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CORRIGENDUM 

The second sentence of the Foreword should read as follows: 

"The meeting was hosted by the Commissariat a l'lnergie atomique (CEA)." 



FOREWORD 

On invitation of the French Government the Specialists' Meeting on the 
Seismic Behaviour of Gas-Cooled Reactor Components was held at Gif-sur-Yvette, 
14-16 November 1989. The meeting was hosted by the Central Electricity 
Authority (CEA). The open and friendly atmosphere and excellent organisation 
composed the successful frame of this event. 

There were 27 participants from France, the Federal Republic of liermany, 
Israel, Japan, Spain, Switzerland, the United Kingdom, the Soviet Union, the 
United States, the CEC and IAEA took the oportunity to present and discuss a 
total of 16 papers reflecting the state of the art of gained experiences in 
the field of their seismic qualification approach, seismic analysis metnods 
and of the capabilities of various facilities used to qualify components and 
verify analytical methods. The meeting was rounded off by a concluding 
session followed by a visit to and description of TAMARIS, the new 
multi-purpose seismic vibration laboratory at the Centre d'Etudes Nucleaires 
de Saclay. 

This was the second Specialists' Meeting >n the general subject of 
gas-cooled reactor seismic design. The first was held in San Diego, USA, on 
30 August - 1 September 1982. Since the first meeting, the sophistication and 
expanded capabilities of both the seismic analytical methods and the test 
facilities are apparent. The two main methods for seismic analysis, the 
impedance method and the finite element method, have been computer-programmed 
in several countries with the capability of each of the codes dependent on the 
computer capability. The correlations between calculation and tests are 
dependent on input assumptions such as boundary conditions, soil parameters 
and various interactions between the soil, the buildings and the contained 
equipment. The ability to adjust these parameters and match experimental 
results with calculations was displayed in several of tne papers. Tne 
expanded capaoility of some of the new test facilities was grapnically 
displayed by the description of the SAMSON vibration test facility at Julich, 
FRG, capable of dynamically testing specimens weighing up to 25 tonnes, and 
the TAMARIS facility at the CEA faboratories in Gif-sur-jfvette where tne 
largest table is capable of testing specimens weighing up to 100 tonnes. 

During the discussion and conclusion session, it was generally agreed 
that tne meeting had provided an excellent forum for the exchange of 
information and that another such specialists' meeting in a few years would be 
very worthwhile. It was also recommended that the science of seismic analysis 
had now reached such a state of sophistication that it would be worthwhile for 
the Agency to try to establish through consultants' meetings, a simplified 
approach that countries might use in a standardized manner to qualify designs 
for seismic capability. 

The following proceedings are subdivided into 4 sessions containing all 
presented papers. 
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SUMMARY OF SESSIONS 

SESSION I 

Three papers were presented, one from France, two German papers. 

The French contribution, presented by Mr. Gantenbein, gave an overview 
and a description of methods of seismic analysis for complex structures 
such as nuclear power plants. 

This seismic analysis of the building was taking into account 
structures with important mass or stiffness. The input to the building 
analysis, called ground motion, is described by a response spectrum. 
Various methods as for example iapeda* je method and finite element method 
are available to calculate the response of the structure. 

The author further presented methods to calculate floor response 
spectra which are the data for equipment analysis and also presented 
methods on seismic analysis for both monosupported and multisupported 
equipment. 

The first German paper, presented by Mr. Hansen, dealt with earthquake 
analysis with non linear soil structure interaction and non liaear supports 
of components performed in a working group on further optimization and 
standardization of the HTR 100 power plant. The concept of the reactor 
building which has a relatively high structure compared with the dimensions 
of thi foundation and the deep embedment of the structure in the soil has 
led to a considerable influence on the results of soil-structure 
interaction. The obtained results were also of general interest regarding 
at events like earthquake, impact of an airplain and gas explosion. 

The second German paper presented by Mr. Altes considered the 
contribution of earthquakes to the risk of a HTR 100 nuclear power plant. 
This study recently has been carried out by the Institute of Nuclear Safety 
Research of KFA. The structural response of the primary circuit within the 
reactor building has been calculated using a 3d finite element model 
including the soil structure interaction. Different soil properties have 
been considered. In a sensitivity study the influence of changing the 
support conditions for the reactor vessel and its internals on the response 
behaviour has been analyzed. 

7 



SESSION II 

Three papers from Japan described the site response assessment and 
alternative compliance and finite element methods for SSI analysis of the 
HTTR structures at Darai. 

Mr. Suzuki's paper described the determination of the SI earthquake 
from a consideration of historical seismicity (a return period of 200 ye- 3 
being considered appropriate) and local faulting. A peak of 0.18 g was 
determined for this event. The S2 earthquake was determined from 
seismological considerations and is intented to represent a 10~* 
probability of exceedence. A peak of 0,48 g has been derived. 

Because the SI and S2 earthquakes are defined at bedrock the site 
transmission characteristics have to be assessed and, at this particular 
site, the result is determined from both experiment and analysis. 

The papers by Mr. P. Yagishita and Mr. T. Yamagishi described SSI 
analyses using compliance and FE methods respectively. It was noted that 
the FE results gave less important results than the compliance method. 

There was some interesting discussion on these three papers concerning 
the justification of taking advantage of the reduction of motion with depth 
for these deeply embedded structures. Technically this was considered to 
be correct but this will be the first Japanese site where such a procedure 
has been approved by the Japanese licensing authorities. 

The fourth paper in the session, by Mr. F. Allen, UK, described the 
influence of the requirement for a seismic capability on the design of the 
Reysham II AGR. The major factors were the PCPV restraint rig, the fuel 
machine clamps, boiler restraints, seismic instrumentation and snubbers for 
pipework. The total resulting cost increase of implementary the seismic 
assessment was estimated to be of the order of 10 X of the cost of the 
station. 

The final paper in the session by Mr. F. Tajirian described a SASSI 
SSI analysis of the deeply embedded modular HTGCR. Because of the depth of 
embedment the reduction of motion with depth was recognized as being 
extremly important, especially for a design intended to be capable of 
construction at 65 X of US sites. The effect of interaction between two 
adjacent structures has also been assessed and is expected to increase 
responses by 5 X to 15 X. 

Some discussion regarding the need to consider the effect of soil 
separation on the vertical sides of the embedment took place during the 
session and opinion was fairly uniformly divided regarding the necessity 
for such parametric studies. 

8 



SESSION in 

In Session III, there were 5 papers, three papers from Japanese HTT3 
project and two papers from Soviet Union activities. 

Japanese are now focusing the construction of the BTTS to achieve the 
initial criticality in 1995. Then, a lot of activities concerning aseismic 
design has been performed for the reactor internal components. 

The first paper presented by Dr. S. Shiozawa refered to the seismic 
response analysis of the RTTB core with S0RATIHA-2V Code. The experimental 
results were also introduced in comparison with the analytical results. In 
general, the analytical results showed a good agreement with the test 
results. 

The discussion was made mainly on the difference between key /key-Way 
system and dowel/socket system. 

The S0HATIRA-2V Code has been originally developed for the HTTK, 
however, it is hoped to be applicable for general purposes to treat impact 
forces upon block to block collision. 

The second paper presented by Dr. T. Hiki refered to the core bottom 
structures. He emphasized that the analytical model was successfully 
developed on the basis of largescale vibration tests. 

In the third paper by Mr. S. Katagiri, an excellent scrammability was 
shown by the vibration tests. The discussion was made on the possibility 
of the misalignment of the control rod guide blocks and also the 
reliability of the oil damper which reduces the acceleration imposed on the 
control rod drive. 

Finally, the presentations by Ms. T. Chikunova and Mr. V. Silaev from 
the Soviet Union were made, concerning the aseismic principle of BTM type, 
high temperature gas-cooled reactor. The finite element model (beam model) 
was described and numerical results were given. 

9 



SESSION IV 

In Session IV - 3 papers were presented mainly on core behaviour: 

- 2 on HTR core (gennan project), 
- 1 on AGR core and boilers (UK - Heysham) 

HTR Core 

The first paper was related, mainly, to the experimental work which 
was performed on the Jtilich shaking table. 

The aim of this work was to study: 

- The pebble bed - Parametric tests were performed (influence of the 
excitation level, frequency of the sinusoidal excitation . . . ) . The 
main conclusions were: there is no behaviour comparable to 
sloshing, there is a 2 X compaction. 

- The top reflector - It allows the validation of a spring mass model 
with impacts. 

- The side reflector - This structure shows a very good behaviour 
under seismic load. 

A question on the consequency of the compaction on the reactivity was 
asked during the discussion. The answer was that it has been studied, the 
consequencies are acceptable and this is partly due to the fact that on the 
top there are new pebbles. 

The second paper was related to the analytical model of the pebbles. 
An anisotropic finite element model was developed based on Darbre and Wolf 
theory. 

The application of this model shows the very great influence of the 
friction between the pebbles. 

AGR Core 

The paper was related to the study of the boilers and of the core. 
For both structures a short description was given, followed by the 
presentation of the tests and of the analysis. 

In conclusion for boilers the tests were useful but not essential, but 
for the core the tests were necessary. 

Two questions arise during the discussion: 

- due to the program on AGR, was this work on Heysham II be done 
because of new requirements. The response was yes: but no new 
seismic requirements were given for other AGR. 

- Could comments on the statistical method to study core be given. 
Response: up to now no. 

10 
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METHODS FOR SEISMIC ANALYSIS 
OF NUCLEAR POWER PLANTS 

F. GANTENBEIN 
Departetient des etudes mecaniques et thermiques. 
Commissariat a i'energie atomique. 
Centre d'etudes nucleaires de Saclay. 
Gif-sur-Yvette, France 

Abstract 

The seismic analysis of a complex 
structure, such as a nuclear power plant, is done in various 
steps. An overview of the methods, used in each of these steps 
and widely described in reference [1], will be given in the 
following chapters : 

- Seismic analysis of the buildings talcing into account 
structures with important mass or stiffness. The input to 
the building analysis, called ground motion, is described by 
an accelerogram or a response spectra. In this step, soil 
structure interaction has to be taken into account, various 
methods are available : impedance, finite element. The 
response of the structure can be calculated by spectral 
method or by time history analysis ; advantages and 
limitations of each method will be shown. 

- Calculation of floor response spectrum which are the data for 
the equipment analysis. Methods to calculate this spectrum 
will be described. 

- Seismic analysis of the equipments. Presentation of the 
methods for both monosupported and mul^isupported equipment 
will be given. In addition methods to analyse equipments 
which present non-linearities associated to the boundary 
conditions such as impacts, sliding will be presented. 
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I - BUILDINGS -

The first phase of the seismic analysis for 
a nuclear power plant is related to the building analysis. For 
each building, the modelisation, generally performed by finite 
elements, represents the main parts of the buildings that is to 
say those which contribute to the overall behaviour (important 
mass or stiffness). In this step, the soil-structure 
interaction has to be taken into account. 

For isolated building (which means that 
there is no structure soil-structure interaction), various 
methods are available and are used currently for the design of 
NPP building in France. They can be classified in two series on 
which comments will be given after a short description. 

Impedance method -

This method which is the simplest and the 
most usual one makes the hypothesis that the behaviour of tha 
building can be calculated taking into account the stiffness, 
the damping and the mass of the soil and forces applied only on 
the building equal to - f0 M U. 

M -X L»± =* ~ ' . 
^ *M - - - - -

Y-V: •/-•---•• - . v . 
Free field Building Building 

(Absolute motion) (Relative motion) 



]4 The soil influence on the building can be, 
in fact, replaced by impedances that is to say relations 
between forces and displacements at the foundation. 

— — — '•" — b 

These impedances depend on frequency but 
generally in the calculation they are supposed frequency 
independent. 

Some formulas are available in literature 
for homogeneous soil and circular or rectangular basemat [2], 
[3]. In addition, corrections for taking into account two 
layers of soil or embedment can be found. 

For more complex situations analytical 
calculations have been developed by Prof. LUCO [4] and have 
been introduced in the computer code C1ASSI. 

In D.E.H.T., a method to calculate the 
impedance has been developed for 2D geometries (plane or 
axisymetric geometry) and layered soil. This method is 
described in references [5], [6]. To determine the impedance, 
the response to an impulsional excitation applied to the 
foundation is computed. The choice of an impulsional force 
presents the advantage of a short calculation time : the 
computation is stopped when the foundation commes back to its 
initial position. 

3 -X *-Mj 
—» -vJ 

Kf : stiffness 

Cf : damping 

- If P(t) is the excitation and U(t) the foundation time 
history displacement, for each frequency the complex 
impedance is given by the following ratio : 

FT(VM10) " VLu*) 

where P (OJ) and U (u) are the Fourier transforms of 
excitation and displacement. 

- The impedance can be split into real part and in; jinary part 

K (L4 - k (ui) + i h (u)) 

- The real part can be represented by an equivalent spring ; 
for u)» 0, we find the static stiffness k 0 which can be 
obtained also by a static calculation. 

- The imaginary part has a damping meaning. The equivalent 
viscous damper is given by : 

cc«v- *- ft (-) 
- This equivalent damper comes from the combination of internal 

damping and radiation damping. Internal damping is a data of 
the underlaying soil while radiation damping is 
characteristic the loss of energy due to wave propagation in 
infinite medium. It depends on the foundation radius, tne 
wave relfexion on different layers ... 

- An example of the equivalent damping and stiffness calculated 
for circular foundation by this method is given in Figure 1 
for swaying on an homogeneous soil and in Figure 2 for 
rocking on a layered soil. 

- This method has baen successfully compared '„c CLASSI 
impedance calculation [7], 



S E l I t l W 

2 .S1Q • " \ 

1 . 9 CIO / \ 

s.a EIO 

:.? s:c 

1 . 6 EIO 

i.5 n o 

Fr«3Vi»n=y (Hz) 

Qsapin? 

Frequency <H= 

FIG. 1. Impedance for homogeneous soil. 

is 

« % J 2 U 

H 

E. 3toObo/J <>i O. <,« 

E : ICoootaA'l \>\ O.^fc 

E r ASIOObcJV l>i 0 ( i t 

E . \fgOO IMV' / U>t t> (,1 

E s 4 4 t o o t A ' j u ' fO. t . t 

t.til 

t . t n 

Equivalent viteous damping 

| ROCKING | 

-t—r 
Frequency 

-r 

I I I * 

4 era Equivalent 

m m stiffness 

A ! ( 1 

*. tl> 

1 l n ( 

U l . \ 

K I H 

->\tn 

1A* ' | ROCKING Frequency 

FIG. 2. impedance lor a layered soil. 

file:///fgOO


The main advantages and limitations of the 
impedance method are the following ones : 

- simplicity, 
- limitation to linear analysis, 
- limitation to frequency independent springs when using modal 

combination to calculate the seismic response. 

In addition, generally this method is 
applied for non deformable foundation. In case of deformable 
foundation, a stiffness matrix must be taken into account ; it 
couples the motion of the various nodes of the foundation. Of 
course, when the building model is a stick model, the 
foundation is supposed to have no deformation, but when taking 
a more sophisticated model (axisymetric, 30) one have to pay 
attention to the foundation stiffness [8], 

Finite element method -

An other method to take into account SSI is 
based on finite element aodelisation for the soil and the 
structure. The calculation, performed in function of time or of 
frequency, is divided in two steps : 

- deconvolution : to obtain the motion at the base of the model 
- calculation of the soil and the structure motion. 

— • r • i i • 

— 1- • _•> _ > _ , — » — * — » — T 

The finite element method, which is well 
known by the code FLUSH [9], has been developed in the computer 
code of C.E.A./D.E.M.T. The description of the methodology, 

( 

particularly of the boundary conditions and the sources, is 
given in [10], [11]. The solution of the equilibrium equation 
is performed in the time domain and not in the frequency 
domain. An application has been performed for a 2D model of SPX 
reactor building (Figure 3). Comparison of transfer functicn 
obtained from impedance method and F.E. method is shown on 
Figure 4. Application to a non linear behavior of the soil has 
also be performed ; the calculated displacements, floor 
response spectrum and plastic deformation are given on Figures 
5, 6, 7. 

FIG. 3. Building and soil model. 
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Of course, for time domain calculation, a 
time history of the accelerogram is needed while the usual free 
field data is the spectrum. Synthetic time history can be 
calculated by linear combination of independent sinusoids [12], 
[9]. The application of such a method for the R.G. spectrum is 
given on Figure 8. We must recall that it is necessary, when 
applying such a method, to pay attention to the frequencies 
which are used for comparison between the given spectrum and 
the spectrum of the synthetic accelerogramm. These frequencies 
are generally equal t- the frequencies used for the ajustment 
of the sinusoid amplitudes, but their number must be sufficient 
to avoid unacceptable discrepancies between the two spectrum 
outside the frequency mesh. 

This finite element method,which is more 
expensive to apply than the impedance method due to the number 
of elements, time step of the dynamic calculation, number of 
time histories to take into account, has the great advantage to 
represent : 

- any shape of the foundation, 
- any deformation of the foundation, 
- non-linearities of the soil or of the structure. 

But, generally, the applications are limited to 2D geometries. 

For non isolated building, impedance matrix 
which couples the motion of the various building foundations 
has to be calculated. It can be done by codes such as CLASSI 
and by the impedance calculation method described previously. 

Finite element method takes automatically 
this coupling when the various buildings are represented. 

VRC spectrum 
Synth* tic acc«lt-
royrim 

FIG. 8. Spectrum of synthetic accelerogram adiusted on NflC spectrum 
(damping 2%). 

II - FLOOR RESPONSE SPECTRUM -

The seismic analysis of the building give* 
the response of the building that is to say displacements, 
accelerations, forces... An other very important result for the 
equipment analysis is the floor response spectrum. 



During many years, the calculation of these 
spectrum has been performed from time history calculation 
though it \%more expensive than the modal combination with 
spectrum usually applied for the building response calculation. 

Direct method of floor response spectrum 
calculation are now available [13], [14], [15]. They are based 
on stochastic hypothesis on the seismic input and they lead to 
rather simple calculation. Their data are the modal 
characteristics of the building (frequency, modal mass, 
participation factor) and the PSD (Power Spectral Density) of 
the soil motion or the soil spectrum. 

A similar method has been developped at 
C.E.A./D.E.M.T. and has been successfully compared to time 
history calculation [12], [16] (See Figures 9, 10, 11). 

Ill - EQUIPMENT ANALYSIS -

Monosupported equipment -

Due to the differences between modal base 
of the equipments and of the buildings, it is necessary to 
present some comments about modal combination for the 
equipment. 

When modes of a structure are well 
separated, the SRSS method gives an acceptable estimation of 
the response. Nevertheless, it is necessary to pay attention to 
the truncation of the modal base ; but this effect can be taken 
into account very simply from a static calculation of the 
structure. 

19 

• • ' i 

D*mpiai • 0.01, 0.02. 0.05. 0.10. 0.20 

.' - J Nx 

Time his t o r y 

5yn th*t ;c 

I • 10 • 

FftEBUCNCr 

l • • 10 * 

(3.HZ) 

FIG. 9 Floor responi* spectrum. 



10 » 

10 • - Time history 
- S y n t h e t i c 

1(T» . > . , . 1 . , . . , . ! 
• 10° > « « • 10 

(13.HZ) 

FIG. 10. Floor response spectrum. 

1/v; - » - T — r ' f • •• • i r -..,... •• r t ~r-

**"i ,«'-» 1 i—t—rtt^-

Time ftjstory 

Synthetic 

i • i — n r 
ntauiNCy 

i—i—rvt snctm w noHemn <COIWHMIOH TIUCIR cmeui. URCCTI > t ( is « 

FIG. 11. Floor response spectrum. 



The maximum response, R, can be written 

R 2 = ]T Ri 2 + p 2 

R^ is the contribution of the mode which frequency is inside 
the amplification zone of the spectrum (R̂  is proportional to 
the spectrum at the mode frequency). 

p is the truncation correction. 

In case of closely spaced mode for the 
equipment, a good approximation of the response is given [17], 
[18] by a formula similar to the R.G. 1-92 ROSENBLUETH formula 
[19] and called DSC rule in the reference [18] 

R 2 = ^ R i Rj Pij + p 2 

P̂ -: is given in the R.G. and decreases with the frequency 
difference f^i - Uj) . 

In this term, one must take into account 
the signs of the modal contribution (R^). 

Comparison of the previous formula to time 
history results is shown on Figure 12. On this figure, one can 
notice the good agreement between DSC formula and time history 
calculation when the two modes are closely spaced. When their 
gap is greater, the discrepancy is not related to the coupling 
term, because it is negligable. The same discrepancy, which is 
lower than 20 *, will be obtained when using SRSS formula. 

Multisupported equipment -

When the structure has different input 
motions at the different supports, the analysis is slightly 
different [20]. 
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27 The response of the structure can be 
separated in two parts : a relative motion to the support, D, 
and a pseudo static notion, D e . This pseudo static notion is, 
at each tine step, the static response of the structure to the 
input motions and gives some non zero stresses. They are 
generally supposed to be secondary stresses. 

The equations are : 

with : 

K : ttre stiffness matrix of the structure fixed at the support. 
M : the mass matrix of the structure 
y : the input notion vector 
R : reaction forces at the nodes where the notion is imposed. 

The relative displacenent, D, is calculated 
by using modal base calculated with fixed boundary conditions 
and the amplitudes of the modes are given by : 

« 1 « I ft. ̂ui. - u>\ «* - ̂ kl W " M 

O -- L «- "&>. 

where F n is the reaction force of the node n. The relative 
displacement can also be written : 

D s L. L. *.. c^ ix 

These equations show an important problem 
for multisupported structure : how to combine the different 
motion contributions ? 

- The absolute combination is conservative. 
- The quadratic combination is only available for support on 

independent buildings. 

Some approximations are generally necessary 
as, in most cases, no information about support motion phases 
is given [21]. 

The combination of modes is done by SKSS. 

Equipment with non linear boundary conditions -

Equipments can have non linear boundary 
conditions due to sliding conditions, gaps ... The gaps are 
introduced because of thermal conditions but, during the seism, 
they introduce impacts. 

To taK4 into account nost of these non-
linearities it is, up to now, necessary to perform tine history 
non linear calculation, though work on equivalent linear model 
is in progress [22]. 

and : 

«„ 
W\0/»» 



A very efficient method consists to use the 
modal base of the free structure and to write the non linear 
motion on this base. External forces which represent the non-
linearity (impact force ...) are then added [23]. 

This method presents the advantage to allow 
non linear calculation on a small number of uncoupled 
equations. It has been widely applied for core analysis [24]. 

Seismic tests -

For equipments, the seismic design is not 
necessarily done by calculation but can be done by 
qualification tests. Tests can also be performed in order to 
validate the methods or the model when the structure is complex 
[251. 

An usual tool for seismic tests is the 
shaking table and, depending of the available facilities and of 
the equipment, the tests are performed on ID, 2D or 3D shaking 
table. A presentation of the C.E.A./D.E.M.T. seismic facility 
is given in [26] and is drawn on Figure 13. 

By example, validation tests for fast 
breeder reactor core and qualification test for shutdown system 
were performed [27], [28]. For the core a representative mocK 
up was tested with a ID excitation (Figure 14). The test 
results were compared to non linear calculation taking into 
account shocks between the core assemblies (Figure IS). 
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CONCLUSION 

An overview of the methods for seismic 
analysis has bean praaanted (see also [29]) fro* the simplest 
related to linear behavior up to more complex methods which 
allow the representation of non-linearities (material non-
linearities - r.on linear boundary conditions). Some aspects of 



the seismic design thich have not been presented, such as the 
current practice and the regulations, are detailed in other 
papers such as [30]. 
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EARTHQUAKE ANALYSIS WITH NONLINEAR 
SOIL-STRUCTURE INTERACTION AND 
NONLINEAR SUPPORTS OF COMPONENTS 

V. HANSSON 
STRABAG BAU AG, 
Koln, 
Federal Repuhlic of Germany 

Abstract 

For the determination of the seismic response of a structure 
the soil-structure interaction in most cases is modelled by 
a mass-spring-damper-system. Normally design concepts for 
components and piping are based on linear calculations and 
stresr limitations. 
A concept for a reactor building for the KTP. 100 consisted 
of a relatively high structure compared with the dimensions 
of the foundation. The structure was comparatively deep 
embedded in the soil, so hore the embedment influences 
significantly the soil-structure interaction. The assembly 
of reactor vessel, heat exchanger and circulators has a 
height of about 37 m. Supports are arranged at different 
levels. Due to temperature deformations if the vessel and of 
the support constructions small gaps at the supports may 
only be avoided by complicated constructions of the 
supports. 
During the last year:, more and more nonlinear behaviour has 
been examined for the determination of seismic response of 
components. If ncnlinearities result trom friction and 
plastifications ronlinear analysis leads to a more economic ^ 
design. If gaps tor instance at supports have to be jl 
considered then • nonlinear analysis might be necessary in f& 
view of safety aspects. Embedment of the foundation 
increases the spring and damping coefficients significantly. 
3ut there are publications that indicate that coefficients 
published in literature may overestimate the increase of 
stiffness and damping for embedments considerably. 
Nonlinear analyses were performed for soil, building and 
component with all supports. The finite element analyses 
used time histories. In order to describe the radiation 
damping the hysteresis of the soil with 1 percent material 
damping was considered. Nonlinearitles in the interface of 
soil and foundation and due to gap> and friction at the 
supports were taken into account. The stiffness of the 
support constructions influences reactions and accelera
tions to a hijh extent. Pioperly chosen stiffnesses of the 
support constructions lead to ^ behaviour similar to linear 
elastic beaav^u'. . 



1 INTRODUCTION 

Normally design concepts for the structure, the components and 
the piping are based on linear calculatesus and stress limi
tations. During the last years more and more nonlinear behaviour 
has been examir.ed for the determination of seismic response of 
components. Tf nonlinearities result from friction and plastifi-
cations nonlinear analysis leads to a more economic design. If 
gaps for instance at supports have to be considered then a non
linear analysis might be necessary in view of safty aspects. 

The soil-structure interaction normally is modelled by a mass-
spring-damper-system. In the standard literature spring and 
damping coefficients for a lot of cases are given including em
bedment of the foundation. Embedment increases the spring and 
damping coefficients significantly. But there are also publi
cations that indicate that these coefficients may overestimate 
the increase o£ stiffness and damping for embedments. This re
sults from nonlinear behaviour of the soil and slip with fric
tion between trie foundation and the soil especially near the 
surface with low pressure in the soil. 

In the time from 1985 to 1988 a group of companies in Germany 
worked on further optimization and standardization of the HTR100 
power plant. Due to the situation of the market this work 
was stopped in 1988. Some results that were obtained looking 
at events like earthquake impact of an aircraft and gas ex
plosion may be of general interest and are presented in this 
paper. 

2 SURVEY OF SCOPS OF WORX 

The concept of the reactor building in fig 1 consisted of a 
relatively high structure compared with the dimensions of the 
foundation, but the structure was comparitively deep embedded. 

PIG. 1. Concept of the HTRiOO power plant. 

So here the embedment influences considerably the results of 
the soil-structure interaction. So one aim was to use this ef
fect in the design. 

The assembly of reactor vessel, heat exchanger and circulators 
has a height of about 37 m. Supports are arranged at threw le
vels. Due to temperature deformations of the vessel and of the 
support constructions small gaps at the supports may only be 
avoided by complicated constructions of the supports. So the se
cond aim was to look at the effect of small gaps at the supports 
and at the interaction of supports at different levels. 

The governing loading cases are the earthquake and the impact of 
an aircraft. The following types of computation models were 
used in analysis. 

Fig 2 shows the normal system for earthquake analysis. In the 
preliminary calculations this system was used with linear 
springs for soil and supports of components for the earthquake 
analysis as well as for the impact of an aircraft. In this first 
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FIG. 2. Sv . n tor earthquake analysis. FIG. 3. Local three-dimensional system for pressure 
vessel with supports. 

steps reactor internals were considered only as added masses. 
Springs and dampers for preliminary calculations were taken 
from literature. 

