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ABSTRACT 

In response to the requirement by the Swiss nuclear regulator (ENSI), Gösgen-Däniken Nuclear Power 
Plant (KKG) is performing coupled seismic analyses of the Nuclear Steam Supply System (NSSS) and 
the reactor building, accounting for soil-structure-interaction (SSI). This paper presents enhanced 
benchmarking of the NSSS model integration in the reactor building model in SASSI. In particular, a 
comparison of maximum section forces over time at numerous locations of NSSS between two finite 
element codes is provided. Furthermore, deterministic and probabilistic analyses of the decoupled NSSS 
model are performed. For the major NSSS-components of the three-loop pressurized water reactor (PWR) 
at KKG the (normalized) seismic margin factors are presented. Options for identifying additional margins 
in structural re-evaluation are proposed. 

1. INTRODUCTION

The Swiss nuclear regulator has released a methodological guidance document concerning a seismic re-
evaluation of existing nuclear power plants in Switzerland due to updated seismic hazard level “ENSI-
2015”, which significantly exceeds seismic design loads at the time of commissioning. For Gösgen-
Däniken Nuclear Power Plant (KKG) the extent of the exceedance is exemplarily indicated in Figure 1. 
The updated seismic hazard level leads to peak spectral accelerations that are about a factor 2.25 larger 
(red solid line in Figure 1).  
For the seismic re-evaluation the Swiss regulator requires coupled seismic analyses of the NSSS and the 
reactor building, accounting for SSI. For this purpose a detailed 3D finite element model of the NSSS is 
developed in ANSYS (2016) and imported into a detailed 3D finite element model of the reactor building 
in SASSI (2012). The coupled model is shown in Figure 2 and was presented by Rangelow et.al. (2017).  

In the present paper the coupled model (SASSI) and the decoupled model (ANSYS) are compared 
in terms of the maximum section forces at selected locations for a representative excitation time history. 
Furthermore, the paper presents results from the structural re-evaluation of the major NSSS-components, 
based on deterministic seismic analyses with the coupled model, followed by analyses with the decoupled 
model in ANSYS. Finally, selected results from the probabilistic seismic analyses are presented, which 
have implications for fragility analysis. 
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Figure 1. Comparison of floor response spectra from commissioning and for updated seismic hazard 

Figure 2. NSSS model (left) and coupled Reactor Building–NSSS model (right, section view, NSSS 
partly hidden) (2017) 

2. COUPLED SEISMIC MODEL

The coupled seismic model, shown in Figure 2, consists of the reactor building and the NSSS model. The 
complete mass of the coupled model is about 160 000 t.  

2.1 Detailed 3D finite element model of the reactor building 

The reactor building of KKG is an axial-symmetric reinforced concrete structure with an outer diameter 
of about 65 m and a height of about 60 m. The thickness of the base slab amounts to 3 m and it is located 
about 9 m below surface level. The steel containment structure is eccentrically positioned in the reactor 
building and the inner diameter is approximately 52 m. The base rock at the site consists of limestone and 
the base rock surface is about 25 – 30 m below the ground surface. Layers of dense sandy gravel are 
overlaying the base rock. The average groundwater level is almost 7 m below the ground surface. The 
foundation of the building is nearly completely in groundwater. 

In the seismic analyses the soil and the reactor building are taken into account via a detailed 3D 
finite element model, developed in SASSI. The reactor building model consists of about 63 000 nodes, 
73 000 elements and 380 000 degrees of freedom (DOF). The concrete shear walls and slabs of the 
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structure are modeled via 3D thick-shell elements with three translational and three rotational DOF per 
node. Structural columns and girder elements are respected via 3D beam elements with three translational 
and three rotational DOF per node. 

2.2 Detailed 3D finite element model of the Nuclear Steam Supply System 

The NSSS model comprises the reactor pressure vessel (RPV), reactor coolant pumps (RCP), steam 
generators (SG), pressurizer (PZR), primary coolant system lines (PCSL), pressurizer surge line (PSL), 
main steam system lines to their fix points at the reactor building wall (MSSL) and feedwater system lines 
(FWSL) to their fix points at the reactor building wall. Secondary pipe lines which are connected to the 
NSSS-components or to the PCSL are not taken into consideration in the model. The validity of this 
assumption is verified in separate analyses by Rangelow et.al. (2017). The decoupling criteria for 
subdivision of structures are based on the KTA 2201.4 (2012) rules. According to these rules the 
secondary pipe lines can be decoupled from the major system if the planar moment of inertias do not 
differ more than 1 % and the significant natural frequencies not more than 10 %.  

