALDO in SAP-IW and ANSYS for the reactor-block design 
calculations. Furthermore, a numerical model, describing vessel 
supporting structure in detail, was also developed by ANSALDO and 
implemented in the SAP-1V code. The test conditions were analysed 
by use of these and the design models. 
Comparisons between calculations and measurements showed 
particularly good agreement with regard to first natural frequency 
of the vessel and rocking stiffness of the vessel supporting 
structure, i.e. those parameters on which vessel seismic 
amplification mainly depends: this demonstrated the adequacy of the 
design analysis to correctly calculate the seismic motion at the 
PEC core diagrid-

<•> Present address: ENEA, Directorate for Nuclear Safety and 
Health Protection, ROMA, ITALY-



t. INTRODUCTION 

Extensive numerical and eiperiunial studies had to be performed by 
EN£A and ANSALDO, in co-operation with ISNES, in order to 
demonstrate that the seismic safety and operational requirements 
are satisfied for the PEC reactor (tlartelli Cl]>. This was due to 
both the quite severe design earthquakes adopted and the features 
of fast reactors in general and PEC as a specific case C1J-

Due to The considerable amplifications of the seismic motion 
characterizing the main vassel and the core elements, significant 
modifications of the PEC reactor-block design were decided in 1982, 
as a consequence of the results of preliminary design analysis, to 
guarantee scram feasibility in an earthquake (nartelli CI] and 
Cecchini et al £21) These modifications consisted in the 
introduction of a core-restraint ring in the vassel close to cor* 
element top, a second set of pads on all elements at the restraint 
axial level, stiffening of fuel assembly hexcans at this level, and 
a neu design of all element spikes. Different solutions, such as 
the adoption of vessel restraint systems (as in Japanese reactors) 
were judged not to be feasible, due to the problems related to 
thermal conditions and the advanced stage of the design (the vessel 
had already been constructed and was ready to be mounted in the 
reactor, the external shields were already in position)* 

However, to demonstrate the adequacy of the adopted design 
modifications, it uas necessary to check the reliability of the 
main vessel design analysis, performed by ANSALDO with a simplified 
<lumped-mass) model, so as to verify (hat the amplification of the 
seismic motion at core diagrid level was correctly determined by 
this model <nartelli £13>- Thus, detailed numerical analysis of the 
reactor-block uas performed taking into account shell and 
fluid-structure interaction effects (Descleves et al• (33) and 
on'site dynamic tests of the vessel Mere carried out (Castoldi at 
al. (43). 

After a brief description of the PEC vessel, this paper deals with 
the above-mentioned on-site tests, describing the main features of 
the experimental campaign and presenting the main results. 
Furthermore, the numerical methods used are shortly outlined and 
comparisons between calculations and measurements are shown- The 
main purpose of the paper is to provide an example of on-sno 
testing of large components. stressing the problems encountered 
during the experiments, as well as in the processing phase of the 
test results and for Che comparisons between calculations and 
measurements• 

2. MAIN VESSEL GEOMETRY 

2il gSSSStry. l-i reactor c.gngi.t.i.gns. 
The PEC main vessel (fig. 1) is located at about 12 m above the 
reactor building base. It is supported by a relatively flexible 
structure, consisting of nine "beams" that are hinged to a L-shaped 
ring (fig. 2 ) : this is rather deformable to minimize the 
consequences of a core disruptive accident- The vessel outside 
upper flange is bolted to the inner border of this ring 

The vassal is about 10.3 m long, from its supporting structure, 
with an inner diameter of about 3.1 m. It has • double wall, with 
inner and outer wall thicknesses of 30 mm and 2i mm, respectively 
Tha two walls are Joined by an Y-shaped connection in thf vessel 
upper part (figs. 2 and 3). inert gas is present in the interspace 
between the two walls. 
The vassal total weight, without internals but including diagrid 
supporting structure, is 592 kNi of thesa, 266 kN correspond to the 
inner wall part that is located below the Y-shaped connection of 
the two walls (including tha diagrid supporting structure), while 
186 kN correspond to tha external wall. 

The vessel contains neutronic and thermal shields, that surround 
the core. The core consists of 622 elements (78 fuel assemblies). 
Its outer diameter is about 2•5 m, its height being 3 m. The test 
channel occupies the vassal and core centers. The core diagrid is 
located at a distance of about 7.6 m from vessel supporting 
structure, A S mentioned, a core - restraint ring is present in the 
vessel: It is located at 2558 mm from element pass. 

2*2 GeQiBEtcy. io teat cooUitiQQi 
The on-site tests were performed after completion of vessel 
mounting in the reactor: thus, the vassel was suspended as in 
operating conditions, inside the reactor building, to the nine 
'beams" constituting tha vassel supporting structure. It was 
already connected to the two sodium inlet leg*. However, no core, 
internal shields, or - obviously - sodium were present in the 
vessel (figs. 2 and 3). 

