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ABSTRACT

In order to evaluate the structural behavior and the seismic stability of the main building
complex during earthquake loading, dynamic analyses were performed using detailed
mathematical models of the coupled vibrating structures (reactor building, turbine hall,
ventilation building, longitudinal and transverse service building). The structural response for
characteristic regions of the buildings as well as the forces in all relevant regions of the
structures were derived and evaluated.

INTRODUCTION

There are four first generation VVER-440 units at Novovoronezh constructed 1962. Two of
the units (1 and 2) stop the operation in 1979. The investigation presented here relates to
Units 3 and 4 which were designed in 1967. Neither of these units were primarily designed
for earthquake loading conditions. The aim of the investigations, performed within the
TACIS project NUCRUS 9401, was to evaluate the seismic stability as well as the dynamic
response behavior of these ‘units during a site-specific earthquake predicted for the site
Novovoronezh.

In order to analyze the dynamic behavior of the coupled vibrating system of four
interconnected buildings and interacting through the soil, an appropriate three-dimensional
mathematical model was generated [3].

The capabilities of the soil at the site were represented by equivalent stiffness and damping
obtained from the impedance function calculated in advance [2] and distributed
appropriately below the discretized foundations. This ensured that not only the elastic
deformability of the soil medium but also is radiation damping to absorb translational,
rocking and torsional motion and hysteretic damping would be properly accounted for. The
calculations were performed in the time domain.

A set of artificial time histories acting simultaneously was used as excitation (Figure 3). The
maximum acceleration for the horizontal direction X1 and X2 was defined [1] as 0.106 g and
0.055 g for the vertical direction.

The modal damping was limited in accordance with international standards.
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DESCRIPTION OF THE STRUCTURE

The main building (Figure 1) of each of the twin units is designed as a rectangular,
reinforced-concrete/steel structure measuring approximately 60 m in length and 51 m in
width. [t is supported by a 1.20 m thick foundation slab.

The bottom of the building foundations is located approximately 3.0 m below plant grade. In
view of the thickness of the foundation slab - 1.20 m - this results in a total height of
approximately 43.0 m of which 39.0 m are above plant grade. The load bearing and
stiffening members mostly comprise walls and floors. Up to elevation 10.3 m, the structure
of the main building represents a monolithic concrete block. The turbine house which is a
concrete-frame structure and has separate foundations is coupled to the main building (by
means of an intermediate building). The turbine house comprises eleven concrete frames
with single footings. The frames are stiffened by longitudinal and cross trusses.

The electrical building (longitudinal galleries) which houses important components is located
between the main building and the turbine house. The control room and electrical
equipments are located in the transversal galleries. This transversal gallery has also single
footings.

The weight of the models is made up by the actual weight of the structure, by the weight of
the important components, the weight of small electrical and mechanical components and
non-dead weights. The weight of the primary circuit, the reactor pressure vessel and
another heavy components were introduced into the model as concentrated masses. Small
weights and non-permanent weights were considered to increase the specific weight of the
corresponding floors. The total weight of the model of the coupled vibrating structures is
approximately 700000 kN.

MATHEMATICAL MODEL

In order to investigate the dynamic behavoir of the main building complex (Figure 1), a
complete three-dimensional model was generated [3]. The main building was idealized by
means of a 3D plate and beam elements model (Figure 2). The type and degree of
discretization of the model (about 15000 DOF) were such as to guarantee that the
frequency range corresponding to the relevant excitations could be analyzed, i.e. that the
structural vibration at the locations at which the components are installed or at which they
are anchored to the structure would be realistically represented.

This yielded an appropriate element size which had to complied with regard to the
adaptation the nodal structure to the axes of the main walls and the floors. The structural
cells and walls determining the load-carrying capacity of the reactor building formed the
basis governing the structure of the model. Small openings and recesses were either
neglected or accounted for by adapting the stiffness and mass of the associated floor or
walls elements accordingly.

In distributing the masses, the loads imposed by the mechanical and electrical components
were also taken into account in addition to the dead weights of the building structure. The
dynamic behavior of the foundation which is situated on a horizontally layered, viscoelastic
halfspace was represented by complex, frequency-dependent impedance functions. These
functions have been calculated for the six degrees of freedom of the rigid foundation.
Embedment of the building in the soil was ignored.

The global soil stiffness and damping underneath the reactor building were derived from the
impedance functions for the following soil conditions: Gmax, Gave and Gmin. The stiffness and
the damping of the sojl were tuned to the fundamental frequencies of the coupled soil-
structure system and were assumed to be frequency-independent. These frequency-
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independent springs and dampers were distributed through all the nodal under the
foundation slab.