The detailed linear 3D finite element model is developed in ANSYS and depicted in Figure 3. The 
NSSS model consists of about 1 400 nodes, 2 600 elements and 8 000 DOF. The NSSS-components and 
their suspensions are modeled via 3D elastic beam elements. Lower and upper seismic supports are 
respected via linear elastic spring elements and stiffness matrix elements respectively. Pipes are modeled 
via 3D elastic beam elements and pipe elbows via stiffness matrix elements. The mass of the components 
are lumped at selected nodes of the model. The complete mass of the NSSS model is about 2 700 t.  

Figure 3. Detailed 3D finite element model of NSSS 
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3. COUPLING OF NSSS AND REACTOR BUILDING MODEL

The finite element model of the reactor building is developed in SASSI. At first the model of the NSSS is 
built in ANSYS and then converted into a SASSI model. Both models are afterwards coupled in SASSI at 
the 189 NSSS support locations by rigid beam elements. Since in SASSI not all the modelling features of 
ANSYS are available, several modifications of the transferred NSSS model in SASSI are required. 

3.1 Correlation of modes and response spectra 

The modal and response spectra correlation of the adapted NSSS model (SASSI) and the original 
model (ANSYS) was presented by Rangelow et.al. (2017). At first, the comparison of natural frequencies 
and corresponding mode shapes is performed using the Modal Assurance Criterion (MAC). It shows that 
both models are identical, since the main diagonal elements of the correlation coefficient matrix are 1.0. 
Secondly, the time history analyses with the original NSSS model in ANSYS by modal time history 
method and with the adapted NSSS model in SASSI are performed in frequency domain. For this purpose 
the original NSSS model is connected at its supports to the base plate via rigid massless beams in 
ANSYS. In SASSI, for the coupled Reactor Building–NSSS model, the reactor building behavior is 
modeled as rigid. Afterwards both models are excited at the base plate with the same motion. The 
response spectra at selected locations are compared and show good correlation. 

3.2 Comparison of section forces 

To ensure the correct coupling of the adapted NSSS model with the reactor building model, a large 
number of NSSS section forces resulting from the coupled model (SASSI) are compared with those of the 
original, decoupled NSSS model (ANSYS). The latter is considered the reference solution. A modal time 
history analysis with the decoupled NSSS model in ANSYS and a time history analysis with the coupled 
reactor building – NSSS model (elastic behavior) in SASSI in frequency domain are performed. The 
decoupled NSSS model (ANSYS) is excited in all its 190 support locations with the absolute 
displacement time histories (6 DOF), determined in the time history analysis of the coupled model in 
SASSI, see Figure 4. 

Figure 4. Support locations at decoupled NSSS model (purple dots in right figure) at which excitation 
time histories from coupled model are applied 

The statistics of the comparison are shown in Figure 5. More specifically, the number of section 
forces (more specifically, the maximum absolute force or moment over time) are shown, for which the 
deviation from the reference solution (decoupled ANSYS model) is lower (blue) or higher (red) than a 
given threshold. The statistics are given for different thresholds. In the left sub-figure the absolute number 
of section forces are shown, in the right sub-figure the percentages of the total are shown. The comparison 
demonstrates that 88 % (≙ 1675 values) of the total 1896 section forces from the coupled model (SASSI) 
deviate less than 10 % from the reference solution (decoupled model, ANSYS). Nearly all section forces 
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(98 % ≙ 1859 values) differ less than 30 %. In conclusion, the statistics show very good correlation 
between the coupled model and the reference solution (ANSYS). Absolutely identical section forces 
cannot be expected, since not all modelling features of ANSYS are available in SASSI. 

Figure 5. Overview of absolute deviations (left Figure) and percentage deviations (right Figure) of the 
maximum section forces  

4. DETERMINISTIC ANALYSES

Linear SSI dynamic analyses of the coupled Reactor Building–NSSS model are performed with SASSI 
for a total of nine deterministic excitation time histories. For each of three soil classes (soft, medium, 
hard) three different sets of load time histories are defined.  

Following these coupled analyses in SASSI, linear deterministic analyses with the decoupled NSSS 
model are performed in ANSYS. The absolute displacement time histories (6 DOF) of the 190 support 
locations of the NSSS-components, obtained from the aforementioned coupled analyses in SASSI, are 
used as excitation. The modal time history method with a time step of 1 ms and 4 % modal damping is 
used in ANSYS. Natural frequencies up to 100 Hz are respected, which represents 90 % of the total 
modal mass participation.  

