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ABSTRACT: Within the framework of the IAEA coordinated "Benchmark Study for
the seismic analysis and testing of WWER-type NPP's", in-situ dynamic structural
testing activities have been performed at the Paks Nuclear Power Plant in Hungary.
The specific objective of the investigation was to obtain experimental data on the
actual dynamic structural behaviour of the plant's major constructions and equipment
under normal operating conditions, for enabling a valid seismic safety review to be
made.

This paper gives a synthetic description of the conducted experiments and presents
some results, regarding in particular the free-field excitations produced during the
earthquake-simulation experiments and an experiment of the dynamic soil-structure
interaction global effects at the base of the reactor containment structure. Moreover, a
method which can be used for infering dynamic structural characteristics from the
recorded time-histories is briefly described and a simple illustrative example given.

1. INTRODUCTION

An IAEA Coordinated Research Programme was initiated in the early nineties to
assist the countries of Central and Eastern Europe in evaluating the actual safety
conditions of their first generation nuclear power plants. This Programme
fundamentally aims at providing technical bases to the safety related decisions to be
taken by the countries operating the plants, with the consulting assistance of other
countries providing technical and financial support.

Within the above-outlined context, a full-scale experimental investigation into the
dynamic structural characteristics of a typical WWER-type Nuclear Power Plant has
recently been performed at Paks in Hungary. Experimental data on the actual dynamic
behaviour of the plant's major structures is obviously essential for validating computer
models and allowing valid seismic safety analysis to be made. The Paks NPP site has
thus been subjected to earthquake-like ground shaking through appropriately devised
buried explosions - at a safe distance from the plant - and the dynamic response of the
plant's major structures digitally recorded, together with the concurrent free-field
excitation. The large amount of experimental data acquired during three successive
earthquake simulation experiments is being analyzed for to extracting useful reference
information.
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Figure 1. General view of the Paks Nuclear Power Plant.

2. PLANT AND SITE SHORT DESCRIPTION

There are presently four WWER-440 type V-213 reactor units in operation at the
Paks NPP. The latter was originally designed in the former Soviet Union, but some
adaptations were made by Hungarian design offices. The two first reactor units started
commercial operation in 1983 and 1984.

In the design stage the seismic hazard of the Paks site was considered to be very low
and thus, no special regard was given to possible earthquake actions. Lately however,
the seismic hazard of south-eastern Hungary is being revised and it was hence
considered important that the seismic safety of the Paks NPP be rationally reviewed.
The four reactors of the Paks NPP are arranged as two twins (Figure 1). The main
building of each twin houses two reactor units in a symmetrical layout and is made up
of a stiff reinforced concrete containment building, that is supported - together with an
adjacent condensation tower - on a 2m thick continuous direct foundation slab. The
foundation soil is a rather soft one, being composed of alluvial silts, sands and gravels
becoming dense at around 16m depth.

3. SIMULATED EARTHQUAKE EXCITATION TESTS

The Paks NPP site was thus subjected to the effects of appropriately designed buried
explosions, with the object of inducing an earthquake-type excitation of the plant's
structures. By transmitting the vibratory energy to the structures through their own
foundation soil - as actually occurs during real earthquakes - the full-scale dynamic
soil-structure interaction effects are activated and can hence be realistically
investigated.
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Three different successive earthquake simulation experiments were performed at the
Paks site, with the whole nuclear power plant under normal operating conditions. The
experiments were performed by igniting TNT charges, installed in 50m deep boreholes
at an overall horizontal distance of about 2,5km from the 1st unit reactor base centre.
• The first of the three experiments was a single blast one, which allowed to evaluate

the blast-induced vibrations intensity and to conveniently calibrate the dynamic
range of the measurement instrumentation.

• Subsequently, two time-delayed multiple blasts were produced, with the object of
somewhat lengthening the ground excitation duration.