In fig 3 the detailed local model of the pressure vessel is 
plotted. The shell sections are represented by stiffness ma
trices.Nonlinear behaviour of the supports is considered as 
indicated in fig 4. In view of excentric impact of the air
craft this model was in three dimensions. A typical result for 
the support reactions is given in fig4. A behaviour like this 
with similarity to linear elastic behaviour is only obtained 
with proper chosen stiffnesses of supports.With high stiffness 
of the supports high peaks in support reactions will occur. 

In fig 5 the model we used for the soil is given. Nonlineari-
ties are considered at the interface of structure and soil and 
with hysteretic material behaviour with a damping percentage of 
1 percent for the soil. Mass and stiffness of the soil are in
creased with the distance from the foundation. For elements near 
the boundaries the hysteretic damping is increased to avoid re
flections. We use this type of model also for the design of 
machine foundations with small vibrations. Agreement of results 
with results from literature is good. Uncertainties are domina
ted by the knowledge of the materialdata of the soil. 

Just for completeness in fig 6 the normal model for analysis of 
the impact of an aircraft is given. 
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FIG. 4. Load deflection characteristics ol supports and time histories for 
support reactions for in impact of an aircraft. 



FIG. S. Model of soil for soil-structure interaction. 

Results from the detailed local models of pressure vessel and 
soil in fig 3 and 5 are used to formulate simplified represen 
tative models of the complete structures in fig 2 and 6. 

3 NONLINEAR SOIL-STRUCTURE INTERACTION 

Results with linear and nonlinear behaviour of the soil at the 
interface of structure and soil are given in fig 7 and 8 for 
the deformations. As an example the horizontal stress in the 
interface of soil and structure at the side of the foundation 
is plotted in fig 9. The result is for a harmonic deformation ap
plied to the structure. The level of deformation was chosen to 
fit the results of a time history calculation for an earthquake 
with the model in figl. A modified El Centro time history was 
chosen. It was modified to fit the KTA-spectrum. The time histo
ry of the moment transferred from the foundation to soil is 
plotted for the first ten seconds in fig 10. 
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FIG. 7. Deformed net of elements with forced deformation with linear behaviour 
in the interface of foundation and soil. 

FIG. 8. Deformed net of elements with forced deformation with non-linear 
behaviour in the interface ol foundation and soil. 
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the interface ol foundation and soil. 

The forcing of deformations to the structure leads to results, 
that give a possibility to formulate representative spring coef
ficients. In order to get a meaningfull result for the damping of 
the soil-structure interaction harmonic forces in the neighbour
hood of resonance are applied to the structure. The structure is 
modelled only to describe the first few modes. As an example 
the time history of the moment at the foundation for a constant 
harmonic force is given in fig 11. 

The behaviour of this nonlinear system is similar to an equiva
lent linear mass-spring-damper-system. But compared with results 
obtained with formulas in literature the increase of spring and 
damping coefficients compared with the halfspace is not as high 
as indicated by these formulas. 

Similar results were reported from an experiment at a reactor 
building by Werkle on the International Earthquake Conference 
in Berlin 13-16 June 1989. 
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FIG. 12. Suppons at top and bottom ol vessel. 

4 NONLINEAR SUPPORTS OF COMPONENTS 

As already mentioned lead temperatures in the vessel to consi
derable deformations at the supports. Different temperatures in 
the vessel and the support construction lead also to differences 
in local deformation. We looked at the behaviour of simple con
structions for supports, see for example fig 12. 

33 
An example for the time histories of the support reactions was 
already given in fig 4 for the detailed local system of the 
pressure vessel for impact tf an aircraft. A result with the 
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FIG. 13. Time histories lor horizontal support reactions ol supports at midheight of vessel 
and of supports at top of core construction with and without gap of 0 5 mm. 

model in fig 1 is given in fig 13. Here the time history for the 
reaction of one support of the vessel with and without gap is 
plotted for the first ten seconds of the modified El Centro 
time history. With proper chosen stiffnesses of the supports 
reactions are in the same range for both cases. Stiff supports 
lead to high peaks. 

The same behaviour is observed for the system and the supports 
of the reactor internals. Furthermore there is an interaction 
of vessel and internals, so all essential parts have to be des
cribed in one model for the final design. 



34 S CONCLUSION 

Nonlinear analysis of soil-structure interaction leads to re
sults that are similar to equivalent linear mass-spring-damper-
systems. Formulas in literature for spring and damping coeffi
cients for foundations with embedments can overestimate this 
effect considerably. 

Stiff supports with gaps produce high peaks for reactions and 
accelerations. Proper chosen stiffnesses of supports with gaps 
lead to results which are similar to linear elastic behaviour. 

CONTRIBUTION OF EARTHQUAKES 
TO THE RISK OF A HTR-100 PLANT 

J. ALTES 
Institut fur Nulcleare Sicherheitsforschung, 
Kernforschungsanlage Julich GmbH. 
Julich. Federal Republic of Germany 

Abstract 

Within risk analyses for nuclear power plant3 with high tempe
rature reactors also the contribution of earthquakes has to be 
considered, in a study for the HTR-100 recently carried out by 
the Institute of Nuclear Safety Research of KFA such investiga
tions had been done. 

For the analysis a site with high earthquake risk was chosen 
for which a seismological expert opinion exists. The earthquake 
occurrence rates dependent on the intensities, the 84 % fTacti
le free field response spectra and the dynamic material proper
ties are known. The structural response of the primary circuit 
within the reactor building is calculated using a 3d finite 
element model including the soil structure interaction. The 
calculations consider different soil properties. In a sensiti
vity study the influence of changing the support conditions for 
the reactor vessel and its internals on the response behaviour 
is analyzed. 

The eigenfrequencies and eigenforms as well as the deforma
tions, accelerations and stresses are calculated. The maximum 
stresses occur at the support of the steam generator. The fai
lure probabilities are calculated for this part of the structu
re using the first order reliability method. The influence of 
the earthquake intensities and the properties of the subsoil on 
the failure probabilities are analyzed. The failure probabili
ties due to earthquakes are very low, so that there is no risk 
dominant contribution. 



1. METW000COGY USED 

The contribution of eartnquakes to the risk of an HTR-100 plant 
IXI has been determined using Che same methodology as for the in
vestigations concerning the German Risk Study, Phase B. 

The procedure so far adopted in defining seismic load assumptions 
for German nuclear power plant sites on the basis of KTA rule 
2201.1 (06^75) has a number of serious weaknesses /2/. The load 
assumptions used according to this methodology are practically 
based exlusively on earthquake recordings in seismically active 
zones at a certain distance from the focus (20 km). They are the
refore only applicable to German conditions for the purpose of a 
conservative upper assessment, but not for defining realistic load 
assumptions. The special properties of quakes near the focus, 
which chiefly determine the seismic risk at German sites, are ig
nored in this procedure since the data base used does not contain 
relevant records. 

A definition of seismic load assumptions for German nuclear power 
plant sites should therefore make allowance for the conditions 
prevailing at a specific site. The maximum acceleration, a Q, is 
abandoned as a scaling parameter for earthquake intensity since it 
is only very weakly correlated with the stress on building struc
tures produced by earthquakes of medium intensity at short distan
ces from the focus, as mainly applicable to German sites. Instead, 
the macroseismic intensity is selected as the key parameter for 
earthquake intensity since, according to its definition, it is di
rectly correlated with structural stressing and damage. 

The plant's response behaviour has been calculated according to 
KTA by means of the response spectrum method (linear-elastic be
haviour of materials) using the finite-element program system 
PERNAS. 

The deterministic evaluation of a yes/no failure is not sufficient 
within the framework of probabilistic safety analyses. Failure 
probability can only be specified using a probabilistic method. 
Since the dimensions of a structure as well as the loads and ma
terial charactaristics are scattering parameters, the probabili

stic approach is moreover also more realistic (Fig. 1). No failure 
is involved deterministically if the load bearing capacity, T, is 
higher than the load, L. Failure is very well possible on the as
sumption of distributions for both quantities even if the value 
expected for T is higher than that for L. The failure probability 
is calculated using the program FORM developed at the university 
of Munich . 
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Fig. 1: Definition of deterministic and probabilistic safety fac
tors 

2. SEISMOLOOICAL DATA 

Analyses have been carried out for an assumed site "Julich" fea
turing the highest earthquake hazard in the Federal Republic of 
Germany apart from the SchwSbische Alb. The results are only app
licable to this site. The seismic load assumptions - above all the 
rates of occurrence for earthquake intensities, the free field ac
celeration spectrum and the soil dynamic data - have been taken 
from /3/. The expert opinion is based on the latest state of the 



art, as described above assuming realistic site-related data as 
the key parameters. The plant is designed for a safe shutdown 
earthquake of 2 m/s 2 horizontal and 1 m/s 2 vertical ground accele
ration. According to /3/ the macroseisroic intensity vili (MSK sca
le) and the statistical rate of occurrence at the site is 
1.6 x 10"* per year for the safe shutdown earthquake (Fig. 2). 

Calculations have been carried out as part of the probabilistic 
analysis for three intensity levels VII, VIII and IX and two dif
ferent stiffnesses of the subsoil (shear modulus 155 and 
300 MN/m 2). Material damping of the soil was determined from 
measurements to be in the range of 15 %. The frequency of occur
rence is 2.6 < 10~3/a for intensity VII and 3 x 10"7/a for inten
sity IX (Fig. 3). Compared to the safe shutdown earthquake (level 
VIII) the horizontal ground accelerations are half as high for 
intensity level VII and twice as high for intensity level IX ac
cording to /3/. 

100 

Fig. 2: Free field response spectrum (84 % fractile) of the SSE 
for KFA Jiilich /3/ 
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3. MOOEL 

Calculations were based on a finite-element model composed of beam 
elements with consistent mass, ground simulation springs and addi
tional single masses (Pig. 4). The excitation proceeded in the ho
rizontal and vertical direction. The rigidities of different sub
systems, especially of the supports, were varied j..; order to ob
tain information about the sensitivity of the vibration system and 
co better assess uncertainties in the results. 

The model consists of the outer and inner reactor building struc
tures and chft following components! reactor pressure vessel with 
reactor, steam generator vessel with steam generator and blowers. 
The vessel is placed on the inner concrete structures and support
ed horizontally at the top and bottom. The reactor consisting of 
Che core and :he thermal side shield rests on its vessel supported 
by a radial support. Shroud, bundle and central tube of the steam 
generator are arranged in the upper section at the steam generator 
vessel. 

A uniform matssrial damping value of 4 % was assumed for the build
ings of reinforced concrete and the components of steel. The soil-
structure interaction was simulated by springs whose constants we
re calculated according to the elastically isotropic half-space 
theory. 

horizontal rigidity 
vertical rigidity 
tilting rigidity 
torsional rigidity 

Soil damping consists of material damping (here: IS ») and damping 
from energy radiation, amounting to 

O x - 55 %, Dz - 93 % and 0 y = 5 %. 

According to KTA 2201.3, modal damping for horizontal and torsio
nal vibrations is limited to IS % and for vertical vibrations to 

37 3 0 %. 

G * 155 MN/m2 300 MN/m2 

kK - 9 . 3 x l 0 9 N/m 1 8 . 0 x l 0 9 N/m 

kz - 1 2 . 3 x l 0 9 N/m 2 3 . 8 x l 0 9 N/m 

k r = 1 1 . 5 x l 0 U Nra 2 2 . 3 x l 0 u Nm 

x t - I 3 . 9 x l 0 u Nm 2 6 . 7 x l 0 X 1 Nm 
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Single masses taken into consideration were the shutdown rods to
talling 36,000 kg (points 67 and 69), the KLAX (small spherical 
absorber elements) feed tank with 5,600 kg (point 69), -he blowers 
with 12,000 kg each (points 32 and 89), the fuel element spheres 
totalling 94,100 kg (points 102 - 106), the crane with 50,000 kg 
(point 16), overhead watertank with 290,000 kg (point 40) and per 
building platform 148,000 kg (points 4, 5, 7, 31-33, 35-37). 

4. RESULTS 

4 . i Sioenf regencies and Siaenforms 

The first eigenform depending on the tilting spring of the ground 
(Fig. S) (155 HN/m 2: 0.83 Hz and 300 MN/m2: 1.1 Kt) governs the 
response behaviour in the horizontal direction (displacements and 
moments) and the second eigenform determined by the vertical 
ground spring (2.3 and 3.3 Hz) governs the response behaviour in 
the vertical direction (displacements) to an extent of almost 
100 V This results from the participation factors. 

The eigenfrequency of the 3team generator is 6.1 Hz (Fig. 6), that 
of the reactor 7.3 Hz with modal dampings of 4 *. 

4.2 Accelerations and Displacements 

According to KTA 2201.4, the fractions from the individual 
eigenforms wera superimposed according to the method of the root 
of the sum of squares. 

S > maximum resultant quantity 
Sĵ  » maximum value of the i-th eigenform 
m » number of frequencies considered. 

rio. Si I. Eigenform (0.83 Hi) 
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Fig. 6: S. Eigenfonn (6.1 Hi) 
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The response analysis comprises SO eigenforras. The response be
haviour is thus adequately covered in view of tha participation 
factors. 
The superimposed accelerations can be taken from Fig. 7 and the 
superimposed relative displacements from Fig. 8 for the soil 
stiffness of 155 MN/m 2 and the safe shutdown earthquake. The same 
basic patterns result for the more rigid subsoil. 

The maximum values are: 

155 MN/m 2 300 MN/m 2 

horizontal 5.1 m / s 2 5.1 m/s 2 

accelerations 
vertical 1.3 m/s 2 1.5 m/s 2 

horizontal 9.4 cm 9.4 cm 
rel. displacements 

vertical 0 . 4 cm 0 . 2 cm 

4.3 Stressing 

The steam generator vessel support turned out to be the maximum 
stressed part of the structure. Stressing and thus also failure 
probabilities are significantly lower for the other components. 
The case where the upper horizontal support of the vessel (between 
points 38 and 76) is omitted leads to significant-y higher stres
ses in the dteam generator vessel. A change in rigidity of the re
actor pressure vessel support only affects stressing in the vessel 
and steam generator to an insignificant extent. Stressing in the 
reactor is substantially increased by a less rigid reactor sup
port. A more rigid steam generator vessel support leads to signi
ficantly lover stresses in the steam generator. This can also be 
achieved by an additional support of the steam generator on the 
steam generator vessel. 

No dominant component failure can be derived from the floor re
sponse spectra for the safe shutdown earthquake at a maximum rate 
of approx. 4.8 m/s 2 horizontally and 2.5 m/s 2 vertically with 4 * 
damping. 



max. hor 5.1 m/s* 
ver 1,3 m/s 1 

Fia. 7: Max. accelerations 

max. hor. 9,4 cm 
ver. 0,4 cm 

Fia. 8: Max. displacements 



Mechanical Model 

failure function : 

5,~. -(o.95_,^(f^r*3.(A)l>o 

Stochastic Model 

distributions ' log. Norma! 
coefficient of variation 

5 l r t u r . 6% 
5OP«. . . 0.5% 

earthquake loadings 50% 
N. M. S 

cross section values 2% 
F. W. A 

Failure Probability 

Intensity ot the Earthquake I VIM0.5SSE) VIII (SSE) IX (2SSE) 

annual occurrence rata 2.6 - » ' » 1.8 -10"4 

• 
3 - 1 0 ' 

talure proaabWty 0, 
of the support or the heat exchanger 

s o l : G=15SMN/fn z 4.4-10'* 4.8-10'* 
• 

r.6-10" 3 

Q = 3 O 0 M N / m x 1.3-10"• 2-10'* 4.2 .10"' 

Max. Value •rritfVj 

Fig. $'. Calculation of the failure probability of the heat gene
rator support 

4.4 Failure Probability 

For failure probability calculations, a functional relationship is 
established in the so-called "mechanical model" (Fig. 9) between 
the scattering parameters of loading and bearing capacity as the 
limit condition (failure criterion) beyond which component failure 
occurs. The failure of the steam generator support was related to 
the tensile strength R r a T of the material since, according to the 
KTA rules, R po,2T' t n e 0.2 \ yield stress, can be taken as a de
sign value in the case of the safe shutdown earthquake. 

The statistical variables of the scattering parameters are combin
ed in the "stochastic model". Logarithmic Gaussian distributions 
with variation coefficients as found in the literature have been 
assumed for all statistical variables, such as loads, cross-sec
tion values and strengths (Fig. 9). The decisive parameter on the 
stressing side is the load on the component due to earthquakes. It 
is to be superimposed by loads from fuli power operation. 

Induced failure probabilities, pj, can be seen from Fig. 9 as a 
function of the earthquake intensity. The highest value for the 
frequency of this event is 7.7xl0~'/a for the occurrence of a safe 
shutdown earthquake on weaker subsoil. In the event of a steam ge
nerator support failure, the steam generator will be lowered to 
the point where the steam generator shroud reaches the top reflec
tor. The latter can carry the steam generator. It will depend on 
the extent of lowering whether tubes and connecting pipes in the 
steam generator wculd fail or remain intact. 
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.Abstract 

JAER! is designing High Temperature Testing Reactor(HTTR). Safety 
examination by the government is now under way. The construction is to be 
started from 1990. 

For the seismic design of HTTR. JAERI has discussed the safety of the 
reactor from various point view. 

In this paper, following two discussions are reported. 
1) Seismicity around the HTTR Construction site 

Kanto Area to which HTTR s i t e belongs exper ienced l a r g e earthquake in 
the p a s t . Est imated maximum v e l o c i t y of t h e i r earthquakes i s around 
9.0cm/s. According to the i n v e s t i g a t i o n o f maximum v e l o c i t y expectancy, 
earthquakes whose maximum veloc i ty exceeds 8cm/s occurs 200 years i n t e r v a l , 
whiTe the durable time of HTTR is 20-30 years. 

2) Features of earthquake wave prooagation 
For this study, earthquake observation is performed whose maximum depth 

i s 170m below the s u r f a c e . Ouring the observa t ion of 7 months, 55 
earthquakes are recorded. 

Among them, 4 earthquake waves are chosen for analysis, whose maximum 
acceleration are r e l a t i v e l y large. 

Comparison of tnese records in the form of the t ransfer function shows 
good agreement. Therefore, the f e a t u r e of wave t r a n s f e r is found to be 
specified by the s i t e s i tuat ion regardless of the input motion. 

On the other hand, a s imu la t ion of wave propagat ion is s t u d i e d . 
Results of analysis with one dimensional wave propagation model ( l a t e r a l l y 
layered soi l deposit model) shows good agreement to the observed wave in 
the form of t r a n s f e r function. One dimensional model is confirmed to be 
enough to explain the feature of HTTR s i te s i tua t ion . 

l. Seisaicity around the hTTR construction Site. 

The si te Location of HTTR m Japan is shown in Fig-1, 

The HTTR site .Oarai, is located about 100 km north of Tokyo, facing 
the Pacific Ocean, that is near the north end of Kanto-Area. 

The Kanto Area has experienced many earthquakes in the oast. " " " 

Fig-2 shows the epicenter d istr ibut ion that occured within 200km from 
the HTTR sue. 

One of the most remarkable earthquakes is occured in 1923, so cal led 
Kanto-Great Earthquake, whose magnitude was 7.9. On the other hand, 
maximum influence to HTTR s u e is estimated with the earthouake m 1895. 
Estimated maximum velocity was 8.9 cm/s. 

Fig-3 shows the expectancy diagram of maximum ve loc i ty ." The surveyed 
oeriod of historical earthquakes was 340 years from 1646 to 1986. 

According to this diagram, earthquake whose maximum velocity exceeds 8 
cm/s occures every 200 years. Considering the durable time of HTTR to be 
20-30 years. 200 years seems to be a long enough time interval. 
The maximum velocity of basic earthquake ground motion of HTTR s i te is 
designed to be 9. Ocm/s, 

Therefore, the seismic load at the HTTR si te is safe enough from the 
historical point of view. 
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FIG. 1. Sit* location. 
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FIG. 2. Epicantar distribution of historical aarthquakas. 



2. Features of earthquake wave propagation. 

JAERI has studied the features of earthquake wave propagation by 
observing earthauakes at the HTTR site. 

2-1 Purpose 

The puroose of the study is as follows. (See Fig-4! 

For estimation of earthquake load against the structure, basic 
earthquake ground notion is determined at the level of about 170" beloi 
the surface, where the rock is very hard. (Shear wave velocity is around 
lOOOm/s at this site. ) 

The seismic load is estimated based on the basic earthquake ground 
motion, considering the wave propagation pass from the base rock to the 
structure. 

So that, JAERI payed special attention to the feature of this wave 
propagation pass. 

2-2 Earthquake Observation System 

Fig-5 shows the earthquake observation system. The observed point is 
100m west from the center of Reactor Building. Earthquake pickups are 
buried in the soil deposit, at the depth of about 0. 5m. 30m. 170m oelow the 
surface. The depth of 0.5m is chosen to get surface response, cutting 
off the surface noise. The depth 30m corresponds to the base level of the 
HTTR structure: 90m. to the base level of quartarnary sand: 170m. to the 
base level where earthquake ground motion is input. 

2-3 Observed Earthquakes and transfer function 

The observed period was from December 1987 to July 19S8. During this 
period. 55 earthquake waves were recorded. 

In this paper, four earthquake records are chosen whose maximum acceler 
ations were relatively large. 

These earthquake records are shown in Table-1 and Fig-6. The No, 1 CHI8A-
KEN TOHO Earthquake was the largest in Magnitude among them. On the other 
hand, the largest maximum acceleration was found m the No.4 KASHIMA-NADA 
Earthquake because of the relatively small epicentral distance. 
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Table-1. Observed Earthquake Records 
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FIG. 6. Epicanlar distribution of observad earthquakes. 



Fig-7 shows the transfer function of each earthquake between the point 
G3 (Bottom level of HTTR struture) and DOint G1 (Top level of base rock) 
The shaoe of each line is very closed, although the magnitude and eoicent 
ral distance of each earthquake is not uniform. 

Therefore the feature of wave transfer is specified ay the site 
situation reoardless of the input aarthauakes. 

-4 Simulation of observed transfer function. 

Simulation of observed transfer function is studied. Fig-8 shows the one 
dimensional model of soil deposit of the HTTR site. 

Shear wave velocity is estimated by in-situ test, density and damcing 
factor are estimated by laboratory test utilizing undisturbed boring core 
samp I es. 

One dimensional wave propagation theory is adopted for this simulation. 

Computer Code is SHAKE, developed by Seed at al. " 

Fig-9 shows the result of comparison between observed and simulated tra 
nsfer function. Here, as the observed data. No. 1 CHIBA-KEN-TOHO earthquake 
is adopted. 
Although simulated transfer function underestimates observed one in the 
high frequency range over 10Hz. simulated results and observed one shows 
good agreement at the main peaks in the frequency range under 10Hz. 
Indeed the HTTR site is on a flat terrace(around 30m above sea level), 
the one dimesional model supposing the laterality of the soil layers is 
confirmed to be sufficient to explain the wave propagation features of the 
HTTR site. 
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FIG. 7. Transfer function of observed earthquake waves. 



level Soi l Observaiin 
Point 

. a v e v e l o c a r - ^ -

1000 2000 

Kail t e i | M 

2.01/m" 
i 

Daepinc Factor 

5.0* 

0.0 
- 1 0 

-11.0 

-20.5 
-28.3 

-42.5 

-53.0 

-ao.o 

-90.5 

131.5 

-158.0 

0.0 
- 1 0 

-11.0 

-20.5 
-28.3 

-42.5 

-53.0 

-ao.o 

-90.5 

131.5 

-158.0 

Midiue Sand 

Vidiua Sand 

Crave 1 

h G 4 ^ > - : 

- : : : : : , l::± • l r 
0.0 

- 1 0 

-11.0 

-20.5 
-28.3 

-42.5 

-53.0 

-ao.o 

-90.5 

131.5 

-158.0 

1 -to-Fine Sand r - - i - ' 

___L __ 
i 
I 
t 

0.0 
- 1 0 

-11.0 

-20.5 
-28.3 

-42.5 

-53.0 

-ao.o 

-90.5 

131.5 

-158.0 

Fine Sand 

Fine Sand 

Fine Sand 

Hud Rock 

I 1 

1 

( 

; 
j 

i 

I" rr ____ 

0.0 
- 1 0 

-11.0 

-20.5 
-28.3 

-42.5 

-53.0 

-ao.o 

-90.5 

131.5 

-158.0 

Mud Rack 

J -U -i 

-175.0 

Sandv Rock 1 
-6- ! 

i 
i 
i j 

H 1 Mud Sock c , | 
i H H 

51 

FIG. 8. One dimensional propagation analysis model. 

FIEOUENCVIIIil 

10-
EQ 1 Clll DA KEN TOIIO 

Siaulalion C3/C1 Siaulalion C3/C1 

* 

n •! 11 11 

1 I ''• 
0-

** " i \ A w 

\ • ' 7^-
f 

IS 20 
FRF.QlMYdlil 

FIG. 9 Comparison ol transfer function between 
observed wave and simulation. 



REFERENCES 

1) l"Materials for Comprehensive List of Destructive Earthquake in Japanj 
T. Usami. 1983 

2) "Seismicitv of Japan from 1885 through 1925 -A ne« Catalog of Earthquake 
of MS 6 Felt in Jaoan and Smaller Earthquakes which Caused Damage m 
JaBart—. J 
T.Utsu. Bulletin Tokyo Earthquake Reserch Institute vol.57 1982 and vol.60 
1985. 

3) !"The Seismological Bulletin of the Japan Meteorological Agencv J 
The Japan Meteorological Agency. 

4) "Expectancy of Maximum Velocity Amplitude of Earthquake Motions at Bed 
Rock J 
K.Kanai et al Bulletin Tokyo Earthquake Reserch Institude vol.46 1968. 

5) rSHAKE A Comouter Program for Earthquake Resoonse Analysis of 
Horizontally Layered Sites j 
Seed H.B. et al. EERC72-I2 C1972) 

SOIL-STRUCTURE INTERACTION ANALYSIS OF 
HTTR BUILDING BY A SLMPLIFIED MODEL 

F. YAGISHITA 
Seismic Engineering Department, 
Tokyo Electric Power Services Company Ltd, 
Tokyo 

H. SUZUKI, Y. YAMAGISHI 
Construction Division, 
Japan Atomic Energy Research Institute, 
Tokai-mura. Naka-gun, Ibaraki-ken, 

Japan 

Abstract 

For tbe evaluation of the design seismic forcei of the embedded Higb-Tnmperaure-
Testing-ReactortHTTR) structure, a sway-rocking model considering tbe embedment of 
the structure U used. 

As for tbe composition of this model: tbe structure is modeled into beams with 
lumped masses, and the soil into the horizontal side springs and the horizontal and 
rotational bottom springs. As the same time, the input motion to the structure which has 
the form of multiple excitation is calculated based on one dimensional wave propagation 
theory. 

This paper presents the concept of this modeling and evaluated results. 

1. Introduction 
In Japan, design seismic forces of reactor buildings are evaluated 

following to the flowchart shown in Figure 1. Most reactor buildings are 
embedded in the soi l , and the earthquake response analyses for such 
structures require the appropriate modeling of the soil-structure 
interaction system. In this case, the intei jctlon is Induced not only 
through a basemat but also through side walls. 

There have been several soil-structure interaction systems of 
embedded structures, and two mathematical models have been adopted for 
evaluation of the design seismic forces of reactor buildings in Japan. 
Namely, one is the lattice model, in which soil is idealized as SOM 
vertical shear columns with lumped masses and horizontal springs to 
interconnect each column, and another is the finite element model. 
However, simpler model considering the embedment of the structure has been 
expected in view of computational costs and readiness of treatment of the 
soil-structure interaction. 



Nowadays, a simplified model i s proposed for earthquake response 
analyses of embedded structures and i s used to simulate the earthquake 
response of the embedded reactor buildings ( 1 ] , [ 2 ! , [ 3 ] - This s implif ied 
model i s so-cal led "sway-rocking model with the embedment ef fect" , and i t 
i s more practical and more e f fec t ive on computational costs than the 
former ones. 

