
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. 
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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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Fig. 3i Earthquake occurrence rates dependent on the macroieiimic 
intensity (KFA JUlich /3/) 



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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Flo- *« Finite element model of the HTR-100 



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 
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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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