In fact, the duration of real earthquakes is obviously longer than that produced by a
single underground explosion; but, even more important in the present context, a
higher frequency resolution can be used in extracting structural behaviour information
from the experimental records, if the latters are of longer duration. Each one of the
earthquake excitation tests comprised a different layout of the measurement
instrumentation, for the scope of acquiring a comprehensive experimental data set on
the structural response of all the power plant's major constructions.
A large number of dynamic transducers were installed at appropriate locations in the
nuclear power plant's structures. A series of sensitive velocity transducers
(seismometers) were fixed against the reactor building foundation mat; in particular,
three vertical and two horizontal sensors were set up around the base of the reactor
shaft massive containment structure, as shown in Figure 2, and a number of identical
sensors were installed at the upper reactor hall floor level.

Figure 2. Measurement stations around the reactor shaft base.

For measuring the actual free-field excitation produced by the earthquake simulation
experiments, three further seismometers were buried 1m deep into the natural soil at a
120m lateral distance aside the reactor base centre. Moreover, a series of piezoelectric
accelerometers were used for measuring the vibrations at the upper levels of the reactor
hall steel superstructures and close to the top of the nearby reinforced concrete twin
chimneys. For the synchronous recording of all the structural response data, together
with the concurrent free-field excitation, use was mad of an advanced multichannel
data acuisition and analysis system, developed by ISMES and the hardware of which
was set up in a mobile laboratory, parked beside the reactor containment building. This
system is capable of simultaneously recording up to 52 signals at a 200Hz sampling
frequency, with real-time analog to digital conversion; it is a submodule of "AIACE"
(the Advanced ISMES Acquisition, Analysis and Control Environment), which was
specifically developed for performing static or dynamic experiments, while providing
also ample data analysis capabilities. In the case of time-history data to be collected,
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the acquisition process can be automatically triggered according to a specified
criterion; data from all the connected transducers are fed to signal conditioners which,
after on-line A/D conversion drive directly into the computer memory. At the end of
the data acuisition process, the collected data are ready for graphical examinations by
means of various plotting functions, as well as for applying time or frequency domain
signal analysis procedures.

4. EXPERIMENTS PERFORMED AND RESULTS OBTAINED

As already outlined above, three different blast-induced ground excitation tests were
performed at the Paks NPP site, with the plant in normal operating conditions. During
each single experiment 52 digitized response signals were simultaneously recorded at a
200Hz sampling rate. Analogic low-pass filters were used for eliminating the high
frequency noise prior to digitizing.

A preliminar test was carried out by simultaneously detonating two 50kg charges in
50m deep boreholes at a 2442m distance in the SSE direction from the NS oriented
first reactor building. Subsequently, two time delayed multiple blasts experiments
were performed with the scope of lengthening the overall excitation duration. The first
multiple blasts experiment was carried out by detonating three 100kg charges, with
two 1,64sec delays, at practically the same mean horizontal distance from the reactor
building than before. A second multiple blasts test was later performed with two 150kg
blows and a l,58sec delay. Figure 3 shows the three-orthogonal velocity time-histories
that were recorded in the free-field during the triple delayed blasts experiment.
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Figure 3. Free-field response records. Figure 4. Reactor base response records.
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The Paks NPP site appears to have been significantly excited by the buried
explosions; about 20 sec long useful response signals were obtained. The free-field
records show two consecutive rather distinct high and low frequency excitation phases,
separated by an intermediate interference period. The following maximum peak
velocities were recorded in the free-field during the respectively higher and lower
frequency excitation phases:
• 0,081 and 0,071 cm/s in the horizontal directions,
• 0,287 and 0,058cm/s in the vertical one.
These values are well below the 0,5 and 0,3cm/s conservative foundation velocity
limiting values that are recommended in the DIN4150/3(1983) Standard for preventing
any damage to occur in the case of blast induced vibrations in a "particularly sensitive
building environment". The corresponding maximum peak horizontal accelerations are
close to that of a M.M. grade III intensity earthquake, characterized by maximum
horizontal accelerations up to 0,002g.

5. REACTOR SHAFT RESPONSE

Figure 4 shows the time-histories that were recorded during the triple blasts
experiment at the reactor shaft base (see Figure 2) in the longitudinal, transverse and
vertical directions. The reactor shaft base responses (recorded at the reactor building
foundation slab level) appear to be significantly lower than the corresponding free-
field excitations; with the exception of the lower frequencies vertical vibrations, which
show to maintain almost the same amplitudes - however with a slower decay - at the
reactor base than in the free-field. Just a slight amplification of the vertical response
was measured around the metallical top of the reactor shaft, suggesting that a
prevailingly "rigid" vertical response of the latter occured.

