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ABSTRACT

Data from seismic tests at the HDR reactor building were used for a systematic evaluation of
possibilities and limitations of "simplified" seismic analysis methods. The models developed
for this evaluation did not have more than 32 degrees of freedom. They were composed of two
dimensional beams and lumped masses for the structures and of spring-dashpot elements for the
soil. Eigenvalues, mode shapes and modal damping values of the soil-structure system were eva-
luated and compared with results from shaker tests. The structural response to an external
blast excitation was analysed by the response spectrum method and compared with recorded data.

It was found that a rather accurate determination of the basic structural behaviour is possi-
ble by using simple beam models with soil springs. Simplified analysis methods were confirmed
to be powerful tools for the design or review of nuclear power plant structures, provided cer-
tain modelling criteria are observed. In particular they are well suited for parameter studies.

1. INTRODUCTION

In addition to more sophisticated seismic analysis approaches, "simplified" methods are often
used for the design or for the review of nuclear power plant structures. Earthquake simulation
tests such as shaker and blast tests at the decommissioned HDR ("Heissdampfreaktor")-facili-
ties in Kahl, Federal Republic of Germany, presented a unique opportunity for a systematic
evaluation of possibilities and limitations of simplified seismic analysis methods.

The study presented in the following is part of the Swiss contribution to the HDR research
project which is coordinated by the Federal Institute for Reactor Research (EIR} and sponsored
by the National Energy Research Fund (NEFF). The project was realized in close cooperation
with the German Nuclear Research Center (KfK). The complete study is reported in Ref. 1.

2. INVESTIGATED METHODS

For the selection and definition of the methods to be investigated, a subdivision into the

aspects "analysis procedure”, "load definition" and "modelling" was made (Table I). In respect
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to the analysis procedures, the main effort was spent on eigenvalue analysis and on modal re-
sponse analysis. The eigenvalue analysis included the determination of eigenfrequencies, mode
shapes, modal participation factors and, in addition, modal damping values. With the modal re-
sponse analysis the peak accelerations of the structure were computed by applying the response
spectrum method. Strongly simplified methods, like a pseudo-dynamic and a quasistatic analysis
procedure, were also evaluated. Finally, floor response spectra generation was investigated by
using two different approaches: the modal time history analysis (deterministic method) and a
direct method based on power spectral density and frequency response functions (probabilistic
method). The loads to the structure were defined mainly by acceleration response spectra or by
selected spectral values. Acceleration time histories were used only to define the excitation

for the deterministic floor response spectra generation.

3. MODELS

The main idea was to work out models with very few dynamic degrees of freedom (DOF) which
still must be able to represent the essential features of the dynamic behaviour. ATl investi-
gated models did not have more than 32 DOF. Most of them were composed of two-dimensional
beams and lumped masses for the structure and of spring-dashpot elements for the soil. The
mode1ling of the building structure and their components was based on original construction
drawings and on equipment data. The soil model was derived from reports on soil investiga-
tions. A "basic model", a "reduced model" and a "modified model" were developed and used for

the eigenvalue analysis and the modal response analysis (see also Table I).

The basic model of the structure is shown in Figure 1. It consists of two vertical and concen-
tric beam cantilevers, which are coupled at the lTevel of 5.0 m below ground surface. One of
the two beams represents the concrete containment, the other one the steel containment shell
and the inner concrete structures with the components. The total mass is 24'660 tons. The mo-
del (including the connected soil springs) has 30 DOF for the horizontal direction and 15 DOF
for the vertical direction. Decoupled horizontal and vertical analysis was considered justify-

able.

The reduced model was derived from the basic model as illustrated in Figure 2 (upper part). It
represents the condensation to a Tower bound number of 14 horizontal and 7 vertical DOF. This

number was considered to be a minimum for a reasonable modelling of the 10 basic modes of vi-

bration in the frequency range up to 30 Hz. Reduction criteria and boundary conditions were

established and observed carefully.

After first comparisons of eigenfrequencies and mode shapes with shaker test results, the
basic model was slightly modified in the basemat area. The modified model (lower part of Fi-
gure 2) reflects a simple and rough estimate of the basemat flexibility. It thus allows for
rotations of the two main structural beams relative to each other. This effect was achieved by
introducing auxiliary beam elements with stiffness characteristics approximately equivalent to

the elastic connection of the containment and the inner structure with the basemat.
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3.2 Soil model and model combinations

The soil model essentially consists of elastic springs, dashpots (representing material- and
radiation damping) and soil masses added to the base structural node. Spring stiffnesses and
radiation damping values were determined by applying the well known compliance functions for
the layered elastic medium and of the equivalent homogeneous halfspace respectively (Ref.3,4).
The influence of embedment and the frequency dependency were investigated (Ref. 5,6). The em-
bedment required an increase of stiffness and damping in the order of 10% (vertical) to 60%
(rocking). Frequency dependency was found to be less important for the existing soil characte-

ristics.

