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ABSTRACT 

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

boiling water reactor owned and operated by BKW Energie AG.  BKW has recently updated the seismic 

probabilistic safety assessment (SPSA) of KKM, which included fragility evaluation of the Reactor 

Building internal structure within the drywell. 

Analysis of the internal structure for the previous SPSA was performed using a probabilistic simulation 

approach with two-dimensional (2D) nonlinear response analyses.  To more realistically capture the 

response and load redistribution after initiation of various nonlinear events, evaluation of the internal 

structure for the updated SPSA was done by probabilistic nonlinear response analysis using a refined 

three-dimensional (3D) finite element model.  Nonlinearities modeled in both analyses included 

disengagement of welds that connect a stabilizer truss to the top of the biological shield wall and uplift at 

the base of the internal structure, which in combination allow the internal structure to rock. 

The Latin Hypercube Sampling method was used to generate random variables incorporated in thirty 

response simulations, which were performed at multiple input motion levels.  Variables included the input 

acceleration time histories, structural stiffness, structural damping, and the weld capacities. 

Both analyses uncovered valuable insight into the internal structure seismic response.  Notable differences 

between the 2D and 3D analyses were mainly due to the unique sensitivity of the rocking and rolling 

response to phasing of the horizontal input motions. 

INTRODUCTION 

KKM in Switzerland is a single-unit General Electric Mark I boiling water reactor.  BKW Energie AG, 

who owns and operates KKM, has recently updated the SPSA of this plant.  Input to the SPSA includes 

seismic fragilities of risk-significant structures, systems, and components, one of which is the Reactor 

Building drywell internal structure. 

For the previous SPSA, we analyzed the internal structure using a probabilistic simulation approach with 

2D nonlinear response analyses.  To more realistically capture the response and load redistribution after 

initiation of various nonlinear events, we evaluated the internal structure for the updated SPSA by 

probabilistic nonlinear response analysis using a refined 3D finite element model.  Both 2D and 3D 

analyses are briefly explained and notable differences are discussed. 

We performed the seismic fragility evaluation of the internal structure in two steps.  We first identified 

and evaluated the initiating failure mode based on inertial loads consistent with the linear Reactor 

Building seismic response analysis.  A star-shaped stabilizer truss laterally braces the top of the biological 

shield wall to the drywell.  Elastic evaluation found that disengagement of the stabilizer truss welds is the 
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initial nonlinearity of the drywell internal structure.  However, weld disengagement does not directly 

result in damage to essential systems and components.  After the welds disengage, the drywell internal 

structure is capable of resisting increased seismic input as it rocks about its base.  We consequently 

developed seismic fragilities for the drywell internal structure by nonlinear analysis that captures weld 

disengagement and base rocking.  We performed probabilistic nonlinear analysis using Latin Hypercube 

Sampling (LHS) to develop the drywell internal structure seismic fragility.  Failure was defined in terms 

of displacements sufficient to cause damage to essential systems and components. 

REACTOR BUILDING CONFIGURATION 

The Reactor Building is centrally located in the KKM site.  It houses the reactor vessel and pumps, heat 

exchangers, piping, instrumentation, and other components of the essential safety systems.  The Reactor 

Building is a cylindrical concrete structure that is partially embedded below the soil surface located at 

Elevation 0 m.  A cross section through the Reactor Building is shown in Figure 1. 

 

Figure 1.  Reactor Building Cross Section 

In the subsequent discussion, the cylindrical structure formed by the reactor pedestal and biological shield 

wall is referred to as the “drywell internal structure.”  Under lateral load, the drywell internal structure 

behaves similar to a vertical beam spanning between the concrete at the bottom of the drywell and the 

stabilizer truss at the top of the biological shield wall.  Tangential reactions from the stabilizer truss are 

transmitted to the drywell and then into the drywell shield. 

The bottom of the drywell is filled with concrete that was poured in two lifts.  The reactor pedestal that 

supports the reactor vessel is founded on this concrete.  Seismic overturning moment at the bottom of the 

reactor pedestal is resisted primarily by the stabilizing moment from dead weight of the drywell internal 

structure and items it supports (e.g., reactor vessel).  Once the seismic overturning moment equals the 

stabilizing moment, the bottom of the reactor pedestal can rock.  

