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1 ABSTRACT 

This paper presents regulation point of view and experiences which the Finnish Radiation and Nuclear Safety 
Authority (STUK) has gained during the inspection and supervision of qualification of structures and 
equipment against seismic and other external vibration for Olkiluoto 3. Feedback from the Olkiluoto 3 EPR- 
type nuclear power plant (NPP) construction project is presented in order to bring out some useful 
information to be considered in future projects for nuclear power plants.  

The Finnish regulatory approach concerns all phases from the studies of external sources to final design 
of safety relevant buildings, nuclear safety systems and equipment. In many applications risk informed 
methods are used in parallel with the deterministic requirements. Seismic events are included in the 
probabilistic risk analysis (PRA) which is under way for Olkiluoto 3. Important background to seismic 
design in Finland has also been developed in PRA approach for operating NPPs since 1984. 

2 INTRODUCTION 

In conventional design structures, anchorage, mounting and equipment are designed to fulfil common 
static/dynamic stress - strain, stability, integrity and vibration requirements. Beyond that NPP safety design 
requires deterministic and stochastic qualification procedure in order to ensure the operability of safety 
activities during and after induced external vibrations. 

Qualification of nuclear safety related structures and equipment against external vibrations is a 
combination of studies in different technical domains. 

- The first issue is to define the external source from which the vibrations are induced. Such sources 
are seismic earthquake, aircraft crash and explosion pressure wave.  

- The vibration behaviour of a building framework is analysed and, depending on studied equipment, 
corresponding design response spectra are defined for further qualification of nuclear safety related 
equipment. Structural design of building framework is detailed during this phase. 

- After that it is possible to ensure vibration resistance of systems and components, which are relevant 
to nuclear safety. Depending on qualification methods, tools and vibration behaviour of studied 
equipment corresponding test response spectra are developed in order to envelope design response 
spectra. 

The common procedure is to qualify different components separately against induced external 
vibrations. Beside that the equipment are also verified in larger units, formed by, e.g., pump, motor, 
switchgear, foundation and connection to piping. Qualification against vibrations can be made by analysis, 
shake table tests and/or the combination of analyses and vibration tests. 

STUK is overseeing the construction and component manufacturing of nuclear power plants by 
inspections and supervision of design, manufacture and construction at the site. Also the installation and 
commissioning of nuclear safety related equipment will be overseen as soon as these phases begin. 
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3 QUALIFICATION PROCEDURE 

STUK’s acceptance of qualification procedure is based on the approved Preliminary Safety Analysis Report 
(PSAR) of Olkiluoto 3 and qualification and project specifications for safety classified equipment and 
buildings. Following subchapters are describing basic phases in qualification process and feedback from 
STUK’s regulatory oversight of Olkiluoto 3. 

3.1 Induced external vibrations 

External vibrations are postulated to be induced from following sources: design basis earthquake, air plane 
crash and explosion and burst pressure waves. 

Design basis earthquake for NPPs for Olkiluoto 3 is defined according to STUK’s guide YVL 2.6. 
Defined peak ground acceleration (PGA) acting at the same time in three Cartesian directions is 0.1·g in 
horizontal directions and �  · 0.1·g in vertical direction. Ground response spectrum with 5 % damping has 
been defined proportional to PGA so, that idealised single–degree–of–freedom oscillator anchored in the 
bedrock has peak value of 2.3·PGA in frequency of 10 Hz. After that the spectrum value is above 1·PGA up 
to frequency of 50 Hz.  

In PSAR of Olkiluoto 3 it has been defined, that certain buildings will be protected with enveloping 
structures against plane crash. The PSAR considers three different load-time-functions reflecting the impact 
of a small sporting aircraft, military fighter class aircraft and large commercial airplane. This procedure 
covers a large spectrum of airplane crash characteristics. The PSAR considers two types of impacts: primary 
by the aircraft and secondary by its wreckage. Turbines and other airplane wreckage are considered as hard 
missiles. 

Corresponding design force against these protective structures has been postulated as a time dependent 
impact force. Computation of the impact force is based on Riera method, Riera (1968). In addition, it is 
reasonable to specify other parameters of impact as geometry of the impacted area, the possible impact angle 
of the aircraft and the assumed mass of fuel.  

Reactor building and certain other buildings of Olkiluoto 3 are protected with an outer wall designed 
against airplane crash. Analysis of structural resistance of these outer walls against impact loads and hard 
missiles is important. The analysis includes an assessment of the sufficient clearance between the outer and 
inner walls of the reactor building including scabbing aspects, outer and inner walls of the safeguard 
buildings and the fuel building walls. When the clearance is large enough, corresponding vibrations are 
developing mainly via base slab to building frameworks in a similar way as the design basic earthquake.  
These vibrations are significant in higher frequencies close to the cut-off frequency, when vibration 
resistance of equipment is qualified. 

