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ABSTRACT 

 
The Mühleberg Nuclear Power Plant (KKM) in Switzerland is a single-unit Mark I boiling water 

reactor.  BKW FMB Energie AG, who owns and operates KKM, recently updated the plant seismic 
probabilistic safety assessment (SPSA).  Seismic fragility evaluation of the suppression chamber is an 
important element of the KKM SPSA and deterministic seismic evaluation, so realistic calculation of its 
seismic response is necessary.  Previous seismic analyses considered all of the contained water to respond 
with the suppression chamber in the impulsive mode.  For the seismic fragility evaluation, we performed 
the seismic response analysis accounting for fluid-structure interaction effects using computer program 
NASTRAN to eliminate excessive conservatism in the previous analyses.  The seismic fragility for failure 
of the suppression chamber anchorage was obtained by comparison of median anchorage demand from 
the fluid-structure interaction seismic response analysis and median anchorage capacity.  The High 
Confidence of a Low Probability of Failure (HCLPF) capacity exhibited significant margin above the 
mean 1.0E-04 uniform hazard spectrum (UHS), which is attributable to the more realistic seismic 
demands obtained by rigorous fluid-structure interaction analysis.   

 
INTRODUCTION 

 
The Mühleberg Nuclear Power Plant (KKM) in Switzerland is a single-unit Mark I boiling water 

reactor supplied by General Electric.  BKW FMB Energie AG, who owns and operates KKM, recently 
updated the plant seismic probabilistic safety assessment (SPSA).  Seismic fragility evaluation of the 
suppression chamber is an important element of the KKM SPSA and deterministic seismic evaluation, so 
realistic calculation of its seismic response is necessary.  

The suppression chamber is analogous to a broad, shallow vertical water storage tank.  For such 
tanks, much of the water horizontal mass responds in the convective modes.  The fundamental convective 
mode typically has a low frequency.  Seismic response of this mode is characterized by significant 
displacement but low inertial force.  Most of the inertial load on the tank results from response of the 
horizontal impulsive mode.  However, only a fraction of the total water mass participates in this mode. 

Previous seismic analyses of the KKM suppression chamber considered all of the contained water 
to respond with the suppression chamber in the horizontal impulsive mode.  These analyses consequently 
overestimated the hydrodynamic pressures imposed on the suppression chamber and the seismic loads on 
its supports.  For the seismic fragility evaluation, we performed the seismic response analysis accounting 
for fluid-structure interaction effects using computer program NASTRAN 2012.1 (2012) to eliminate 
excessive conservatism in the previous analyses. 
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SUPPRESSION CHAMBER CONFIGURATION 

 
The suppression chamber is fabricated of twelve circular cylindrical shell mitered segments.  The 

segments are welded at the miters to form a torus.  Figure 1 shows the suppression chamber wall.  The 
midpoint of the axis of each suppression chamber segment is located on a radius of 13.715 m.  The inside 
diameter and wall thickness of each cylindrical segment section are 7.93 m and 21 mm, respectively.  The 
suppression chamber is stiffened with an internal ring at each miter.  Two gussets are welded to the lower 
half of the suppression chamber at each miter.  Each gusset is connected to a pyramidal support by a pin.  
Each of the twenty-four supports is fabricated of steel plates and is anchored to the base mat of the KKM 
Reactor Building with four anchors (Figure 2).  The suppression chamber is half full of water during 
normal operation. 

 

 
 

Figure 1. KKM Suppression Chamber. 
 

 
 

Figure 2. Suppression Chamber Support. 
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SEISMIC INPUT 

 
The Reference Earthquake for the KKM SPSA was defined by the mean 1.0E-04 site-specific 

uniform hazard spectra (UHS) developed by the PEGASOS Project (Nationale Genossenschaft für die 
Lagerung radioaktiver Abfälle, 2004).  Figure 3 shows the 5% damped UHS at the soil surface.  We 
previously performed a probabilistic seismic response analysis of the KKM Reactor Building for this 
ground motion as summarized in Nakaki, et al (2010).  Seismic input to the suppression chamber 
consisted of median in-structure response spectra (ISRS) for the Reactor Building base mat.   
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Figure 3. Mean 1.0E-04 Horizontal and Vertical Uniform Hazard Spectra, 5% Damping. 
 