A first series of tests was performed in August 1*83 and final 
tests were carried out (for the reasons that will be explained in 
Par. 4.5) in November 1V63. During the first tests the core diagrid 
had not been mounted, yet, inside the vessel; at that time, the 
diagrid was replaced by a suitable thick plate, used for the vessel 
bottom hydrostatic tests (figs. 4 and 5 ) . On the contrary. In the 
final tests it was already in position (in November 1983, the 
initial part of the internal envelope of tha outlet pipe south 
branch had also already been mounted and soldered to the 
corresponding nozzle). 

3. EXPERIMENTAL TESTS 

3-.1 Ifilt tS.SB* 
The experimental on-sita tests mainly aimed at measuring; 
- the motion of tha core supporting diagrid due to forces applied 
to the diagrid itself, in order to determine the dynamic parameters 
on which the diagrid-core interaction depends-

- the motion of the vessel upper flange deriving from forces 
applied to the diagrid, in order to obtain the mechanical impedance 
of the vessel; 



- the notion of the diagrid deriving from that of the vessel 
supporting floor. in order to evaluate the transfer functions 
between reactor building and core diagrid; 

- I ha horizontal and vertical translation and rocking stiffnesses 
of the vessel supporting system, in order to check the values 
adopted in the numerical models. 

Furthermore, the dependence of the above-mentioned parameters on 
excitation position, direction and amplitude had also to be 
evaluated. 

3i2 E££i.ta£.iSQ £9UlG0!€Q& 
Sinusoidal excitation was adequate to analyse the dynamic response 
of the vessel, due to absence of strongly non-linear effects. Thus, 
a two-eccentric back-rotating-mass vibrator was used to excite the 
structure, rating a strictly sinusoidal force in one direction 
(figs. 4-7). This vibrator was that also used for the on-site tests 
performed on the reactor building (Casirati et al - C53) 

The maximum vibrator capability was 1O0 kN in terms of force 
applied to the structure. Due to the vibrator type, the force 
amplitude was varying during frequency sweep with a parabolic law: 

o 
force applied = vibrator constant x (frequency) (1> 

(values of the vibrator constant used in the tests are indicated in 
figs. 11-15). 

In the first tests, the vibrator was fixed either to the thick 
plate replacing the core diagrid (figs- 4 and 5) or to the floor of 
the PEC working area level (i.e 1-V m above vessel supporting 
floor, see fifi- °)- 1° the final tests, excitation was only 
provided at the working area level, since it was obviously 
impossible to fix the vibrator to the core diagrid, witi.out risking 
to damage it : fig. 7 shows the vibrator location in these tests. 

5.4.3 tSSSSytiDQ £9lii.BQ£Q& 
Inductive accelerometers and servoaccelerometers were mounted in 
the vessel; seismometers were used to read the motion of the 
building at the vessel supporting floor and displacement 
transducers were attached to the two inlet pipes to evaluate their 
maximum displacements and thus, to control their stress state. 

The measuring positions on the vessel are shown by fig* 2 with 
regard to the first series of tests, and by fig- 3 for the final 
tests Views of the instrumentation used are provided by figs. 8 
and 9 with regard to seismometers located on the vessel supporting 
floor and one of the "beams" of the vessel supporting structure, 
and by fig- lO for the acceleromecers attached to the vessel inner 
wall- It is worth mentioning that special care was taken in 
choosing the glue that was used to attach the transducer bases to 
the vessel walls, in order to avoid future corrosion of the 
stainless steel of these walls. 

He note that the motion of the outer vessel wall was only measured 
by one accelerometer in the first tests (position lis in fig. 2) 
and that no measurements of the internal wall motion were made at 
the same axial level; this was due to accessibility problems, (he 
necessity of minimizing the instrumented points and the fact that 
similar motions were expected for both vessel walls- However, as we 
will show later, this caused problems In understanding the 
experimental results, and led to the decision of repeating tests 
with an improved instrumentation network- This is the reason why 
the final tests were performed, in which both walls were 
instrumented at the same axial and circumferential positions 
(located at the lowest possible axial level, compatibly with 
accessibility problems) and in various directions (fig- 3). 

The analogue signals were converted to digital values by a 
simultaneous sample and hold device, and then stored by a 
minicomputer. Their processing allowed the frequency response 
functions to be determined at each measuring point. 