The reactor vessel and the biological shield wall are anchored to the top of the reactor pedestal at 

Elevation 4.31 m.  The reactor vessel is laterally supported by the top of the biological shield wall at 

Elevation 17.83 m.  The top of the biological shield wall is laterally braced to the drywell by a star-shaped 

stabilizer truss consisting of structural steel tube sections.  The stabilizer truss consists of eight pairs of 

steel pipes oriented as shown in Figure 2.  The remaining upper half is welded to the steel plate at the top 

of the biological shield wall.  The other end of each pipe is connected to the inside face of the drywell by 

a heavy welded and bolted steel connection.  

A steel lug is welded to the outside face of the drywell at the stabilizer truss connection.  The lug fits into 

a built-up steel assembly that is anchored to the drywell shield wall.  The lug is capable of transmitting 
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tangential reactions from the stabilizer truss and drywell, while allowing radial and vertical movement.  

There is a gap in the lug connection allowing the differential motion in the radial direction. 

Floors providing access to piping within the drywell are located at Elevations (-)0.5 m, 5.0 m, and 12.6 m.  

These floors consist primarily of steel grating on radially oriented steel beams supported by the drywell 

and the reactor pedestal or biological shield wall. 

     

Figure 2. Stabilizer Truss Pipe Orientation (Left) and View Looking Upward (Right) 

POTENTIAL DRYWELL INTERNAL STRUCTURE FAILURE MODES 

We evaluated potential failure modes due to lateral displacement of the drywell internal structure which 

could result in damage to essential systems and components.  These potential failure modes included 

failure of drywell floors at Elevations 12.6 m and 5.0 m, and failure of piping connected to the reactor 

vessel.  The latter was found to be non-controlling. 

The drywell floor at Elevation 12.6 m is located in the annular space between the biological shield wall 

and the drywell shell.  It consists of small steel beams and grating, and supports minimal non-structural 

components.  The steel beams cantilever in the radial direction from the biological shield wall.  If a steel 

beam impacts the drywell at an angle, the contact will force the beam to deform laterally.  This 

displacement induces minor axis bending in the radial beams.  Displacement continues until the minor 

axis plastic hinge rotation capacity is achieved, resulting in a loss of vertical load-carrying capability.  

Collapse of the Elevation 12.6 m drywell floor may result in a loss of pressure boundary of small 

diameter piping and tubing.  We determined the median radial displacement capacity and lognormal 

standard deviation for uncertainty to be 2 in. (51 mm) and 0.27, respectively. 

The drywell floor at Elevation 5.0 m consists of steel grating supported by radially oriented steel beams.  

The interior ends of the beams are anchored to the reactor pedestal, and the exterior ends are vertically 

restrained by steel hanger supports suspended from the drywell.  The vertical hanger support permits the 

beam to slide in the radial direction.  At sufficient drywell internal structure rocking, the top flange at the 

end of the steel beam first contacts the drywell.  With increasing horizontal displacement, the outside end 

of the beam will follow the curvature of the drywell and slide downward.  The downward displacement 

induces tensile deformation in the vertical hanger support.  At sufficient displacement, tensile failure of 

the hanger support occurs, and vertical load resistance is lost.  Due to its much heavier weight, collapse of 

this floor is considered to result in potential loss of pressure boundary of the main steam piping, feedwater 

piping, and recirculation loops.  We determined median radial displacement capacity and lognormal 

standard deviation for uncertainty to be 1.5 in. (38 mm) and 0.26, respectively. 

SEISMIC INPUT 

Reference Earthquakes for both previous and updated KKM SPSAs were defined by mean site-specific 

1.0E-04 uniform hazard spectra (UHS).  We performed median-centered deterministic and probabilistic 

3D soil-structure interaction (SSI) seismic response analyses of the Reactor Building for both ground 

motions and used the resulting foundation acceleration time histories as input to the nonlinear internal 
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structure models.  The probabilistic SSI response analyses were performed by LHS and implemented the 

approach presented in Nakaki, et al. (2010) for the 2D model and Nakaki, et al. (2015) for the 3D model.  