VALIDATION ANALYSES 

 
We first analyzed two benchmark problems to validate NASTRAN’s ability to model fluid-

structure interaction.  These validation analyses implemented the same modeling methods as the 
suppression chamber analysis and compared the results obtained by NASTRAN to those from theoretical 
solutions.   

The first benchmark problem tested NASTRAN’s ability to calculate the impulsive response of a 
flat-bottom vertical cylindrical water storage tank.  The benchmark tank was considered to be constructed 
of concrete with diameter, height, and thickness of 23.9 m, 4.78 m, and 30 cm, respectively.  The depth of 
the water was equal to the height of the tank.  The low water depth-to-diameter ratio of 0.2 was selected 
to represent the overall water depth-to-diameter ratio of the suppression chamber.  The thickness was 
selected to make the benchmark tank very stiff to reduce wall deformation effects on the calculated 
impulsive mass of the water.   

We performed modal analyses using NASTRAN to obtain the impulsive water mass and 
impulsive mode frequency.  We also performed a response spectrum analysis with the input response 
spectrum having a constant 1g spectral acceleration.  The impulsive water mass, impulsive mode 
frequency, and base shear calculated by NASTRAN were within 5% of values obtained by closed-form 
solutions provided by ACI 350.3-06 (2006) which were obtained from Housner (1957) and U.S. Atomic 
Energy Commission (1963) for tanks with rigid walls.  This very good match was considered to validate 
NASTRAN’s ability to calculate impulsive mode response. 
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The second benchmark problem tested NASTRAN’s ability to calculate the convective response 
of a spherical water storage tank.  The curved geometry of the spherical tank resembles the horizontal 
cylindrical cross-section of the suppression chamber.  The benchmark tank was selected to be the 
spherical tank example in Stofan and Armstead. (1962).  It was constructed of concrete with inside radius 
and thickness of 7.93 m and 30 cm, respectively, and half full of water.   

Modal analyses of the second benchmark problem using NASTRAN extracted the first three 
convective modes.  Modal frequencies obtained by NASTRAN matched the theoretical values with less 
than 1% difference.  These excellent matches validated NASTRAN’s ability to calculate convective mode 
response. 

 
FLUID-STRUCTURE INTERACTION SEISMIC RESPONSE ANALYSIS 

 
Basic Model 

 
We first developed a basic structural model of the suppression chamber.  We subsequently added 

features to this basic model to create the impulsive and convective models. 
The basic structural model of the suppression chamber represented the suppression chamber wall 

supports, and other details (Figure 4).  This model was composed of about 208,000 elements.  We 
modeled the suppression chamber wall with quadrilateral plate elements.  The mesh size was 
approximately 13 cm.  The mesh represented about six elements in a half wave of deformation, which we 
considered sufficient to capture the discontinuity effects resulting from the mitered joints of the 
suppression chamber wall.  The mitered joint connecting two adjacent suppression chamber segments 
forms a ring stiffener consisting of a thickened outer flange (which is part of the chamber wall), web, and 
inner flange.  We modeled the outer flange and web with plate elements and the inner flange with bar 
elements having equivalent cross-sectional properties.   

 

 
 

Figure 4. Suppression Chamber Basic Structural Model. 
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Gusset plates connect the suppression chamber wall to the supports (Figure 5).  We modeled the 
gusset plates with quadrilateral and triangular plate elements.  Each support consists of two continuous, 
bent side plates, connecting plates between the side plates, side plate stiffeners, and a base plate.  We 
modeled all of these support components with quadrilateral plate elements.  Vertical and radial reactions 
are transmitted from the gusset plate to the support through a pin.  We connected the gusset plate to the 
side plates of the support by rigid elements to represent this load path.  The gusset plate is also capable of 
transmitting a tangential reaction to the support, which was modeled using rigid elements at contact 
locations between the gusset and the side plates of the support.  The support base was effectively assigned 
fixed boundary conditions. 

