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ABSTRACT
Determination of the dynamic properties of the reactor building of Atucha II NPP is carried out in
order to: i) Obtain valuable information for seismic qualification of the plant, and ii) Assess some
procedures for testing and analysis that are used in the process of seismic evaluation of existing
nuclear facilities founded on Quaternary soil deposits.
Both steady state and impulsive dynamic tests were performed but attention is centered here in the
techniques used to determine natural frequencies and modal damping ratios with impulsive tests.
Numerical analyses were performed by means of a 3-D model model of the superstructure together
with foundation stiffness coefficients derived in a separate paper from steady state vibration tests,
and also from analysis with a 2-D F.E. model of the soil layers capable of approximating the 3-D
features of the problem. The computed foundation stiffness coefficients are compared both with
those obtained from the tests and from an axisymmetric F.E. model; results indicate that foundation
stiffness coefficients calculated with F.E. models with soil parameters given by laboratory tests
performed on cored samples are significantly lower than those given by the steady state vibration
tests.

I. INTRODUCTION

Seismic evaluation of existing nuclear facilities, currently under way following national and

international guidelines, normally requires as a starting point a reliable estimate of the dynamic

characteristics of the structure-foundation system, and of the electromechanical systems and

components. In contrast to the seismic design of new facilities, their as-built properties can be

determined both by tests and analysis, and the results of the two approaches can be used to validate

the assumptions adopted for analysis.

As part of a seismic evaluation programme, small amplitude vibration tests of full scale structures

are one of the alternatives to estimate the dynamic characteristics of structure-foundation systems

The size and complexity of nuclear power plants is often such that considerable resources are

required to perform these tests. In order to obtain as much data as possible from the tests of Atucha

II NPP, several concurrent objectives and redundant paths to achieve them were formulated while

planning the test programme.

One of the main participants of the Atucha II vibration test programme has performed,

cooperated and participated in other similar tests of full scale nuclear power plants and large scale

models. For that purpose it has developed measuring techniques, software and equipment to record,

process and interpret steady state vibratory tests by means of mechanical exciters, providing the basic
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experience to achieve the proposed objectives of the test programme. The results of these tests for

Atucha II NPP and other plants have recently been reported [1], [2], [3], [4], [6] and [7].

Since a very significant part of the total effort involved in the tests is related to installation and

control of the equipment, it was decided to use the same instrumentation to record response of the

structure to impulsive loadings.

Ground explosions have been used as impulsive excitations to determine dynamic properties of

the VVER type nuclear power plants, as part of a comprehensive effort to evaluate seismic capacity

of the main building complex [5]. In the case of Atucha II NPP the use of explosives was not

acceptable due to congestion of the construction site at the time of the tests. Other methods to

generate impulsive actions, such as the sudden release of pressure from pressurized cylinders, airguns

or similar devices were also considered, but were later discarded in favor of the simpler alternative of

impacting a weight on the natural ground near the reactor building.

A 3-D F.E. model of the superstructure was developed and analyzed under different assumptions

for the foundation stiffness, and natural modes and frequencies were determined for the soil-structure

system. Dynamic stiffness coefficients of the foundation were determined by means of a 2-D F.E.

representation of the horizontally layered site, adapted to account for the three dimensional nature of

the problem. Results for this model were then compared with those given by an axisymmetric model

[6] and by direct reduction from the steady state vibration test results [7].

2. TEST SEQUENCE

The impulsive excitation was introduced by hoisting a concrete block of 1.6 tons with a crane,

and dropping it on the ground from approximately 6 m. The magnitude and location of impact was

selected and assessed in the field with a series of preparatory shocks to set the scales of the

instruments. The location of the point of impact, indicaded in Figure 1, is contained in a meridional

plane at 45° with the X,Y axes.

Both horizontal and vertical displacement sensors were installed to measure displacements of the

concrete structure at the base slab and at higher elevations. The horizontal displacements were

measured in the meridional plane of impact. Even though more recording channels were available,

restrictions in the sequence of the other tests performed at the time did not allow a more complete

instrumentation. Location of instruments is given in Figure 2.

After all instruments were in place, preliminary tests were performed to select the scales of the

recording equipment prior to the final tests. The complete sequence of main shocks, six in total, was

carried out in a few minutes; Absolute displacements of the structure were measured with inertial

displacement sensors set at a natural period of 1 second, so that their transfer functions are flat for
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frequencies higher than 1.4 Hz., with a sensitivity of 1 urn; the lower sensitivity for frequencies

below 1.4 Hz did not impair identification of the natural frequencies of the structure, all above 2 Hz.