For the re-evaluation of the component structural integrity, seismic loads are not to be combined 
with loads due to Loss of coolant accident (LOCA) from commissioning phase. In most cases, LOCA 
loads on the NSSS components are more severe than seismic loads. An exception are supports that have 
been specifically engineered to accommodate seismic loads, for example the seismic supports of the 
reactor coolant pumps.  

It follows that for the structural re-evaluation a comparison between the section forces from 
updated seismic hazard level “ENSI-2015” with those from commissioning phase is in most cases 
sufficient. If this is not the case, then detailed structural re-evaluation are performed.  

Enveloping section forces are used, both for the load comparison and for the detailed re-evaluation. 
More specifically, for each section force time history the maximum absolute value is found. For each soil 
class the average of the three maxima is determined. Finally, the soil classes are enveloped, i.e. the 
maximum of the averages is used for the structural re-evaluation. 

For each major NSSS-component the resulting enveloping section forces / moments are compared 
to the largest corresponding section forces considered during commissioning. The parts subject to re-
evaluation are indicated by blue rectangles in the figures below. The comparison is expressed by the load 
comparison factor (LCF):  

𝐿𝐿𝐿 =  𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 / 𝐿𝐸𝐸𝐸𝐸−2015 (1) 

In the above expression F is the maximum section force / moment. 
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Parts with small LCF may be non-critical because of low stress utilization. Hence, if LCF < 1, 
stress utilization and the influence of seismic loads on the stress utilization are evaluated in addition:  

𝑆𝑆𝐿 =  𝜎𝐸𝐸𝐸𝐸−2015 / 𝜎𝐴𝐴𝐴𝐶𝐴𝐴𝐴𝐴𝐴 (2) 

𝑀𝐿 = (𝜎𝐴𝐴𝐴𝐶𝐴𝐴𝐴𝐴𝐴 −  𝜎𝐸𝑁)/ 𝜎𝐸𝐴𝐶𝐶𝐶𝐶𝑆   or   𝑀𝐿 = (𝜎𝐴𝐴𝐴𝐶𝐴𝐴𝐴𝐴𝐴 −  𝜎𝐸𝑁)/ (𝜎𝐸𝐴𝐶𝐶𝐶𝐶𝑆+𝐸𝑁 − 𝜎𝐸𝑁)       (3) 

In the above expressions, SUF is the stress utilization factor and MF the seismic margin factor. σ denotes 
the re-evaluated stress, while NO means Normal Operation. 

The following figures show the LCF and the normalized MF (NMF) for the considered NSSS 
components. The normalization constant is represented by the minimum evaluated MF, i.e. the MF of the 
seismic support of the reactor coolant pump. For the RPV, only the SUF has been evaluated. In that case, 
the inverse of the SUF is used as a lower bound of the MF and, correspondingly, the NMF is stated in 
terms of an inequality (Figure 11). 

Seismic support Reactor coolant pump 

LCF 1.30 

NMF = 1.0 

Figure 6. Results of RCP 

Nozzle of feedwater sparger Steam generator 

LCF = 1.32 

NMF = 1.67 

Lower seismic support 

LCF = 1.70 

NMF = 1.20 

Figure 7. Results for SG 

Loop 1 

Loop 3 
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Connection to hot leg PSL 

NMF = 5.62 

Figure 8. Results for PSL 

Hot leg PCSL 

NMF = 4.41 

Figure 9. Results for PCSL 

Vessel Shell Pressurizer 

NMF = 7.12 

Screw of skirt support 

NMF = 6.51 

Figure 10. Results for PZR 
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Cold leg 
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Tangential Support 
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PCS Nozzle (Inlet/Outlet) RPV 

NMF ≥ 2.40 

RPV Support 

NMF ≥ 1.20 

Figure 11. Results for RPV 

Vertical Bearing RPV Support Ring 

LCFVertical = 1.50 

Horizontal Bearing 

LCFHorizontal = 2.73 

NMF= 1.21 

Figure 12. Results for RPV Support Ring 

Outlet 

Inlet 

Bracket Support (3x) Horizontal Stop (6x) 

Vertical Load Tangential Load 
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5. PROBABILISTIC ANALYSES

Probabilistic SSI dynamic analyses of the coupled Reactor Building–NSSS model have been performed 
with SASSI. In total 30 probabilistic excitation time histories are analyzed. 
For each of the TH, soil parameters (shear modulus and damping) and building parameters (Young’s 
modulus and damping) are randomly varied using Latin Hypercube Sampling, in order to model the 
variability associated with these parameters. The ground motion excitation is compatible with the median 
Uniform Hazard Spectra for KKG at 10-4/a. The 30 TH are based on recorded ground motion time history 
and exhibit variability in the ground motion parameters different from the response spectrum, namely of 
the strong motion duration, Arias intensity and cumulative absolute velocity. See Rangelow, P. et.al. 
(2019). 