Therefore, th i s simplif ied model i s tried to apply for the evaluation 
of the design seismic forces of the embedded HTTR structure. 

This paper presents the concept of th i s modeling and evaluated 
r e s u l t s . Moreover, in the reference 4 the appl icabi l i ty of the presenting 
model for dynamic response evaluation of the embedded structure i s 
examined by comparing these resu l t s with those by the f i n i t e element 
model. 

Design earthquake motion Soil survey Design data 

Modeling of ground 

One dimensional wave 
propagation analysis 

Modeling of structure 

Estimation of soil spring 

Modeling of Soil-structure interaction system 

Free vibration analysis 

Estimation of 
input motion 

to soil-structure 
interaction system 

Estimation of 
shear coefficient 

Earthquake response analysis 

Dynamical seisaiic force Statical seismic force 

Design seismic force' * large> value of dynamical 
and statical force 

S3 Figure 1. Flowchart to toaiuat* design'eitmicforctt 

2. Method of analysis 

2.1 Model description 
The composition of this model is shown in ?lgure 2. Here, the 

structure is modeled into some vertical beams with lumped masses, and the 
soil into the horizontal springs developed by M.Novak (5) accounting for 
the side layers and the horizontal and rotational springs proposed by 
T.Kobori [6] at the bottom accounting for the ground beneath the, basemat. 
These springs are evaluated independently. 

As the same time, the input motion to the structure Is calculated 
based on one dimensional wave propagation theory. This motion has the 
form of multiple excitation which is defined as a group of response waves 
at each level of the soil springs. In calculating the input motion, the 
effect of excavation of the soil is taken into account in an approximate 
way by applying the interface force which is evaluated by multiplying the 
shear stress of free field at the bottom of the structure by the area of 
the bottom of the structure. 

Structure model by some beams with lumped masses 

Bottom springs by T.Kobori 

Figure 2. Simplified model with embedment effect 



23 Side springs 
Tha sida springs are estimated by Novak's method. This approach can 

ba formulated on tha basis of tha soil reactions derived from the two 
dlaenslonal wave propagation equations in the uniform visco-elastlc medium 
under the assumption of plane strain. Such soil reactions are accurate 
for a rigid and circular structure undergoing a harmonic motion with unit 
amplitude. The spring per unit thickness is given by reference 5: 

JC. + cJC = -aGa, 

Where 

2 « ^ x t ° ? + a X ( > X ( v * ' , X ( * x i a o ' 
' »x<oX»>+oX l*X(o»>+6o°X<*X»»> 

: dimtnsionlsm frtutncy 

(1) 

(2) 

« . ; = '°=«,vTT3X' 
(3) 

2 ( 1 - v ) 
l - 2 v 

(4) 

Kn : modified Bntil function of ordtr n ,ro : tauioattnt radius of tht ttructurt 
u>: circular frsautncy ,G : shsar modulus of thi toil 
Vs: uglocityofshiarunvtinthtsoit ,v . poissen's ratio aflht soil 
h: damping constant ofthssoiUIn this analysts. hsO) 

As in the present model the side springs are connected to the masses 
of the structure, each side spring is evaluated by multiplying the unit 
thickness spring by the thickness corresponding to the domain of each 
mass. 

Sliced soil with unit Uuckneaa Original shape 
of the structure 

2.3 Bottom spring's 
Tha bottom springs are estimated by dynamical ground compliance 

theory proposed by T.Koborl. This compliance is represented MM the ratio 
of the displacement of a rectangular foundation, which is on an elastic 
half space, to a harmonlo disturbing force acting on the foundation, then 
the spring is obtained as the Inverse of the compliance. The compliance 
corresponding to each direction is given by reference 6 as follows: 

Horizontal compliance 
- - In 

Rotational compliance 

BjGn'Jo Jo m 

Where 
u B C 

o 0 = — flfl . B.\ half Ungth of th* foundation, Vt;otU>ctfyofth*urwaut, 6= ~ , *= ~ 
• o o 
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p » P • P * \ V / 
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2.4 Approximation of the frequency dependency of the soil springs 

The s o i l s p r i n g s above 
mentioned are complex springs 
and are dependent on the 
frequency. Hence, the complex 
springs are approximated by 
s t a t i c springs with viscous 
d a m p e r s w h o s e d a m p i n g 
coef f i c i ents are constant for 
a l l f r e q u e n c i e s f o r the 
analysis in the time domain. 

Complex 
spring Real part Static spring (Kc)/ 

\ 

lamping 
fficient (Cc) 

u t 1st natural frequency 
of soil-structure system 

Figure 3. Approximation of soil spring 

2.5 Equat ion o f motion 

The equation of motion of the so i l - s tructure interaction system in 
the time domain i s written as fol lows: 

(/•>=«re] <?«}+icj {Sy+<?c} •(8) 

Where, 
Soil spring matrix and damping coefficient matrix 
Oisplaceaent vector and velocity vector obtained by 
response analysis of free field 
Interface force vector at the bottom of the structure 
obtained by response analys i of free field 

M j 0 
0 .V :Mass matrix 

K K •• «c 
JC K 

c» ec 

c c 
M *C 
c c 
c« cc 

:Stiffness and damping matrices of the structure 

Where the subscript c represents the degrees of freedom on the structure 
55 connected to soil and s stands for the degrees of freedom other than c. 

3. Application of the present method to the H T T R structure 

3.1 The H T T R structure and the soil properties 
The HTTR structure Is shown in Figure 4. The structure Is 

approximately SO meters in height from the bottom to the top and embedded 
up to the depth of 36.5 meters below the ground surface. In addition, it 
lo 52 meters x 50 meters at the bottom i.i plan. 

The structure consists of three parts; the reactor building (R/B), 
which is connected to surrounding soil, the inner concrete (I/C) and the 
containment vessel (C/V). These parts are structurally isolated on the 
common basemat. Here, the reactor building and the inner concrete are 
made of reinforced concrete, and the containment vessel is made of steel. 

Each part is modeled by the elast .c beam with lumped masses as shown 
in Figure 5, and a damping ratio of 5% is assigned to the components of 
the reactor building and the inner concrete, and a damping ratio of \% 
assigned to the components of the containment vessel. 

The soil properties used in the analyses are shown In Table 1. 
Judging from the results of the soil survey and the wave propagation 
feature[7], it is assumed that the soil layers are horizontally infinite. 

Reactor building 
Containment vessel 

24.0m 

Ground surface 

26.5m 

Figure 4. The HTTR Structure 



TabU I Material properties of the soil 

Thickness 
(m) 

Unit weight Shear vave 
velocity 
Vs(m/s) 

Potsson's ratio 
V 

Damping 
h<«) Soil type 

no 1.75 no 0.333 6 Backfill 

9.5 1.32 390 0.405 
3 Sand 

and gravel 6.0 2.05 580 0.333 
3 Sand 

and gravel 

12.0 1.93 400 0.461 

2 Pine sand 
26.0 186 340 0.471 

2 Pine sand 
15.0 1.87 360 0.468 

2 Pine sand 

11.0 2.02 450 0.454 

2 Pine sand 

44.0 1.79 470 0.453 

2 Mud stone 25.0 1.82 530 0.442 2 Mud stone 
15.5 1.86 580 0 425 

2 Mud stone 

(Infinite) 1.99 1020 0.360 - Mud stone 

Material properties of the structure TP"60.7m' 
R/Bandl/C; 
Yang's modulus B=2 .3 XlOVm' 
Poisson's ratio v = 0.167 
Damping h=5% 
C/V; 
Yang's modulus B = 1.93X 10't/m' 
Poisson's ratio v=0 .3 ^p/V l/C 
Damping h = l * * 

TPM.7(M > 

TPS0.7. 

TP«4.7ml 

m r ^c 

TKO.ttol » TP2Z20n< > 

TPl«.75n 

TPlO.Om 

TP».7n 

TPW.7n 

TPijgB., 

FV8 
Lumped mass 

Elastic beam 

TP36.5m-GJ.±0 
-y%>AW/,y///. 

dlr-^VN^r-Jp 

^Ti 
Rigid Base mat 

> * « W « I I V ^ « 1 

'wv-l 
* Height from mean level 
of Tokyo Bay 

Figures. Model aft/te structure 

3.2 S o m e examples of soil springs 

In order to estimate the bottom springs, Tajiml's stratification 
correction method[8] is used to transpose the layered medium beneath the 
bottom of the structure to equivalent uniform half space. Then the soil 
springs of the uniform half space are compared with those of the layered 
medium which are calculated by advanced Kobori's theory[9]. Figure 6 
compares both results. Consequently, the results of the uniform half 
space show good agreement with those of the layered medium. 

X10l'tm/r«d 

(a) Swaying 

10 0 
PrtgutncylHi) 

FigurtS. Bottom tpringt 

i 10 
Praquancy <Hi» 

(b) Rocking 

It Is assumed that the backfill 
<s horizontally inf in i te . In 
reality, i t exists between the 
structure and the original outer 
soil medium. Then the side soil 
springs by this model are compared 
with those considering the outer 
so i l which are calculated by 
advancing Novak's method. Figure 
7 shows the comparison between 
both springs at TP29.7m. The 
frequency dependency of the spring 
considering outer s o i l shows 
vibratory characteristics around 
that of' uniform spring, and as for 
the i f fect on the earthquake 
response of the structure this 
difference may be of l i t t l e 
significance. 

with outer KB I 

without outtr soil ) BacUIII 

* f—' — Tlrf*-'-3 

10 
PrMjiMncy iHsJ 

Figure 7. Side spring <U TP29.7m 



3.3 Input motion 
The input notion to the structure is transferred from the design 

earthquake notion by response analysis of free field using one dimensional 
wave propagation theory. 

The time history of the design earthquake motion for the HTTR structure 
is generated artificially from the Japanese standard design spectrum 
defined on rock ou"~ "opping for a nuclear power plant, and it is applied 
as an incident wave at the depth of 175 meters from the ground surface. 
The duration of this time history is 28.7 seconds, the interval is 0.01 
second and the maximum acceleration is 180 gals. 

Figure 8 shows the distribution of the maximum response accelerations 
of free field and Figure 9 shows examples of the acceleration response 
spectra of the input waves. Here, the response spectrum at the bottom 
with interface force (p c) can be calculated by transferring the force to 
the displacement using the horizontal bottom spring. 

Aocaleratiao(|alk 

Backfill 

Sand 
ana gravaj 

Ffaeaaad 

Accalaraboa gal) 

2000 

1500 I 

57 
Figure 8. Distribution of maximum 

response accelerations of free field 

\—i 
Ptnadleac) 

Figure S. Acceleration response 
spectra of input waves 

3.4 Results of the analysis 

The undamped vibration 
mode shapes of the so i l -
structure system can be 
calculated by solving the 
equation of motion which 
can be o b t a i n e d by 
omi t t ing the damping 
matrix and applied-loads 
vector from Equation (7). 
Figure 10 shows the f i r s t 
and the second natural 
mode shape. 

2nd mode 
natural period 

O.lalatc 

Figure 10. Mode shapes 

Using the soil springs and tte input motion, the seismic response 
analyses are carried out. In order to examine embedment effect on dynamic 
response of the structure, the results by the presenting model are 
compared with those by the model in which the side springs are neglected. 
Figure 11 shows both results, and it shows that the embedment of the 
structure has the effect of decreasing the response values of the 
structure. 
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4. Conclusions 

For the evaluation of the design seismic forces of the embedded HTTR 
structure, the sway-rocking model with the embedment effect is used. This 
paper presents the concept of this modeling and the evaluated results, in 
order to examine embedment effect on dynamic response of the structure, 
the results by the presenting model are compared with those by the model 
without the embedment effect. It shows that the embedment of the 
structure has the effect of decreasing the response values of the 
structure. 
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(Appendix) Statical seismic forces for reactor buildings in Japan 
The story shear force of the building is obtained by multiplying the 

lateral seismic shear coefficient by the weight of the building above the 
story. The lateral seismic shear coefficient is given by the following 
formula: 

C i = , . Z . R r A , C 0 

where 
C, = the lateral seismic shear coefficient at the i-th story 
n s a coefficient depending on the importance of the building 

It is 3 for the reactor building. 
Z = a coefficient depending on the seismicity of the site 

It varies from 0.7 to 1.0. In most region of Japan it is 1.0. 
R T s a coefficient representing the vibration characteristics of the 

building 
It is dependent on the natural period of the building and the type of 
ground on which the building is built and determined by the following 
formula: 

RT = 1 for 7-S Tc 

T * 
R T = 1-0.2 (—- - 1) /or T C S ?•£ 2 T C 

TC R r=1.6-p for2TcST 
where 
T : the first natural period of the building. For the HTTR 

structure, it is the first natural period of the sway-rocking 
model with the embedment effect. 

Tc : The period, which depends on the hardness of the ground as 
follows: 

hard ground Tc - 0.4 second 
normal ground Tc - 0.6 second 
soft ground Tc = 0.8 second 

A, = vertical distribution of the lateral seismic shear coefficient 
along the height of the building 

For the HTTR structure, it is evaluated by the following formula: 
Ai = (jj / qt, 

Where 
q b a shear coefficient at the ground story 
Hi : a shear coefficient at the i-th story 
These coefficients are evaluated by the following formula 

based on the square-root-of-square-sua method: 



<?« = i - \ 

V <"j 

In this equation 
w 3 : the weight of the s-th story 
P, : the participation factor for the J-th node of the sway-

rocking model with the embedment effect 
u 3j : the generalized displacement of the J-th mode at the 

s-th story of the sway-rocking model with the embedment 
effect 

Rtj : a value of "Rt" correspondent on the J-th natural period 
of the sway-rocking model with the embedment effect 

Here, "Rt" is used as the acceleration response spectrum of 
the input motion. 
m : the number of the modes 
n ; the number of the stories 

Co - the standard base shear coefficient 
The standard base shear coefficient Co is taken to be 0.2. 

Figure A-1 shows the comparison between the statical seismic shear 
forces for the HTTR structure and the dynamical ones. It may be concluded 
that the statical seismic forces are more conservative than the dynamical 
ones. 

-Dynamical forca 

- Statical foreet 

£.-

Figure A-l. Compirison between the statical and the dynamical seismic shear forces 
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Abstract 

In this paper, the applicability of the simplified model (sway-rocking model with 
the embedment effect) for dynamic response evaluation of the embedded HTTK 
structure is examined by comparing the results with those by a detailed model using 
finite element method(FEM). 

In the FEM mo<J«ling, the structure is modeled into the beams with lumped massea, 
and the soil is modeled as two dimensional finite elements. This model has the wave 
transmitting boundary for the side and the viscous boundaries for the bottom and the 
surfaces of out-of-plane. 

Earthquake response of the structure obtained by the finite element model is 
compared with that by the simplified model. As a result, the maximum response values 
and the floor response spectra by the finite element model are nearly equal to or a little 
smaller than those by the simplified model. 

It may be concluded that the simplified model is applicable to the dynamic 
response analysis ot the embedded HTTR structure for the evaluation of the design 
seismic forces. 

1. Introduct ion 

In Japan, a lo t of reactor buildings are embedded structures. The 
earthquake response analyses for such structures require the appropriate 
modeling of the so i l - s tructure interaction system. 

In the case o embedded structures, this interaction i s induced not 
only through a basemat but also through side wal ls . 

Among those s o i l - s t . u c t u r e i n t e r a c t i o n systems of embedded 
structures, two mathematical models have been adopted in Japan. Namely, 
one i s the l a t t i c e model, in which s o i l i s idealized as some vert ica l 

shear columns with lumped masses and horizontal springs to interconnect 
each column, and another i s the f i n i t e element model. The f i n i t e element 
model especial ly provides a powerful tool for the solution of seismic 
so i l - s tructure interaction problems with complicated s o i l prop< r t i e s , 
geologic structures, and boundary conditions. 

Recently, a simplified model i s proposed for earthquake response 
analyses of embedded reactor buildings. The simplified model i s so-cal led 
sway-rocking model with the embedment of the structure, and i t i s more 
practical and more e f fec t ive on computational costs than the former two 
models. 

Therefore, the simplified model i s used for the evaluation of the 
design seismic forces of the embedded HTTR structure!1 ] . 

In th i s paper, the appl icabi l i ty of the simplified model Cor dynamic 
response evaluation of the embedded structure is examined by comparing the 
resul ts with those by a detailed model using f i n i t e element method(FEM). 

2. Descr ipt ion of the HTTR structure 

The s i t e of the HTTR i s located on the coast l ine facing the Pacific 
Ocean in Ibaraki Prefecture[2J. The ground mainly consis ts of sand up to 
the depth of about 90 meters from ground surface and mud stone e x i s t s 
beneath that. 

The HTTR structure, which i s shown in Figure 1, i s approximately 50 
meters in height from the bottom of the basemat (TPlO.Om) to the top of 
the structure (TP60 7m) and about 100,000 tons in weight. A half of the 
structure i s embedded and i s founded on a fine sand at an elevation of 
26.5 meters below the ground surface. The structure i s 52 meters X 50 
meters at the bottom in plan and 22 meters x W0 meters at the top in plan. 

The structure consis ts of the reactor building (R/B), which i s 
connected to surrounding s o i l , the inner concrete (I/C) and the 
containment veaael (C/V). These parts are structurally isolated each 
other on the common basemat. Here, the reactor building and the inner 
concrete are mainly made of reinforced concrete, and the containment 
vessel i s made of s t e e l . 

3. Descr ipt ion of Ana lys i s 

3.1 A finite e l ement model 

The FEM analysis i s carried out using the computer program FLUSH[3], 
wruch i s based on the complex response method of computing the response of 
a f i n i t e element model, and in this study the N-S direction i s considered 
as the direction of the vibratory motion. 
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Figure I. The HTTR Reactor Structure 
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The finite element model to be used in this analysis is indicated in 
Figure 2. In this modeling, the structure is modeled into the same system 
as the simplified model, and the soil is modeled as two dimensional finite 
elements and rigid bars connecting the reactor building to the surrounding 
soil. Here, each layer is divided into several finite elements according 
to the shear wave velocity. 

This model has the wave transmitting boundary for the side boundary and 
the viscous boundary for the bottom , and in order to account for three 
dimensional effects of soil, viscous boundaries are located along the 
surfaces of out-of-plane. 

Viscous boundary 
for out-of-plane side 

Transmitting 
boundary 

Response analysis of 
free field using 
prpgram SHAKE f r M f i e ) . 

lOOn 

Viscous 
boundary 

80m 

Structure model 
by three beams 
with lumped maitot 

-** • 
mmmmzmik 

Input motion (2E) 

Figure 2. Finite Element Model 



Table 1 Material properties of the soil 

Depth 
(m) 

Unit weight 
r,(t/m3) 

Shear wave 
velocity 
Vs(m/s) 

Poisson's ratio 
v 

Damping 
h(%) Soil type 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

1.33 210 0.460 3 l<oam 0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

1.88 300 0.430 

3 
Sand and 

gravel 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

1.82 390 0.405 3 
Sand and 

gravel 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

2.05 580 0.333 

3 
Sand and 

gravel 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

1.93 400 0.461 

2 Pine sand 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

1.86 340 0.471 

2 Pine sand 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

1.87 360 0.468 

2 Pine sand 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

2.02 450 0.454 

2 Pine sand 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

77/7777777777/777) 
1.79 

</7777//7777/77/77. 
470 

Y7/7//7/77/77/77/7/// 
0.453 

77/77/77/77/7/7, 

2 

V77/77/77/7//7/// 

Mud stone 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 

1.32 530 0.442 

77/77/77/77/7/7, 

2 

V77/77/77/7//7/// 

Mud stone 

0.0 

3.5 

9.5 

20.5 

26.5 

38.5 

64.5 

79.5 

9 0 5 

100 
The bottom 

ofFEM 
model 

134.5 

159.5 

• 175 
1.86 580 0.425 

77/77/77/77/7/7, 

2 

V77/77/77/7//7/// 

Mud stone 

The design 
motion is defined 1.99 1020 0.360 • Mud stone 

(Backfill) (1.75) (110) (0.333) (6) (Sand) 

3.2 Material properties 
The soil properties used in the analysis are shown in Table 1. Here, 

it is assumed that the soil layers except the backfill are horizontally 
infinite. The shear wave velocities and the damping ratios are determined 
by the results of the equivalent linear analysis of the soil using the one 
dimensional wave propagation theory[1J, In that analysis, the non-
linearity of the soil under cyclic loading is a-counted for by strain 
dependent equivalent linear shear moduli and damping ratios. The 
Iteration is carried out as necessary to obtain compatibility of the 
computed strains in each layer and the assumed moduli and damping ratios. 
Figure 3 shows an example of the strain dependence of shear moduli and 
damping ratios. 

On the other tiand, the reactor structure is represented by the three 
elastic beams with lumped masses expressing the reactor building, the 
inner concrete and the containment vessel as shown in Figure 4. Here, the 
common basemat is modeled by the finite elements. 

In this analysis, a damping ratio of 5t is assigned to the components 
of the reactor building and the inner concrete, and a damping ratio of If 
assigned to the components of the containment vessel. 
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Figure 3. Strain dependence of shear modulus Id and damping In) for fine sand 



WB 
Lumped mass 

Beam 

Rigid bars connecting the 
outer walls of the reactor 
building to the sorroundig 
soil 
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Flexible beams representing 
the outer walla 

Figure 4. Model of the structure 

3.3 Input motion 
The input motion at the bottom of the finite element model to be used 

in this analysis is indicated in Figure 5. This input motion is 
transferred from the design earthquake motion using the one dimensional 
wave propagation theory. 

The time history of the design earthquake motion for this analysis is 
generated artificially from the Japanese standard design spectrum defined 
on rock outcropping for a nuclear power plant, and it is applied as an 
incident wave in the horizontal direction at the depth of 175 meters from 
the ground surface. Furthermore, tne duration of the acceleration time 
history of the design earthquake motion is 28.7 seconds, the time interval 
is 0.01 second, and the maximum value is 180 gals. 
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Figure S. Input motion at the bottom of the FEM model 



(4 *• Results of Analysis 
4.1 Maximum response values 
Figure 6 shows the maximum response accelerations of the soil-structure 

system. 
Next, earthquake response of the structure obtained by the finite 

eleaent model is coapared with that by the simplified model. Figure 7 
shows the maximum response accelerations of the structure and Figure 8 
shows the maximum response shear forces. 

As a result, the maximum response values by the finite element model 
are nearly equal to or a little saaller than those by the simplified 
model. 

4.2 Floor response spectra of the structure 
Further discussion is made by using the 5% damped acceleration response 

spectra of the typical points of the structure. Figure 9 compares both 
results. 

Consequently, the floor response spectra by the finite element model 
show a similar tendency to those by the simplified model. 
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5. Conclusion 
In order to examine the applicability of the simplified model Tor the 

dynamic response evaluation of the embedded HTTR reactor structure, the 
results by the finite element model are compared with those by the 
simplified model. 

It may be concluded that the simplified model is applicable to the 
dynamic response analysis of the HTTR structure for the evaluation of the 
design seismic forces. 
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SEISMIC DESIGN OF THE HEYSHAM 2 ADVANCED 
GAS COOLED REACTOR NUCLEAR POWER STATION 

C.F. ALLEN 
Central Electricity Generating Board. 
Barnwood, Gloucester, 
United Kingdom 

Abstract 

The Advanced Gas Cooled Reactor Nuclear Power Station at Heysham 
Stage 2 was the first Central Electricity Generating Board Station to be 
designed against the effect of earthquakes. The paper reviews the criteria 
adopted for the design (or both the input and the allowable limits to
gether with the analytical methods used in the design process. The paper 
describes the resulting effect on the design of the station and the opera
tional implications. It also covers the areas of the design where re
appraisal is currently underway 

1. 

The Advanced Gas Coaled Reactor (AGR) Nuclear Power Station at Heysham 
Stage II is a twin reactor power station in which each reactor drives a 
turbo-generator of rated output of 660 MW(e). Two cross sections 
through the reactors are shown in figures 1 and 2. This power station 
is the first U.K. nuclear power station to be designed to resist the 
effect of earthquakes. Whilst the design of the station was based on 
the successful design at Binkley Point 'B', the introduction of the 
seismic requirement has resulted in several novel engineering features 
being incorporated in the design. This paper sets out to describe those 
features and the design process that led to them. The paper concludes 
with a review of those areas of plant operation where these design 
measures are leading to some difficulty, and the measures being taken 
to overcome these problems whilst maintaining an acceptable safety case 
against the effect of earthquakes. 

2. SEISMIC: CRITERIA 

2.1 

The United Kingdom is situated in a part of the world of low 
seismicity. The chance of an individual noticing slight evidence 
of earthquake activity is perhaps 10 per annum. It is, 
therefore, not surprising that seismic design of facilities 
within the UK is virtually unknown. Only where particular 
attention to plant safety is required is seismic design 
considered. 
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Until the mid 1970s, the safety criteria for UK nuclear pover 
stations did not include the requirement to specifically 
consider earthquake activity, although experience indicates that 
power stations that are not seismically designed have a 
significant degree of seismic capability. As Heysham Stage 2 was 
the first nuclear station to be constructed after this change in 
safety requirements, a set of seismic criteria had to be 
determined. They are described as follows. 

2.2 Safe Shutdown Earthquake 

The criteria for the seismic design of Heysham Stage II required 
that the station should be designed such that it would not 
produce an unacceptable release of radio activity at a level of 
earthquake known as the Safe Shutdown Earthquake (SSE). This 
earthquake was defined as haying a peak acceleration equivalent 
to a return frequency of 10-4* per annum. Work undertaken by the 
CEGB and it? consultants showed that this level of acceleration 
corresponded to Q.25g. 

Because continuous operation of the station for the purposes of 
commercial electricity production is not required, either at the 
SSE level or indeed at reduced level, the design of the station 
against the SSE can be limited to those components required for 
safe shutdown and posf shutdjwn cooling. 

2.3 Operator Shutdown Earthquake 

Although there is no requirement for an earthquake level for 
which continued station operation is required, it was found 
aecessary to define a level of earthquake much lower than the 
SSE in order -o protect against more frequent, but smaller, 
earthquakes. This reduced earthquake level is called the 
Operator Shutdown Earthquake (OSE) and is set at a peak ground 
acceleration of 0.05g. If an earthquake occurs that is above 
this level, the operator is advised of the earthquake by an 
alarm and he is required to initiate reactor shutdown procedures 
and to perform a station damage assessment before bringing the 
reactor back to power. The object of the OSE is to prevent 
earthquakes less severe tuan, but more frequent than, the SSE 
causing undetected damage to safety equipment that has not been 
seismically designed because it is not needed for protection 
against the SSE. Such undetected damage could result in degraded 
protection against relatively frequent reactor faults that are 
independent of the earthquake. Note that the reactor is not 
provided with an automatic seismic trip. 

3- SEISMIC DESIGN 

69 
The seismic design of Heysham 2 was based on the use of the computer 
programme FLUSH. Vhis was used to model the power station buildings and 
the rock upon which they are founded. (Refer to Figure 3). 

The earthquake input to thin model consisted of two accelerograms, 
Parkfield 5 NSW and Temblor S2SW taken from the June 1766 Parkfield 
earthquake. Both accelerogrjjns were mathematically processed to limit 
the peak acceleration to O.'.bg, whilst preserving peak velocities and 
total energy. The two accelerograms' are shown in Figures 4 and S. The 
criteria for selection of trese earthquake time histories are 
summarised in Table 1. 

The output time histories from the FLUSH model at each building level 
were converted in'o response spectra, from which design response 
spectra were produced by enveloping the output ~pectra produced by each 
earthquake input. Typical spectra are shown in Figures 6 and 7. These 
were used in qualification cf essential plant either by shaker table 
testing or analysis, for which allowable limits were generally taken 
from ASME III Level 0. General methods are taken from U.S. practice. To 
account for variations in important parameters in the analysis, a 
series of sensitivity studies was undertaken. 

The total extent of the plant which was qualified as outlined above is 
beyond the scope of this paper. However a list is provided as at Table 
2. As stated in section 2, the underlying philosophy is that only 
station components necessary for safe shutdown, cooling and reactor 
monitoring have been qualified. 