2*3 IBS* gBIE.rip.USQ 
Three types of tests were performed; 

- ambient vibration processing; 
- excitation at diagrid level; 
- vessel supporting floor excitation-
Ambient vibration processing aimed at estimating ambient vibration 
noise, in order to optimize the excitation amplitude in the 
subsequent tests with forced excitation- This optimization had to 
take into account both the need of attaining adequate values of the 
signal to noise ratio and that of avoiding undue stresses on the 
structure- The permissible maximum stress limits were fixed by ENEA 
and ANSALDO in a very conservative way. 

As far as forced excitation tests at the diagrid level are 
concerned (that wa call "diagrid excitation tests" for a matter of 
simplicity, although the diagrid was replaced by a plate), some 
sine sweeps were performed in the frequency range 1-23 Hz. Three 
excitation directions were studied; the two East-West and North 
South horizontal directions (fig. 4) and the vertical direction 
(fig- 5). Tests in the vertical direction were performed by 
applying two different excitation amplitudes, in order to check 
linearity of the structure dynamic behaviour. 

Finally, the so-called vessel supporting floor excitation tests 
(more precisely performed, as explained in Par- 3 2. by fixing the 
mechanical vibrator to the floor located at the working area level) 
also consisted in soma sine sweeps similar to those previously 
cited, but only the East-West horizontal direction was studied. As 
mentioned, testa were initially performed in the same conditions as 
for the diagrid excitation experiments (i.e. with the diagrid 
replaced by a thick plate), and were later also carried out with 
the diagrid in position (figs. 6 and 7, respectively). 

http://gBIE.rip.USQ


4. EXPERIMENTAL RESULTS 
3 U EceaugQEx- CSICQQSS iyosiiQDs 
For each measuring position, the absolute frequency response 
function, corresponding to the amplitude and the phase of the 
harmonic characterized by frequency equal to the excitation force 
fundamental frequency, was determined. Furthermore, the transfer 
function with respect to the excitation force, defined as the 
complex ratio between the response signal and the force amplitude, 
was also evaluated in the tests with diagrid excitation. Depending 
on the measuring point and the transducer type, acceleration, 
velocity or displacement response functions were determined-
flotations to torquing moment were also evaluated for the upper 
flange of the vessel and the diagrid. 

Examples of frequency response functions ere shown in figs. 11 - 15 
with regard to the acceleration values measured on the diagrid 
(position 101 of fig. 2) and the velocity values measured on one of 
the "beams" of the vessel supporting structure (position 20S of 
fig. 2>. These figures refer to results obtained in the first 
series of tests, for the various excitation directions and 
positions; furthermore, they also present results obtained at the 
two different intensity levels applied in the case of vertical 
excitat ion. 
In spite of the vibration amplitude limitations related to the low 
values adopted for permissible maximum stresses on pipes, the 
experimental results showed good signal to noise ratios even in the 
low frequency range, for frequencies larger than 2 Hi. 
The analysis of the frequency response functions led to the 
evaluation of the stiffness and damping parameters of the vessel 
supporting structure and the dynamic properties of the empty 
vessel. 

S*.2 StiliDess and. a^EEiDa ci itss vessel syeesciiaa sicytiycfi 
The vessel supporting structure stiffness values corresponding to 
East-Uest horizontal translation and to rocking around the 
North-South direction were evaluated using the frequency response 
functions obtained in the case of diagrid excitation, and solving 
the two following equations that describe translation and rotation 
equilibrium of the vessel; 

F • "S n. A. = k x • c x- (2> 
-<-l I » X X 

F H • S n. A. H. = It r • c r ' <3> 
v v k i l t r r 

i n w h i c h : 

F - excitation force (complex function of frequency); 
H - distance between the excitation position on the diagrid 

and the rotation axis at upper flange level; 
n. = mass attributed to measuring position "l"; 

frequency)) 
H, > distance of measuring position "i" from the rotation axis 

at upper flange level; 
k . k = stiffness values to horizontal translation and rotation; x r 
c , c a damping values to translation and rotation; 
x , x' = measured displacement and velocity of the upper flange; 
r , r' • measured rotation and angular velocity of the upper 

flange. 

Eqs. (2> and (3) can be split up Into the real and imaginary parts, 
thus providing four aquations with four unknowns < "k ", "k •', "c " 
and "c " ) • It is worth noting that these relationships arervalid In 
the frequency range around the vessel first natural frequency: in 
this range it was admissible to consider the vessel as a single 
degree - of - freedom system, due to the rather different values of 
the first and the second natural frequencies (Par. 4.3). 
On the basis of the data available in the vertical direction, the 
vertical translation stiffness and damping of the vessel supporting 
system <"k " and "c ") were also determined, using a method similar 
to that priviously described. To this aim, the data measurad by the 
seismometers located on the "beams" of the vessel supporting system 
were used, together with those of the accalarometars mounted on the 
vessel upper flange and the plate replacing the diagrid (fig. 2>; furthermore, the vessel walls were assumed to be infinitely stiff 
in the vertical direction and the whole vessel mass was 
concentrated at the vibrator location (rocking was obviously 
neglected). 
Fig- 16 shows the stiffness and damping values obtained for 
horizontal translation and rocking, while fig. 17 shows the 
vertical translation stiffnesses. We note that the latter values 
are lower if they are directly measured on the vessel upper flange 
(point 3 of fig 2), with respect to the case that they are measured 
on the "beams" of the supporting system (point 1); this is due to 
the presence of elastic members between the vessel upper flango and 
the supporting "beams", and also to the fact that, midway between 
the seismometers and the accelarometers, the pins coupling the 
"beams" to the vessel L-shaped ring were present. 