PSAR of Olkiluoto 3 and qualification and project specifications state explosion and burst pressure 
waves for further vibration analysis. These loads have been studied more detailed in accordance with lay-out 
design and HVAC- planning. 

3.2 Analysis and design of building framework 

Design and analysis principles are presented among others in YVL 2.6, YVL 3.5, YVL 5.7, IAEA Safety 
Series No. 50-SG-D15 and KTA 2201.1-6. All buildings relevant to nuclear safety against seismic events 
shall be founded on bedrock. In practice minimum requirement acceptable to STUK is that all corners of 
these building shall be founded on bedrock. Good and coherent foundation conditions decrease the 
uncertainty of the estimation of design basis earthquake and dynamic interaction between buildings and the 
bedrock. In this respect Finland is in better position compared to many other areas, where foundation 
circumstances are more complicated. 

Analyses are carried out by Finite Element Method (FEM) with different kind of 3D models formed by 
3D-beam, shell and/or brick element meshes. Attention has been bought to mesh generation, frequency 
dependent structural damping and effects of plasticity assumptions. The dynamic response of building 
framework has been calculated in some cases by direct time integral method and in other cases by mode 
superposition method. All these methods are acceptable today. 
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Since the building framework design and equipment qualification is almost always based on 
acceleration resistance, the judgement of suitable design margin is straightforward. The design of building 
framework is based on acceleration profiles from the vibration analysis. Seismic loads cover also other 
external vibration loads in the design on building frameworks except locally in some detail design. Structural 
analyses of the outer walls designed against the direct airplane crash are an exception. In these computations 
materially nonlinear impact analyses are needed to predict the local deformation of the building framework. 
The existence of big horizontal loads effects to stability design and to minimum design requirement. Since 
the design basis earthquake is low in Finland they do not have much effect on structural design because of 
other design loads and creep and shrinkage effect in massive concrete structures.  

Design response spectra are formed by enveloping all the areas, where the studied equipment are 
planned to be located. In order to manage uncertainties from modelling and analyses estimation of 
acceleration has been increased 20 % to calculation results. Seismic accelerations are dominating in lower 
frequencies. When frequencies closer to the cut-off frequency are studied, becomes other external vibrations 
more significant to sensitive electronic equipment causing galvanic discontinuity. 

3.3 Qualification of equipment and larger units of equipment 

Principles for qualification of equipment against external vibration are based mainly on KTA 2201.4 
and international standards from different technical domains, like IEC 60980 for electrical and I&C 
equipment. Vibration resistance studies of equipment are based on enveloping design response spectrum for 
all analysed design response spectra representing locations and external load cases of the equipment. In 
principle there are three possible way to verify vibration resistance: analysis, testing and combination of 
analysis and testing. 

Operability of heavy equipment, like pumps, during and after external vibration is verified by three level 
analyses. First level is studying components or subcomponents (e.g. shaft, bearings, rotor, coupling, and base 
plate). Second level concerns equipment (e.g. pump and motor). Third level concerns larger unit, like pump-
motor unit. Operability verification of the complete unit during and after external vibrations is demonstrated 
and checked through following tasks: 

- coupling displacement and misalignment under external vibration, 
- transient drive torque calculation in case of motor event, 
- torsion analysis of the complete shaft line, 
- natural frequency of pump, motor and base plate, 
- bearings life verification (safety factors) under abnormal event for pump and motor, 
- pump and motor equipment operability verification (stresses, stator/rotor gap calculation under 

external vibration).  
 
Electrical and I&C equipment and smaller pumps are tested on shake tables. Testing requires 

development of test response spectrum in order to cover enveloping design response spectrum at least in 
critical frequencies of the equipment. Test response spectra for final verification are defined according to 
type of shaking table and research of critical frequencies of testing samples. The test program for 
qualification against external vibrations include following elements: 

- induced external vibrations loads, 
- test sequence, 
- vibration response investigation, 
- mounting conditions, 
- operational loads and operating conditions, 
- monitoring, 
- demonstration of operability, 
- qualification test, 
- testing wave forms, 
- test acceptance criteria. 
 
Two kind of shaking tables has been used: triaxial and biaxial (horizontal and vertical directions) tables. 

Except some practical differences on testing arrangements, there is no difference between these tables noted, 
when actual qualification results have been studied. It has been seen, that seismic vibrations are dominating, 
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but in higher frequencies close to cut-off frequency there are cases concerning the galvanic discontinuity of 
electrical and I&C equipment. Therefore also other external vibration sources are significant. 

Special attention is put on mounting conditions in order to ensure damping assumptions from the design 
to the installation of equipment. It has been noted, that installation guides are not necessarily taking into 
account original design assumptions. In the worst case it could lead to stiffer mountings than originally 
planned, which in turn would lead to higher accelerations than defined in design response spectra. 