The seismic design of Heyshan Stage 2 has had a significant effect on 
the design of many of the components of the power station. Some of the 
more important or novel features of the station are discussed below. 
4.1 Reactor Core 

The basic design of the core of the reactors at Heysham Stage 2 
is based on that for the AGR at Hinkley Point B. Changes to the 
design that were made as a result of the seismic requirement 
were. 

* the provision of a carefully designed horizontal load 
path from the core periphery to the concrete of the base 
of the pressure vessel. 

* the provision of increased strength of the links that 
connect the outer la>":r of core bricks to the core 
restraint cylinder. 

* optimisation of the strength of the radial keys that 
locate the individual core bricks. 

Having designed the main location features of the core against 
static acceleration levels taken from the FLUSH analysis, a 
major analysis programme was then undertaken using non-linear 
dynamic analysis to determine whether the core would have an 
acceptable response against the SSE. This analysis programme 
relied heavily for data on an extensive programme of seismic 
testing. The final non-linear analysis using some 500,000 
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degrees of freedom was undertaken on the purpose written 
computer program AGRCOR. The seismic qualification programme for 
this one component alone cost some £3M. 

Figure 8 shows how the two most common type of core brick are 
interlinked and the idealisation adopted in the seismic analysis 

Statigo Buildings 
The buildings on the power station that housed safety related 
plant clearly must be able to withstand the required level of 
earthquake. They were designed against an earthquake of % the 
SSE level, called the Design Basis Earthquake, against an 
allowable limit of yield in the steel reinforcement. 

The design was so performed on the basis that the ductility 
available in the building design would ensure survival well 
beyond the S.S.E, Subsequent to the design process , an analysis 
was undertaken to determine structural stresses at SSE level. 
These indicated the margins in the initial design process. 

Pressure. Vessel Restraint 

The design of the massive concrete pressure vessel required a 
novel design approach with respect to the vessel supporting 
arrangements. Previous practice on the CEGB's other concrete 
vesselled stations is to support the pressure vessel against 
gravity loading on neoprene bridge bearing pads, or the 
equivalent, to allow unimpeded dimensional changes of the vessel 
when subject to temperature and pressure fluctuations. No 
lateral support was provided. 

In the design of Heyshara 2, the decision had to be taken to 
either locate the vessel firmly against lateral earthquake 
loading or to allow earthquake induced movement of the vessel 
relative to the foundations to occur, with the aystema connected 
to the vessel able to withstand this amount of movement. 
Following consideration of both options, it war; decided to 
provide a means of lateral restraint that coi.ld resist 
earthquake loading and yet allow the vessel dimensiona to change 
in operation. This was effected by the provision of a concrete 
upstand around the bottom of the vessel, some 2 metres high, 
with the small gap between the vessel and upstand filled with 
bitumen. This allows the slow vessel dimensional changes to 
occur essentially unimpeded, the bitumen having low viscosity 
against slow rates of change of dimension. However, for suddenly 
applied earthquake loading, the bitumen exhibits high viscosity 
and thereby provides a firm support which controls the vessel 
displacement. The development of a bitumen having the necessary 
properties utilised a considerable amount of development 
resource. 

Figures 9 and 10 show a section through the vessel and the 
vessel supporting arrangements. 



4.4 Pipework 

The feed and steaa pipework at Heyshan Stage II was designed 
using classical seismic design methods. The design spectrum was 
obtained by enveloping the response spectra for all pipework 
support positions. Seismic analysis was then performed u»ing the 
response spectrum technique against allowable levels based on 
ASME level 0. Unfortunately, this has resulted in a station 
complement of some 700 pipework snubbers, with a consequently 
large maintenance burden on account of the poor reliability 
problems of the snubbers themselves. 

This aspect of seismic design will be discussed later in the 
section on 'Areas of Continued Study'. 

4.5 Fuelling Machine 
An item that has been significantly affected by the need to 
design against earthquakes is the reactor fuelling machine. This 
machine, of some 1200 tonnes deadweight, is positioned 40 metres 
above site datum and will consequently be affected by amplified 
ground level seismic ground motion. A plan and elevation of the 
machine are shown in Figures 11 and 12. 

During refuelling the machine forms an extension of the primary 
circuit and the safety requirement is that the primary circuit 
boundary must not be breached and the machine remain structually 
sound during the SSE. Therefore the design has included the 
provision of fuelling machine clamps in the long travel and 
cross travel directions. These clamps lock the machine to the 
rails whilst the refuelling process is underway, ensuring that 
the connection to the pressure vessel cannot fail due to 
excessive relative movement. 

Unfortunately, the clasping operations associated with the 
fuelling machine are relatively time consuming such that they 
may limit the rate at which the reactors can be refuelled. Thus 
the need to perform seismic clamping is under review. This is 
discussed further in the section on 'Areas of Continued Study*. 

4.6 Seismic Instrumentation 

Beyshan Stage 2 in the first CEGB station to be fitted with 
seismic instrumentation, the object of which is to provide an 
operator alarm if earthquake accelerations above 0.05g peak 
horizontal, or the equivalent vertical, are detected. Upon 
receipt of this information, the operator is required to 
undertaken a reactor shutdown and to perform a damage assessment 
of safety related features before being allowed to restart the 
reactors. Additionally above .Olg, a recording trigger level is 
actuated and a recording aade of earthquake motion. Sensors are 
placed on several additional structural items. Unlike the 
practice in several other countries, earthquake reactor trips 
are not fitted. 

Gas baffle assembly in reactor vault 
FIG. 9. Prestressed concrete pressure vessel. 
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Instrumentation similar to the above is currently being 
installed at all CEGB nuclear power stations. At these stations, 
however, the information is limited to foundation movement only. 

AREftS OF CONTINUED STUDY 

The design and construction of Heysham Stage 2 went exceptionally 
smoothly inspite of the novel requirement to incorporate seismic 
design. In the event that there were no implications on station 
operation, then all seismic work on the station would have ceased by 
this point in time. However there are areas where the seismic design 
continues to have implications on the operation of the station, as 
indicated below. 

5.1 ?iptwQCfc 

Heysham 2 has been operating for some two years now and in this 
short period of time, the hope that the snubbers fitted to the 
station pipework would prove reliable has not been realised. It 
is essential that the pipework be maintained to the design 
condition, and this is expensive where maintenance is excessive 
Faults that have occurred that require significant maintenance 
effort to rectify are: 

• snubbers leaking or empty 
* snubbers at, or nearly at, end of travel. 

Therefore there is a pressing need to execute further studies in 
order to remove as many pipework snubbers as possible. Such an 
analysis programme is underway using the multiple input response 
spectrum analysis technique. Indications are that the 
application of this method win allow many pipework snubbers to 
be removed. The first application of this method to the hot 
reheat system is currently being progressed through the CEGB 
plant modification procedure. 

5.2 Reduction in Extent of Fuelling Machine Clamping 

As indicated above, the fuelling machine is clamped in position 
so that, should an earthquake occur during the refuelling 
procedure, movement of the machine relative to the pressure 
vessel is controlled and de-pressurisation of the primary 
circuit is thus prevented. However, the time taken to clamp the 
machine into position before refuelling can begin nay, under 
certain circumstances, mean that the refuelling rate may be 
limited by this activity. Therefore an assessment if currently 
underway to determine whether the clamping requirements can be 
reduced without the increased fuelling machine movement proving 
unacceptable to the safety case for the reactor. 

CONCLUSIONS 

The Heysham Stage 2 project was the first for a power station in the 
United Kingdom to require seismic design. That the effect of this 
additional requirement did not affect adversely the smooth running of 
the design and construction of the power station is a credit to all 
concerned. However, the effect on the station has been felt in two 
areas. 

i) The capital coat of the station has increased, by an estimated $ 
to 10 percent. 

ii) in the areas of pipework snubbers and fuelling machine clamping 
the earthquake design requirement is having undesirable 
consequences with regard to operation, the first being 
significantly increased maintenance costs and the second a 
potential limitation with regard to refuelling rate. 

It is in both these areas that further work is therefore continuing to 
determine whether the operational difficulties can be eased without 
adversely affecting the safety case for the reactor. The results of 
these reappraisals will be available within a time period of about two 
years. 
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Abstract 

This paper reviews the seismic analysis performed for tne modular 
high-taiperature gas cooled reactor (MHTCR). The four unit MHTGR nuclear 
island consists of four separata underground concrete silo structures amoedded 
to a depth of 160 feet. The major NSSS components, including the reactor 
vessels and steam generator are housed in tne silos. A three-dimensional 
(3-0) soil-structure interaction (SSI) analysis was performed using the 
computer program SA55I to develop tne seismic loads, acceleration time 
histories, and response spectra whicn are to be used in determining the 
seismic capabilites of the reactor building and its "sat"ety-relatad" internal 
systems and components. ~*he analysed 3-D model included the below grade 
structures, tne reactor and steam generator vessels, tne reactor core anu 
other internal structures. 

A 3-D analysis was performed to take full advantage of ampeament in 
reducing seismic response. The computer program 5ASSI was selected because it 
can model 3-0 multiple embedded flexible foundations with arbitrary shapes. 
In the MHTGR design, it is important to model the silo flexibility. 

The KHTGR is being developed as a standardized plant with a design which 
envelopes the seismic conditions at 35 percent of U.S. nuclear sites. The 
maximum Sato Shutdown Eartnquaxe !SSE) acceleration is 0.3g. 

The paper will review the following subjects• 
Seismic criteria, ana site conditions 
Method of analysis 
Silo and SSSS models used 
Results of tna analysis including aaximum accelerations and response 
spectra in tne silo and critica- equipment supports. 

The advantages or amDedment have been nearly demonstrated in this 
analysis and will be reviewed in the conclusion! of this paper. rtneraore, 
the results or a separate analysis to assess tne errects or siio-soii-sno 
interaction effects win oe discussed. 

INTRODUCTION 

This paper reviews the seismic soil structure interaction (SSI) analysis performed for 
the Modular High Temperature Gas-Cooled Reactor (MHTGR). The MHTGR is an 
advanced reactor concept being developed under U.S. Department of Energy (DOE) 
funding and involves Bechtel National, Inc., Combustion Engineering, Inc., General 
Atomics, Gas-Cooled Reactor Associates and Stone and Webster Engineering Corp. 
The objective of the MHTGR program is the development of a safe, economic nuclear 
power option. The reference concept is composed of four 350 MWt reactor modules 
coupled to two turbine generator sets producing a net electrical output of 538 MWe [11. 
Each reactor module is housed in a separate underground concrete silo structure 
embedded to a depth of 48,9m. The top 9.1m of each silo structure is rectangular in 
plan, with dimensions of 22.9m x 40.8m. The remainder is circular, having a 
diameter of 18.3m. The reactor module (RM) consists of two vertical steel vessels • a 
reactor vessel and a steam generator vessel - in a side-by-side configuration 
connected by a coaxial crossduct. A significant feature of the design is its capability to 
passively reject decay heat from the reactor utilizing the natural circulation of outside 
air through heat removing panels on the cavity walls. Figure 1 shows an isometric 
view of the reactor building and the major components. 

ANALYTICAL METHODOLOGY 

The MHTGR silo is a deeply embedded structure with a large depth-to-diameter ratio. 
This requires proper modeling of embedment and silo flexibility when evaluating the 
response of the structure to seismic loads. 

The computer program SASSI [2] was used to perform the three-dimensional (3-D) 
SSI analysis. The program was selected to take full advantage of embedment in 
reducing seismic response. The program can model 3-D multiple embedded flexible 
foundations with arbitrary shapes. It uses the complex response method and the 
flexible volume substructuring technique. The soil material is modeled using 



Fig. 1 Isometric View of MHTGR 
Reactor Building 

complex stiffness moduli and a hysteric damping mechanism. The site is 
represented by a horizontal layered soil system overlaying an elastic halfspace or a 
rigid base. The structures) are idealized by standard two- or three-dimensional finite 
elements. Primary nonlinear effects in the free field and secondary nonlinear effects 
in a limited region near the structure can be considered by the Equivalent Linear 
Method [3]. Recently a special pile element has been implemented in the program to 
effectively solve foundations on a large pile group 14]. 

The dynamic loading can be either a seismic environment consisting of an arbitrary 3-
D superposition of inclined body waves and surface waves or external dynamic loads. 
Transient input time histories are handled by the Fast Fourier Transform Technique. 

To demonstrate the validity of the program SASSI during its development, it was used 
to compute- the seismic response of the Humboldt Bay Nuclear Power Plant to the 
Femdale Earthquake of June 7, 1975. The Humboldt Bay Power Plant and the 

MHTGR 'nave similarities in the configuration of the reactor building. It is the only 
plant in the U.S. where the reactor is housed in a deeply embedded silo to a depth of 
26.5m below grade. The structure consists of two major parts: a cylindrical portion 
18m in diameter, and an upper rectangular portion 12m x 23m. The accelerations 
recorded in the silo were significantly smaller than the free-field accelerations at 
grade, clearly demonstrating the effectiveness of embedment in reducing earthquake 
induced loadings. The SASSI computed motions were shown to be in good agreement 
with those recorded inside the plant [51. 

SEISMIC DESIGN CRITERIA 

The seismic design response spectra used in the analysis are based on the horizontal 
and vertical U.S. SRC Regulatory Guide 1.60 spectra [6J, scaled to a maximum 
acceleration of 0.15g, which is the Operating Basis Earthquake (OBE). The Safe 
Shutdown Earthquake (SSE) is equal to twice the OBE. 

The free-field input motion consists of two horizontal and a vertical synthetic 
acceleration time histories that are statistically independent, and their response 
spectra, in general, envelope the design spectra for all applicable damping values. 
Each time history has a duration of 24 seconds and is digitized at 0.005 second 
intervals. The control motion is specified at grade and the free field is assumed to be 
composed of vertically propagating body waves. 

The damping values for structural components are in accordance with the NRC 
Regulatory Guide 1.61 recommendations [7], 

SITE CHARACTERISTICS 

The MHTGR is being designed for a wide range of potential sites with the objective of 
enveloping the response at 85 percent of the existing U.S. nuclear sites. To satisfy this 
requirement, the seismic analysis would have to cover a range of shear wave velocities 
(Vs) from 305 to 2,438 m/s. These represent the uniterated low strain soil properties. 

Preliminary analyses were performed by General Atomics in which ten typical sites 
which met the MHTGR requirements were considered. It was concluded that in 
general three site conditions enveloped the results. These three sites were used in the 



analysis discussed in this paper and are as follows: 

• Rigid rock halfspace (ROCK) 

• Linearly varying soil site (LVSS). Vs increasing with depth from 335 
m/s at grade to 762 m/s at the silo base. 

• Soft soil over rock (SSOR). 22.9m of soil with a V s of 335 m/s 
overlying rock with V$ of 2,438 m/s. 

ANALYSIS MODELS 

The reactor building silo was modeled using a 3-D finite element model and included 
the silo external walls, interior walls, basemat, rectangular portion of the reactor 
building substructu-e, vent stack, Reactor Cavity Cooling System (RCCS) stack, and 
steel superstructure. To minimize computer cost, only half a single silo structure 
was included in the 3-D analysis by taking advantage of the symmetric boundary 
conditions which existed. The 3-D SASSI structural model is shown in Figure 2. The 
below-grade portion was represented with a total of 484 shell elements. Above grade 
structures were represented using 35 3-D beam elements. In addition to the 
structural elements, the SASSI code requires that the excavated soil volume be 
modeled with solid elements having the same properties as the surrounding site. The 
soil model used 388 solid elements and is shown in Figure 3. 

It should be noted that, for the rock site analyses, SSI effects were neglected and all 
the external silo walls were assumed to be rigid. However, the flexibility of all 
internal walls and floors were included. This assumption was made because, for very 
stiff rock sites, SSI effects are small and points in '••he silo are expected to move with the 
ground. Furthermore, in the frequency range of interest, less than 30 Hz, the shortest 
wave length for the vertically propagating body waves exceeds the length of the silo. 

A complete model of the reactor core, reactor vessel, steam generator vessel, steam 
generator tube bundle, cross vessel, and he c duct was developed by General Atomics 
and Combustion Engineering using 94 3-D beam elements and is shown in Figure 4. 
This model was attached to the silo walls using spring elements whose properties 
represented the vessel anchorage and specified boundary conditions. In general, this 
RM model is more detailed than models commonly used in SSI analyses. This was 
done to eliminate the need for a multi-stepped analysis in which the results of the SSI 
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analysis are used as input to a detailed RM model to eliminate potential for any 
amplifications which may result in the decoupling of the two systems. As a result, 
the design spectra developed in this SSI analysis can be used directly to evaluate the 
RM. 

ANALYSIS RESULTS 

Acceleration time histories were computed for the three sites at various points in the 
silo walls and at points of interest in the internal structures. Acceleration response 
spectra were computed from the time histories for various damping levels. The 
response spectra used for design purposes were obtained by enveloping the raw 
spectra for the three sites, making the corrections described below for silo interaction 

effect* and widened by plus or minus 15 percent. The spectra reported in this paper 
are the raw spectra for 2 percent damping. 

Maximum Acceleratiotu 

A plot of the maximum accelerations in the silo wall as a function of depth foe the 
LVSS and SSOR sites is shown in Figures 5 and 6. For reference, the maximum 
acceleration for the rock site, which is 0.15g, and which is assumed to be constant 
with depth is also shown. The results demonstrate the effectiveness of embedment in 
reducing the seismic response. For ths two soft soil sites it can be seen that the input 
motion levels are reduced. For elevations above -10m, there is some amplification in 
horizontal accelerations for the SSOR site and vertical accelerations for both sites. 
This amplification is not expected to affect the RM response since the RM supports are 
below this elevation. For the rock case, even though no reductions in input 
accelerations occur in the silo, emuediaent would prevent amplifications at the RM 
supports which would result if the MHTGR was not embedded due to usual 
amplification of the response between the base of surface founded structures and 

<ccujunoN <ci 

Fig. 5 Maximum Acceleration in Silo 
(LVSS) 



Fig. 6 Maximum Acceleration in Silo 
(SSOR) 

points at above grade elevations. Maximum accelerations at key points in the RM are 
given in Table 1. In general, the accelerations for the soil sites are lower than the roclc 
sites; furthermore, the RM accelerations are lowest at the nodes with the deepest 
elevations. 

T»bl» 1 

COMPARISON OF MAXIMUM ACCELERATIONS (G) 
IN REACTOR MODULE 

NODE UYSS —SSQS —EPCK 
LOCATION 2&MB££ X X i .£ i £ .X. X £ 

CRDM HOUSING 1 0.59 0.39 049 0.53 0.34 0.22 0.64 0.72 0.46 

TOP CORE SUPPORT 9 0.40 0.19 0.18 0.23 0.20 0.22 0.34 0.39 0.46 

BOTTOM CORE SUPPORT 14 0.25 022 0.18 0.36 0.42 0.22 0.49 0.33 0.45 

HOT DUCT 109 0.20 0.20 0.22 0.26 0.40 0.22 0.48 0.49 0.49 

SG TUBE BUNDLE SUPPORT 122 0.14 0.17 0.21 0.20 0.32 0.18 035 0.40 0.50 

Acceleration Reiponte Spectra 

The acceleration response spectra at increasing depths in the silo structure for 2 
percent damping for the two soil sites are compared with the input spectra in Figures 
7 and 8. These spectra were computed a Ion* the silo wall at elevations closest to the 
RM supports. For both soil sites, there is significant reduction in spectral 
accelerations at the lower supports, especially in the horizontal direction at 
frequencies between 1.5 and 8.0 Ht. Ths frequency at which the reduction in spectral 
accelerations occurs depends on the embedment depth of the node in question. As a 
result of these reductions, the RM spectra are in general controlled by the roclc case. 
Figures 9 and 10 show a comparison of ipectra computed at the lower reactor core 
support (node 14) and at the lower steam generator tube bundle support (node 122). 

Seismic Interaction of Adjacent Silo* 

Due to the proximity of the silos to each other, silo-to-soil interaction effect* may result 
in responses that are different than w h i t is computed for a single silo, especially for 
the soft soil cases. To quantify these effects, a 2-D SASSI analysis was performed for 
both a single silo (the base case) and all four silos. Maximum accelerations and 
response spectra were computed for both models and compared to determine the 
magnitude of the interaction effects. Bused on the results of this study, the responses 
computed from the 3-D analysis would be adjusted to include these effects. 

The result of the 2-D analysis for the L^SS site showed that, in general, the 
accelerations were highest in the inner two silos, and that in certain frequency ranges 
the spectral accelerations exceeded the spectral values for the base case. Based on 
these results, it was conservatively recommended to increase the 3-D horizontal and 
vertical spectra by 5 percent in the 1 to '.'. Hz range, 20 percent in the 2 to 10 Hz range, 
and by S percent (horizontal) and 15 percent (vertical) for frequencies greater than 10 
Hz. 

Interaction effects due to horizontal infut perpendicular to the line of silott could not 
be represented in the 2-D models, and for the initial design phase the same 
adjustments computed for the other horizontal directions were applied. 

Although the 2-D analyses described in this section are approximate, the results are 
expected to be more conservative than 21-D analysis. Because of the high cost of 3-D 
analysis, 2-D results will be used for ansessing silo-to-silo interaction effect*. 
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However, a 3-D analysis which models more than one silo may have to be performed 
as a check of the final MHTGR design when a real site has been selected. 

SEISMIC ISOLATION 

An initial investigation into the feasibility of seismically isolating the MHTGR 10 
include available site in areas of high seismicity, such as California and Pacific Rim 
countries, was conducted [81. 
A concept for horizontally isolating the RM while minimizing the impact on the 
reference plant layout and RM design v.as developed. The SSE level considered was 
0.7g. The isolated structure was supported on 42 high damping steel-laminated 
elastomeric bearings. Further studies are needed to demonstrate the feasibility of this 
design. 

CONCLUSIONS 

The results of 3-D seismic analysis of the MHTGR plant were presented in this paper. 
The response of the reactor building, which consists of a deeply embedded silo 
structure, and of the reactor module to seismic input was computed. The 
effectiveness of embedment in reducing seismic loads was demonstrated. The lowest 
silo and RM accelerations occurred in the LVSS site, which was the softest site 
analyzed, and where the SSI effects were more pronounced. For the rock site, 
embedment eliminated the problem (faced by structures which are founded at grade) 
of amplifications at the structure's fundamental modes. 

A comparison of the response spectra computed in the RM showed that in the vertical 
direction the shape of the spectra were similar and with the rock site giving the 
highest accelerations. In the horizontal direction, the peak spectral accelerations of 
the SSOR and LVSS cases usually occurred at the same natural frequencies, which 
were often lower than those for the rock site, and in general, the LVSS case giving the 
lowest spectral accelerations except at a few locations in the lower frequency ranges. 

lib 
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Abstract 

Japan Atoaic Energy Research Institute (JAERI) is now proceeding with 
the design of the HTTR (High Teaperature Engineering Test Reactor) to 
achieve first criticality in FT 1995. The HTTR is a 30MVi heliua gas-
cooled reactor, in which a prisaatic block type of fuel eleaents were 
eaployed. Since the reactor core is designed to pilr graphite blocks on 
core support structures, aseisaic design of the core is one of the major 
concerns in safety evaluation of the HTTR. 

Thus. JAERI has developed "-he SONATINA-2V code to analyse the seisaic 
response of the core. The S0NATINA-2V code :an solve impact phenoaena 
between the graphite blocks and provide information on iapact force, 
displaceaent and so on which are needed for safety evaluation of the 
structural integrity of the core coaponents. 

Large-scale seisaic tests of 1/2-scale vertical section test and full-
scale 7 coluans test were conducted to verify the code and deaonstrate the 
aseisaic integrity of the HTTR core. 

Vibration characteristics of the core, iapact force iaposed on the 
graphite blocks, influence on the vibration characteristics of the core 
support structures and others were obtained froa the tests and compared 
with analytical results by the SONATINA-2V code. A good agreement was 
observed between the results of the tests and the analysis. 

Safety analysis has been also Bade for the aseisaic design of the HTTR 
core using the SONATINA-2V code. The results have met the graphite 
structure design criteria developed in Japan. 

This paper describes the brief explanation of the S0NATINA-2V cods and 
shows the seisaie test results together with the analytical results. The 
results of the safety analysis of the HTTR core is also presented in the 
paper. 

1. Introduction 

In an event of an earthquake, the core of the High Teaperatura 
Engineering Test Reactor (HTTR) nust keep structural integrity to aaintaln 
the functions of reactor shutdown and remcal of decay heat. The HTTR 
reactor core is designed to pile graphite blocks with their associated 
clearances. The vibration response of the core is therefore highly non
linear with aultlple lapacts occurring between adjacent core graphite 
blocks. Thus. JAERI has developed the SONATINA-2V code to analyse the 
seisaie response of the core. 

This paper presents the brief explanation of the SONATINA-2V code and 
shows the seisaic test results together with the analytical results. The 
safety analysis of the HTTR core is alto performed using the SONATINA-2V 
code in this paper. 

2. Outline of HTTR 

2.1 Overview 

The HTTR consists of a core of 30HWt, a aain cooling circuit, an 
auxiliary cooling circuit and related coaponents. The reaccor core Is 
contained in a steel vessel of 13.2a in height and S.Sa in dlaaetsr 
together with graphite reflectors and core support structures as shown in 
Flg.l. Major specifications are listed in Table 1. 

2.2 Core Component 

The reactor core is an array of graphite blocks of fuel elements, 
control rod guide and replaceable reflector which provide the physical 
structure for arrangeaent and confinement of the fissile fuel aatarials. 
neutron moderation, heat transfer, and the positioning of control/shielding 
absorber materials. The active cote consists of 30 fuel coluans and 7 
control rod guide coluans, and each column is S blocks high. 

The graphite block of the fuel eleaents is hexagonal right prlva with 
an array of fuel eleaent holes as shown in Fig.2. The block is 360aa 
across-the-flats and S80ma high. Three dowel pins are installed on the top 
face which engage with dowsl sockets in the bottom face of the block above. 
The dowel arrangeaent ensures the correct orientation of the blocks within 
a column with respect to each other. The control rod guide block and the 
replaceable reflector block are the saae external dimensions as the block 
of fuel eleaents. 
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Fig.2 The graphite block of fuel elements 



2.3 Core Support Compo.*«nt 
The core is supported by the core support structures and confined by 

the core restraint aechanisa. The hexagonal hot planum block array located 
under the core region is aade up of two axial layers. The lower blocks of 
the hot plenua blocks, named the keyed plenua block, coabined with each 
other by key/keyvay systeas. The core support posts and seats are placed 
below the hot plenua blocks, allowing relative displaceaent between the hot 
plenua blocks and lower plenua blocks by inclination of the posts during an 
earthquake. The peraanent reflector blocks forms a composite cylindrical 
container around the core components. restraining the horizontal 
displaceaent of the core coaponents during a seismic event. The peraanent 
reflector is fastened by the core restraint aechanisa. 

3. Description of S0NATINA-2V Code 

3.1 Development of SONATINA-2V Code 

The core seismic coaputer code for the HTTR is required to analyse the 
overall response and displaceaent characteristics of the core and to 
calculate design load for each of the core coaponents and the core support 
coaponents. There are no general purpose codes to analyse the HTTR core, 
because the iapact phenomena of the core blocks are too complex to be 
solved in a general Banner. Thus. JAERI has developed the SQNATINA-2V code 
on the basis of siaulated vibration teats. The S0NATINA-2V code can solve 
iapact phenomena between graphite blocks and provide information on impact 
force, displaceaent and so on which are needed for safety evaluation of the 
structural integrity of the core components. 

3.2 Analytical Model 

The SONATINA-2V code models a row of columns in a vertical plane 
across the reactor as shown in Fig.3. Included in the model are fuel 
coluant, control rod guide columns, peraanent reflector columns, core 
support blocks and the core restraint mechanism. The code uses an 
orthogonal coordinate system with a horizontal and a vertical coordinate 
axis. Block motions and collisions are calculated along the two axes. 