4*2 Vessel ostucol iccQueocics 
Testa with diagrid excitation enabled two vassal natural frequency 
values to be determined in the horizontal directions, the first one 
being about 7 Hz and the second one 21 - 23 Hz (figs. 11 and 13). 
Natural frequencies could not be measured in the vertical 
direction, because they were outside the analysed frequency range. 
In realty, at equal excitation level, the first natural frequency 
was 7.3 Hz in che East-West horizontal direction, while it was 7.2 
Hz in the North-South direction (figs. 11 and 12). 



This difference between first natural frequency values in tha two 
horizontal directions appears evident from the response functions 
corresponding to the North-South excitation direction (fig. 12). 
which clearly show a splitting of the peak and a double change of 
phase- Such a splitting is also present in some measurements 
corresponding to vertical excitation and in the results of the 
vessel supporting floor excitation tests. The reason of tha 
difference is maybe due to the different effects of the nine vessel 
supporting "beams" in the two horizontal directions, and/or those 
of the two piping branches. 

As far as tests with vessel supporting floor excitation are 
concerned, first natural frequency in the East-Uest direction was 
7.6 Hz in the first series of tests (fig- 15). while it decreased 
to 7 2 Hz in the final tests (fig- 18). The reason of this 
difference must be attributed to the different weights of the 
diagrid and the plate replacing it in the first tests (95 UN for 
the plate, against 170 kN for the diagrid): in fact, by 
schematizing the vessel as a single degree of freedom, the two 
mentioned frequencies both correspond to a vessel mass that is 
practically equal to the real value (3* error)- This also means 
that the modal mass associated to the first mode is very close to 
the total mass. 

The larger first natural frequency value determined in the case of 
vessel supporting floor excitation, with respect to that of diagrid 
excitation in the same direction (7 4 Hz against 7-3 Hz) has mainly 
to be attributed to a slightly non - linear behaviour of the 
structure: in fact, in spite of considerably larger forces applied 
in tha tests with vessel supporting floor excitation (a factor 12), 
the vessel response was much louer with respect to the case of 
diagrid excitation (compare fig- 15 to fig. 11), and the presence 
or absence of the vibrator inside the vessel cannot completely 
justify the frequency difference (the vibrator weight being 20 kN). 

The slight decrease of first natural frequency with increasing 
dynamic response of the vessel (and thus, the slightly non-linear 
behaviour of the vessel) was confirmed by the results of tha 
diagrid excitation tests performed in the vertical direction: in 
fact, by increasing of excitation force by a factor six, first 
natural frequency decreased from 7.37 Hz to 7.26 Hz (figs. 13 and 
14). 

The information on vessel damping obtainable from the test results 
is not very significant, due to the low excitation values. 
Furthermore, the vessel being a multi-degree of freedom system, 
modal analysis should be used to correctly estimate this parameter 
(we remember the splitting of the first natural frequency peak): 
but very little information on modal shapes was available because 
of the limited number of measuring positions-

Anyway, using the "square two" method, an approximate damping value 
of l* was detected for the first mode. On the contrary, not even an 
approximate estimate of damping was possible for the second mode at 
21 - 23 Hz, since the corresponding peak shape was strongly 
distorted by the effects of the higher-order modes (figs. 11 and 

13). Anyway, a qualitative estimate certainly indicates much larger 
damping for the second mode with respect to the first mode. 

3*3 xs-sael eod*l luaeaa 
Tests did not aim at determining vassal modal at>*pa» in datail: on 
the other hand, this was impossible due to tha limited number of 
measuring positions adopted according to tha mentioned 
accessibility problems- Anyway, rough estimates of vessel 
deformation shapes wars obtained at tha two first natural 
frequencies (figs. 18*-b). 

Nith regard to tha first mode (fig. IBs), it was found that this 
corresponds to the combined affects of rocking of the whole vessel 
around its upper supporting system and bending of tha vassal walls: 
although rocking was the main parameter, tha presence of some 
bending affects appeared evident, considering that rotation at 
diagrid level was larger than both tha average value around vessel 
axis and that of the vessel upper flange. 