The analyses included thirty simulations in which the random variables included structure stiffness, 

structure damping, soil stiffness, soil damping, and input ground motion.  Foundation motions from the 

previous and updated SSI response analyses were used as input to the 2D and 3D models, respectively.  

Figure 3 presents the resulting median and 84th percentile in-structure response spectra for the X (north-

south) and Z (vertical) directions at the foundation for the previous SPSA.  Figure 4 presents the resulting 

median and 84th percentile in-structure response spectra for the X and Z directions at the foundation for 

the updated SPSA.  Y direction (east-west) foundation spectra are similar to the X direction spectra for 

both SPSAs. 
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Figure 3. Foundation X (North-South) and Z (Vertical) In-Structure Response Spectra for 2D Model 
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Figure 4. Foundation X (North-South) and Z (Vertical) In-Structure Response Spectra for 3D Model 

NONLINEAR MODELS 

We performed the nonlinear analyses using computer program SAP2000 (2010).  Both 2D and 3D models 

included the drywell internal structure, reactor vessel, drywell, and Reactor Building concrete structure.  

Inclusion of the Reactor Building concrete structure accounted for its dynamic interaction with the 

drywell internal structure prior to disengagement of the stabilizer truss welds. 

Nonlinearities modeled in both 2D and 3D models were disengagement of the stabilizer truss welds and 

rocking at the base of the drywell internal structure.  Closure of radial gaps at the shear lugs between the 

drywell and concrete drywell shield wall was modeled only in the 3D model. 
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Two-Dimensional Model 

Figure 5 shows the 2D nonlinear model.  Since the Reactor Building and internal structure are nearly 

axisymmetric, a 2D model was judged reasonable for the previous SPSA response analysis.  The 

equivalent lumped mass stick model of the concrete structure (with drywell) was based on the original 

Reactor Building seismic design analysis model with modifications to replicate the response of a more 

detailed model. 

 

Figure 5. 2D Reactor Building and Drywell Internal Structure Nonlinear Model 

We modeled the stabilizer truss with two horizontal frame elements having elastic stiffness equal to that 

of the stabilizer truss.  A brittle frame element hinge was used to model disengagement of the stabilizer 

truss welds.  When the maximum force is reached in either direction, the element loses all load-carrying 

capacity. 

Rigid outriggers and gap link elements explicitly modeled rocking at the base of the reactor pedestal.  

Two horizontal rows of rigid outriggers vertically separated 1 cm apart extended from the centerline of 

the reactor pedestal to the location of the rocking-induced compressive reaction onto the underlying 

concrete.  We modeled gap elements between the outer ends of the upper and lower frame elements to 

permit rocking.  The gap elements were essentially rigid in downward compression but provided no 

resistance against uplift.  We included dashpot elements in parallel with the gap elements to provide 

numerical stability and energy dissipation when the reactor pedestal impacts downward on the foundation 

below as the rocking-induced gaps close.  The damping constant of the dashpot elements was selected to 

avoid inadvertent suppression of the rocking response. 

Three-Dimensional Model 

Figure 6 shows the overall 3D model on the left and two views of only the drywell internal structure 

portion of the model on the right.  We modeled brittle disengagement of the stabilizer truss welds with 

axial hinges in the frame elements representing the stabilizer truss braces.  Once the median weld capacity 

for a given brace is reached, the hinge causes the frame element to lose all load-carrying capacity in the 

axial direction.  We determined median weld capacities for each stabilizer truss brace based on as-built 

weld dimensions. 

We introduced nonlinear gap elements to model closure of the radial gaps between the steel lug at the 

outside face of the drywell opposite the stabilizer truss connections and the steel assembly embedded in 

the drywell concrete shield wall.  The radial gap elements were set to be open at the estimated gap width.  