A core graphite eleaent is treated as a rigid body with three degrees 
of freedoa: horizontal translation, vertical translation and in-plane 
rotation. 

Horizontal collisions of the block sides are represented by springs 
and viscous dampers in parallel. Springt and dampers are also used in the 
vertical direction. The vertical springs serve a dual purpose: (1) to 
transfer the gravitational forces due to the weight of the blocks and (2) 
to represent the vertical impacts when the blocks in a coluan rock on each 
other, and open and close angular gaps. Viscous dampers serve only the 
latter purpose. 

Beside the horizontal and vertical impact forces, the code also 
calculates shear forces in the dowels which keep the blocks aligned within 
a coluan by restricting the relative horizontal movement between stacked 
blocks. The dowels are simulated in the model by a mechanism consisting of 
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a spring and daaper in series in combination vlth a gap. where the gap 
represents the saall clearance between the dowel pin and the socket. At 
each interface between stacked blocks in a column, friction is taken into 
consideration in addition to the forces in the dowel. 

The seismic excitation is iaposed at the rigid boundary which 
simulates the reactor pressure vessel. 

Due to the inherent nonlinear!ty of the core response, time history 
integration is required in the calculation. The fourth-order Runge-Kutta-
Gill and the Newton methods are used in the code for the numerical 
integration. 

4. Large-scale Seismic Demonstration Tests 

Large-scale seismic tests of 1/2-scale vertical section test and full-
scale 7 columns test were conducted to verify the code and demonstrate the 
aseismic integrity of the core. 



32 4.1 1/2-scale Vertical Section Test 

The teat aodel was made up of a row of coluans in a vertical plane 
across the reactor at shown in Fig.4. The teat aodel consisted of twelve 
core columns and permanent reflector columns on each lide. Each fuel 
coluan was coaposed of thirteen hexagonal blocks in 1/2-scale, 

The aeasureaent iteat were relative horizontal displaceaent between 
block and support fraae. iapact acceleration of block, reaction force 
acting on the core restraint aechanisa. shear force in the dowel and input 
acceleration. 

Input excitations of sinusoidal waves and simulated earthquake waves 
are given to the teat aodel. Constant acceleration sine sweeps in the 
range of 1 Hz to 10 Hz were used to determine core motion characteristics. 
The acceleration input level was varied froa SO Gal to 500 Gal. 
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Fig.4 Experiaental apparatus of 1/2-scale cross section aodel 

4.2 Pull-scale 7 Coluans Test 

The test aodel represented one region of the HTTR core and core 
support components, consisting of seven core coluans, a single hot plenum 
block and three support post/seat asieablies as shown In Fig.5. Each 
coluan was axially composed of nine hexagonal graphite blocks and one 
steel block to total ten layer blocks in full-scale. 

Main aeasureaent iteas were the saae as those in the 1/2-scale 
vertical section test. 

Horizontal and vertical uniaxial and siaultaneous two-axis shaker 
tests were performed using a biaxial shaker facility. The test aodel ii 
excited by both of sinusoidal waves and siaulated earthquake waves. 

After the vibration tests graphite coaponents were visually Inspected, 
and there were no damages observed In the coaponents. 
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5. Coaparlson between Test Results and Analytical Results 

In order to verify the S0NATINA-2V code, a comparison between the test 
results and the analytical results were Bade as follows. 

5.1 1/2-scale Vertical Section Test 

The S0NATINA-2V code aodel fully siaulates the 1/2-scale vertical 
section test array except the scale. Fig.6(a) is the relative displaceaent 
frequency characteristics as a function of input acceleration level. The 
block relative displaceaents and peak resonance frequencies increase with 
increase of input acceleration level. It can be, therefore, said that the 
block exhibits hard-spring characteristics induced by the iapact 
phenoaenon. Fig.6(b) is the distribution of boundary iapact force along a 
coluan at the peak resonance frequency. It can be seen that the analytical 
results are in good agreeaent with the teat results. 

5.2 Full-scale 7 Coluans Test 

Since the S0NATINA-2V code aodels a row of coluans in a vertical plane 
across the reactor, it is necessary to show that the code can be applied to 
the three-diaensional full core. Fig.7 present* the relative displaceaent 
as a function of excitation frequency at 100 Gal aaxiaua acceleration, 
coaparing the test results with analytycal results. In brief, the analysis 
gives aore conservative result than the test results. 

Fig.8 gives the dowel forces as a function of frequency at 100 Gal 
aaxiaua acceleration. The calculated dowel forces were found to be larger 
than that of the test results. It can be presuaed that whirling phenoaenon 
of the blocks in the three-diaensional core occurs, reducing the iapact 
loads such as dowel force. It can be, therefore, said that the SONATINA-2V 
code gives conservative dowel force, coapared with the test result. 

Since the core support structures are aodeled in the aass by roller 
bearing in the SONATINA-2V code, it is needed to investigate the coupling 
effect experiaentally. Table 2 snows the core response values of iapact 
load, block relative displaceaent and dowel force in coaparlson between 
coupling and uncoupling of the core support structures. As recognlted froa 
the table, the response values are larger in case of uncoupling which is 
aodeled in the SONATINA-2V code. The iapact load of the hot plenua block 
were also exaained as a function of the core weight. The iapact load was 
found to be alaost independent of the core weight, presumably because the 
core components are siaply piled on the core support structures and the 
resonance frequency is different for both. This suggests that the aseisaic 
analysis of the core and core support structures can be performed 
separately in the analytical code. 

6. Analysis of HTTP. Core Design 

The HTTR core is designed to withstand two kinds of earthquakes 
denoted by Si and Sa. where Si is such ground notion as considered to be 
caused on the surface of the base stratus in the proposed site by the 
aaxiaiw possible earthquake and Sj is such ground action as considered to 
be caused on the surface of the base stratus at proposed site by the 
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Table 2 Csci reaponae values in coapariaon between coupling and uncoupling of the 
csra support structures III Cap width 

between block and 
iapact plate 

input 
earthquake 

Upper shleldlnglBUck re la t ive 
block iapect | dlspleceaent 

load |(the 7th layer) 
(UN) | (P-P aa) 

Dowel force 
(the »th layer! 

UN) 

uncoupi ing 

large 
S, 24.7 j 13.» | I.JO 

uncoupi ing 

large 
5» 42.4 16.2 j M S 

uncoupi ing 

m i l 
S' 6.4 2.2 { 0.S» 

uncoupi ing 

m i l 
s, 10.6 1 4.6 1 1.09 

coupling 

large 
s, 21.2 j IS.7 j l .JJ 

coupling 

large 
s. IS . } | 16.6 ! l .JJ 

coupling 

• • a l l 
s, 7.1 2.1 0.S7 

coupling 

• • a l l 
Si 7.1 | J.7 0.»» 

Table J Safety analytic remit of the graphite block 
(Si earthquake) 

(unlt:kN) 

j 
1 

Deiign 
load 

i Allowable 
load' 

Block iapacti 
load | 30 ISO 

I 

Dowel force ; 
i 

2.S 6 

• Derived froa the graphite structural 
deiign criteria 

extreme design earthquake which is not supposed to occur actually. 
Table 3 shows the aseisaic design loads of the block with allowable loads 
derived froa graphite structural design criteria. The seisaie loads are 
sufficiently low enough to ensure adequate structural integrity against the 
Si earthquake. The impact loads subjected to the Si earthquake are snaller 
than those of the Si earthquake. 

7. Conclusion 

The coaparison between the results of the tests and the analysis using 
the SONATINA-2V code shows good agreeaent. which can allow the use of the 
S0NATINA-2V code in aseisaic evaluation of the HTTP. core. 

The aseisaic analysis results have guaranteed the structural integrity 
of the HTTR core components, as well as the deaonstration test results. 
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Abstract 

The KITS (High-Temperature Engineering Test Reactor) is a 30 MWt helium gas. 

cooled reactor, the design of which is underway to achieve f i rst c n t i c a l i t y in 

FY 1995. Core bottom structures of the HTTR, which support the reactor core, 

consists of keyed plenum blocks, core support posts and others. The keyed plenum 

blocks located under the core region are large hexagonal blocks combined each 

other by Ucy/kcyway systems. The core support posts are placed below the blocks, 

al lowing r e l a t i v e displacement between the blocks and lower structures by 

inclination of the posts during an earthquake. 

Since the key/keyway of the keyed plenum blocks and core support posts are 
cr i t ica l ly important to avoid core degradation at an earthquake, two mock-up tests 
were conducted under simulated seismic conditions. In the f i rst test, t/5-scale 
keyed plenum blocks array '-as modeled to obtain fundamental characaleristics of 
strain response produced by collisions of the keyed plenum blocks. In the second 
test, l/3-scalc core bottom structures including the keyed plenum blocks and core 
support pons were modeled to quantify vertical loads imposed on the core support 

po*t and demonstrate struetura integrity of the core bottom structures of the 
irrm 

This paper describes main test results and discusses analyt ical aodels to 
evaluate the structural inte i r i ty of the core bottoa structures. 

,1ajor results obtained fro* the present study are ui follows. 

1) Structural in tegr i ty of the core bottom structures was confirmed and 
analytical model was developed to predict stresses imposed on the keyways 
and core support posts. 

2) Maxiaua strains of the keyways were related quant i tat ively with impact 
accelerations on the keyed plenua block. 

3) Maximum load on the core support post k> was found to be expressed as 

H • C • Ho, C and Ho denoted constant deterained by Wo and dead load on 

the core support post, respectively, 

I. Introduction 

The HTTR (High-Temperature Engineering Test Reactor) is a 30 MWt helum gas-

cooled reactor and has been designed under licensing review to achieve f i rst 

c r i t i c a l i l y in FY 1995. Core bottoa structures 1CBS) supporting the r ic lor 

core consist of keyed plenum blocks(KPBs). core support posts(CSPs) and other 

blocks as shown in Fig. I. The KPfls located under the core region are Urge 

hexagonal graphite blocks combined each other by key/keyway systems to 

withstand earthquakes. The CSPs made of graphite ire located below the KPBs and 

transmit the care v e r t i c a l load to lower structures, al lowing r e l a t i v e 

displacement between the blocks and the lower structures by inclination of the 

posts during earthquakes. The integrity of the key/keyway of the KPBs and the 

CSPs are cr i t ical ly import an t to avoid core degradation during earthquakes. 

Two vibration tests were performed with two scale aodels lo c la r i fy the 

seismic response of the CBS. The f i rs t test was carried out with a l/5-scale 

model simulating the KPBs array to c l a r i f y fundamental character ist ics of 
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s t r a i n response produced by c o l l i s i o n s of the KPBs. The second one was 

conducted wi th a 1 /3-scale model s imulat ing the C3S such as KPBs and the CSPs 

to quant i fy v e r t i c a l loads on the CSPs and keyway s t r a i n ar.d to demonstrate 

s t ruc tura l in tegr i ty of ihe C3S of the HTTR. 

T h i s paper descr ibes main test r e s u l t s and the v a l i d i t y of a n a l y t i c a l 

•ethods to evaluate the s t r u c t u r a l i n t e g r i t y of the CBS. 

2. Vibrat ion lests 

2. I Test purpose 
( i ) I, 5 - s e a l e «odci l e s t 

This test wis conducted to c l a r i f y fundamental c h a r a c t e r i s t i c s Mentioned 

l a t e r and to eva lua te the v a l i d i t y of the a n a l y t i c a l aethod used for the 

pred ic t ion of the block impact acce le ra t ion produced by c o l l i s i o n s of the KPBs 

with each other or with the permanent side ref lector blocks. 

i ) Impact acceleration response character is t ics of the KPOs. 

i i ) Cor re 11 at i on of the block iepact acceleration with the keyway s t ra in . 

(2 ) l /3 -scale Model lesl 

This test was conducted to v a l i d a t e the s i m i l a r i t y laws app l ied to the 

tests and to quantify the fal lowings. 

i ) Correlat ion of the block iapact accelerat ion with the keyway s t ra in , 

l i ) Ver t ica l loads imposed on the CSPs. 

Also i t was an iaportant purpose to demonstrate s t ruc tu ra l i n t e g r i t y of 

the CSS of the HTTR against d is turbance or the aaxiaua e i p e c t e d design 

earthquake. 

2.2 The test arrays 

(1 ) l / 5 - 3 c a l e Model 
Two-diaensional KPB layer node! for this lest is shown in Fig. 2. The test 

arrays were coaposed of seven KPBs, twelve permanent side r e f l e c t o r blocks, 

keys and l a t e r a l r e s : r a i n t s t r u c t u r e s . The blocks and ke; s "ere wade of the 

saac grade graphite as to be used in the HTTR. The honzon 'a l pUne gcoaetn of 

blocks were aachined s t r i c t l y to the s u e of o n e - f i f i h of the prototype. Those 

blocks were supported by ba l l bearings to avoid the ef fects of f r i c t i o n a l force 

to tie imposed between blocks and Ihc lower plate . These lest cordi l ions, were 

•ade according lo the s i m i l a r ! ! * laws as shown in Table I. 

(2 ) l / 3 - s c a l e model 
Three diaensional model for this test is $ho»n in f i g . 3, The test arrays 

were composed of the saae components as t / 5 -sca le model mentioned above and of 

twentlv one CSPs. The blocks, the keys and the CSPs were also made of tins saae 

grade graphi te as to be used in the HTTR. The p la in geometry and he ish i of 

those components were s t r i c t l y to one- th i rd of the prototype. 
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Table 1 

Similarity U M S 

Physical 
Quantities 

(Diaension) 
Symbol 

Similarity Laws 

X : Scale factor 

S iai lari ly laws under 
condition of 

E . e. 

E . ». 

U n i t h I U I 1 . 
1 

- » . 
X 

1 

T i e * ( T ) t I . 
l i e . E . 

- / t . 
X V 0 , E . 

i 
t . - — i . 

Force 
( H I r ' ) 

F F . 
; ' E . 

r . - - L r . 

Velocity 
tL T " ) 

V v . - I *' E" 
V 0 . E . 

V . » V , 

Acceleration 
a r«> 

or or. 
0 , E . 

0 . E , 
or. » X a. 

Frequency 
CT- ' ) 

t r. I 0 . E . 

J 0. E„ 
r . ' i r . 

S tress t «. E . 

E . 
» . " » . 

Sprint 
constant 

[11 T " ) 
k k . 

1 B . 
— - k „ 

-« E , 

1 
k . " k . 

Mass CM) m m . 
1 0 . I 

Mass CM) m m . 
^ ' 0 . 

m . " rn. 

suffixes : »:»odel. p:pro to type E : Younj's aodulus e .density 
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Since the other one core region aock-up t e s t ' " provided that the core 
blocks piled on the KPBs dose not affect the horizontal seisaic force of the 
keyed plenua blocks, the core blocks were not included in this aodel. However. 
to investigate the effect on post loads, soac additional iteight was prepared to 
be set on the KPBs aodel. 

2. 5 Test procedures 

The arrays were excited on the shaking table using sine dwell or sine 

sweep or simulated earthquake aolion. The ranges and conditions of excitation 

for l /5-scale aodel test and l /3-scale aodel test were respectively indicated 

in Table 2. The frequency range and acceleration level were adjusted 

according to the s ia i lar i ty laws shown in Table I. In the earthquake wave test, 

the array was aainly vibrated using the I iae-history rcsponce wave of RPV 

(shown in Fig.4) lo be applied at the height ut the plenua block level of RPV 

by Si or Si seisaic. where Si is such ground motion as considered to be caused 

on the surface of the base stratua in the proposed site by the aaiiaua possible 

earthquake and Si is such ground aotion as considered to be caused on the 

surface of the base stratua at proposed site by the extreac design earthquake 

which is not supposed lo occur a c t u a l l y . 3, wave and S ( wave has peak 

acceleration level of approxiaately I30 Gal and ISO Gal. respectively. 

In the tests, acasureaents of acceleration on the KPBs and strain at ihe 

keyway were aade using acceloaeters and strain gauges respectively as shown in 

Fig.5. Further, loads on the CSPs were aeasured with load cells set on the 

underside of post seats in the 1/3 scale aodel test as shown in Fig.3. The 

total nuabcr of aeasureaent point was approxiaately one hundred. These signals 

were reco.ded onto aagnetic tape in analogue fora, and l a te r "hey were 

digityted for analyses. 

2.4 Test results 
i ! ' I.5-scale model test 

Fig. (i shows the iapaci acceleration of the KPBs as a function of frequency 
at 200Gal aaxiaua acceleration . Fig. 7 shows the keyway strain versus the 
excitation frequencv for the saae acceleration level. 
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12) 1/3-scale eodel test 
F i f . S shows the iapact a c c e l e r a t i o n of the KPB ata inst the input 

Trequency. F i ( . 9 sho»s the keywa> strain versus Uie excitation frequency and 

F i t . 10 shots the toads of the CSP versus the e x c i t a t i o n frerquency 

respectively, obtained at 540 Cal level sine sweeps excitation. 

3. Discussion 

3. I Characteristics of the strain on the keytay corner of the XPBs 

For the deeonstralion or the integri ty of the KPBs. it is important to 

evaluate the stress (or strain) on the keywav induced by earthquakes. However, 

the stresses induced on the corner of the keynay are affected by aany factors 

such as load concentration on the specific point of the keyways caused by gaps 

between key and keyway. load concentra t ion in one keyway due to the 

aanufacturjnc torelance of kev/kcyway paral lel ise, etc. Stress concentration 

due to the plane shape of keyway n i l I also be induced. So. i t was very 

d i f f icu l t to evaluate the ef 'rcts of these factors separately. 

However, l /5 -scale test resul ts discribed that the s t r a i n response 

provided a correlation with the iapact acceleration, because both the high 

iapact acceleration and the high strain were obtained for the frequency range 

of 6 to 22H: as shown in Fig.6 and 7. To confira the extent of correlat ion, 

the peak strain response and the conteaporary iapact acceleration peak values 

were plotted an the abscissa and the ordinate axis of Fig. I I . This figure shows 

that the envelop of the strain seeas to increases with increasing the iapact 

acce le ra t ion but the rate of increase becoaes reduced with increasing 

acceleration. Using the results obtained by the 1/3 - scale aodel test, this 

corre lat ion was investigated in aore deta i l (Fig. 12). Fig. 12. which wis 

derived (roa sine sweep lest of 340 Cal level equivalent to the Si earthquak 

peak acceleration level, shows the saae tendency as the results of 1/5 - scale 

aodel test. ( ie. the envelop of the strain increases with increasing the iapaet 

accerelation but the rale of increase becoaes reduced.) This reduction in the 

rate of strain increase can be explained by assuning the area of local loads 

concentration were widen as the iapact acceleration of blocks increased. 

These results indicate that the aaxiaua strain induced by seisaie loads is 

deduced I roe the iapact acceleration level of the KPBs using the enveloped 

curves. So, i l is iaportani to predict the iapact acceleration level of the 

KPBs experiaentaly or ana ly t ica l ly . A coaputer code is on developaent to 



analyze the response of the KPBs using a two diaensional aodel of the KP8s 
layer. The strain and iapact acceleration of the KPBs are induced by the 
horizontal seisaic force. Oa the other hand, it is confiraed that the piled 
core blocks do not affect the horizontal loads. '" So. >wo diaensional audel 
of the KPBsis sufficient to predict the iapact acceleration of the KPBs. In 
the analytical aodel. each block is treated as luaped aass. The key/keyway 
systeas art siaulaied in the aodel by a aechanisa consisting of a spring and 
daaper in series in coabination with a gap. Tig. 13 shoos a coaparison of 
analytical results of the iapact acceleration and e*periaental results for the 
l/5-scale aodel test. The analytical results agreed with the experiaental 
ones, and it was onfiraed thai the coaputer code was useful for the prediction 
of the iapact acceleration. Therefore, as the first step the coiputer code will 
be used to evaluate the iapact acceleration level. Then the keyway strain can 
be obtained by the iapact acceleration versus slrair. curve. This approach nil I 
be used when conditions varied (ex. design earthquake wavefora or acceleration 
level). 
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3.2 Characteristics of the loads on the core support posts 
One KPB is supported by three CSPs and the load per one CSP is generally 

equal to Wo/3, where Wo denotes core weight on one plenua block. However, 
earthquake aay cause the vertical acceleration and rocking notion of the KPBs. 
The effect of earthquakes on the load are as follows. 
i ) The seisaic vertical acceleration aay increase Wo 
u ) The distribution of the toads on the three CSPs aay become unbalanced . 
These effects are expressed by two factors o and 3 defined below. 

Li —Li T I ) — W . 
a = _ . 

L,(or U or L.1 + 1/3W. 
l i + l . + L . - l . 

Where Li . I , . L, ; variation ioad during earthquakes for each of the 
three CSPs within one KPB 

V : dead load on one KPB including the weitht of KPB . 

In the I/3-scale aodel (est. the I , . U . U were measured and the rate of 
a or 3 were invest iga ted . The f a c t o r s a and 3 did not provide 
correlation with W«. Fig. U shows a correlation of a with 3 obtained froa 
t iae-histr ica i response of the loads on the core support posts for 5, exitat ion 
tests under varied *• conditions. The following characteristics were derived 
froa the results. 

i ) The factor a and 3 were enveloped by a curve of a • 3 » C, where C is 
constant. 
Li) The value of C is deterained by » , . and the C value decreases wi th 
increasing »V 

These C values were obtained froa horizontals' e t c led tests, but the C value did 
not change much ever when vertical excitation was added simultaneously. 
The phenoaenon that the C value decreases with increasing the * • can be 
qual i tat ively explained by using the rat io between the earthquake energy ( A E ) 
and the core potential energy (Eo: equivalent to * • ) . I t is reasonable to 
consider that Eo induces the s ta t ic loads or. the posts and A E induces the 
change in the loads and the distr ibution rat io . Therefore, if AE " « constant 
deterained by an excitation wavefora and was independent of Eo. the increase 
rate of the load ( ie . C value) aay be equivalents expressed by (Eo +AE) /Eo. 
This ratio decreases as Eo (which is equivalent to * • ) increases. 

MM KIM 
l«WI 

O 0.9 KN 
O 0.46KN 
& 0.3 K\ 

C«!.»« 
C«U7 
C»U7 

0 . 0 S . t 0 . 4 0 . 4 O . * 1 . 0 

, Litor Li or L, 1 - 1 / 3 1 . 

^ = L , - L , - L , * W , 

Fi | . M Correlation of * with 9 OfeuiMd fraw Si Eicitalio* r«si. 

3.3 Structural integrity of the core bottoa structures 
For the deaonstration of the s t ructura l in tegr i ty of the CBS. it is 

iaportant to confira the integrity of the ke>*.iy of the KPBs and the CSPs. 
FOIIOWIIK; evaluation shows the intefr i ty of the CBS of th: HTTR. 
(1) Integrity of the keyway of the XPBs 

Provided the similarity laws (shown in Table 1) i re applied, the keyway 
strain of the prototype is equal to the measured strain in the tests. Table 3 
indicates the responses obtained in the l/5-scale aodel test and the 1/3-scale 
aodel test . To evaluate the va l id i ty of the s i a i l i l i l y laws, the reiponce 
values in Table 3 were converted into 1/1 scale values according to the 
s i a i l a r i t y laws and coapared. The converted values derived froa the two tests 
showed good agreement, and it was confiraed that the s i a i l a r i t y laws were 
applicable. 

The maximum measured strain on the keyway corter obtained (ram sine sweep 
test and Si excitation test in l /3-scale aodel test was approximately 9 0 u -
strain and 60« -strain respectively, and the peak strain of the keyway surface 
assuaed f roa these aeasured s t r a i n was 270/i - s t r a i n and I B O u - s t r a i n 
respectively. The peak stress derived from the strain of 270 u -strain i t about 
1.86 MPa. 1.86 MPa is s u f f i c i e n t l y lower than the allowable peak stress 
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derived f ro* the Graphite Structural Odesiin Code (or the HTTR'" . In (act. no 

k e m y (a i led. 

For above results, the integrity o( the key-way n s deaonstraled. 

(2) Integrity of the CSPs 

The seisaic loads on the CSPs aere evaluated by C value obtained froa 1/3-

scale aodel test. According to the s i a i l a r i t y laws, the equivalent weight o( 

the aodel on the KPB is about 4 KN. The test was conducted up to 0.9 K\ and it 

•as confirmed that the C wake decreased with increasing the weight (*»>. 

Therefor i t is conservative to estiaate the I iads by using the C value o( 1. IT 

derived froa "0.9 KN-test". 

The load on one CSP min i the C value of 1.17 is about 130 KN. The axial 

coapressive aeabrance stress induced on the core support post by this load 

mikes about 7 HPa. 7 Wa u j v / f i c i e n l l y lower I ban (he allowa*!* compressive 

stress derived (roa the Craphile Structural Design Code (or the HTTR. ' " 

Although the integrity of the CSP was not directly deaonilrated by this t e n . 

the ultimate strength o( the CSP was confiraed by a separate test. 

(3) Oaaages on graphite components 

Alter 30 - 60 tiaes of excitation in l/3-scale aodel lest including over 

Si level excitation, the KPBs. the peraanent side reflector blocks and the CSPs 

were" visually inspected. There was no damage observed in the components. 

4. Conclusion 

Two v ibra t ion tests of the mock-up aodel (or the CSS o( HTTP, were 
conducted and analyt ical models to evaluate the st iuctural behavior were 
developed and coapared with the test results. The main conclusions obtaind 
from the present study are suaaari:e<: below. 
1) Matiaua strains of the keyways were related quantitatively with impact 
accelerations on the KPDs and analyt ical aodel was developed to predict the 
impact accelerations on the KPBs. 

2) Maximum loads on the CSPs were found to be expressed as C • f t . where C and 
* • denoted constant determined by «• and dead load on the KPU, respectively. 

3) Structural integrity of the CBS was confirmed. 
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Abstract 

Scrammability tests on HTTR (High-Temperature Engineering 
Test Reactor) control rods under seismic conditions have 
been carried out and seismic conditions influences on 
scram time as well as functional integrity vere examined. 

A control rod drive located in a stand-pipe at the top of 
a reactor vessel, raises and lowers a pair of control rods 
by suspension cables. Each flexible control rod consists of 
10 neutron absorber sections held together by a metal spine 
passing through the center. It fails into a hole in graphite 
blocks due to gravity at scram. In the tests, a full scale 
control rod drive and a pair of control rods were employed 
with a column of graphite blocks in which holes for rods 
were formed. 

Blocks misalignment and contact with the hole surface dur
ing earthquakes were considered as major causes of distur
bance in scram time. Therefore, the following parameters 
were set up in the tests: excitation direction, combination 
of horizontal and vertical excitation, acceleration, frequen-
cy and block to block gaps. 

Main results obtained from tests are at follow, 
i) Every scram time obtained under the design conditions 
was within 6 seconds. On the contrary, the scram times 
were 5.2 seconds when there were no vibration. 
Therefore, it was concluded that the seismic effects on 
scram time were not significant. 

ii) Scram time became longer with increase in both 
acceleration and horizontal excitation frequency, and 
control rods fell very smoothly without any jerkiness. 
This suggests that collision between control rods and 
hole surface is the main disturbing factor of falling 
motion 

iii) Mechanical and functional integrity of control rod 
drive mechanism, control rods and graphite blocks was 
confirmed after 140 seismic scrammability tests. 

[1] INTRODUCTION 
In designing nuclear reactor core to withstand earth

quakes, it is very important to clarify the dynamic behavior 
of a control rod inserted into the core during earthquakes. 
Especially, accurate scram time estimation is very important 
for assuring reactor safety. 

The High Temperature Engineering Test Reactor (HTTR), a 
HTGR of Japan, is planned to achieve first criticality in rt 
199S. Attention should be paid, though the scram time limit 
is sufficiently larger than that of U*R, to the structural 
characteristics which may be common in block-type HTGRs: in 
the HTTR, a control rod is suspended by a cable and inserted 
into a hole composed of piled graphite blocks; interaction 
between control rod and blocks could have an effect on the 
scram time during earthquakes. 

Therefore, seismic reliability proving tests have been 
carried out as a part of testa to evaluate the reliability 
of control rod system of the HTTR. 