As far as the motion of the vessel outer wall is concerned, it is 
worth noting that the only measuring position available in the 
first series of tests (acceleromatar 115 in fig. 2) seemed to 
indicate a much louer response of this wall compared to that 
measured for the inner wall at both higher and lower levels 
(accelerometers 107 and 108, sea, for instance, figs. 1*a-b-c). 

No completely satisfactory explanations were found for this result, 
that was not understandable from a physical point of view; in fact, 
the difference between tha values of tha stiffness - to - mass 
ratios is not such as to Justify largely different behaviours of 
the two walls, although it is consistent with a slightly larger 
motion of the vessel inner wall (sea Par. 5.2.3). On the other 
hand, to demostrate vessel Integrity, It was very important to 
check that the motions of the two vessel walls do not considerably 
differ. Thus, it was decided to perform final tests with the 
improved instrumentation that has already been described in Par. 
3.3. 

The acceleration data racordad in tha final tasts on tha two walls 
at exactly equal positions (accelerometers 117-121 of fig. 3) 
confirmed that the previous measurements wars not adequate to 
characterize outer wall response: in fact, the outer wall motion 
was only 10-20* lower than that of the inner wall, as shown, for 
instance, by figs. 20a and 20b (tha slight difference now agrees 
with the different values of tha stiffness - to - mass ratios, see 
par. 5.2.3>. 

With regard to accelarometer 115, this also provided completely 
different data, in tha final tests, with respect to those obtained 
in the previous experiments (fig. 20c) : the new data agree with 
those provided by accelerometers 117-121, taking into account the 
different axial levels. 

Tha reasons for tha different rasponsas measured by accalerometer 
115 in tha two series of tests remained unclear, since no 
transducer failure was detected. We only not* that the position of 
transducer 115 during the first tests was not exactly known: thus, 



there was certainly a difference in its location In tha two seriaa 
of experiments. 

5. NUMERICAL ANALYSIS 
5il Numeri.ca.1 SQdSiS USSd 
§=.1U Qciaioai teas asdsl 
The purpose of the numerical analysis of the experimental results 
was to check and eventually adjust the reactor vessel mathematical 
model used in the design calculations, so as to make it as 
representative as possible of the vessel actual behaviour- In fact, 
the adequacy of this model is essential for a correct 
schematization, and consequently a reliable seismic analysis, of 
all the systems, structures and components connected to the vessel 
walls (core, piping, other vessel internals). 
The schematisat ion adopted in the seismic design calculations 
performed by ANSALDO for the PEC reactor-block consisted in a beam 
model with a limited number of nodes (fig. 21>: this allowed the 
vessel model to be coupled to those of the other structures without 
the problems that arise in the case of large mesh sizes. 
In the model used for reactor-block design, the plugs, the internal 
shields and the core are also usually represented- The vessel 
supporting structure is simulated by a system of springs with 
appropriate stiffnesses, connected to the node representing tha 
vessel outside upper flange coupled to the L-shaped ring. Stiffness 
values were calculated by use of a detailed finite-element model of 
the vessel supporting structure, by neglecting coupling among the 
various components (diagonal stiffness matrix)- The computed 
values, referring to point 2 of fig- 2. are shown in table 1. 
Vhe reactor vessel of fig- 21 was implemented in tha SAP-IV code 
for the design linear analysis of the PEC reactor-block. Me not* 
that this model, with only a few modifications, was also used in 
the ANSYS code for some runs taking into account fluid-structure 
interaction effects. 
In order to compare the experimental results to the response of the 
vessel model, the schematization of fig. 21 was adjusted to 
describe test conditions: thus, all the parts representing 
components that had not been mounted, yet, at the time of the 
tests, were eliminated, while the mesh of the remaing parts was not 
modified. The so defined model is shown in fig- 22-
Only the diagrid excitation tests were analysed.- thus, (ha cor* 
diagrid properties were replaced in the model by those of tha thick 
plate and the vibrator. The mesh of the remaining parts was not 
modified. Furthermore, the material properties war* obviously those 
corresponding to room temperature. 