It is of interest to note that, in spite of the large total mass of the structure, the limited energy of

the excitation was sufficient to generat" clear and distinctive signals in the displacement sensors,

with sufficient amplitude to render acceptable signal to ambient noise ratio. In fact, as shown in

Figure 3 for sensors H3 and V6, the recordings of response at any given location for two successive

shocks were very similar in amplitude and frequency content. Moreover, as previously pointed out,

the frequency content of the incident wave generated in the soil by the impact, as shown in Figure 3

for sensor VI, was uniformly distributed in the range of 2 to 12 Hz. Thus, even though the structure

response is strongly affected by deformations of the soil, particularly at the fundamental frequency of

the soil-structure system, the peaks in the frequency distribution of response is a direct consequence

of the selective amplification of the excitation waves by the natural modes of the combined system.

3. INTERPRETATION OF TEST RESULTS

Duration of the significant part of the structural response to the impact loads was typically two to

three seconds as depicted in Figure 3. Some background noise was present in the records but its

amplitude was not significant relative to the signals due to impact. Absolute displacement records

shown in Figures 3 and 4 were normalized with respect to the maximum value at one particular

sensor and impact test; this normalization did not imply loss of information since the exact nature,

distribution and intensity of the excitation transmitted by the soil to the structure is not known, and is

not required for interpretation of the results.

The width of the sampling window used to analyze the records was selected according to the

following criteria: i) It should be sufficient to capture the lowest dominant frequency of response,

estimated at 2.5 Hz, with a minimum of 3 cycles within the sampled segment; ii) The window should

allow analysis of the evolution of amplitude and frequency content of response along the 2 to 3

seconds total duration of the records; and iii) A silent zone should be added to all records in order to

increase frequency resolution.

With these conditions a Hanning window of 1.3 second width was adopted and a final silent zone

up to 20 seconds was added to all records.

A basic condition to identify the natural frequencies of the soil-structure system from the

frequency content of the transient records is that the distribution of amplitude of the excitation with

frequency be as uniform as possible within the frequency range of interest. This assumption is

reasonably satisfied as indicated by the free field displacements given in Figure 3. A Fourier analysis

of the total length of these records indicates that the dominant frequency components were all above
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2 Hz. The amplitude of the FT of the free-field ground motions measured at a location between the

point of impact and the reactor building shows a smooth and almost uniform frequency distribution

in the range of interest (2 to 12 Hz) so that the peaks of the frequency distribution of structural

response can be attributed to the natural frequencies of the system.

The Fourier amplitude spectra of Figure 4 were obtained by sliding the sampling window along

the time axis for sensor H3. The lowest frequency peaks of each curve exhibit some frequency drift

from 2.5 to 3.2 Hz; this drift is less pronounced for the other peaks.

An alternative way to determine the dominant frequencies of response is proposed here through

the phase angle of the Fourier Transform of the signals sampled with a series of windows equally

spaced in time. A norm of the phase dispersion (PD) of the FT is proposed through the following

expression:
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/' is the frequency at which PD is evaluated

(po is the phase angle at frequency / of the/th sample of the signal

(pit is the phase angle at frequency / of the Ath sample of the signal

n is the total number of windows considered

Notice that PDi varies from 0 (no dispersion at that frequency) to 1 (maximum dispersion at that

frequency). The dominant frequencies are associated with the relative minima of PD as shown in

Figure 5 for individual sensors (top) or for the summation of the PD of all sensors (bottom). The

latter values are given in Table 1 together with the frequencies obtained from the steady state

vibration tests [7]. In this procedure dominant frequencies are implicitly assumed to remain constant

during the transient process. The authors are not aware of a previous similar application of the phase

angle variation with time to define the dominant frequency components.

To calculate the damping ratio for each of these frequencies the following technique was

implemented. The amplitude of response was obtained for each of the sampling windows, and

plotted as function of time. Since the duration of the excitation is very short as shown in the record

of the free field on the ground surface, it may be assumed that the amplitude after the first peak of

response corresponds to free vibration of the system. The damping ratio is directly related to the rate

of decay of the amplitude after the first peak.

This technique was assessed by aplying it to calibration signals of known characteristics. These

tests showed that this method is reliable when the dominant frequencies follow the pattern given in
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Table 1, but is Jess accurate when closely spaced frequencies and high damping ratios are involved.

Damping ratios found are given in Table 2. Their values vary with location and frequency, from 23

% for the fundamental mode to 4 % for the eighth mode. Figures 6 and 7 contain typical results of

this analysis.

Figure 8 shows sketches of the mode shapes associated with the frequencies given in Table 1.