(2) TEST MODEL 
(1) CONTROL ROD DRIVE MECHANISM 

Figure 1 shows HTTR components. There are 16 (IS for radi
ation test operation ) control rod drives installed in stand-
pipes at the top of a reactor vessel. 
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Figure 2 shows control rod drive components. The control 
rod drive usually raises and lowers a pair of control rods 
using a motor. In the event of scram, which is triggered 
by separation between clutch gear teeth, gravity acts on the 
control rods to propel the control rods into the core. 
Scram speed is controlled by a dynamic brake, which gener
ates brake torque in sufficient proportion to control rod 
falling speed. 

Figure 3 shows control rod components. Each neutron 
absorber section is supported on support ring, which is con
nected with 10mm diameter spine. 

(2) TEST EQUIPMENT 
Figure 4 shows the test equipment. 
It contains one control rod drive, two control rods and 

one column of control rod insertion blocks at the center of 
a vibrating table. They are supported by stiff test tanks. 
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[3] PRIOR TO THE TEST 
Although the main cause of disturbances in scram time 

under seismic conditions was considered to be the interac
tion between a control rod and insertion blocks, vibration 
of the control cod drive mechanism and interaction between a 
control rod and a guide tube were also counted as potential 
caused of delay during earthquakes. Therefore, prior to the 

teat, examinations on these effects were made by rocking the 
model at natural frequencies of stand pipes and guide tubes 
without installing insertion blocks. 

Results showed no disturbance in scram time. Therefore, 
these effects can be ignored in the evaluation of the follow
ing teats. 

(«I TEST PARAMETERS 
Initial misalignment between control rod drive and core 

waa fixed at 40mm throughout the test which fully covers the 
value expected in the HTTR. 

Test parameters are as follows. 
(1) Input wave 

Sine waves, SI and S2 were selected in the test. 
Si and S2 in Japanese standard are equivalent to OIB and 

SSE in U.S.A. 
(2) Excitation frequency 

Near the core rocking frequency, from 2.2 Hz to 3.S Hz 
vibratio. frequencies were selected. 

(3) Horizontal excitation acceleration 
Maximum acceleration, which sufficiently exceeds the 

result of floor response analysis ( <..a. 220 gal ) , was W O 
gal at the vibration table surface in the test. 

H ) Vertical excitation acceleration 
When vertical excitation was added to horizontal, the 

acceleration value was selected to be half of the horizontal 
acceleration. 

(5) Excitation direction 
Corresponding to hexagon graphite block, both diagonal 

direction and subtend direction were selected in tne test. 

(6) Block movement restriction 

Block movement restriction differs from control rod drive 
location. Therefore, two typical control rod drive locations 
in the core, core center and core external surface, were 
selected. 



(7) aiock to block gap 
Block to block gap changes with thermal expansion, which 

depends on core temperature. 
Maximum and minimum gap conditions were selected in the 

test. At high temperature, the block to block gap is less 
than at low temperature, especially at the top of the col
umn. Four typical vibration modes can be realized by the 
combination for block to block gap and control rod drive 
location in the core, as shown in Figure 5. 

[5] TSST RESULT 
Control rod scram stroke curves under both seismic and no 

seismic conditions are shown in Figure 6. The curves were 
very smooth, and there are no notable differences between 
them, except for slight difference in inclination angle. 

This suggests that no jerkiness would appear during scram. 
Figure 7 shows typical scram time distribution under seis

mic conditions. Generally, compared with design specifica
tion or scram time under no seismic condition, the amount of 
disturbance in scram time is sufficiently small in every 
result. 

In order to determine changes on scram time, test data 
were arranged using disturbance in scram time, defined by 
difference from the time no vibration applied for 5.2 sec
onds. 

Figure 8 shows the relations between scram time and exci
tation acceleration with three different frequencies as 
parameters. An important characteristic, that disturbance 
in > 'ram time increases in proportion to excitation accelera
tion regardless of the applied direction, can be found in 
the figure. 

Another important characteristic is that disturbance in 
scram time increases in proportion to to excitation frequen
cy, as shown in Figures 9 and 10. Figure 9 also shows the 
vertical excitation effect on disturbance in scram time can 
be ignored. 
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3.20 6.01 
Time (sec) 

FJ9.6 Scrsm stroke curve* 
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f|| Other factors are as follow. 
Disturbance in scram time under minimum bloc.-; to block 

gap condition, where block movement is more restricted, was 
certainly smaller than that under maximum gap, as shown in 
Figure 10. 

Moreover, in regard to control rod drive location. Figure 
9 indicates that disturbance in scram time decreases when 
block displacement amplitude is limited. 

In several test cases, measurements were carried out 
three times without changing conditions. One of them is 
shown in Table 1. 

Differences in scram time were measured at less than 0.03 
second. Therefore, sufficient test data reproducibility was 
confirmed experimentally. 

Table 1. Reproducibility test results 

Block » 
blocki* Input wavas 

AoataaMferi) Scram time OstturtMnc* 
<MC) 

Block » 
blocki* Input wavas 

HOT. V«r. Novibreaon 
lac) 

SMffliCMSt 
OstturtMnc* 

<MC) 

Max. 
S,,Hor.+Var. 

198 117 
5.24 

5.30 0.06 Max. 
S,,Hor.+Var. 198 92 5.24 5.31 0.07 

Max. 
S,,Hor.+Var. 

179 119 
5.24 

5.31 0.07 
Mn. 

Si.Hor.+Var. 
215 103 

5.23 
5.29 0.06 Mn. 

Si.Hor.+Var. 184 94 5.23 5.28 0.05 
Mn. 

Si.Hor.+Var. 
186 98 

5.23 

5.26 0.03 

Fixnd conditions: Diagonal direction 
Cora axtamal surfaea 

[61 CONSIDERATION 
Test result may be explained by a simple model. Suppose a 

mass at the end of the cable falling between parallel elas
tic plates vibrating horizontally by sine waves. The motion 
of the mass in the vertical direction may be expressed by, 

HTJIP- -"•-«#•'" 

where 
M : Control rods mass per control rod drive 
I : Moment inertia for drum rotation 
R : Drum radius length 
n : Mechanical efficiency 
g : Gravity acceleration 
C : Constant value due to dynamic brake 
F f c: friction force against falling 
x : Scram stroke 

Solving the above equation gives, 

X-v c li- e"** (2) 

where V c is well grown falling velocity and t is time con
stant and given by 

T|Mg-Ffr 
V c= g (3) 

T - R 2 (4) 

We note that u and F f c are assumed to be constant in the 
derivation of equation (2). 

As observed in Fig6, experimental results closely agree 
with this equation. 

In the following, by employiig the notion of the average 
collision force between elastic plates and the mass in this 
model, we derive a relation which may explain qualitatively 
the effe:t of excitation acceleration and frequencies on the 
disturbance in scram time observed in the tests. 

The average collision force, F a v, car. be given by 
F a v - 4 M v h f (5) 

which is obtainable by averaging impulse 2Mv h per a colli
sion, where v h is horizontal velocity of the mass at a colli-



sion and f is the frequency of the collision. Using equation 
(5),the friction force in equation (l),F f c, may be expressed 
by 

Ffr-l* F«»- 4» l M vh f <6> 
where U is the coefficient of friction and assumed to be con
stant. By inspecting equations (3) and (6), it may be con
cluded that the scram time(DST), which may be approximately 
in proportion to the decrease in v c, is in proportion to the 
product of v h and f: 

DST oc v h f (7) 
By assuming that v n is in proportion to the excitation 

acceleration without depending on the frequency. It is con
cluded that DST is in proportion to both the excitation frequen
cy and acceleration. 

The above modeling suggests that because of a sufficient 
flexibility on control rod spine, transmission of bending 
moment between control rod elements is sufficiently limited, 
so that collisional phenomena of control rod elements mainly 
control the scram motion. An additional result, that no 
scratch marks were observed on the surface of both control 
rods and holes after the test, also supports the explanation. 

[7] SUMMARY 

(1) Seismic effects on scram time were not found to be sig
nificant. Therefore, HTTR scram system has sufficient tol
erance to withstand earthquakes. 

(2) Assuming that v h is in proportion to the excitation 
acceleration without depending on the frequency, the 
major factors necessary to control disturbance in scram 
time, can be explained by a simple collision model 
between control rod elements and control rod insertion 
hole. 

(3) The test model mechanical and functional integrity were 
observed after the test and no changes were found. Thus, 
system reliability was confirmed experimentally. 

Ill 

ASSESSING SEISMIC EFFECTS IN GAS COOLED 
REACTOR BUILDING AND PIPELINE DESIGN 

T.N. CHIKUNOVA 
All-Union Project and Research Institute of 

Complex Power Technology, 
Leningrad. Union of Soviet Socialist Republics 

Abstract 

This paper describee the current situation of requirements and .ayout of 
nuclear power planes against seisaic influences in the USSR. It reviews the 
application of calculational standards concerning different categories of MPP 
design. 

There i s a s i n g l e d i r e c t i o n in accounting the se ismic 

e f f e c t in the des ign of b u i l d i n g s , s t r u c t u r e s , cons truc t ions , 

equipment and p i p e l i n e s of d i f f e r e n t type reac tor plants in 

the USSR. 

The des ign of NPP should cons ider the se i smic e f f e c t 

i n t e n s i t y in b a l l s and earthquake recurrence i n t e r v a l . These 

c h a r a c t e r i s t i c s are obtained froa the maps of se ismic zoning 

of the USSR t e r r i t o r y for average grounds and are corrected 

cons ider ing the g e o l o g i c a l cond i t ions of the s i t * . An ear th

quake i n t e n s i t y i s es t imated to the twelve magnitude sca le -

MSK-64. 

The map of s e i s a i c zoning SZ-78 included into the B u l l -

ding Construct ion Standards and Rules now in force i s ba*ed 

on the s e i s a i c a l research r e s u l t s of 1957 y e a r . 

At present , great a t t e n t i o n i s paid to problems of NPP 

safety p a r t i c u l a r l y a f t e r events at Chernobyl NPP. 

The complex of measures for r a i s i n g r e l i a b i l i t y and safety 

of NPPs i s conducted. 



The design regulatory documents were revised-. "Tn» gene
ral regulation of NPP safety provision", "The standard* of 
designing aseisalc Nuclear Power plants". The new "Calculation 
standards on the strength of equipment and pipelines of 
Nuclear Power Plant", "Rules for design and safety operation 
of equipment and pipelines of Nuclear Power Plants" are 
introduced. 

In addition to these documents some work'i were done 
to give a more precise definition to the map of seismic 
aoning of the European part of the USSR territory - 3SZ-87. 
So an earthquake intensity of some regions was Increased by 
one ball. 

Two levels of seisoicity are established farSPP: 
design earthquake (DE) and maximum design earthquake (MDE). 
BE is an earthquake causing the maximum intensity shaking 
at the construction site for a 100 year period. MDE Is an 
earthquake causing the maximum intensity shaking at the 
construction site for a 10000 year period. To characterize 
them the ball system and a set of accelerograms are used. 

According to "The standards of designing aseismic 
Sucleir Power Plants" and to "Calculation standards for the 
strength of equipment and pipelines Nuclear Power Plants" 
now in force all Nuclear Power Plants must be calculated for 
strength under seismic effects. 

The least earthquake intensity at the territory of the 
USSR is accepted es DE » 5 balls. 

The construction of 8PP in the USSR is allowed in the 
regions with seismic intensity at the site HDE ̂  8 balls. 

The seismic intensity of the site at the stage "Design" 
obtained from the maps of seismic zoning. Intensity of the 

seismic effect at the stage of "Working, documentation" is 
obtained by the results of mieroselsriclty zoning. 

For the analysis of floor accelerograms and the response 
spectra of the MP? building an analysis scheme was adopted, 
which was a vertical polynass system on the elastic base. 

All the elements of NPP are divided into three catego
ries of seismic stability depending on their importance for 
radiation safety and capacity for work after an earthquake. 

The elements of the first category are designed for DB 
and HDE. The elements of the second category are designed 
only for DE. The elements of the third category are designed 
in rccordance with the regulatory documents now in force. 

Seismic loads for the structures of the first and the 
second category of seismic stability are determined by: 

3 i k - C» • X 2 • I, • Q k . A f L p u 

where: Qk = weight of the building; 
A = coefficient of seismic effect intensity; 
K>. Kp, nlk = coefficients of operating conditions, design solutions for building; 
3i = dynamic coefficient. 

Fol lowing the "Calculat ion standards of s trength" p i p e 
l i n e s are considered as l i n e a r s y s t e m s . 

The c a l c u l a t i o n of the s t r e n g t h of f i r s t category of 
se i smic s t a b i l i t y p i p e l i n e s must be carr ied out by dynamic 
or l i n e a r - s p e c t r a l a n a l y s i s . The l i n e a r - s p e c t r a l a n a l y s i s i s 
used in p r a c t i c e . 

The c a l c u l a t i o n of the s t r e n g t h of the second category 
se ismic s t a b i l i t y p i p e l i n e s may be carr ied out by simple 
engineer ing methods. These methods <ire based on s t a t i c a p p l l -



cation of mass loads in three mutually perpendicular direc
tions. The values of acceleration at the fixing levels are 
determined on the response spectra of the building. 

The next combinations of loads are considered in the eati 
mate of the strength conditions: 

for pipelines 
of the first category - NOC • MDE 

DNOC • MDE* 
HOC • DE 

DNOC • DE* 

for pipelines 
of the second category - HOC • DS 

DNOC • DE* 

where: NOC = normal operating conditions; 
DNOC = disturbance of normal operating conditions. 

* 
The n e c e s s i t y of t h i s combination i s determined 
by the des ign o r g a n i s a t i o n . 
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Experimental Machine Building Design Bureau, 
Gorki, Union of Soviet Socialist Republics 

Abstract 

THE MAIN PRINCIPLES OF THE DESIGN PROVISION F HIGM 
TEMPERATURE G*S COOLED *rM REACTORS SEISMIC START (TY AND 
THE RESULTS OF CALCUL*TIONS, PERFORMED BY LINEAH-SPECT»AL 
METHOD ARE PRESENTED. 

1. INTRODUCTION 

IN AfCOROANCE WITH THE ADOPTED CONCEPT TH£ PLANT *IlM 
HIGH TEMPERATURE GAS COOLED 6T1 REACTOR SHOULD MEET ENHANCE" 
SAFETY REOUIREMFNTS. ONF OF THE ,tAIN TASKS OF THE DESIGNING 
PROCESS IS THE SE-iRCH OF THE ENGINEERING DECISIONS, c"»ARLrJG 
THE PLANT'S LOCATION IN SEISMIC-HASARDOUS ZONES. THE FOPCF 
OF MAXIMAL DESIGN EARTHQUAKE (MOE) IS LIMITED 8Y 8 BY «.SK-6<I 
SCALE (I). IN ACCORDANCE WITH USSR STANDARD AND ENGINEERED 
CODES SAID REQUIREMENT MEANS, THAT THF REACTOR AND ITS VITAL 
SYSTEMS SHOULD PROVIOE SAFE SHUT-DOWN OF THE PIA*T AND 
PRESERVE ITS TIGilTUESS. 

MAXIMUM FORCE OF GROUND ACCELERATION IN ACCORDANCE «IIH 
MSK-60 DESCRIPTIVE SCALE IS NOT HIGHER THAN i.i G. TO MEET 
THE AFOREMENTIONEO REQUIREMENT INE HAD TO COMPLICATE 



CONSIDERABLY THE EQUIPMENT SUPPORTS AND FABRICATION, 
MOUNTING ANO OPERATION PROCESSES. 

CALCULATIONAl SUBSTANTIATIONS ARE MADE 6Y 
LIMEAR-SFECTRAL *ETMO0 *ITrt THE ACCOUNT OF NON-LINEAKITY OF 
SO*E UNIT'S ELEMENTS' BEHAVIOUR. 

IT IS SĤ rfN THAT THE PREPARcO REACTOR DESIGN *EETS 
SEISMIC STABILITY REQUIREMENTS. 

2. rtEACTOP. UNIT STRUCTURE 

THE QEACTOR UNIT (FJG.I) CONSISTS OF VESSEL EQUIPMENT 
tl>T HEAT-TRAMSFERRING FACILITY <2) ANO AUXILIARY COOLING 
HEAT EXCHANGER <3>. THE CORE (S) IS LOCATED IN THE CIDJLE OF 
THE REACTOR VESScL INSIDE CYLINDRTC CAVITY OF GRAPHITE 
NEJTRON REFLECTOR (a). THE CORE CONSISTS OF LOOSE PEBHLF •»£'.) 
OF 3 * DIAMETER ANO APPROXIMATELY <*.<! M AVERAGE HEIGHT. THE 
CORE IS LIMITED dY ENO GRAPHITE REFLECTORS FROM ABOVE ANO 
BELO*. THf LO*£R REFLECTOR HAS CENTRAL UNLOADING CHANNEL FOR 
FUEL ELEMENTS {*) ANO THE UPPER REFLECTOR HAS SEVEN LJAOING 
CHANNELS <7>. 

THE SIDE REFLECTOR <«) AROUND ITS PERIPHERY IS *RA"EC> 
OY A VERTICAL STEEL RING (8) CARRYING THHOUGM COMPRESSING 
DEVICES C<») THE LOAD FROM PEBBLE BED PRFSSuRE. THt LO*ER 
EDGE OF THE RING IS SUPPORTED BY T*E REACTOR VESSEL INNER 
FLANGE ANO ITS UPPER EDGE IS FIXED 3Y KEYS. 

CONTROL ANO PROTECTION SYSTg 1 <CPS) (!•> CONTROL "00 
DRIVE MECHANISMS (CRDM) ARE LOCATED 0* CYLINORIC RACKS OH 
THE REACTOR COVER. 

FIG.l. BTM REACTOR UNIT, 

TO INCREASE THE REACTOR UNIT SAFETY AND COMPACTNESS THE 
HIGH TEMPERATURE INTERMEDIATE HEAT EXCHANGER CHXXtl) AW, 
STEAM GENERATOR <12> ARE LOCATED IN ONE AND THE SAME VESSEL. 
STEAM GENERATOR HAVING A RING FORM ENCIIMPASSES THE HX AND 
ISOLATES IT FROM THE VESSEL ALONG THE WHOLE 



HEAT-TRANSFERRING SECTION. STEAM GENERATOR IS LOCATED ON THE 
UPPER SUPPORT BELT OF HEAT-TRANSFERRING FACILITY VESSEL. 
HIGH TEMPERATURE INTERMEDIATE HX UCCOPIES TMF STF.AM 
GENERATOR INTERNAL CAVITY AND IS FIXED TO *ETMEEN-CI»CiHT 
TUBE SHEET. THE LOkER END OF MX IS LOVABLY SE»LEO BY SPLIT 
RINGS It THE SEAT OF IN-VESSEL STRUCTURES. 

MX IS FIXEO *NO TIGHTENEO BY KEYED-TURUS JOINT ANO 
MELDING. BESIDES THAT, INSIOE THE VESSFL OF 
HEAT-TRANSFERRING FACILITY THE STEEL STRUCTURES OF MAIN LOUP 
(13) ARE ARRANGED, MHICH FORM THE NECESSARY PATHS FOR MAIM 
CIRCUIT HELIUM CIRCULATION. THE MAIN CIRCULATOR U<4> I n 

JOINED FROM BELON TO THE VESSEL BY STUD-TORUS JOINT. 

THE AUXILIARY COOLING HX (IS) IS MOUNTED ON THE BEARING 
FLANGE IN INDIVIDUAL PRESSURE VESSEL. THE AUXILIARY COOLING 
CIRCULATOR (lb>, HEADERS OF SUPERHEATED STEAM AND FEEO WATER 
(17), SAFETY COMPLEX OF MAIN CIRCUIT (18). AND BYPASS VALVE 
U9> ARE ATTACHED TO THIS VESSEL. 

3. MAIN ANTISEISMIC MEASURES 

ACCORDING TO THE CONCEPT AOOPTEO THE MAIN ANO AUXILIARY 
EQUIPMENT OF THE MAIN CIRCUIT iS PLACED AROUND THE REACTOR 
AND JLINEO BY MEANS OF TUBES. AtL PRESSURE VESSELS BEAR 
AGAINST SPECIAL SUPPORTS AT ZERO MARK LEVEL. THE NECESSITY 
TO COMPENSATE THERMAL EXPANSIONS OF PERIPHERAL EQUIPMENT 
CAUSED THE USE OF SUCH SUPPORTS' DESIGN AND ARRANGEMENT THAT 
NOULD ENABLE THE SIMULTANEOUS MOVEMENTS IN RADIAL AND AXIAL 

115 DIRECTIONS FROh THE REACTOR CENTRE. ACCOROING TO SUCH 

PRINCIPLE THE REACTOR UNIT INTERNALS ARE FIXED. CONSIDERABLE 
SIZES OF UNIT'S VESSELS CHARACTERIZED BY H/D RATIO a.Jtd.l 
NECESSITATED THE ADDITIONAL FIXING IN THE UPPER PART. 

TO PROTECT THE HEAT-TRANSFERRING FACILITY AGAINST 
PROHIBITIVE MOVEMENTS AND DEFORMATIONS UNDER EXTERNAL 
DYNAMIC IMPACTS IN THE DIRECTION OF X AXIS AN ANTISEISMIC 
HYDRAULIC SHOCK-ABSORBER HAS USEO, ON THE SAME MARK LEVEL TO 
LIMIT THE HORIZONTAL MOVEMENTS IN THE PLANE PERPENDICULAR TO 
X AXIS A SUPPORT IS INTRODUCED ENABLING THE VESSEL TO EXPAND 
IN AXIAL DIRECTION. 

THE REACTOR VESSEL IN ITS UPPER PART HAS THE 
POSSIBILITY TO EXPAND FREELY IN RAOIAL AND AXIAL DIRECTIONS 
AND IS LIMITED IN MECHANICAL IOVEMENT3 OF HORIZONTAL 
DIRECTION. THE SUPPORTS ENABLE THE VESSEL TO EXPAND FREELY 
IN ALL DIRECTIONS. 

COOLING HX VESSEL IS CONSIDERABLY SMALLER THAN THE 
FIRST TWO ONES, THEREFORE DOES NOT REQUIRE ADDITIONAL 
FIXING, 

A. CALCULATION DATA 

THE MOST IMPORTANT STAGE OF CALCULATIONS IS CALCULATION 
MODEL FORMING, ENABLING TO DETERMINE SEISMIC LOAOS* LEVEL ON 
REACTOR UNIT STRUCTURE ELEMENTS NITH ACCEPTABLE ACCURACY. 

BASING ON THE ANALYSIS OF COMPONENTS' OYNAMIC 
PROPERTIES, TORCE SCHEME OF THEIR INTERACTION SOURCE OISCRETE 
MODEL IN THE FORM OF 000 SYSTEMS KITH LUMPED MASSES ANO 
ELASTIC BONDS HERE DEVELOPEO, 



T|g THE SUBSTANTIAL DIFFERENCE IN VESSELS' BEHAVIOUR AT 
SPACE LOADING UNDER SEISMIC IMPACT ENABLED TO MAKE THE 
CALCULATION ANALYSIS IN EVERY THREE DIRECTIONS INDIVIDUALLY. 

THE Br* REACTOR UNIT CALCULATION M00EL3 FOR HORIZONTAL 
ANO VERTICAL DIRECTIONS ARE REPRESENTED IN FIGS 2:1*. 
CALCULATIONS ESTIMATIONS NERF PERFORMED USING RESPONSE 
SPEC RA. OBTAINED AT INVESTIGATIONS OF PLANT BUILDING 
SEISMIC 3TABILITY. PROGRAMMES SET REALIZES LINEAR-SPECTRAL 
METHOD WHICH IS. GENERALLY SPEAKING, APPLICABLE ONLY TO 
LIMEAR SYSTEMS. HOWEVER. THE REACTOR UNIT DESIGN CONTAINS 
DIFFERENT NON-LINEARITIES DUE TO DRY FRICTION IN SLIDING 
SUPPORTS. PRESFNCE OF TECHNOLOGICAL CLEARANCES IN SUPPORTS, 
SPACING GRIDS ANO SO ON. THEREFORE. PRELIMINARY LARGE VOLUME 
OF WORK WAS DONE ON ANALYZING THE NON-LINEARITY INFLUENCE ON 
CALCULATION RESULTS. THE PRACTICE SHOWED THAT THE 
CALCULATIONS BY RESPONSES SPECTRA FOR SOME NON-LINEAR 
SYSTEMS GIVE RELIABLE ENOUGH RESULTS, PROVIDING, AS A RULE, 
SOME MARGIN. 

_ STREN6TH ANALYSIS REVEALED THE OBJECTS SUFFERING THE 
HEAVIEST SEISMIC LOADINGS. THEY ARE THE ELEMENTS OF VESSEL 
EQUIPMENT OUTER FIXING. AS A RESULT OF. MULTI-STAGE 
CALCULATIONAL STUDIES THE OPTIMUM FORM OF REACTOR UNIT 
DESIGN SY THE PARAMETERS OF SEISMIC EFFECT AND STRUCTURE OF 
CALCULATION MODEL WERE CHOSEN. AS AN ILLUSTRATION OF DESIGN 
LOADS LEVEL AND THE PATTERN OF THEIR DISTRIBUTION OVER THE 
STRUCTURAL ELEMENTS THE MAXIMUM VALUES OF EACH CALCULATION 
MODEL ACCELERATIONS ARE GIVEN IN FIGS. 2:1*. 

THE PLANT SEISMIC STABILITY AT UP TO FORCE 8 EARTHOUAKE 
BY MSK-60 SCALE WAS VERIFIED MY ESTIMATIONS OF Brw REACTOR 
UNIT EQUIPMENT STRENGTH PERFORMED AT FINAL STAGE. 
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I 1 0.236 
2 ! 0.206 
3 1.227 
4 3.42 
o 0.446 
6 0.37 
7 0.462 
8 . 0.572 
9 0.942 

10 [. 0.402 
" 0.3B 

1,2,a - REACTOR VESSEL 
J - CPS RACKS 
5 - FUELLING - 0EFUELLIN6 FACILITY 
6,7,8,* - IN - REACTOR VESSEL ELEMENTS 

(SRAPHITE NEUTRON REFLECTOR, CORE, ETC) 
1* - HEAT • TRANSFERRINS FACILITY 
U • AUXILIARY COOLING HEAT EXCHANGER 

2 rd sr 
?r«qu«nc7. Hi 

FIG.2. CALCULATIONAL MOOEL AND THE RESULTS OF THE 
CALCULATIONS OF REACTOR VESSEL AT HORIZON
TAL SEISMIC EFFECT ACTING ALONG X AXIS. 
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FIG.S. CALCULATIONAL MODEL AND THE OFJULIS OF THE 
CALCULATIONS OF REACTOR VESSEL AT HORIZONTAL 
SEISMIC EFFECT ACTING ALONG T AXIS. 
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Frequency, H» 

1,2.* - REACTOR VESSEL 
J - CP1 RACKS 
• - FUELLING - OEFUELLTN6 FACILITY 
5,6,7,8 - REACTOR IN • VESSEL ELEMENTS 

(GRAPHITE NEUTRON REFLECTOR. CORE. ETC.) 
FIG.a, CALCULATIONAL MODEL AND THE RESULTS OF THE 

CALCULATIONS OF REACTOR VESSEL AT VERTICAL 
SEISMIC EFFECT. 
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FIG.S. CALCULATIONAL NOO-L AXO THE RESULTS OF THE 
CALCULATIONS OF HEAT-TRANSFERRING FACILITY 
VESSEL AT HORIZONTAL SEISMIC EFFECT ACTING 
ALONG X AXIS. 
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FIG.6, CALCULATIONAL MODEL A10 THE RESULTS Or' THE 
CALCULATIONS OF HEAT TRANSFERRING FACILITY 
VESSEL AT HORIZONTAL SEISMIC EFFECT ACTING 
ALONG V AXIS. 
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1,1.4.5,a,7 - HEAT - TRANSFERRING FACILITY VESSEL 
2 - DISCHARGE CHAMBER 
S - MAIN CIRCULATOR 
• - INLET CHAMBER 
I* - COLLECTING CHAMBER 
11.12.II.1* - STEAM GENERATOR STRUCTURAL ELEMENTS 
IS.la.17 « HTGH TEMPERATURE HEAT EXCHANGER STRUCTURAL 

ELEMENTS 

FIG.7. CALCOLATtONAL MOOCL ANO THE RESULTS OF THE 
CALCULATIONS OF HEAT TRANSFERRING FACILITY 
VESSEL AT VERTICAL SEISMIC EFFECT. 
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FIG.S. CALCULATIONAL HOOEL ANO THE RESULTS OF THE 
CALCULATIONS OF AUXILIARY HEAT EXCHANGER 
VESSEL AT HORIZONTAL SEISMIC EFFECT ACTING 
ALONG X AXIS. 
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S. CONCLUSIONS 

UNIVERSALITY OF DESIGN AND OPERATIONAL CONDITIONS OF 
EQUIPMENT OF REACTOR PLANT NITH HIGH-TEMPERATURE GAS REACTOR 
8f"M REQUIRES THE DEVELOPMENT OF HEM APPROACHES TO ANALYSIS 
OF OPERABILITY WITH ACCOUNT OF SEISMIC EFFECTS, 

BY THE RESULTS OF SPECIAL INVESTIGATIONS THE 
POSSIBILITIES OF PROGRAMMES SET, ENABLED 1ITH THE AID OF 
LINEAR-SPECTRAL ANALTSIS TO SOLVE THE STATED PROBLEM 
ACCOUNTING FOR NON-LINEAR BOUNDARY CONOITIUNS, MERE 
EXTENDED. AS A RESULT OF 40RK PFRFORMED THE MOST OPTIMUM 
SUPPORTS LAYOUT HAS CHOSEN LEADING TO MINIMUM LEVEL OF 
SEISMIC LOADINGS IN REACTOR UNIT ELEMENTS. THEREBY THE 
COMPENSATION OF THERMAL EXPANSIONS WAS SUCCESSFULLY 
PROVIDEO. 