 

 
 

Figure 5. Suppression Chamber Model Ring Stiffener, Gusset Plates, and Supports. 
 

Other components (e.g., vent pipes, catwalk) were treated only as masses attached to the 
suppression chamber.  The total mass of the model was adjusted to replicate the total mass considered in 
the original design of the supports. 

 
Impulsive Model 

 
The impulsive model accounts for the water mass that responds with the suppression chamber.  

The water was modeled using the MFLUID command in NASTRAN, the computation of which is based 
on a list of elements that are wetted.  Starting with the basic structural mode, we defined a wetted surface 
on the suppression chamber by overlaying coarser quadrilateral plate elements on the smaller structural 
plate elements of the suppression chamber over the water depth.  In addition to the suppression chamber 
wall, the wetted surface covered the ring stiffeners which are also subjected to impulsive mode 
hydrodynamic pressures.  The coarser overlay elements used to define the wetted surface were used as a 
modeling tool to reduce computation time and were non-structural.  These elements were assigned 
properties that do not impact the stiffness of the suppression chamber structure.   

We performed a modal analysis using the Lanczos Method and extracted the first 450 impulsive 
modes with frequencies ranging from 9.27 Hz to 41.7 Hz.  The total impulsive mass of the water was only 
about 21% of the total water mass, with the balance participating in the convective modes.  This relatively 
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low fraction is consistent with the suppression chamber behaving essentially as a shallow and broad 
vertical cylindrical tank similar to the first benchmark problem described above.  The 450 modes captured 
88% of the total mass of the impulsive model.  The missing mass was located low on the suppression 
chamber structure (e.g., supports) and judged to have relatively little contribution to the controlling failure 
mode. 

Impulsive modes with significant horizontal mass participation had frequencies centered on 11.1 
Hz, 15.6 Hz, and 20.5 Hz.  The behavior of these modes was as follows: 

Mode 16 (Figures 6 and 7) had a frequency of 11.1 Hz.  Its mode shape consisted primarily of 
horizontal translation, with the ring stiffeners ovalling in the radial direction and the suppression chamber 
wall deforming between ring stiffeners. 

 

 
 

Figure 6. Impulsive Mode 16, Isometric View. 
 

 
 

Figure 7. Impulsive Mode 16, Elevation Without Suppression Chamber Wall. 
 

Mode 50 (Figures 8 and 9) had a frequency of 15.7 Hz.  Its mode shape consisted primarily of 
horizontal translation and rocking, with the ring stiffeners and suppression chamber wall deforming in 
both the horizontal and vertical directions. 
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Figure 8. Impulsive Mode 50, Isometric View. 
 

 
 

Figure 9. Impulsive Mode 50, Elevation Without Suppression Chamber Wall. 
 

Mode 98 had a frequency of 20.5 Hz.  This mode shape also consisted primarily of horizontal 
translation and rocking, with the ring stiffeners and suppression chamber wall deforming in both the 
horizontal and vertical directions.  The rocking was in the direction opposite to that of Mode 50. 

Mode 61 (Figures 10 and 11) was the most significant vertical mode.  This mode had a frequency 
of 16.6 Hz.  The ring stiffeners deform vertically between the supports, and the suppression chamber wall 
deforms vertically between the ring stiffeners. 

 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division V 

 
 

Figure 10. Impulsive Mode 61, Isometric View. 
 

 
 

Figure 11. Impulsive Mode 61, Elevation Without Suppression Chamber Wall. 
 