The significant soil model parameters were reasonably varied within the expected range of un-
certainty. The variation of stiffness and damping around their best estimate values was based
on an assumed deviation of +20% for the shear wave velocities as the controlling soil proper-
ties. In this way the three main soil model types "soft"”, "best estimate" and "stiff" were
established. A1l the three soil model types were combined with the basic and with the reduced
structure model for the subsequent modal analysis. The best estimate type only was combined

with the modified structure model.

4. MODAL CHARACTERISTICS

Eigenfrequencies, mode shapes and modal damping values for the described model combinations
were computed with the structural analysis program BHSAP, a modified and expanded version of
SAP IV (Ref. 8). They were compared with results from the shaker tests (Ref. 2) and with re-
sults from more sophisticated seismic analyses performed by other institutions engaged in the
HOR research program. As representative examples the results for the first three modes are

shown in Table II.

For the first mode - representing mainly a rocking rigid body motion - the range of the fre-
quencies computed by the simplified models was between 1.2 and 1.7 Hz. Thus it was in good
agreement with the recorded fundamental frequency of about 1.5 Hz. The modal damping values,
determined as weighted average from contributions of material damping in the structure and the
soil and of radiation damping (Ref. 7), were slightly Tower than the values from the test re-
sults. For the second mode - representing the bending motion of the two structure cantilever
beams in opposite directions - the approaches with the basic model and the reduced model re-
sulted in significantly higher frequencies than the measured ones (4.2 - 4.4 Hz compared with
2.6 Hz). The main reason for this difference was considered to be an underestimation of the
influence of the basemat flexibility. This gave rise to developing the modified model, as de-
scribed in Chapter 3, which allows the vertical cantilever beams to rotate separately. With
the modified model excellent agreement with the measured eigenfrequencies was observed, not
only for the second mode, but also for other relevant higher modes. In particular, the fre-
quencies of modes with motions of the two cantilever beams in opposite directions were found

to be significantly more accurate.
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The shell vibration modes identified by the shaker tests could not be represented by the beam
models. However these modes usually do not contribute significantly to the overall seismic re-

sponse of the structures.

5. RESPONSE TO BLAST EXCITATION

The structural response was analysed for data from an external blast test. Since no represen-
tative free field motion was definable from the tests, the excitation of the structure had to

be described by the recorded basemat motion.

5.1 Peak accelerations

Figure 3 shows the horizontal peak structural response of the HDR-reactor building to the
blast excitation computed by the response spectrum method with the modified model. It was
found that a reasonably accurate assessment of peak accelerations can be achieved by simpli-
fied analysis methods. Consequently, also maximum global forces for the building can be deter-

mined rather realistically.

Reasonable estimates of peak accelerations were also obtained by the pseudo-dynamic method,

whereas the quasistatic method {as was expected) provided very conservative results.

5.2 Floor response spectra

Simplified methods are not considered to be entirely suitable for computation of floor re-
sponse spectra. Nevertheless an attempt was made to work out the possibilities and Timitations

of the modified model for floor response spectra generation.

Deterministic method

An example of a floor response spectrum computed by modal time history analysis is compared
with the corresponding recorded spectrum in Figure 4. The analysis overestimated the struc-
tural amplification for the ranges of the eigenfrequencies represented by the model. On the
other hand the influence of effects not reflected by the simple beam model (Tike shell vibra-
tions) was underestimated. In general the simplified models tend to produce conservative floor
response spectra, especially when the usual methods of peak broadening and smoothening are

applied in order to obtain design spectra.

Probabilistic Methods

The investigated probabilistic method of floor spectra generation (also called the direct
method, Ref. 9) is based on the assumption of a stationary Gaussian stochastic process. The
assumption of stationarity is however not justified for a blast excitation of extremely short
duration. Therefore a response spectrum as well as a corresponding artificial time history,
reflecting an approximatively stationary excitation, were established. In the following, pro-
babilistic and deterministic floor response spectra were generated. The comparison of the
spectra showed a reasonable agreement of probabilistic results with the deterministic ones.
The direct probabilistic method is more efficient and, moreover, it gives information about

the confidence level of the final results.
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6. CONCLUSIONS

Since the HDR reactor building represents an exceptional case - in particular with regard to
its geometry and to the soil conditions - the generalization of the study findings had to be
made carefully. The following possibilities and Timitations of simplified methods were found

and considered to be generally valid:

- A rather good determination of the basic structural behaviour is possible by using simple
beam models, provided they are coupled with reasonably estimated soil springs and dashpots.
Thus peak accelerations and global forces in the structure due to seismic excitation can be
computed (or enveloped) quite accurately.