5..1..2 S u e U •adela 
As mentioned in Par. 1, detailed numerical studies of the reactor -
block seismic response were also initiated, at the time of the 

on-site tests, using shall models of tha vassal, to check tha 
adequacy of the beam modal adopted in the design analysis and to 
estimate fluid-structure interaction affects These studies ware 
independently carried out by ANSALDO and (on bahalf of ENEA) by 
NOVATOHE. Static calculations with a three - dimensional shell 
modal wara performed by ANSALDO, while both static and dynamic 
calculations ware performed by NOVATOnE adopting an axisymmetric 
model implemented in tha NOVAK coda (Dttcltvu at al . 13], sea fig 
23). 
To modal tha vassal supporting structure in the NOVAX code, that 
aiakes use of axisymmetric joint elements to describe tha "beams" 
(instead of the springs used in SAP-IV), static calculations wera 
performed, by applying sinusoidally distributed forces. In these 
calculations, the vessel supporting structure was separated from 
the vassal, but included tha L-sheped ring (I.e. tha analysed part 
was that up to point 2 of fig. 2). Thus, tha joint stiffnesses were 
adjusted so *m to approximate, as well a* possible, the design 
values calculated by ANSALDO at point 2 of fig. 2-

STIFFNESSES DESIGN VALUES NOVAX VALUES 

k x (kN/»> 17 X 10 5 17 x 10 5 

k (kN»/rad) 12 x 10* 12.3 x IO' 
r 
k z CkN/m) 32 x 10* 54 x 105 

Table 1 Stiffness values of tha vessel supporting structure used 
in tha design analysis and in tha NOVAX calculations (x » 
horizontal translation, r * rocking, z « vertical translation). 

The comparison between the design and the NOVAX stiffness values of 
the vessel supporting structure is shown in table 1. It is worth 
noting that rocking and vertical translation stiffness values 
cannot be fixed independently in NOVAX: thus, since rocking was 
found to be tha main parameter with regard to vassal dynamic 
response (Par. 4-3), "k " was correctly reproduced, while "k " was 
rather overestimated wlFh respect to tha design value. 
Tha stiffness values of table 1 ware later applied In tha reactor -
block calculations performed with NOVAX- Furthermore, the on-site 
test conditions wars analysed with this coda, as wall. 
However, it is Important to point out a difference between design 
and NOVAX calculations, concerning tha stiffness values actually 
used. In fact, in tha casa of the beam models the presence of the 
vessel and its upper flanges leads to an overall stiffness of 
vessel supporting structure (i.e. up to point 3 of fig. 2) that 
corresponds to the combination in series of the value related to 
the spring (describing tha structure up to point 2 of fig. 2) and 
that of the remaining part of the structure On the contrary, in 
tha case of the axisymmetric NOVAX model, the ovalization of tha 



L-shaped ring, occurring when this ring is not connected to the 
vessel upper flanges, is partially prevented when this connection 
is present. This means that the overall stiffness is modified, with 
respect to the above mentioned combination in series and depends on 
the loading location (sea table 2). 

STIFFNESSES STRUCTURE STRUCTURE CONNECTED TO THE VESSEL 
OI SCONNECTED 
FROtl THs LOADING AT DIAGRID LOAD 1 KG AT POINT 
VESSEL LEVEL 2 OF FIG. 2 
POS. 2 POS. 2 POS. 3 POS- 2 POS. 3 

k. UN/n) 170x10* 158x10* 236x10* 156X10* 156x10* 
k (kll.>/nd) 123xl05 113x105 104X105 115X105 113X105 

k IkN/n) 540x10* 540x10* 504x10* 545x10* 540x10* j 

Table 2 Stiffness values of the vessel supporting structure in the 
NOVAX code (points 2 and 3 of fig. 2>, corresponding to both the 
case of absence of connection to the vessel and that of presence of 
such connection (vessel in test conditions, loaded at diagrid level 
or at point 2 of fig-2; x = horizontal translation, r » rocking, z 
- vertical translation). 
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§3.1x2 Padilied fee*™ Bedel 
According to the results of the analysis described in Par. 5. 1.2, 
t'.ie beam model used in the design analysis was modified by 
introducing a stiffness correction factor between nodes 6 and B of 
figs- 21 and 22, in order :o simulate ovalization effects: in fact, 
ovalization reduced the moncii of Inertia, and thus, increased 
structure flexibility. 
The value of the correction factor was evaluated by comparing 
results of SAP-IV and NOVAX static calculations, performed for 
vessel models fixed at the outside upper flange: (his avoided 
effects of ovalization due to the supporting structure-

3x2 CSMiCilBQI BBstfBBQ CalGUliliBOa auu MOMCBMQtl 
3x2x1 CBBBaCilBQl Bl OslUCix lCBflUBQCiBa 
Tha comparisons between calculations and measurements wars limited 
to vibrational parameters (no damping comparisons were sensible, 
due to the low excitation levels adopted in the tests). Thus, modal 
analyses were performed, by use of both the SAP-IV beam models and 
the NOVAX axisymmetric model. 
Tha results of the first calculations, performed with tha original 
beam model (I.e. that neglecting ovalization effects of the vessel 
walls) overestimated the first mease.ad natural frequency of about 
11* (see table 3). 