THE CHOSEN DESIGN OF HIGH-TEMPERATURE GAS REACTOR PrM 
SATISFIES THE REQUIREMENT OF SEISMIC STABILITY IN THE REGIONS 
HITH FORCE 6 EARTHUUAKES BY MSK-64 SCALE INCLUSIVE. 
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DYNAMIC TESTING AND QUALIFICATION 

A. KLEINE-TEBBE. G. SCHMIDT. W. THEYMANN 
Hochtemperatur-Reaktorbau GmbH. 
Julich, Federal Republic of Germany 

Abstract 

On the HRB-VibrtuiOH Ttsl Facility JtiiicA dynamic cases on scaled-
down models of an HTR-cora ware performed in ordar co verify 
computer codas: turcharon eases on a large SF6-insulated switch-
gear war* dona co gee daca abouc cha dlffaranc qualification 
methods according eo cha standards IEEE, IEC, ENDESA, KTA. 

Tho cora structure of an HTR-planc consists ot eha sida 
reflector, tha bottoa raflaceor, tha top reflector and the pebble 
bad of spherical fuel elements. Dynamically this system is a •any
body structure with non-linear force-deformation couplings. The 
integrity of the system under seismic loads is given by radially 
orientated spring packs. These spring <acks oust be stiff against 
earthquake loads, but ausc allow radial thermal movements. To 
verify the seismic safety of the system, scaled-down models were 
tested. Tha results of these tests were compared with those of 
analytical methods. 

The good-natured behaviour of the pebble-bed under seismic 
loads har been confirmed. Due to the granular structure of che 
non-regular packed pebble-bed, high damping occurs during seismic 
excitations. Uith increasing depth the damping ratio decreases 
because of restriction of movement. We are able to dacribe eha 
saisaic behaviour cf the pebble-bed analytically. 

Tha one- and two-dimensional test configurations of tha top 
reflector were used to analyse resonance and lumping affects. The 
experimental results were verified by the coaputer codes CRUNCH-
IB and CRUNCH-2D. 
• ' Tha experimental investigations of tha aide reflector are 
underway. Tha results show a non-critical behaviour under 
horizontal excitations. Small rigid-body motions of single blocks 
are detected, but they do not cause any global ovallsatlons of 
the complete ring structure. Finite eleaene calculations with 
contact and friction between the blocks show a closa agreement 
with the experimental results. 

Seismic qualification of ground mounted electrical aqulpaent 
Is usually performed on the basis of codes like IEEE. ICC, KTA, 
etc. These standards give different possibilities of the 
excitation mode: sinusoidal excitation in every natural 
frequency (continuous or sine beat) or time history excitation 
which covers a prescribed required response spectrum. Recently 
performed tests are compared regarding cha usefullness and 
severity of ehe different excitation modes. 

1. DYNAMICAL BEHAVIOUR OP CORE STRUCTURES 

1.1. Introduction 

A nain feature of che HTR la tha core which is bullc up from 
graphite material /10/. Tha reactor cora consists of a loose bed of 
spherical graphite fuel elements. The pebble bed Is enclosed in a 
structure coaposed of individual graphite blocks, tha graphite 
structure being composed of the side reflector, tha top reflector and 
ehe bottom reflector (Fig. 1). The side reflector Is separated Into 
an Inner and an outer cylindrical wall. Tha load-bearing function, 
this is tha accomodation of tha forces exerted by the pebola bad, Is 
ensured by the outer side reflector. The integrity of eha ouear side 
refleccor which is buile up from individual graphite blocks, is 
ensured by a prascre:sed system provided by radially orlencacad 
spring packs. The spring packs have to be designed so as to allow 
maximum possible free expansion of the core scruccure during 
operational he a tup en the one hand,; on ehe other hand they have to 
be sufficiently rigid to withstand the mechanical loads occurring 
during oparaelen. Excessively high shlfes of Individual side 
refleccor blocks or ovallsaclon of tha side reflector must be 
excluded. Operational mechanical loads mainly result from che dead 
weight of the pebble bed, froa pressure lossss In ehe reactor cere as 
well as froa cha shucdown rods inserted into the pebble bed. 

In addition it has to ba ensured by the lateral spring packs 
support syseaa that eha integrity of ehe core structure is maintained 
even in the event of asymmetrical leads. This includes in particular 
horizontal seismic excitation. 

The graphite core struceure Is sne'osed by the thermal shield 
which is composed of individual cast iron segments bolted to each 
other. On lei outer face It Is equipped with tha fixtures for tha 
radial spring packs. 

Tha core structure system contains a number of structural non-1 In-
esrltles /I/ : 

— Under the effeel of seismic excitation non-elastic irrsvsnible motion may occur 
in the pebble bed cort. 
Due to the structural dsiign of the top reflector, inert arc gspi between the in
dividual blocks of the top reflector which under seismic loadi may result in 
shock iffecti between the top reflector blocks is well u between top reflec
tor and tide reflector blocks. 

• Under the effect of sufficiently high dynamic load the giP* between the side 
reflector blocks may open and close in a cyclic way. 

The complete dynaalc syscoa of the cere structure Is supported by 
the prestressed concrete reactor vassal via roller bearings. These 
roller bearings allow ehe radial thermal expansion of the core 
structure. They have, however, a high rigidity In verelcel and 
tangential directions. 

Due eo the non-linearities mentioned above • many-body structure 
with contact, friction and shock effects • ehe dynamic behaviour of 
tha core structure la complex ehua requiring detailed theoretical as 
wall aa experimental examination. Tha central part of this 
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FIG 1. Dynamic system 
HTR core structure. 

investigation program which is sponsored by the Government of the 
Federal German State of Northrhine Westphalia, are the tests on the 
HRB-Vibration Test Facility in Julich /«/• 

The tests were performed on two- and three-dimensional models of 
the pebble bed core 
the top reflector 
and the prestressed side reflector. 

In the following a survey is given on the state and the results 
of the experimental and analytical investigations on the seismic 
behaviour of the HTR core structure. 

1.2. Results 

1.2.1. Pebble bed core 

In a f i r s t t e s t phase the dynamic behaviour of the s t a t i s t i c 
pebble bed core was investigated experimentally and analyt ica l ly 
under seismic exc i tat ion . The t e s t s and the resu l t s were reported 
ear l ier / 3 / / 5 / / 6 / / 7 / . The main resul ts are sumtrarized below: 

The statistical pebble bed core undergoes a minor compaction under seis
mic loads. 
The damping effects in the pebble bed core are high ( >J5% of the critical 
damping). They result in their greater part from friction effects in the heter
ogeneous pebble bed core. 

The dynamic magnification factors are strictly limited. Excessive resonanc
es were not detected. 

Even under high acceleration sloshing of the pebble bed surface does not 
occur. The pebble bed does not behave like a liquid. 
For analytical investigations the pebble bed can be represented as an elas

tic isotropic continuum. Finite element calculations show a close agree
ment with the experiments. 

1.2.2. Top reflector 

Teats were performed on one-dimensional and two-dimensional top 
reflector models (Fig. 2) to verify the computer codes CRUNCH-ID and 
CRUNCH-2D. The results of the one-dimensional investigation are re
ported in detail in / 2 / and /8/. The calculations performed using 
CRUNCH-ID have been verified experimentally. 

The two-dimensional top reflector model consists of 32 suspended 
graphite blocks at a scale of 1:2. Three blocks each (in the peripher
al range two blocks each) are connected to one suspension rod (see 
Fig. 3). The elastlcally prestressed side reflector is simulated in 
the model by an elastically supported peripheral plate. The individu-

FIG. 2. Section of top reflector 
2-D-model (scale 1:2). 



AccaMratKW ( m / A 

0.0 

W, 
/ / Sing* 

//// 
UtaVibnbon 

/ y / / 
/ / / X \ 

^ Stochi c.VtbntKm \ 

«.S (.0 
Frequency IHjl 

FIG. 3. Lumping of top reilector 
2-D-model. 

a l top r e f l e c t o r b l o c k s are arranged so t h a t gaps are l e f t between 
them. The dynamic behav iour of the top r e f l e c t o r i s thus c h a r a c t e r 
i z e d by the l o c a l impacts and t r a n s f e r of impul se s o c c u r r i n g betweeen 
a d j a c e n t b l o c k s . Ths damping i n the system i s mainly c h a r a c t e r i z e d by 
the energy d i s s i p a t i o n of the impulse waves a s w e l l a s by the f r i c 
t i o n f o r c e s a t the c o n t a c t p o i n t s between the b l o c k s . 

A dynamic e x c i t a t i o n o f the two-d imens ional top r e f l e c t o r may r e 
s u l t i n two d i f f e r e n t v i b r a t i o n p r o c e s s e s : 

Under high acceleration the top reflector tends towards a behaviour which 
is similar to that of a single-mass vibrator (lumping effect). The individual 
top reflector blocks are coupled to each other moving in phase. 

Low accelerations result in stochastic motion of the top reflector blocks 
with a strong exchange of impulses between the blocks. 

F i g . 3 shows t h i s v i b r a t i o n a l behaviour o f the top r e f l e c t o r . The 
maximum impacts on the s i d e r e f l e c t o r r e s u l t from s i n g l e - m a s s v i b r a 
t i o n . R e s u l t s o f the computer code CRUNCH-2D confirmed t h i s behav
i o u r . At low f r e q u e n c i e s (< 5 Hz) t h e r e i s a d e v i a t i o n o f l e s s than 
15% between exper imenta l and c a l c u l a t e d d a t a . 

.2.3. Side refleclor 

127 

Three d i f f e r e n t models were used for the s e i s m i c a n a l y s e s o f the 
s i d e r e f l e c t o r . 

1. A two-dimensional model of a side reflector ring with pebbles or with sus
pended top reflector blocks (Fig.4)., model-scale is 1:3. 

2. A three-dimensional model of the cylindrical side reflector representing the 
part above the upper edge of the bottom reflector including the pebble 
bed; Scale : 1:6 ( Fig. 5) 

3. An overall model of the graphite core structure with pebble bed, bottom- and 
side-reflector at a scale of 1:6. 

FIQ. 4. 2-D-ring modal ol the 
tide reflector with pebble bed. 

FIG. S. 3-D-cytindrical model of 
the riTR core structure. 



On the one hand the aodels are used for direct parametric 
Investigation of the effects of seisaic excitation on a vibration 
test facility. On the other hand the experiaental results are used 
for verifying calculation aethoda ensuring seisaic safety. 

The experiaental and analytical investigations on the two-
dimensional side reflector ring model were coapleted. The results 
obtained for the pebble bed ( accelerations and wall forces ) have 
confined the results obtained wlch the silo aodel. The dynamic 
behaviour of the pebble bed is strongly daaped without excessive 
resonances. The results of the elastic finite eleaent calculations 
have been confirmed by the experlaents. 

The prestressed side reflector itself shows an extreaely stable 
behaviour even under the Influence of high accelerations (up to 2g ). 
-Only saall relative motions (approximately 1 aa) between the 
individual side reflector blocks are observed. This applies to the 
experiments with keys between the side reflector blocks as well as to 
those experiaents conducted incentially without keys between the 
blocks. Global ovalisation of the side reflector and opening of gaps 
between the blocks were not detected. At the end of the tests no 
significant irreversible shifts of the blocks were detected. 

The tests performed on the model with a suspended line of the top 
reflector blocks were intended to verify non-linear calculations of 
the coaputer code ADINA. In order tc determine more accurately the 
moment of slipping of the side reflector blocks exposed CO an impact, 
the experiment was intentially performed without using connection 
keys between the side reflector blocks. There was a close agreeaent 
between the calculated and the experimental results. Deviations 
amount to less than 15%. This result applies to the side reflector 
block motion and the resulting resilience forces as well as to the 
determination of the minimum acceleration required for block motion. 

The experiaents performed using the 1:6 scaled-down cylindrical 
aodel were also finished. The experiaents have confirmed the stable 
behaviour of the side reflector under seisaic load. The prestressed 
side reflector globally behaves like an elastic cylinder. Coaparative 
calculations to these experiments are underway. 

An elastic finite eleaent model was used for conducting first 
'dynamic calculations on the vibrational behaviour of the overall core 
structure (Fig. 6). In these calculations an equivalent elastic 
aaterlal behaviour was assumed for the side reflector as wall as for 
the pebble bed. 

The experiaents on the overall aodel of the graphite core 
structure are currently underway. A similarly stable behaviour of the 
core structure during seisaic excitation is observed. 

I J. Coachnaoas 

The extensive experiaental and analytical investigation program 
performed up today has fully confirmed the stability and safety of 
the HTR core structure under seisaic excitation. The radial 
prestressing of the side reflector by spring packs is fully efficient 

FIG. 6. 3-D-finite element model of 
the HTR cor* structure. 

even under antiaecrlc saisaic loads. The syscea, especially the 
pebble bed, shows a high dissipation at the coneacc points »M a 
result of local friction and sliding processes. 

Based on the experiaents calculation aethods were developed and 
verified. This offers the posslbily to aake stateaencs on the seisaic 
safety of the original HRTR structure. 

The experiaental investigation program will be finished at the 
end of 1989. 

2. COMPARISON OF DIFFERENT TEST METHODS IN SEISMIC QUALIFICATION OF LARGE 
COMPONENTS 

2.1. Introduction 

Seisaic qualification of ground mounted electrical equlpaent will 
be usually performed on the basis of codes like IEEE, ENDESA, KTA and 
others. These standards give different possibilities of the 
excitation mode in qualification tests: 

• • sinusoidal excitation in every nutural frequency ( continu
ous or sine beat) 

• • time history excitation with a test response spectrum which 
covers a prescribed Required Response Spectrum (RRS) in the 
frequency range 0.5 - 25..35 Hz. 

Tests which were performed in the year 1988 on the Vibration Test 
Facility JOIIch are compared regarding the usefulness and saverety of 
different excitation aodes in seisaic qualification. 



IX. Test lawiws aad procedure 

The t e s t specimen was a SF6-gas insulated switchcear of ABB-
Company (Fig. 7 ) . The to ta l mass including the two e lectronic 
cabinets and a separata cuurent transformer was about 11 000 kg. The 
t e s t s were performed on the HUB Vibration Test Facility JGIIchCFig. 8 ) . 
Table 1 gives the isain technical data: 

Table 1: Main technical data of the 
HUB Vibratioa Test Facility JQIich 

Shaking table size 
Maximum saaple load 
Frequency range 
Maximum acceleration 
Maximum velocity 
Maximum amplitude 
Degrees of freedom 

3a x Sa 
25 000 kg 
0.1 • 100 Hz 
3.5 g 
1.0 m/s 
+- 200 mm 
6 

The acceleration response in the three axes X. Y, Z was measured 
at 28 points of the swichgear. son* of them indicated in Fig. 7. 

As objective the test specimen had to withstand the level AF 5 
(zero period acceleration 0.5 g) which is the highest level for 
ground mounted equipment allowed by IEC. 

-. /,:. -v.- 'A yy '••//. •///////, -yy-yyy/y.-yy:-

SF,-Gas Insulated Switchgear ABB 

FIG. 7. Test specimen. 

1 Shaking note S Homontsl actuator 
2 Seismic bloc* S Vertical actuator 
3 FounaaDon 7 Hydraulic supply 
« Spnngi and itamoers I Qtt-omtu'* an* 

FIG. 8. Vibration ta i l facility JOIieh. 

The test procedure was as follows: 
•a Vibration response investigation: single axis sine sweep exci

tation in the axes X. Y and Z with a logarithmic sweep rate of 
I octave/min up and down between I and 35 Hz with an accel
eration level of 0.1 g. 

ee Time history qualification tesr The required response spec
trum (RRS) is due to IEC 17A (Helsinki/Seer), Oct. 4. I9S7. 
To fulfill the RRS-requirements, the time history of the El Cen
tre Earthquake (May IS, 194)) was modified. After the triax-
ial lest th* test response spectra (TRS) were calculated. Fig. 9 
shows the X-axis RRS and TRS for a damping ratio of 2 *» . 
As an example the modified El Centro excitation in X-axis is 
shown in Fig. 10. The accelerator! levels measured at (he plat
form were: 

Peak acceleration X/Y/Z 1.0 g 
Mean acceleration during 
strong notion X/Y/Z O.S ( 
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FIG. 9. Qualification test: X-axis. 
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FIG. to. Modified El Centra X. 

Sine beat qualification test: The line beat tests consisted in a 
train of 5 sine beats with the following condioni: 

cycles per beat 

couplings 

max. acceleration amplitude 

test frequencies 

10 
X+Z 
Y*Z 

Z 
0.5 | horizontal 
0,4 | vertical 
All characteristic 
natural frequencies 
found in the vibration 
response investigations. 

Repeal of the primary vibration response investigations. 

2.3. Results 

Son* selected measuring, points were listed in esble 2 to compare 
che dynamic amplification Q (rasponse-/tabla-exclcaelon) of accelera
tion. The Q-factors of sine sweep and sine beat excitation ware taken 
frost che transfer functions of the measuring points; the amplifica
tion factors of the modified El Centro time history were estimated 
from the peak acceleration and mean value of strong motion of re
sponse time history. 

T̂ bla, 2; Dynamic amplification factors Q 
of some measuring points in X- and Z-dlracclon 

Measuring 
point 

3 X 
VI X 

12 X 

13 X 

9 Z 
11 Z 

13 Z 

rrequency 
(Hs) S 

12.8 
5,8 
19,8 
S.8 
12.8 
28.2 
5.8 
18. 
32. 
16. 
24. 
19. 

Q Q BlCentro ElCencro 
Sweep Sine tea t maximum mean 

3.1 1 .9 . . 
9.4 8.9 3 5 4 .0 
7 . 4 6 . 1 3.5 4 . 0 
7.0 9,5 3.0 4 .0 
3.6 1.0 3.0 4 . 0 
2.6 3.4 3.0 4 .0 
8.3 7.5 1.5 1.0 
3.9 4.7 1.5 1.0 
7.7 2.3 - -

21.8 9.6 7 .0 10.0 
20.0 6.2 7.0 10.0 
18.3 7 .0 2.5 4 . 0 



These data show in ganarally tha dlfferancas baewaen tha thrae ax-
citation types: Sina sweep, nearly a continuous axeitation in tha nat
ural frequency, has the highest severely level: sine beat la a moder
ate and time history coaparable mooch excitation, but tha most real
istic approach. The magnitude, especially in natural frequencies, 
with low damping ratio (less than 2 » critical damping) differed by a 
factor of up to 5 depending on the type of excitation. 

The sine beat test in combination with the sine sweep frequency 
search has a great advantage in characterizing the test speciaen re
garding natural frequencies, daaping ratios and vibration nodes. 

This can be shown by the sine beat test results of the measuring 
points 3 (circuit breaker drive) in X and 9 (pipe disconnector 

.flange) in Z direction. As shown in Fig. 11 the response follows the 
excitation with a large time delay: the maximum response amplitude oc
curs only at the end of the excitation beat. Although the Q-factor 
3.1 in tha sweep test indicates a high damping ratio of 16 ». the 
damping of this mode is really very low, about 1.1 i, as can be calcu
lated from the logarithmic decrement of the vibration amplitude de
cay. This behaviour was found at several points where a specific low-
damped mode is not excited directly, but through other "weak" ele
ments of the structure with lower natural frequencly. 

Acceleration lm/s>) 

lOr 

Itf-ifftt 
O p r a M ^ ^ V ^ 

."iff1" 
i Circuit oroaner a n y MP3 

i 
12 3 Hz X 

•tO>r 
Time*»I 

FIG. 11. Qualification test. 

In comparison the sine beat time history of measuring point 9 Z 
(Fig. 12) shows tha typical vibration behaviour of a mode with medium 
damping racio of 6.5 «. 

Recently performed tests on an elevator showed that the raqlred 
response spectrum can be fulfilled under certain instances: there is 
a small test frequency range in the spectrum and the mass of the spec
imen is small in comparison to tha mass of the shaking platform. In 
Fig. 13 tha RRS and the TRS are compared, only a small distortion is 
at 28 Hz, the natural frequency of our oil system. In the time domain 
the control and the measured acceleration signals are congruent. 

M.< # t 

tn/s-2) 

i i i i i i r 
Pipe disconnector nana* MP 9 

32 S HZ Z 
FIG. 12. Qualification test 
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FIG. 14. Vibration lest facility Jiilich 

2.4. Outlook 

Modern test facilities offer the advantage to introduce sophisti
cated test methods for seismic and dynamic qualification. This fact 
is considered by the lEC-Technical Committees in recent efforts to se
lect an IBC standard of RSS to specify for the qualification proce
dure. This point is especially important in qualification of sensi
tive components with low damping ratio. The sine beat test method, 
however, will be a very feasible method to demonstrate the dynamic ca
pability of components in proof tests. 
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Abstract 

The ultimate objective of the investigation is the combined dynamic 
response of the pebble bed core and the graphite side wall reflectors 
of the proposed High Temperature Reactor power plant (HTR 500). 
Shaking table tests have been carried out at the 'HBR Vibration Test 
Facility JCilich', FGR, to investigate this combined behaviour. Here, 
mainly the tests are considered, in which the behaviour of the pebble 
bed without side reflectors was investigated. 

The paper describes the constitutive modelling of the assembly of 
spheres comprising the core and the finite element simulation of 
shaking table tests conducted on a 1:6 physical modei of the core. 
The core of the HTR 500 consists of graphite spheres 60 mm dia. 
encapsulating the nuclear material contained in several thousand 
coated particles of about 0.35 mm diameter. The spheres, of which 
there are over one million in the core, are fed in at the top of the 
vessel and pass through it over a period of roughly 2 years. The 
spheres are surrounded by graphite reflector biocks, a metal thermal 
shield and a thck concrete containment. 

The analytical studies and the shaking table tests have been 
performed with the aim of gaining a fundamental understanding of 
the dynamic behaviour of such core material and validating the 
numerical mode. The dynamic analysis of a graphite pebble-bed core 
could be a fairly complex undertaking if all nonlinear effects were 
considered. However, to achieve a practicable solution the ensemble 
of spheres must be replaced by a statistically equivalent continuum. 
Based on the Hertz theories for regular configurations, the 
mechanical characteristics, at small shear strains, correspond to 
those of an isotropic nonlinear hypoelastic medium, in which the 
Lame constants are a function of volumetric strain. Thus, the initial 
modulus values depend on confining pressure, so that the medium is 
inhomogeneous with respect to depth. During seismic excitation the 

volumetric strain, and thus the moduli, will change with time. To 
simplify the analysis, however, a linearized form of the model has 
been adopted, as well as considerations concerning damping effects. 

The numerical simulations carried out thus far concern mainly the 
1:6 rigid wall model (i.e. with a cylinder diameter of 1.5 m) 
investigated experimentally and take the form of a back-analysis. 
Subsequently, the walls were tested separately and finally the 
combined behaviour was investigated. To date only preliminary 
results for the modelling of the reflector walls have been obtained. 

The objectives of this paper are thus twofold. Firstly, to discuss the 
constitutive law and its implementation in a general purpose finite 
element program. Secondly, to present some preliminary results of 
the dynamic analysis and to compare these with data obtained from 
the shaking table tests. 

1 Introduction and Problem Definition 

The seismic safety analysis of the newly designed HTR 500 nuclear power plant re
quires an understanding of the dynamic behaviour of the pebble bed core and the 
graphite reflector wall surrounding it. The wall consists of blocks which are supported 
by springs attached to the outer steel shield. The possible problem that arises is that the 
motion of the mass of the pebble bed core could cause a so-called ovalizing of the 
graphite walls, such that the blocks surfer excessive displacements affecting the core 
geometry. The base also consists of graphite blocks, but it is more stable and does not 
pose a problem. Since little is known about the response to seismic loading of the core 
and wall components and thus of the combined system, an extensive series of shaking 
table tests on a 1:6 model scale has been carried out. 

In order to isolate the behaviour of the individual components these experiments were 
performed in three phases, considering first the pebble bed core placed in a rigid con
tainer, then the spring-supported side wall alone and. finally, the combined behaviour, 
the tests now being in their final stages. Here only the first phase of the accompanying 
numerical investigations is described. 

The shaking table tests were conducted for two purposes. Firstly, on an observational 
basis to verify that the model stands up physically to simulated earthquake loadings in 
the form of harmonic loading and recorded earthquake motions, whose time histories 



were modified to suit the model conditions. Mainly harmonic loading was applied, and 
up to levels which in fact greatly exceeded the expected maximum ground acceleration. 
Secondly, the tests were also carried out to provide data for developing and confirming 
appropriate methods of analysis and numerical models. 

Eventually, it is the aim to model numerically the complete sub-system of core, side 
wall and base. Because of the lack of know-how regarding each of the components, 
however, the theoretical studies have also been broken down into partial investiga
tions. In Phase 1 reported here the goal is to model the pebble bed core by itself and to 
back-calculate the model tests under the assumption of a completely rigid container. 

Because of the particular constitutive model describing the core material a straightfor
ward theoretical investigation using a proprietary computer program was decided 
against. The Finite Element program FLOWERS, developed at the Swiss Federal Insti
tute of Technology in Zurich, has been modified to implement this model together with 
other necessary computational features. 

1.1 Brier Description of Core of HTR Facility 

The High Temperature Reactor type has been developed by the firm Hochtemperatur 
Reaktorbau HRB. Mannheim. FRG. to produce heat for a variety of puposes. The fa
cility provides high safety against melt-down since the core consists of a so-called 
pebble bed of graphite spheres each of 60 mm diameter encapsulating the nuclear fis
sion material. The latter is in the form of small circa 0.5 mm diameter pyrocarbon 
coated particles. Each graphite sphere contains over 16.000 of these particles. The core 
is cooled by nelium gas at a pressure of 55 bar (5.5 MPa) circulating through the pebble 
bed_from top to bottom, the gas temperature rising by about 450 "C. The propose 
HTR 500 has a capacity of 550 MW. 

The core is of 6 m dia. giving circa 200 cubic metres volume. Thus it holds over a mill ion 
(around 1.145,000) of these spheres. They are fed in at or near the top and slowly pass 
through continuously under gravity to the three extraction pipes located in the base. 
The passage through the core takes roughly 2 years, a process that depends on the rela
tive looseness of the pebble bed. 