Following the coupled probabilistic analyses in SASSI, linear probabilistic analyses with the 
decoupled NSSS model are performed in ANSYS, in order to provide input for the fragility analysis of 
the NSSS components, with the median-based separation-of-variables method in EPRI (1994). The 
absolute displacement time histories (6 DOF) of the 190 support locations of the NSSS-components, 
obtained from the aforementioned coupled analyses, are used as excitation. Here, the modal time history 
method with a time step of 1 ms and 7 % modal damping is used. Natural frequencies up to 100 Hz are 
respected, which represents 90 % of the total modal mass participation.  

The following Table 1 contains the normalized peak axial forces (maximum over time history) of 
one of the horizontal seismic supports of the reactor coolant pump with the largest seismic loads. The 
peak axial forces have been evaluated for two levels of damping of the NSSS, D=4% and D=7%. The 
normalization constant is the largest axial force, that is sample #1 for D=4%. 

The variability of the axial forces reflects the variability introduced by the soil and building 
parameters (see above), which have been varied for each of the 30 TH. Hence, the variability of the peak 
axial forces reflects the structural response variability. The corresponding composite βRS is estimated for 
the two different damping cases, 𝛽𝑅𝐸 = ln �𝑝84

𝑝50
�. 

It is interesting to note that the resulting structural response variability βRS is quite different for the 
two different levels of NSSS damping. For D=7%, βRS is significantly smaller than for D=4%. This 
suggests structural response variability based on linear dynamic analysis with conservative (i.e. low) 
damping is likely to be over-estimated. 

Table 1 also includes the median equipment response factor for damping, FER,D, resulting from the 
medians of the peak axial forces for the two levels of damping. The factor is compared with the 
frequently-used simplified formula for FER,D. In this case, the simplified formula slightly overestimates the 
more accurate value. 

Table 1: Horizontal seismic support of reactor coolant pump, normalized peak axial forces 
Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
D=4% 0.96 0.49 0.34 0.57 0.85 0.30 0.31 0.25 0.42 1.00 0.27 0.88 0.47 0.24 0.38 
D=7% 0.75 0.34 0.30 0.44 0.54 0.24 0.24 0.22 0.33 0.86 0.24 0.60 0.38 0.19 0.28 
Sample 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
D=4% 0.21 0.35 0.52 0.32 0.32 0.31 0.33 0.21 0.95 0.43 0.36 0.25 0.23 0.31 0.32 
D=7% 0.17 0.26 0.43 0.26 0.30 0.28 0.28 0.21 0.71 0.34 0.30 0.23 0.23 0.27 0.27 

p50 p84 βRS 

D=4% 0.35 0.69 0.69 FER,D 1.20 = p50,D=4% / p50,D=7% 

D=7% 0.29 0.49 0.53 FER,D, simplified 1.32 =√(7/4) 
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6. CONCLUSIONS

The coupled 3D Reactor Building-NSSS model leads to a higher degree of realism in seismic response, 
see Rangelow et.al. (2017). The present paper shows that the maximum section forces computed with the 
coupled model at numerous selected locations correlate well with the reference solution (decoupled NSSS 
model in ANSYS). Absolutely identical section forces cannot be expected, since not all modelling 
features of ANSYS are available in SASSI.  

For the updated seismic hazard “ENSI-2015”, which significantly exceeds seismic loads considered 
for commissioning, deterministic analyses of the decoupled NSSS model still show significant margins of 
the major NSSS-components. The main reason is that for the structural re-evaluation seismic loads are not 
to be combined with loads due to LOCA postulated for commissioning and LOCA loads are mostly 
enveloping. Correspondingly, the lowest seismic margin factors apply to parts which have been 
specifically engineered for seismic loads.  

The underlying margin evaluation is conservative, since it is based on combinations of maximum 
section forces / stresses which do not necessarily occur at the same time. As an option for identifying 
additional margins, it is possible to analyze all stress components for each time step to obtain the resultant 
stress intensities instead of determining stress intensities from the maximum section forces over time. 

For the fragility analysis of NSSS components, seismic loads resulting from probabilistic SSI 
analyses with the coupled model (reactor building and NSSS) are used to obtain median-centered 
fragilities. In this context, is has been found that the damping level of the NSSS has an influence on the 
structural response variability. More specifically, the results suggest that structural response variability 
based on linear dynamic analysis with conservative (i.e. low) damping is likely to be over-estimated. 
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