NATURAL 
FREQUENCIES 

(Hz) 
ORIGINAL 
BEAN MODEL 

REFINED 
BEAN HODEL 

SHELL 
nODEL 

EXPERIMENTAL 
RESULTS 

f2 

8.0 
26.3 

7.2 
26 

7.3 
25 

7.2 - 7.3 
21 - 23 

Table 3 Comparison between computed and measured first and second 
natural frequencies of the PEC empty vessel. 

On the contrary, the subsequent NOVAX calculations with 
axisymmetric modelling showed an excellent agreement with regard to 
first natural frequency; a comparable good agreement was later 
found by use of the refined beam model that takes into account 
vessel ovalization affects: this confirmed tha adequacy of tha 
approach adopted in such model to account for the above-mentioned 
effects. 
As far as the second natural frequency is concerned, a discrepancy 
of 10 - 20 a waa found (table 3). However, this result is not of 
great interest for seismic analysis purposes, especially because of 
the small mass participation factor associated to the second mode 
(Par. 4.3). 

Sx2x2 GesQacisBQi si lUx iaa i i yi.x U B i ai tut ye-ml IUBBQC1I.QQ 
licuctuci 

Due to the fact that "experimental" atiffnasa values of tha vassal 
supporting structuro were obtained from the test results (Par. 
4.2), a comparison between calculations and measurements was also 
performed for these parameters. This comparison, shown by table 4 
with regard to the numerical results obtained by use of NOVAX for 
position 3 of fig. 2, was based on the results obtained in the case 
of diagrid excitation. 



STIFFNESSES COMPUTED BY NOVAX MEASURED BY IStlES 

k IkN/R) 234 X 10* 195 X 10* 

k r (kN m/rad> 1038 x 10 4 PoO x \0* 

». (kN/m> 504 x 10 4 370 X 10 4 

Table 4 Comparison bttuun the stiffness values of the vassal 
supporting structura measured in (ha on-site, tasts and computed by 
NOVAX Uxcitiiion at diagrid level, valuas corresponding to 
position 3 of fig 2; x « horizontal translation, r • rocking, i • 
wart i ca1 t rans1 at i on >-

Tabla 4 shows that the agreement between calculations and 
measurements is good with regard to rocking stiffness (8«, error); 
this is consistent with tha excellent agreement obtained for the 
first nacural frequency (table 3), that mainly depends on rocking 
(Par. 4.5). Ua note that rocking stiffness used in the SAP-IV 
analysis is also consistent with tha measured result, stnea tha 
SAP-IV value overestimates that of NOVAX by only 7* in position 2 
of fig. 2, and ovalization of tha L-shaped ring are rather limited 
as far as rocking stiffness is concerned (tabla 2 ) : as a proof of 
the adequacy of the SAP-IV analysis we remember tha good agreement 
obtained with this code also, with regard to first natural 
frequency (table 3) 
On tha contrary, tn* translation stiffnesses are rather larger In 
tha NOVAX calculations with respect to tha measured values (21* for 
tha horizontal direction and 36% for tha vertical direction). With 
regard to the horizontal direction, wa note that a similar result 
was obtained for tha second natural frequency (tabla 3): since tha 
numerical analysis showed a strong dependence of aacond natural 
frequency on horizontal translation stiffness of tha vassal 
supporting structure, tha above-mentioned result seems to indicate 
that this stiffness was overestimated in tha numerical analysts. 
Anyway, tha validity of these considerations ia far fro* being 
demonstrated, due to the many approximations concerning both tha 
methods adopted to obtain tha "experimental" stiffness valuas (Par. 
4 2) and tha theoretical model: with regard to tha latter item we 
remember that the use of a diagonal stiffness matrix might laad to 
soma errors, because soma coupling certainly axista between tha 
horizontal translation and tha rocking components. 
As far as vertical stiffness is concerned, to cosidarations similar 
to those mentioned above were possible, because natural frequencies 
were not measured in the vertical direction (Par-4.3). However, it 
is worth mentioning that static measurements of vertical stiffness 
had been performed by ANSALDO during vassal mounting operations. 
These measurements referred to position 4 of fig. 2. They showed a 
"k " value of 549 x 10 kN/m, In good agreement with that 

calculated by NOVAX for (ha nearby position 2 (5*0 x 10 KN/m, »•• 
table 2). 
Furthermore, wa ramambar that tha design calculations performed 
with SAP-1V used a "X " value that was considerably lower than that 
adopted in NOVAX (teBIa 1), for (ha raaaons mentioned in Par. 
5.1.2. In fact, tha ratio between the two values is 0 4, against 
tha factor 0.73 which corresponds to the comparison between 
measurements and NOVAX calculations, thla means that tha design 
analysis was certainly conservative, "k " being lower than both 
ISnES and AM3AL00 measured valuaa. 