We assigned high compression stiffness after gap closure.  We included dashpot elements in parallel with 

the gap elements to provide numerical stability and energy dissipation upon gap closure. 
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As was done in the 2D model, we introduced vertically oriented nonlinear gap elements with parallel 

dashpot elements between rigid outriggers to model rocking at the base of the reactor pedestal.  Rigid 

outriggers were modeled every 22.5 deg. 

      

Figure 6. 3D Nonlinear Model, Partial View (Left) & Drywell Internal Structure Portion (Right) 

MEDIAN DETERMINISTIC SEISMIC RESPONSE ANALYSES 

We performed median deterministic nonlinear seismic response analyses to verify performance of the 

nonlinear models and obtain an understanding of their nonlinear behavior.  Median structure stiffness and 

damping properties were assigned to the SAP2000 models.  We judged 7% damping to be an appropriate 

median value for both analyses. 

Two-Dimensional Median Deterministic Seismic Response Analysis 

Seismic input to the 2D model consisted of the acceleration time histories at the Reactor Building 

foundation calculated by the median deterministic seismic response analysis for the previous SPSA, 

which included one horizontal component, the associated rotational component, and the vertical 

component. 

Figure 7 shows horizontal displacement time histories of the drywell floors at Elevations 5.0 m and 

12.6 m for a selected Reference Earthquake scale factor.  As expected, maximum horizontal 

displacements increase with elevation.  Review of these plots shows the horizontal frequency decreases 

from 4.1 Hz to about 1.6 Hz after disengagement of the stabilizer truss welds. 
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Figure 7. Median Deterministic 2D Analysis, Radial Displacements at Elevations 5.0 m & 12.6 m 



 

23
rd

 Conference on Structural Mechanics in Reactor Technology 

Manchester, United Kingdom - August 10-14, 2015 

Division VII 

Three-Dimensional Median Deterministic Seismic Response Analysis 

Seismic input to the 3D model consisted of the acceleration time histories at the Reactor Building 

foundation calculated by the median deterministic seismic response analysis for the updated SPSA.  We 

selected the mass and stiffness-proportional Rayleigh damping coefficients to result in an average 

damping of 7% at significant rocking frequencies of the internal structure. 

Figure 8 shows the radial displacement time histories for the drywell floors at Elevations 5 m and 12.6 m 

for Azimuth 67.5 deg (nearly north-south) and Azimuth 337.5 deg (nearly east-west) for a selected 

Reference Earthquake scale factor.  Disengagement of the stabilizer truss welds appears to occur about 

7 to 8 sec. after the start of the analysis.  The drywell internal structure frequency prior to weld 

disengagement is about 4 Hz, which approximately corresponds to the fundamental frequency of the 

overall Reactor Building soil-structure system.  After weld disengagement, the fundamental frequency 

reduces to about 1.5 Hz as the drywell internal structure rocks about its base. 
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Figure 8. Median Deterministic 3D Analysis, Radial Displacements at Elevations 5.0 m & 12.6 m 

Review of force time histories for the stabilizer truss braces indicates that all welds disengage almost 

simultaneously.  Once the welds for one brace disengage, redistribution of force to the remaining braces 

causes their welds to disengage. 

For the selected input motion, response along Azimuth 67.5 deg is stronger than that along Azimuth 

337.5 deg.  Maximum radial displacements at Elevations 12.6 m and 5.0 m for Azimuth 67.5 deg are 

about 1.9 in. (4.8 cm) and 1.0 in. (2.6 cm), respectively.  Maximum radial displacements at Elevations 

12.6 m and 5.0 m for Azimuth 337.5 deg are about 1.5 in. (3.8 cm) and 0.75 in. (1.9 cm), respectively.  

Displacements along Azimuth 337.5 deg exhibit a bias with the maximum value in one direction being 

about twice that in the opposite direction. 

Maximum displacements at the drywell floors occurred at about 8.62 sec. (Figure 8).  Figures 9 and 10 

are provided to examine characteristics of the rocking response and input foundation acceleration time 

histories that cause this displacement.  Figure 9 shows a plot of X direction (north-south) and Y direction 

(east-west) displacements at Azimuth 337.5 deg of the Elevation 12.6 m drywell floor between 7.8 and 

8.8 sec. Figure 9 also shows truncated radial displacement time histories at Elevation 12.6 m over this 

time interval.  Figure 10 shows X and Y direction input foundation acceleration time histories over this 

time interval. 