Seismic response of the impulsive model was obtained by response spectrum analysis.  Seismic 
input was defined as the median 5% damped ISRS for the Reactor Building base mat noted above.  The 
input ISRS are relatively flat at frequencies greater than 11 Hz and transition smoothly to the rigid 
frequency range.  For these conditions, the horizontal modal responses have significant correlation with 
the rigid response at high frequencies.  We consequently combined modal reactions at the bases of the 
suppression chamber supports by the General Mode Combination Method permitted by ASCE 4-98 
(1998).  Anchor bolt tension demands due to the uplift force and moments at the bases of the supports 
were determined. 

 
Convective Model 

 
We developed the convective model by adding a phantom sloshing surface to the basic structural 

model.  This phantom surface was modeled by quadrilateral elements just below the water surface.  The 
nodes of the phantom surface were constrained for all degrees of freedom except for vertical translation.  
The surface was supported in the vertical direction using scalar spring elements at each node with 
stiffness proportional to the contributing area of the plates and density of water. 
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We performed a modal analysis using the Lanczos Method.  The fundamental convective mode 

was found to have a frequency of 0.065 Hz.  This low frequency is consistent with that of a shallow, 
broad tank.  Figure 12 shows the displacement of the water surface in the fundamental mode. 

 

 
 

Figure 12. Fundamental Convective Mode Without Suppression Chamber Wall. 
 

Seismic response of the convective model was obtained by response spectrum analysis.  Seismic 
input was defined as the median 0.5% damped ISRS for the Reactor Building base mat.  We found that 
support reactions calculated by the convective model were very small in comparison to those from the 
impulsive model and could consequently be neglected in the seismic fragility evaluation.   

 
ANCHOR BOLT CAPACITY 

 
We evaluated the tensile strength of the suppression chamber anchor bolts.  Support horizontal 

reactions are transmitted to the Reactor Building base mat by shear lugs.  Our review determined that the 
shear lugs have significant capacity and do not control the support seismic fragility. 

Each of the supports has four anchor bolts.  Each anchor bolt is 60 mm in diameter by 2.025 m 
long and fabricated of St 50 steel.  The end of each anchor bolt was split to form a “fishtail.” (Figure 13)  
The anchor bolts were grouted into pockets formed in the Reactor Building base mat.   

 

 
 

Figure 13. Suppression Chamber Anchor Bolt (Rotated 90 Degrees). 
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The original design calculations indicated that the anchor bolts were designed to transmit tension 
to the base mat by bond stress.  Bond failure is very non-ductile.  As an alternative, we based the anchor 
bolt tension capacity on the pullout strength of the fishtail anchor.  Tension capacities for other failure 
modes (e.g., steel tension, concrete breakout) were found to be non-controlling..   

As tension is applied to the anchor, the tails bear on the surrounding grout.  The pullout strength 
is limited by flexure in the tail segments and the grout bearing stress.  To evaluate the behavior of the 
anchor tail and the surrounding grout, we performed a nonlinear static analysis using computer program 
SAP2000 (2010) with the tail idealized as a beam on an elastic-perfectly plastic foundation.  Yielding of 
the tail was represented by a nonlinear moment-rotation relationship developed from the yield and 
ultimate stresses, and ultimate strain of the tail material.  We represented the grout by a series of springs.  
The grout elastic stiffness was based on a solution for a beam on an elastic foundation solution.  We 
assigned axial force hinges to the grout elements to limit their stress to the grout bearing capacity.  We 
included the additional resistance against anchor pullout resulting from friction between the anchor tail 
and grout.   

 
SEISMIC FRAGILITY EVALUATION 

 
The median peak ground acceleration capacity for failure of the suppression chamber anchorage 

was obtained by comparison of the median anchorage demand for the Reference Earthquake from the 
fluid-structure seismic response analysis and the median anchorage capacity.  The High Confidence of a 
Low Probability of Failure (HCLPF) capacity exhibited significant margin above the mean 1.0E-04 UHS.  
The high seismic capacity of the suppression chamber can be attributed to the more realistic seismic 
demands obtained by rigorous fluid-structure seismic response analysis.   
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