More detailed observations can be made by comparing the response spectra of the
reactor shaft base induced motions to those of the free-field excitation. For that
purpose, the 2% damping pseudovelocity response spectra were computed in the 1-
lOOHz frequency range for the excitations that were simultaneously recorded in the
free-field and at the reactor base. These pseudovelocity spectra can be considered to
reflect the amount of energy content that is present in the recorded motions at the
various frequencies. The free-field and the reactor base response spectra of the triple
blasts ground excitation records are shown in Figures 5 and 6.
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While in the first diagram the spectra of the corresponding horizontal motions can
easily be compared, the second diagram shows the difference in the vertical free-field
and reactor base motions response spectra. It clearly appears that:
- The spectra computed from the horizontal motions at the reactor shaft basement are
both well below that of the corresponding free-field excitations.
- The same observation holds for the vertical excitation in the higher frequency range.
Around 2Hz however the reactor base vertical motion spectrum exceeds the free-field
one; two small peaks are noticed at 1,75 and 2,34Hz.

These important observations indicate the activation of favourable dynamic soil-
structure interaction effects: the thick reinforced concrete continuous foundation slab
of the reactor containment building succeeds in remarkably attenuating the earthquake-
like excitation levels: The horizontal excitation energies at the reactor shaft base show
to be drastically attenuated over the whole frequency range in comparison to the free-
field excitation and a considerable vertical vibration energy cut off is achieved above
3,12 Hz; below the latter frequency, however, the excitation energy of the reactor base
is somewhat amplified with respect to the free-field one.

6. CONCLUSIVE CONSIDERATIONS

The IAEA promoted dynamic testing investigation of the Paks NPP site by means of
buried explosions-induced ground motions has provided a large amount of interesting
data on the structural response of the plant's major constructions. The technique used
by the Hungarian mining specialists for carrying out the underground explosions
actually succeeded in producing an earthquake-like excitation of rather low but quite
well measurable intensity. High quality digital data acquisitions were made by means
of the ISMES dynamic measurement instrumentation and data acquisition system.

A first series of analyses of the experimental data has recently been performed for
examining the free-field excitations that were actually produced during the blast-
induced ground shaking experiments and interesting information on the actual
dynamic soil-structure interaction effects could be infered for low level seismic-like
excitation. A further detailed analyses task has still to be conducted for extracting
information on the structural characteristics and behaviour of the Paks NPP major
constructions.

For determining the actual modal characteristics (fn, <j)n and ^n), energy spectral
density analyses [/I/] can be made of the collected data. As a simple illustrative
example, the energy auto- and the cross-spectral density diagrams of the twin
chimneys' top responses to the ground excitation are reproduced in Figures 7 and 8.

The auto-spectral density function, describes the vibration intensity (the variance of
the measured quantity) distribution in the frequency domain and thus allows to identify
the structural resonance frequencies at its peak values; moreover, the associated
structural damping ratios can be estimated from the peak widths. On the other hand,
the cross-spectral density function describes the frequency domain distribution of the
covariance of the measured quantities in two different stations. The real (coincident)
part of this function clearly shows the in- or out of phase relationships of the motions.
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TWIN CHIMNEYS' TIP
MEASUREMENT STATIONS

. laterall

Figure 7. Energy auto-spectral densities
of the twin chimneys' tip transverse and
longitudinal responses

Figure 8. Energy cross-spectral densities of
the twin chimney's tip transverse responses

From the above-reported diagrams, it can be concluded that:
- The first two longitudinal bending resonance frequencies of the twin chimneys are at
1,97Hz and 3,2Hz, with a further minor resonance frequency located around 4,6Hz;
- The first two synchronous lateral resonance frequencies of the chimney stacks are at
2,07Hz and 4,73Hz, while the first alternate lateral motion resonance occurs at 3,37Hz.
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