Between 7.8 and 8.16 sec., the drywell internal structure oscillates between positive and negative X and Y 

displacement quadrants (Figure 9).  At 8.16 sec., a sustained pulse initiates in the X direction foundation 

acceleration time history (Figure 10).  This pulse, which has a positive peak at about 8.23 sec., causes 

prolonged negative X direction motion of the internal structure.  When the X direction acceleration pulse 
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changes from positive to negative at 8.37 sec. (Figure 10), the internal structure begins to rock in the 

positive X direction (Figure 9). 

At 8.5 sec., a sustained pulse initiates in the Y direction foundation acceleration time history (Figure 10).  

Soon after the positive acceleration pulse initiates, the internal structure begins to roll in the negative 

Y direction, while continuing to move in the positive X direction (Figure 9).  The positive acceleration 

pulse peaks at 8.57 sec. and changes from positive to negative at 8.69 sec. (Figure 10).  Maximum 

internal structure displacements occur during this interval at 8.62 sec.  The internal structure begins to roll 

in the positive Y direction soon after the Y direction foundation acceleration changes direction. 
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Figure 10. Median 3D Analysis, Truncated Horizontal Foundation Acceleration Time Histories 

Comparison of Results 

Both 2D and 3D models behaved similarly.  The internal structure initially responded with the larger 

Reactor Building concrete structure at 4 Hz.  After the stabilizer truss welds disengaged, rocking response 

of the internal structure shifted to about 1.5 Hz.  Using a single brittle hinge to model disengagement of 

all stabilizer truss welds in the 2D model provided a similar phenomenon to the 3D model because all 

welds of the 3D model disengaged almost simultaneously. 

Review of the 3D analysis results indicates that the drywell internal structure tends to roll around the 

bottom of the reactor pedestal, with in-phase response due to the orthogonal ground motion input 

components increasing the radial displacements.  Radial displacements at the internal structure floors are 

sensitive to the phasing of horizontal input components with the rolling response of the internal structure. 
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PROBABILISTIC SEISMIC RESPONSE ANALYSES BY LATIN HYPERCUBE SIMULATION 

We performed seismic fragility evaluation of the drywell internal structure by probabilistic nonlinear 

response analysis incorporating LHS.  Implementation of LHS used a total of thirty simulations.  Random 

variables considered in the LHS include the following: 

· Frequency:  We used a lognormal standard deviation for frequency of 0.15, which is recommended by 

EPRI TR-103959 (1994) for detailed and accurate analysis.  In the implementation of this value in the 

nonlinear analysis, we assigned a corresponding lognormal standard deviation of 0.30 to the structural 

stiffnesses. 

· Damping:  We estimated a lognormal standard deviation for damping to be 0.35, which is consistent 

with the ranges of damping values recommended by EPRI TR-103959 (1994). 

· Stabilizer Truss Weld Capacity:  The lognormal standard deviation for the stabilizer truss weld 

capacity was estimated to be 0.19.  This value was obtained from Table 3-10 of EPRI TR-103959 

(1994) for fillet welds in shear. 

· Earthquake Ground Motion Input:  Seismic input motions consisted of thirty sets of foundation 

motions obtained from the probabilistic response analyses of the Reactor Building.  Each set 

consisted of time histories for all six degrees of freedom. 

We developed thirty nonlinear models by randomly assigning values of the variables and earthquake input 

by the LHS approach.  The random variables for structure stiffness, damping, and the weld capacity were 

expressed in terms of scale factors with median values of unity and the lognormal standard deviations 

identified above.  We performed each of the thirty LHS nonlinear analyses for three ground motion levels 

for both 2D and 3D analyses.  The three ground motion levels were established by applying different 

scale factors to the Reference Earthquake input motion. 