Horizontal displacements correspond to the meridional plane that contains the point of impact. These

results indicate that the first two modes involve dominant rocking motions, while the third mode

(5.47 Hz) shows dominant horizontal sway displacements of the superstructure and negligibly small

displacements of the base slab.

4. NUMERICAL ANALYSIS

The 3-D F.E. model developed for the superstructure, with approximately 12.000 d.o.f, is shown

in Figure 9. Most of the structural parts were represented by cuadrilateral elements with membrane

and bending stiffness; the base slab and central sections that support the spherical steel containment

were modelled with eight-node brick elements.

The purpose of this model was to determine the natural frequencies and mode shapes having a

modal mass of at least 1% of the total mass of the structure, using different support conditions at the

base. One condition was to assume the base slab fixed, while the others represent the foundation by

horizontal and rotational springs.

Two sets of spring constants were considered; one of them was the foundation stiffness

coefficients as derived from the steady state vibration tests [7], while the other was obtained with a

2-D F.E. model of the foundation. In both cases the static stiffness coefficients were used in the

analysis since only real-valued eigenvalues of the complete model were to be determined.

Even though it has long been recognized that 2-D models have inherent limitations to represent

3-D dynamic behaviour of rigid foundations as discussed in [8] and [9 ], the dynamic stiffness

coefficients of the foundation of the Atucha II reactor building embedded in a horizontally layered

site were calculated with an alternative plane 2-D F.E. model capable of approximating the three

dimensional nature of the problem. Axisymmetric models to represent 3-D behaviour by means of a

2-D description of the soil if the geometry of the foundation and of the lateral boundaries of the soil

are axisymmetric, are also widely used for dynamic soil-structure analysis. These two approaches

were applied for the case of Atucha II in order to compare the amount of radiation damping of the

foundation given by both analysis models with that obtained from the steady-state vibration tests.

Figure 10 depicts a F.E. discretization of a vertical plane of the soil at the site. The distribution of

soil properties with depth given in the figure was derived by means of small amplitude laboratory
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tests performed on cored samples. The thickness of the slice of this plane model is taken equal to the

diameter of the foundation. To help represent the 3-D behaviour of the slice, two sets of distributed

springs and dashpots are added to the lateral planes (parallel to the plane of the model) in order to

account for: i) The static stiffness of the 3-D system; and ii) The radiation of energy in the direction

normal to the plane of the model.

Horizontal and vertical springs are taken so as to reproduce the static horizontal and rotational

stiffness of the same rigid foundation placed on the surface of the uniform elastic half space. For the

layered site these constants are taken directly proportional to the dynamic shear modulus of the

layers. The two sets of springs generate an additional stiffness matrix that turns out proportional to

the consistent mass matrix of the plane model, which is superimposed with the standard F.E. stiffness

matrix.

Horizontal and vertical dashpots are defined as the shear terms of a Lysmer-Kuhlemeyer boundary

[10]. These elements generate a damping matrix also proportional to the consistent mass matrix of

the plane F.E. model, that accounts for the variation of soil properties with depth.

Figure 11 contains the horizontal and rotational stiffness coefficients for the Atucha II model

shown in Figure 10; results are given as obtained with both the plane 2-D F.E. solution and with an

axisymmetric model of the same system [6]. There it is shown that the real parts are in good

agreement, while the imaginary parts exhibit somewhat larger differences.

Figure 12 presents a comparison of the stiffness coefficients as derived from the forced vibration

tests [7] with those of the plane 2-D F.E. model. There it can be seen that the results of both analysis

models underestimate the imaginary part. In addition, a sign inversion of the experimental results

suggests the existence of a natural frequency of the soil layers between 5 and 6 Hz which is not

picked up by the analyses. These results confirm that the dynamic properties of soil layers as derived

from laboratory tests from cored samples may differ from the actual properties in the field.

The results of the natural frequencies of the 3-D model of the superstructure with the foundation

stiffness as derived from tests analyses is given in Table 3. For the spring stiffness given by tests the

fundamental frequency is 3.35 Hz and for the stiffness from analysis is 2.46 Hz. For the structure

fixed at the base the fundamental frequency is 5.6 Hz, in close agreement with the tests (5.47 Hz).

5. CONCLUSIONS

The series of tests and analyses presented in this paper provide valuable information regarding the

dynamic characteristics of the complex soil-structure system of the reactor building of Atucha II

NPP.

Natural frequencies obtained from impulsive tests are in general good agreement with those
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derived from steady state tests by means of mechanical exciters. For the fundamental frequency of

the structure, results of the impulsive tests show some drift of frequency from 2.5 to 3.2 Hz with a

mean value of 2.72 Hz, while the steady state vibration tests give a mean value of 2.9 Hz.