- Suitable modelling of important boundary conditions proved to be more essential than the
number of dynamic degrees of freedom.

- Extensive and valuable parameter studies are feasible due to the limited computational
effort.

- The degree of detailing referring to the aspects "analysis procedure", "load definition" and
"modelling" are often more reasonably balanced by simplified methods than by the so called
sophisticated methods.

- Limitations were found in the description of the frequency content of structural response.
The agreement of the computed floor response spectra with the corresponding recorded spectra
was not fully satisfactory. In general a trend to overestimation of the response in the fre-
quency ranges of the basic structural modes was observed.

- The applied method for direct (probabilistic) determination of floor response spectra provi-
ded results which were - for approximately stationary excitations, but not for the non-sta-
tionary HDR blast excitations - well comparable with the deterministic results from modal

time history analysis.

REFERENCES

(1) Kernforschungszentrum Karlsruhe; "HDR-Sicherheitsprogramm: Erdbebenuntersuchungen am
Reaktorgebdude, Naherungsverfahren", PHDR 54-84, July 1984.

(2)  Kernforschungszentrum Karlsruhe; "HDR-Sicherheitsprogramm: Vergleich von Mess- und
Rechenergebnissen der Erdbebenuntersuchungen auf niederer Anregungsstufe - A:
Gesamtiibersicht -", PHDR 4-78, September 1978.

(3)  Christiano P.P., Rizzo P.C., Jarecki S.J.; "Compliances of Layered Elastic Systems",
Proc. Inst. Civ.Eng., Part 2, December 1974.

(4)  Richart F.E., Hall J.R. and Woods R.D.; "Vibrations of Soils and Foundations", Prenti-
ce-Hall, Inc., New Jersey, 1970.

(5)  Kausel E.; "Forced Vibrations of Circular Foundations on Layered Media", MIT, Departe-

ment of Civil Engineering, Research Report R74-11, January 1974.

(6)  Luco J.E.; "Impedance Functions for a Rigid Foundation on a Layered Medium", Nuclear
Engineering and Design, Vol. 31, No. 2, January 1975.

— 511 — K 10/10



Roesset J.M., Whitman R.V. and Dobry R.; "Modal Analysis for Structures with Foundation
Interaction", ASCE, Journal of Structural Division, March 1973.

Basler & Hofmann; "BHSAP, Modified and Expanded Version of the Program SAP IV (Universi-

ty of California, Berkeley) for Dynamic Analysis of Linear Systems", Rev. January 1984.

Der Kiureghian A., Sackman J.L. ani Nour-Omid B., "Dynanic Response of Light Equipment
in Structures", Report Mo. UCB/EERC-81/05, University of California, Berkeley, April
1981.

Table I: Features of the investigated methods

l_ SIMPLIFIED SEISMIC ANALYSIS METHODS
[_ ANALYSIS PROCEDURES ] | LOAD DEFINITION ] I MODELS ]
- Eigenvalue analysis ~+ No Toad Building: 2d-beams + lumped
masses
- Modal response analysis by —f» Acceleration response spectra Soil: springs + dashpots
response spectrum method
—_— - Basic model 30 DOF
- Pseudo-dynamic method }_’ Selected values from - Reduced model 14 DOF
- Quasistatic method acceleration response spectra - Modified model 32 DOF
- Floor response spectra and for pseudo-dynamic method:
generation
. Deterministic method —t» Acceleration time histories - Rigid-body on springs
. Probabilistic method —t» Acceleration response spectra - Continuous beam models
Table II: Comparison of modal characteristics
Test Analysis
basic model reduced model modified
model

soft | best | stiff| soft | best | stiff
soil | esti-] soil | soil | esti-| soil
mate mate

Mode 1: Rocking

Frequency
| f (Hz) 1.47 | 1.23| 1.50 [1.73 | 1.22 | 1.48 | 1.71 [ 1.39
|
| Modal
| damping 5.2 2.9 2.8 2.6 2.9 2.9 2.8 3.9
/3 (%)

Mode 2: Bending in
opposite f (Hz) 2.62 | 417 4.24 | 4.26 | 4.31 | 4.37 | 4.38 | 2,57
| directions
| £ix) 3.1 | 7.5 |29 [20 | 6.0 |27 2.2 |1.8

Mode 3: Vertical

f (Hz) 4,03 [ 3.14 | 3.81 | 4.54 | 3.13| 3.80 | 4.57

|
I /i (%) ? 52 50 49 52 50 48
1
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