DYNAMIC CHARACTERISTIC

The eigenfrequencies and modes were calculated for the static as well as strain-adapted
shear modulus [4]. The modal values for Gaye are shown in Table 1. The final strain-adapted
values were obtained by several modification steps of stiffnesses obtained from the
corresponding impedance function and additional eigenvalue runs.

The fundamental eigenfrequencies are about 3.24 Hz and 3.45 Hz in the horizontal direction
X1 and X2 and about 5.0 Hz in the vertical direction (Figures 5 and 6). The lowest frequency
of the steel structure of the reactor hall in the X1 direction is about 0.98 Hz (Figure 4).

It was found that the sum of the modal masses up to 20 Hz constitutes about 99 % of the
total actual weight and that therefore the frequency range relevant to the seismic loading
condition is adequately enveloped.

In modal analyses, damping is considered in the form of modal damping. On the basis of the
variations in the structural damping characteristics of the building and the soil, the damping
values of the individual modes (modal damping) are calculated by applying a weighting
function proportional to the deformation energy. In accordance with KTA Safety Standard
2201.3 (Ref. [3]), the modal damping values thus obtained were limited to 15 % for
horizontal and rocking vibration, and to 30 % for vertical vibration.

CHARACTERISTIC RESULTS

The structural response were calculated for selected locations (Figure 1). The main building
structure is shown in form of accelerations response spectra (Figures 7 and 8). In addition,
the forces in the structural members were derived and evaluated in accordancy with
International Standards [6]. Figures 10 and 11 shows overstressed (Fy >335 N/mm?)
regions of the steel structures (mainly the roofs of the reactor hall and turbine house). The
figure clearly shows that only few regions the allowable stresses were exceeded (by max. 10
%) in only a small number of regions. Similarly, the bearing capacity of the concrete
columns and beam were evaluated in the overloaded regions (Mmax >1500 kNm) and are
shown in Figures 12 and 13.

CONCLUSIONS

The dynamic behavior as well as the response results are quite similar to those of a other
VVER-440/230 type NPPs operating on soft site conditions. With regard to the rather low
seismic capacity however, (the original design did not consider earthquake loading effects at
all) some regions of the steel and concrete structures seems to be slightly overloaded.

In order to be able to decide if some retrofit measures are required more detailed
investigation have to be performed. With regard to the rather low level of dynamic response
in the characteristic regions, major upgrading measures for components and systems do
not appear to be required.
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Tab. 2 Global Soil Stiffness and Damping
GN MIN
DIR X Y z XX v F73
Ko (kN,m] | 25.066 | 26.2E6 | 66.06 | 23.0E9 | 36.09 | 23.0E9 Tab.3 Stiffi of Separated F i
Ko [kN,m] | 20.066 | 22.2E6 | 66.0E6 | 16.2E9 | 21.7E9 | 16.4E9 -
Dimension Horizontal Vartikal Rocking Torsional
D (%] 40 40 70 30 40 20 (x10% x10%) (x10% (x10%
35x5 054 063 0.032 . 0.012
15x4 032 037 6.1000.023 0.094
SAAVE 4x4 0.52 061 0.21 0,39
3x4 5 0.A7/0.41 0.20
BiR X Y z XX W F72 048 052
I S I " — 25x25 0.32 037 0.052 0.073
Ro(kN.m] | 37.086 | 38.0E6 | 93.06 | 35.0E9 | 53.0E9 | 34.0E9
S MRS RS R X2 018 021 0.018/0.005 0.016
Ko [kN,m] | 35.0E6 | 30.06 | 93.0E6 | 23.8ES | 31.6E9 | 26.0E9 A
3x3 030 0.45 009 0.13
D% 20 20 70 30 40 20
25x3 035 041 0.08/0.06 01
Tx1 013 015 6,003 0.005
34x34 0.44 0.52 613 0.18
GX MAX 2x2 0.26 0.30 0.03 0.04
BIR X 7 7 X W 5 0.75x0.75 010 011 0001 0.001
Ro[kN.m] | 55.066 | 57.0E6 | 136.0E6 | S1.0E9 | 78.0E9 | 51.0E9 70x7.0 312 458 0.0199 0.051
Ko [kN,m] | 45.8E6 | 48.2E6 | 136.0E6 | 35.7E9 | 47.6E9 | 38.1E9
The stitinesses for Gme and Gmin are obtained multiplying the values from Ge. be a factor
D (%] 40 40 70 30 40 20 equal to 2 and 0.5 respectively.
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