Damping ratios extracted from the transient tests by measurements at the base slab and in the

reinforced concrete internal structure show a tendency to decrease with increasing frequency. This is

attributed to the larger participation of soil deformations relative to structural deformations for lower

frequency modes. Estimates of modal damping values show considerable scatter from test to test,

situation that is not unusual in attempts to measure damping values of structural systems of

comparable complexity.

Time and manpower required to perform and interpret the impulsive load tests as performed here,

as well as the valuable data obtained from them, indicate that this test method is an expeditive and

potentially useful technique to determine dynamic properties of complex structural systems.

Analyses of the foundation stiffness performed with a plane 2-D F.E. model have produced a set

of dynamic stiffness coefficients in general agreement with those derived by axisymmetric F.E.

models, provided that appropriate boundary conditions are applied to account for the three-

dimensional nature of the problem. However, when the dynamic properties of soils used for analysis

are obtained from laboratory tests performed on cored samples, both types of analysis give results

significantly different from those obtained through full scale tests.
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Figure 1. Atucha II Plant Layout. Location of Impact.
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Figure 2. Location of displacement sensors.
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Test 1 - Sensor 113 Test 2 - .Sensor 113

Test 1 - Sensor V6 Test 2 - Sensor V6
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Figure 3. Displacement records of structure response (H3, V6) and free field (VI).
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Figure 4. Sampling and evolution of Fourier Amplitude Spectra.
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Figure 5. Recognition of natural frequencies by phase-dispersion.
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Figure 6. Modal damping from sensor H3
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Figure 7. Modal damping from sensor V6
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Figure 8.' Sketch of modal shapes of the internal structure
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Figure 9. 3-D Finite Element Model of Siiperstnictiire
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Figure 11. Foundation StifTness CoefTicicnts from Finite Clement Analysis
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Figure 12. Foundation Stiffness Coefficients Experimental vs. 2-D Finite Element Analysis

326



Mode

X 18.80 m
X 0.50 m
Y 18.80 m
Average

1

2.72

2.9
2.9
2.9
2.9

Natural Frequencies
2 3 4

4.42
Impulsive Tests

5.47 6.49

[Hz]
5

7.62
Steady State Tests

4.5
4.5
4.5
4.5

5.9
5.9
6.2
6.0

6.9
6.9

7.3
7.3
7.9
7.5

6

8.38

9.2
9.0
9.1
9.1

7

10.31

10.7
10.5

10.6

8

11.25

11.5
11.4
11.2
11.4

Table 1. Measured natural frequencies.

Mode

H 1
H 2
113
H 4
H5
116
V 4
V 5
V 6
V 7

Average

1
2.72 Hz

22.45
22.74
23.38
22.12
21.53
24.03
22.14
22.28
25.90
23.11
22.97

Modal Damping Ratios [%"
2 3

4.42 Hz 5.47 Hz

16.50
12.54
13.92
10.59
10.92
14.13
13.30
14.69
18.24
20.24
14.51

15.63
9.99
14.54
11.47
9.17
9.23
19.25
18.82
7.43
11.56
12.71

4
6.49 Hz

9.91
6.40
10.46
6.57
6.85
5.05
7.81
10.12
6.37
7.38
7.69

5
7.62 Hz

7.52
7.93
7.48
5.34
6.49
5.97
9.54
7.34
11.32
9.47
7.84

6
8.38 Hz

7.11
9.46
7.60
5.29
6.44
11.54
10.18
9.57
7.21
7.48
8.19

7
10.31 Hz

6.42
3.30
2.30
3.06
3.75
4.90
6.53
7.03
6.65
4.79
4.87

8
11.25 Hz

2.25
2.69
1.45
3.74
3.53
6.53
5.97
5.72
5.75
5.34
4,30

Table 2. Measured modal damping ratios.

Mode

1
2
3
4
5
6
7
8
9

Foundation Spring from
% Modal Mass Frcq. [Hz]

72.1
73.5
1.43
2.72
4.43
2.34
17.4
19.3
1.47

3.35
3.36
4.87
5.89
6.66
7.10
7.15
7.30

. 8.37

Tests
Direction

Y
X
Y
Y
X

Y , X
X
Y

X

Foundation Spring from F.
% Modal Mass

70.0
70.1
1.7
11.3
8.1
-
-

-

Frcq. IHzj

2.46
2.46
4.80
5.16
5.20

-
-
-
-

E.Model
Direction

Y
X
Y
X
Y
-

•

-

-

Table 3. Natural Frequencies by 3-D F.E.Model.
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