3x2*3 CfiMiCilBQI el M.il luftQfl 
With regard to modal shapes, a detailed comparison waa not possible 
due to tha limited number of measuring positions (Par. 4.SI. 
Anyway, wa note that a differential displacement of about 20* 
between tha two vm»»9\ walla was obtained with SAP-IV at (ha vessel 
bottom level, the outer wall moving lass than tha inner one: this 
agrees with (he experimental results described In Par. 4-5. 

6. CONCLUSIONS 
The on-slta experimental dynamic analysis of the PEC reactor vessel 
allowed tha numerical models used in (ha reactor - block seismic 
design to be checked, with regard to (ha Important stiffness 
parameters of tha veaaal supporting structure. In fact, tests 
demonstrated tha adequacy of tha vassal numerical modal of (ha main 
parameter of Interest for saiamlc analysis, (hat la first natural 
frequency. 
Problems encountered In performing tents, processing data and 
analysing experimental raaulta by use of numerical models have been 
stressed In tha paper. 
The atudy certainly allowed axparlanca (o ba gained on the problems 
related to on-aita experimental analysis of large components of 
nuclear reactors, as wall *a to tha uaa of test results for the 
validation of numerical approaches. 
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Fig.l Sketch of the PEC reactor-block 
and the shutdown system). 

(without the test channel 

Fig.2 PEC vessel instrumentation during the on-sie tests 
performed in August 1983. Vibrator position and excitation 
directions in the experiments with diagrid excitation. Positions at 
which stiffness values of vessel supporting structure were 
determined in the experimental and the numerical analysis (1 = 
'beans"; 2 » L-shaped ring; 3 * vessel upper flange). 
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Fig.3 PEC vessel instrumentation during the final tests performed 
in November 1983. 
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Fig.5 View of the mechanical vibrator located at diagrid level, in 
the case of vertical excitation. 
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Fig. 12 Absoluts frequency response function (a) at diagrid level 
(accelerometer in position 101 of fig- 2) and transfer function (b) 
on one of the "beams" of the vessel supporting structure 
(seismometer in position 205 of fig. 2), measured in the test with 
diagrid excitation In the North-South direction (vibrator constant 
= 6.66 daN/HZ )• 

http://Fi9.ll


100 AMPLITUDE 
< c n / s 2 ) 

60 

20 

r 1 • -J. 
270 J PUASE LAC 

(DECREE) 

to •" 
-90 

0.2 

0. I 

0.0 

270 

90 

-»0 

PHASE LAC 
(DECREE) 

t. t- V 
1.0 s.o 9.0 13.0 17.0 21.0 

FREQUENCY (Hz) 

Fig.13 Absolute frequency response function (a) at diagrid level 
laccelerometer in position 101 of fig- 2> and transfer function lb) 
on one of the "beams" of the vessel supporting structure 
(seismometer in position 205 of fig 2>, measured in the test with 
diagrid excitation in the vertical direction characterized by a 
vibrator constant = © . 06 daN/Hz <louest excitation level). 
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Fig.14 Absolute frequency response function at diagrid level 
(accelerometer in position 101 of fig. 2 ) , measured in the test 
with diagrid excitation in the vertical direction characterized by 
a vibrator constant of 41.6 daN/Hz (highest excitation level). 
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FiQ.lS Absolute frequency response function at diagrid level 
<accelerometer in position 101 of fig *>. measured in the tests 
with vessel supporting floor excitation performed in August IVBJ 
(vibrator constant « 83 O daN/Hz )• 
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Fig.16 East-Uast translation and rocking stiffness and danping 
values ot the vessel supporting structure, determined at position 3 
of fig. 2 on the basis of the experimental results Jdiagrid 
excitai ion)-
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Flo,.17 Vertical stifrness values of the vassal supporting 
structure, determined on tna basis or the experimental results la • 
Measurements on the vessel upper flange; b - wessursment* on the 
"beans" of the vessel supporting system). 

c-:~l- I »)• W 

I - -J-" 

Fig.IB Experimental modal shapes of the vessel daterminad on the 
basts of the experimental results of August 1983 (Cast-Uesc 
excitation; a • first mode at f, 
20 8 Hi; dimension* • ml. 

7.1 Hi; b • second mode at f, 
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Fiq.19 Absoluta fraquancy rasponsa functions waasurad by lha 
accalaroaatars in positions lis (a), 107 <b> and 106 <c> of fi£- 2 
in lha first sarias of tascs of August 1983 in lha casa of vassal 
supporting floor axcitation. 
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Fig.20 Absoluts fraquancy rasponsa funccions naasurad by ths 
accalaromatar* in positions 117 (•>, 116 <b> and 115 (c) of ft(. 3 
in tha final lasts of Novambar 1983 (vassal supporting floor 
axcitat ion)• 
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