The pebble-bed is surrounded by graphite reflector blocks, which form a fairly rigid 
base with a spring-supported graphite side wall and pendulum-supported roof blocks. 
The radially arranged springs are attached to a steel thermal side shield, outside of 
which the heat exchangers and ancillary equipment are housed. The whole is then sur
rounded by a circa 5 m thick prestressed concrete containment structure, which is de
signed to withstand the high internal gas pressures. 

The reaction control rods pass down into the core and through the side wall. Under 
normal operating conditions the forces exerted on this wall derive from the thermal 
expansion of the blocks due to neutron radiation, the self-weight of the pebble-bed 
core and the forces exerted by the introduction of the shutdown rods into the core. The 
safety aspects concern above all the proper functioning of the control system both un
der operating and extreme loading conditions, the latter requiring in addition a knowl
edge of the combined response of the pebble-bed core and the wall to seismic loading. 

The side wall consists of two cylindrical layers of interlocking blocks. The inner cylinder 
acts as a radiation barrier, whereas the outer one has the function of mechanical sup
port. The springs supporting it are designed to accommodate the thermal strains in the 
blocks, being stiff enough to sustain extreme load cases. Theoretically, under the action 
of inertia effects the quasi-rigid block elements can deform with partial loss of contact, 
resulting in an oval shape; hence the term ovalizing. If this happens the functioning of 
the control rods passing through the wall may be impaired. Basically the elucidation 
this problem forms the main goal of the general investigation. Indirectly the seismic 
calculations can also throw light on this phenomenon, especially fcr the prototype. 

1.2 Brief Description of Shaking Table Tests on Scale Model of Core 

The HRB SAMPSON shaking table facility in Jiilich. FRG, has a table size of 5 m x 5 m 
and is capable of testing a reasonably sized physical model of the reactor core. The sys
tem has been designed for a 25 t mass. The effective range of vibration frequencies is 
0.1 to 100 Hertz, whereby excitation in all 6 degrees of freedom, i.e. 3 translations and 3 
rotations, is possible. Harmonic, sine sweep or an arbitrary time history of motion (e.g. 
an actual earthquake) can be input. The facility is furnished with advanced signal re
cording and analysis equipment. 

Different series of tests on 1:6 scale models - rigidly contained to simulate the thick 
thermal shield - of the pebble-bed core alone (with spheres of 10.30 and 60 mm dia.). 
of the spring-supported cylindrical side reflector wall alone, and of the combined core / 
reflector wall model have been carried out. More recently a truer modelling with the 
actual number of graphite block layers for the reflector wall and base has been under
taken. Based on the results of the preliminary tests for the core alone it was decided to 
stiffen the container walls, so as to avoid spurious vibrational effects in the container 
wall itself. Various other tests have also been carried out. e.g. two dimensional tests. 

The harmonic excitations were specified as follows: 
excitation type: sinuisoidal (slow sine sweep) 
frequency range: 0.5 - 90 Hertz 
acceleration components: horizontal and horizontal/vertical 
acceleration amplitudes: 2.5. 10 and 15 mis1 (v.rtical = 50% of horizontal) 



The various responses to the applied excitations have been measured at a number of 
points on the model. The results are contained in several reports and for Phase 1 there 
is also a summary in the dissertation of (Kemter. 1988]. Altogether, the following ob
servations and measurements of selected quantities have been made: 

Observations: 
change of static or "at rest" wall pressure due to dynamic loading 
compaction of core caused by dynamic action 
movetrents at the surface of the core 
movements at upper and lower parts of wall. 

Measurements: 
excitation (acceleration of base and of rigid wall at mid-height) 
normal forces and accelerations at 5 stations over the wall height with 
accelerations also observed along the axis of the core. 

The results are presented in terms of time histories and transfer functions, the latter 
between measured quantity and base or wall excitation. In many of the frequency plots 
it is possible to identify peaks in the curve, indicating resonant frequencies. 
The general observations indicate that there is: 

an increase of the static wall pressures due to dynamic loading 
no effect comparable to liquid sloshing at the surface of the core. 
although the surface spheres tend to jump about 
some relative movement of the spheres at the wall surface 
some vibration-induced compaction and tendency to form a more regular 
pattern. 

Comments: 
In general, the results exhibit considerable scatter, probably due to arching action of 
spheres against the container wall. The other important quantity that was evaluated 
from the amplitude-frequency response curves is the equivalent linear damping. This 
was found to be remarkably high for a relatively dense granular material, lying between 
14% and 30%. Damping in granular media is of a hysteretic nature, i.e. fricticnal or 
plastic and not viscous in origin. These frictional effects occur mainly within the mass of 
spheres, but contributions from the boundary with contacts between sphere and wall 
are by no means negligible. It is difficult because of these zonal differences to quantify 
the damping in a linear analysis, in which global values, introduced as a linear viscous 
modal damping, are assumed. The values resulting from the tests correspond to high 
plastic deformations. However, inconsiderable plastic deformations (i.e. only a small 

135 dynamic compaction effect) actually occurs the tests. 

2 Deformational Behaviour of Pebble Bed Material 

A single particle of pebble-bed material exhibits well-defined properties, i.e. spherical 
shape, uniform size (60 mm dia.) and constant elastic parameters. However, due to 
placement by random filling the packing arrangement is irregular. Thus despite the uni
formity of the particles the material laws describing the pebble bed are subject to the 
usual complexities encountered in other granular media. 

Specific investigations of the mechanical behaviour of the pebble-bed material have 
dealt primarily with the elastic properties of a single sphere or the contact properties of 
two spheres (i.e. one contact point). For the present study the stress-strain properties 
are required for both static and dynamic loading and have to be in the form of an appro
priate consitutive model to be implemented in a suitable computer program. The ap
proach adopted in preliminary investigations [Darbre & Wolf, 198S] was to take the 
Hertz theory for the loading of two spheres in contact and to generalize it, with some 
simplifying assumptions, for a random packing. The constitutive model thus obtained 
describes the incremental elastic stress-strain relations for the medium. The constitu
tive model, in which there are no empirically determined parameters for the mass of the 
pebble bed core, gives an estimate of the isotropic elastic moduli of the medium for an 
assumed initial stress state. The limitations of the theory are discussed later. 

2.1 Theoretical constitutive laws for pebble bed 

Because adequate empirical data is not available for the pebble bed material resort has 
had to be made to theoretical studies. There are two basic approaches for granular type 
media, namely the continuum approach, which is by far the more important, and the 
so-called distinct element approach. Although some promising work has been done in 
the latter field, including also studies of random arrays of rigid and elastic spheres, the 
method involves the solution of the equations of motion of each sphere with appropri
ate frictional interparticle contact conditions and kinematic boundary conditions. Al
ready computer solutions of arrays of around 1000 spheres are relatively time-consum
ing. The HTR 500 has around 1.1 million spheres in the core, so that the application of 
the distinct element method would not be feasible. The continuum approach on the 
other hand assumes that it is possible to replace the ensemble of spheres by a statistical
ly equivalent continuum. Of course, with this assumption it is meaningless to consider 
stresses at the structural level, i.e. in elements whose size is of the same order of magni
tude as that of the spheres themselves. 



2.2 Hertz theory of contact between two spheres 

A. Normal force between two equal spheres 

The original Herts theory of contact considers two equal elastic spheres (shear modulus 
G. Poisson*s ratio v) of radius R. Under the action of a static normal compressive force 
N the spheres deform and a plane circular contact zone is predicted. 

The force-deformation relationship exhibits nonlinear behaviour. The initial normal 
stiffness k„: 

* . - | - r H (3KA0« (11) 

B. Normal combined with tangential force between two equal spheres 

Later research work (see (Deresiewicz. 1958]) considered normal contact combined 
with an additional tangential two-way oscillating force. Whereas the normal stress is 
maximum at the centre of the contact area and zero at the edges, for the shear stress it is 
found that a singt larity (i.e. an infinite value of shear stress) occurs at the edges. In prac
tice, as observations confirm, there is an outer annulus in which slip occurs, and the 
distribution of the shear stress over the contact radius exhibits discontinuity. Inelastic 
unloading/reloading characteristics and physically plausible hysteresis effects have 
been predicted. 

For large tangential tractions severe purification of surface asperities results in a 
marked increase in energy dissipation. However, based on the work by Deresiewicz. if 
the spheres are actually at the point of sliding over the whole contact area the value of 
equivalent viscous clamping may be shown to be only 6.4% considering a single contact 
point. Each grair has several contact points but an analysis along the lines of the sim
pler case would seem to be intractable. The high damping values obtained in the tests 
imply large fricnonal dissipation with corresponding large plastic shearing. 

The inherent nonlinearities characterizing the basic Hertz theory for two spheres in 
contact will obviously be present in assemblies of spheres. The nonlinear behaviour will 
be more complicced due to the possibility of spheres rolling relative to one another in 
addition to tangential traction effects. Further, in an irregular assembly contacts are 
continually being tost and reinitiated. 

2.3 Recent extensions of Hertz theory to assemblies of spheres 

Subsequent developments of the Hertz theory have considertd various regular arrays 
of spheres with several points of contact. The latest developments are due to [Darbre <fc 
Wolf. 1985) and [Walton, 1987], who attempt to describe the behaviour of random as
semblies of spheres. A brief summary of the first of these two theories is now presented. 

To arrive at an approximate solution for a random assembly of spheres Darbre & Wolf 
assumed that the second order terms that appear in the expressions tor the compliance 
tensor components for certain close-packed arrays may be neglected. They further as
sume-that the coordination number n. i.e. the number of contact points per sphere, is a 

simple function of the fill factor p: n = 6(—) 2 

•t 

This expression for n corresponds to the regular closely-packed arrays. The general 
expressions for the Lame constants K> and u„ of the pebble bed are given in terms of 
the normal and tangential stiffness coefficients k„ and k,. 

where p is the fill factor. k„ is given by eqn.(2.1) above, with a similar expression for k,. 
This corresponds to the initial tangent to the load-displacement curve. Darbre & Wolf 
suggest taking two-thirds of this value, which corresponds to the secant;) the point 
the load-displacement curve at which sliding at a contact occurs (i.e. the slip annulus 
covers the whole contact area). For frictionless spheres the value of k, is zero. Thus 
there are three alternative values for k,. Adopting the initial slope assumption the 
Lame constants are: 

«-m {$)'>» 
If instead of the Lame constants the shear modulus Ga and Poisson's ratio va for the 
assembly of spheres are employed, the following relations hold: 



The elastic moduli can also be expressed in terms of the volumetric strains, i.e. 

(2 -c ) ( l -v ) j , 2 ^ .T J 

For finite element calculations the expressions for the moduli in terms of volumetric 
strain are suitable for nonlinear analysis. The initial moduli are found from the known 
in situ stresses (e.g. for a hydrostatic stress state). From eqn.(2.5) it is evident that the 
Poisson's ratio (for a homogeneous pebble bed with spheres of identical properties) is 
constant with depth, i.e. does not vary with volumetric stress. For a typical value of v = 
0.15 for graphite. va turns out to be very small, i.e. 0.016. For perfectly smooth spheres. 
on the other hanc. v„ = 0.25 and is completely independent of v (this result being ob
tained also by [Walton. 1987]). Taking the intermediate value of k, the value va = 
0.084 results. 

2.4 Appraisal of Darbre/Wolf model for earthquake loading 

Hertz theory is based on static compressive forces and the feasibility of its extension to 
assemblies of spheres in which dynamic vibrations can cause loss of contact would ap
pear to be problematic. There is another consideration, however, which would invali
date the use of the theory for loading involving stress reversals. From the equations 
presented in section 2.3 the constitutive model for the pebble bed material may be seen 
to bg£onlinear elastic. Infact. iiisof the/ivpoWu-stictype, in which in general the moduli 
are a polynomial function of the components of the stress (or s'rain) tensor. This type of 
law implies isotropy. The incremental stress-strain relation is of the form: 

do,, = F(am>) de,j (27) 

In the present case F depends on the volumetric stress (or strain) only. 

With this type of iaw unloading is not explicitly defined as the model lacks rules for 
stress reversal as well as a memory parameter. There is no proper description of cyclic 
dissipation effects and for certain stress paths spurious energy production cannot be 
ruled out. i.e. this law does not introduce hysteretic damping in a stable way like elasto-
plastic type laws. Accumulated cyclic loading effects such as vibration induced perma
nent compaction (or dilation) are also not accounted for. Thus, with the current volu
metric strain alottj it is not possible to describe the relevant mechanical history. 

In conclusion, therefore, the approach adopted in this study was to linearize the 
Darbre/Wolf model, so that it was only used to provide the initial elastic moduli and 
then to carry out a linear elastic analysis with modal damping corresponding to that 
obtained in the tests. For the combined physical model of core and reflector walls a 
nonlineariry is introduced by the contact between the graphite blocks and due to the 
nonlinear characteristics of the spring supports. In this case modal damping can no 
longer be assumed and has to be replaced by Rayleigh damping. 

3 -Computational aspects 

3.1 Steady state frequency sweep analysis 

The dynamic loading applied in the majority of the tests was in the form of a slow sinu-
soidally varying frequency sweep. For this investigation the steady state response is of 
greatest interest, so that from the computational point of view the analysis can be 
speeded up considerably. In the FLOWERS program [Anderheggen et al. 1985] the 
dynamic routines were modified in a relatively straightforward way such that once the 
eigenvalues and mode shapes had been calculated - which are in any case of impor
tance for comparison with the test results - the modal analysis is carried out without 
resorting to numerical integration in the time domain (which would involve a very large 
number of time steps). For each excitation frequency all that is reouired is a summation 
over all the modes for each quantity of interest like acceleration, stress, etc. 

3.2 "Numerical model and results 

New volume elements were added to the element library of the program FLOWERS to 
cater for the linearized form of the Darbre/Wolf material law. By inputting the single 
sphere parameters, the hydrostatic stress conditions (unit weight, lateral pressure coef-
ficien. and depth below surface) and the tangential contact stiffness parameter the ini
tial elastic constants are calculated automatically for the pebble-bed material at each 
integration point in the elements. The elements used were the isoparametric brick and 
prismatic elements with S and 20 and 6 and 15 nodes respectively. For the brick ele
ments Iron's 6 and 14 point mixed integration rules were employed in addition to the 
standard Gauss rules. 

The meshes used (taking one half of model due to symmetry) consisted of both brick 
and prismatic elements, with 138 elements in the coarsest mesh (# of joints = 177 with-



out and 653 with mid-side joints). The mesh was then refined to 456 elements (538 and 
2052 joints resp.). and finally to 1080 elements/1213 joints. 

In the subsequent investigations the first 12 eigenfrequencies (to above 90 Hertz) were 
calculated tor various parametric values and boundary conditio..., ."•*' the tunnel-
shaped base. Note, if the rough wall condition is assumed over the whole mantle surface 
the lowest eigenfrequencies all lie outside the range of observation. By changing (he 
boundary conditions the torsional modes were also obtained, but these have little im
portance for uniform base excitation. The only material parameter varied was the tan
gential contact stiffness between two spheres. For the coarse mesh the first three eigen
values are tabulated below. 

Taott I Imflufnct o/tangmtial contact tfiffntu and fixity condition ovtr bast on tixtnfrtautncits in Htrt; 

base condition: smooth rough smooth rough smooth rough 
mode 

1 35.2 35.5 41.9 42.2 44.8 45.3 
2 40.9 44.1 50.5 52.0 53.2 54.1 
3 51.5 52 1 63.5 69.7 67.8 76.4 

contact assumption: frictionless secant to curve initial tangent 

The first mode is a purely vertical one. There follow mixed modes (mainly rocking) of 
increasing complexity (see Fig.!). It is evident that the lowest moduli and thus eigenva
lues corresponded to k, = 0. i.e. for fnctionless spheres. The secant assumption of 
Darbre/Wolf produces the next lowest values. It is evident that the tangent contact stif
fness condition has a more important influence on vibrational behaviour than the 
boundary condition over the base. It should be noted, however, that at the corner be
tween cylinder and funnel part fixity was assumed for continuity reasons. 

The influence of mesh refinement on the eigenfrequencies was very minimal, varying 
e.g. for the 3rd mode (with k, = 0) from 51.5 Hertz for the coarse mesh to 52.2 Hertz for 
the finest mesh investigated with 456 elements/2052 joints. Of course, for higher modes 
the influence of mesh refinement becomes important, but they have insignificant dy
namic participation for the frequency range of seismic loading. 

Having analyzed :he eigenvalues for various model parameters some dynamic calcula
tions were performed using the intermediate mesh (138 elements/658 joints) for hori
zontal harmonic excitation. Because the system is linear there is no need to vary the 
magnitude of the base acceleration. The only parameter varied was the modal damping 
value, assumed equal in all modes, with the values 1.5.15 and 19% of critical damping. 
Some typical curves are shown in Fig. 2 in which peaks are evident. The corresponding 
magnification factors, of course, simply reflect the damping values input. 
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fifMr*2 TfaKalrt^'mutcmnnimfnaatacydomaiafulHm^MmlUtadyilaltharmnnict.nilaWm Ktmltt 
art marr mH-hriglu Jar a JrttfiuvMi aaaaaary cimdilum andtht scranl auummniui for laagtmlial 
CMMOM^fu OutaauofralalfdcaardiaaHsaolh ACCX-CEW and iCCY-CIKart ,nfi>U 
M 4 « W afueilmliam on ̂ m Mnttf* (*« OJU Miml A) ptam nfsymmttr.r Itf Fig I b). 

4 Concluding remarks 

The experimental results had shown the material to exhibit a considerable scatter with 
peaks observable for horizontal excitation at around 40 to 50 Hertz in the frequency 
response curves. From these curves relatively high (well-behaved) damping values, 
with a minimum of 15% of critical and an average of 19% were obtained. 

In the theoretical study there was no way of verifying closely the observed damping. The 
material law derived by Darbre/Wolf does not eonsidei cyclic hysteretic effects, from 
whichequivalent viscous damping values could be estimated. 

The computed eigenfrequencies show fairly good agreement with test results. In addi
tion, the parametric studies allowed clarification of certain points, e.g. required mesh 
refinement. It was shown that the influence of the tangent contact stiffness condition in 
the Hertz theory plays an important role. The secant condition postulated by Darbre/ 
Wolf, those not producing the best results, appears to be the most realistic one to adopt, 
since it gives eigenfrequencies near to the measured ones and is consistent (unlike the 
k,"Q assumption) with the high dampin? values measured. 
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Abstract 

For the advanced gas cooled reactors at Heyshaa II and T ; .r 3 \e seismic 
qualification of the core and support structures and boilet* v*sed special 
problems. Ir each case the response was highly non-linear due to impacting. 
Within the core itself there are many thousands f degrees of freedom each 
dominated by impacting during the seismic event and these impact forces are 
transmitted to the support stru:ture. The boilers, although supported and 
located in the design case by linear systems, have their motion during the 
seismic event controlled by seismic restraints and other components which 
introduce substantial impacting during seismic excitation. 

For both these important components a substantial programme of testing was 
carried out to validate an analysis approach. This testing and correlation 
with analysis is described in detail for both components. In the case of the 
core the qualification was based upon a non-liner code AGRCORE which was 
specifically developed to handle the large number of lapact degrees of freedom 
for.this component. The Implementation of this code Is also described 
together with a brief summary of results. The boiler analysis was ultimately 
carried out using conveneional finite difference codes and the Implementation 
of these together with a summary of results is also presented. 

1. IHTKODUCTIOH 

For ths- AGBs at Heyshaa II and Torness the seismic qualification of the 
core and support structures and of the boilers posed difficult analytical 
problems because the responses are highly non-linear due to impacting. In 
each case a substantial amount of physical testing was required in order 
to identify parameters for analysis und to provide validation. These 
Interrelationships between test and analysis are described below, together 
with the approach finally adopted for the qualification and a brief 
summary of results. 

2. BOILERS 

2.1 Description 

The boilers comprise twelve individual units, each with its own 
reheater, Installed within the pre-stres&ed concrete pressure v«ssel, 
spread around an annulus between the vessel and the PCPV, Figures 1 
and 2. The weight of each unit Is carried by an arrangement of 
hinged steel slings at the base of each unit which allows radial 
movement to accommodate thermal expansion through thermal distortion 
of the laminated strips and tangential movement through a pinned 
detail. All the units are connected together at the base but are 
otherwise unrestricted except for the upper and lower seismic 
restraints which provide tangential restraint with a nominal 
clearance of ± 30mm and the superheater penetrations which are 
connected to the top of the boiler casing through a glmbal Joint. In 
each case the outer penetrations have + 4 mm clearance at the 
connection to the casing whilst the centre gimbals have no clearance. 

One further, significant, feature of the boiler arrangement Is an 
annular seal at the base of the casing which inhibits gas flow over 
the outside of the casing. Details of the inner (gas baffle side) 
and outer (PCPV side) seals are shown in Figure ? The reheaters are 
suspended by pinned slings, one above each sain unit as shown in 
Figure 1, and are structurally independent of the main units except 
for shear stops which engage between each corner of the main unit 
casing and the reheater casing. The total weight of each main boiler 
unit is approximately 100 tonnes and each reheater 24 tonnes. 

2.2 Testing of Boilers 

Because of th* obviously non-linear nature of the seismic response of 
the boilers and the necessity to represent features such as friction 
at the annular gas seals it was decided prudent to establish the 
characteristics of the dynar.ic response by testing an existing scale 
model. The V 5 geometric scale model of a single main unit 
together with supports, gas seal, seismic restraints and superheater 
penetration* was constructed from steel and concrete. Low level 
impact excitation was used to determine natural frequencies, mode 
shapes and damping. Higher level tine wave excitation was used to 
obtain a qualatlve assessment of the relative importance of gas seal 
friction and seismic restraint clearances. 
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FIG. 1. Sectional elevation through a boiler and 
outer pressure vessel wall. 

FIG. 2. Plan view ol the twelve boilers. 
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SECTION THROUGH GAS SEAL TAKEN 
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BAFHE SCE SEAL ASSEMBLY 

FIG. 3. Arrangement of main boiler gas seal. 

A finite eleaent representation of the V 5 scale model was 
produced and the comparison between analytical and aeaaured natural 
frequencies Is presented In Table 1 for the rigid body nodes of the 
•ain unit. The discrepancy in the frequency of mode 1 was attributed 
to the effect of friction In the laminated hanters. This was 
confined by later tests which exhibited a marked reduction ir 
frequency at hither excitatloiw. The comparison of higher, flexural 
modes, was found to be very difficult because of the relatively crude 
representation of the mass of the boiler heat transfer surface. 
However these modes do not have a significant Influence on the 
overall seismic response of the boiler units. 

SUMMARY Of RESULTS FOB l/ 5 SCALE BOILER 

Mode Description Calculated Measured 
Frequency Hi Frequency He 

1 Rigid body radial mode 1.4 3.49 

2 Rigid body tangential mode 6.1 6.61 

Rigid body rotation about 
vertical axis 31.8 24.94 

Rigid body rotation about 
norizontal axis 38.6 25.22 

Rigid body vertical node 57.S 42.88 

2.3 Analysis of Boilers 
Having established the validity of the modelling technique a full 
size, twelve unit, finite element model was constructed, figure 4. 
"At each gap, location appropriate elements were introduced: 

- main unit to reheat eating shear connections 
- outer superheater penetrations 
- seismic restraints 
- gaa seala. 

In addition, In order to avoid excessive conservatism in calculated 
iapact forces all potential sources of stuctural in-elastic behaviour 
were modelled with the appropriate non-linear characteristics: 

superheater penetration gimbal brackets 
seismic restraint reaction structures 
gaa seal and aupport structures. 

An explicit time history analysis of the resulting mcdel was used to 
predict maximum forces in each of the boiler components for 
subsequent seismic assessment. The input was baaeu on artificial 



tlae histories which were generated to aatch PCpV response spectra 
generated for the SSE level of input (0.25g peak ground 
acceleration). For illustration of the final calculated response the 
radial displaceaent at the bottoa of the boiler units and force at 
the upper selsalc restraint are shown In Figure 5 and 6, 

FIG. *. FE model ot boiler ring. 
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con 
3.1 Description 

The Heyshaa II/Torness core can be described approximately as 
comprising thirteen layers of graphite blocks, each layer being 
approximately 1400 blocks either fuel, Interstitial or shielding, 
arranged with an octagonal geometry and connected together by 
rectangular graphite keys. A plan view of one layer of the core Is 
shown in Figure 7. The core is supported by a steel diagrld and 
restricted laterally by an arrangement of radial links and tangential 
beams tied back to the gas baffle at each layer, Figures S and 9. 
The transmission of seismic excitation Into the core Is therefore 
through the gas baffle and peripheral support structures into the 
aaa* of core blocks where further transmission occurs through 
friction and impacting at each Interface. The final qualification 
was through an analysis process whereby each impact and friction 
degree of freedom was individually represented. A substantial amount 
of experimental validation was required to Implement this analysis. 

3.2 letting Pf Core 
The analysis approach required the determination of stiffness and 
damping characteristics for each impact degree of freedom. These 
were determined from a progressively more complex series of tests 
starting from effectively a single brick with appropriate boundary 
conditiona progressing to a three layered array of 40 blocks per 
layer. The test arrays were excited by sine sweeps at various 
acceleration levels and enabled stiffness and friction parameters to 
be selected for complementary analyses. 
Figure 10 shows typical test arrangement comprising a single layer of 
full-size graphite blocks. The perlphersl row of blocks are only to 
provlc'e the correct boundary condition. The Inner blocks are 
supported on ball bearings to ensure a free movement at the base. 
Typical results are shown in Figure 11 which shows the 
velocity/frequency relationship for a range of peak accelerations. 
The notable feature, which is seen to be well reproduced in the 
'analytical results, is the "drop-off in response at higher 
frequencies which results from the relationship between dynamic 
displacement and gap size. 
In addition to determining parameters for the dynamic analysis it was 
also necessary to determine integrity criteria for the graphite 
blocks. Since there would be many Impacts on a single block during 
the seismic event the effect of repeated loads had to be considered. 
The necessary Information was derived from 2-D slices of 
representative blocks as shown in the typical arrangement In Figure 
12. Each impact geometry was represented and numerous Impacts at a 
range of approach velocities were carried out. After esch Impact the 
specimen was examined for cracking. By use of the J integral the 
results of the slice tests were generalised for application to 
impact forces derived from the analysis applied to the actual brick 
geometry. A lower bound interpretation of all the data was used for 
the final assessment, Figure 13. 
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NUMBERS Of IMPACTS TO FAILURE 

FIG. 13. impact damage endurance curve. 

3.3 C O M Analysis 
A three dimensional rigid mass/contact sprint approach was adopted 
for the core analysis, solved by the specially developed code AGS 
CORK. For each core brick contact springs were specified at three 
elevations for each contacting surface. Eleven different types of 
spring/dashpot element were required to represent the possible 
contact points, i.e. face to face normal, face to face shear etc. By 
taking advantage of symmetry only a plan half model of the core was 
subject to final analysis but, even so, nearly 570000 degrees of 
freedom were represented. 

The excitation was provided by artificial time histories generated to 
match the PCPV spectra which, as described above, are consistent with 
a peak ground acceleration of 0.2Sg. 

The results of the analysis Indicated that a small number of keyway 
loads exceeded the peak values which would be acceptable for 30 
Impacts. By assessing the cummulatlve damage for these locations It 
was finally identified that Impacts at the keyway locations of only 
six bricks exceeded the acceptable load. Because of the high degree 
of redundancy in the core the consequence of these possible failures 
at the SSB level was clearly acceptable. 

CORCLOSIOHS 

A combined test and analysis approach has been used to provide the seismic 
qualification of both boilers and core structures for the AGRs at Heyiham 
II and Torneas. In the case of the boilers the test results enabled a 
suitable analytical approach to be Identified efficiently with the added 
advantage of test validation, albeit at small scale. For the core the 
qualification would not have been feasible by analysis alone and 
substantial testing was required for both validation and integrity 
demonstration. 
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