Two-Dimensional Probabilistic Seismic Response Analysis 

For three Reference Earthquake scale factors, we calculated the probability of failure for each of the thirty 

simulations from the calculated displacements of the drywell floors at Elevations 5.0 m and 12.6 m and 

the probability distribution of the displacement capacities.  We performed a linear regression analysis to 

obtain a least-squares fit of the fragility parameters to the failure probabilities. 

Three-Dimensional Probabilistic Seismic Response Analysis 

For each Reference Earthquake scale factor, we calculated the probability of failure for each of the thirty 

simulations from the calculated displacements of both drywell floors and the probability distribution of 

the displacement capacities.  We then determined the probability of failure at each ground motion level as 

the average of the probabilities of failure for the thirty simulations consistent with each simulation having 

equal likelihood.  This resulted in probabilities of failure at each of the three ground motion levels in 

which the ground motion levels were expressed in terms of the peak ground acceleration (PGA) of the 

Reference Earthquake. 

We performed a linear regression analysis to obtain a least-squares fit to the fragility data, consisting of 

pairs of PGAs and probabilities of failure.  The regression analyses resulted in estimated median PGA 

capacities and lognormal standard deviations for both floors.  Since the LHS simulations included both 

the randomness variability of the ground motion as well as the uncertainty of the structure dynamic 

properties and stabilizer truss capacity, the lognormal standard deviations represent composite 

variabilities. 

The only source of random variability is the earthquake ground motion input.  To separate the 

contributions of randomness and uncertainty, we performed the thirty simulations again with the uncertain 

variables (frequency, damping, and stabilizer truss weld capacity) assigned their median values.  Similarly 

fitting a fragility to the analysis data, we determined the lognormal standard deviation for randomness 

only. 
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Comparison of Results 

The collective results from the 3D probabilistic analysis resulted in about 20% smaller displacement 

response than the 3D median deterministic analysis for a given ground motion level.  This is partially due 

to sensitivity of the internal structure displacements to phasing of the rolling response with the two unique 

orthogonal horizontal input time histories used for the median deterministic analysis.  Influence of the 

phasing and general characteristics of the input foundation time histories on the displacement response 

was diminished due to the wider variety of input time histories used in the 3D probabilistic analysis.  

Variation in weld strength also influenced smaller displacements from the probabilistic analysis.  In runs 

assigned high weld strengths, rocking was delayed and internal structure response was usually 

suppressed, resulting in lower internal structure displacements.  Influence of these lower displacements on 

the final capacity outweighed the influence of higher displacements resulting from runs assigned lower 

weld strengths. 

The 2D analysis resulted in median capacities that were about 50% higher than the 3D analysis.  The 2D 

rocking response likely results in energy being radiated out into the Reactor Building base mat and 

underlying rock when the reactor pedestal impacts the concrete below.  Some of this energy dissipation is 

captured by the effect of dashpot elements modeled perpendicular to the rocking plane. 

CONCLUSION 

Seismic displacement of the drywell internal structure obtained by the 3D model is greater than that 

obtained by the 2D model.  Review of the 3D analysis results indicates the drywell internal structure tends 

to roll around the bottom of the reactor pedestal, with in-phase response due to the orthogonal ground 

motion input components increasing the radial displacements.  The 3D rolling of the internal structure is 

more realistic.  Under 2D response, energy is probably radiated out into the Reactor Building base mat 

and underlying rock when the reactor pedestal impacts the concrete below.  Some of this energy 

dissipation is captured by the effect of dashpot elements modeled perpendicular to the rocking plane. 

Sensitivity of the 3D analysis to phasing of input time histories varies on a case by case basis.  Due to 

their phasing and general characteristics, the time histories used in the median deterministic analysis 

resulted in larger displacement response than the collective results from the probabilistic analysis.  The 

higher displacement of the 3D analysis as compared to the 2D analysis was also due in part to the 

sensitivity of the 3D rolling response to phasing of the probabilistic input time histories and variation in 

weld strength.  

The seismic capacities for both 2D and 3D analyses exhibited sufficient margin above the mean 1.0E-04 

UHS.  This margin can be attributed to the more realistic seismic behavior obtained by rigorous 

probabilistic nonlinear response analyses. 
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