3.4 Nuclear safety regulation in qualification process 

Regulation of nuclear safety is to verify that the induced external vibrations will not compromise reactor 
shutdown, decay heat removal and the containment function, or the confinement of radioactive materials. To 
assure the aforementioned, the structures and components of Olkiluoto 3 nuclear power plants were 
classified into the seismic categories S1, S2A and S2 according to required resistance to external vibrations. 
This external vibration resistance classification is defined in order to fulfil requirements presented in guide 
YVL 2.6 so, that it is used in connection with guide YVL 2.1 -compliant nuclear safety classification. 

STUK is concentrating on systems, equipment and structures according to these classifications. Seismic 
category S1 systems and components are required to function during and after postulated induced external 
vibrations. S2A systems and components are required not to compromise the function of S1 components. 
Rest of the components, classified to category S2, are not required for verifying nuclear safety during and 
after postulated external vibrations. 

Nuclear safety related vibration resistance questions are dealt with correspondence between STUK and 
the licensee of the NPP in order to ensure, that all solutions fulfil nuclear safety requirements and from 
licenser point of view that these solutions are accepted by STUK. Important part for efficient handling of 
different, mostly complicated technical questions has been the close cooperation between the licensee and 
supplier of the NPP so that also specialists from STUK have participated in some of the technical 
discussions. 

Independent specialist evaluations and analyses apart from the plant design are required to support 
STUK’s inspections. Both the licensee and STUK have ordered review analyses for the most important cases 
so that altogether there are three independent studies concerning external vibrations and vibrations of 
building frameworks. Common understanding of behaviour of building framework and equipment and 
system qualification against external vibrations exist. The Finnish research programme SAFIR has an 
important role for giving the state of art level scientific background, Calonius et al. (2006), Saarenheimo et 
al. (2009, 2007a, 2007b) and Tuomala et al. (2009). 

Important part of qualification of vibration resistance from nuclear safety point of view is seismic PRA. 
The development of PRA studies are started in accordance with the deterministic design in order to support 
design with fragility analyses of building frameworks and equipment. PRA studies concern also mounting of 
critical equipment and fires after seismic events. Seismic PRA continues after active deterministic design 
phase of NPP. The fulfilment of design criteria will be confirmed by commissioning inspections before the 
commissioning of the NPP. 

4 SEISMIC PRA 

4.1 The general PRA approach in Finland 

STUK required in 1984 that the Finnish licensees perform probabilistic risk analyses (PRA) for the operating 
NPPs. The goal was full scope living PRA models which are easy to use and are kept constantly up-to-date. 
These decisions laid the foundation for the present use of PRA in risk informed regulation by the authority 
STUK and in risk informed safety management by the licensees.  

At the moment, Level 1 PRA studies for power operation cover practically the full scope of initiating 
events: internal events, area events (fires, floods), and external events such as harsh weather conditions and 
seismic events. Level 1 PRA for shutdown states and Level 2 for all operating states have almost the same 
scope as Level 1 for power operation, but some detailed analyses are still under work or have not been 
considered necessary.  
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STUK and the licensees use the Living PRA as a common information platform. The identical, 
reviewed PRA model is used for resolution of safety issues both by the licensee and STUK. The use of the 
same PRA model gives a common basis for discussions between the authority and the licensees on risk-
related issues. A prerequisite for the use of a common model is a thorough review of the PRA models by the 
authority, with the assistance of external consultants in some special cases. 

The requirements on PRA are set forth in the Regulatory Guide YVL 2.8. The guide emphasizes the 
Living PRA approach. PRA covers the whole life cycle of a nuclear power plant. It is formally integrated in 
the regulatory process of nuclear power plants already in the early design phase and it is to cover the 
construction and operation phases all through the plant service time and also the decommissioning phase. 
The requirement on seismic PRA is also included in Regulatory Guide YVL 2.6 on seismic design.  The 
results of a design-phase PRA shall demonstrate that the implementation of seismic design is acceptable 
from the viewpoint of the nuclear power plant’s overall safety.  

The Guide YVL 2.8 includes probabilistic safety requirements: 

- the core damage frequency (CDF) shall be less than 10-5/year and  

- the large release (100 TBq Cs 137) frequency shall be less than 5·10-7/year.  

As concerns a new plant unit, a concise plant specific design phase PRA including Levels 1 and 2 is 
required as a prerequisite for issuing construction license, and a complete Level 1 and 2 PRA is a condition 
for issuing the operating license. The design phase PRA should cover all groups of initiating events for 
power operation and shutdown states. 

In the regulatory review of a PRA by STUK it is essential to find out, whether the probabilistic safety 
requirements are fulfilled and whether there are any dominant risk factors which could be removed with 
design modifications. As regards seismic PRA, it is also important evaluate the fragility of structures and 
components of at accelerations higher than the design basis. To reach the probabilistic requirements with 10-

5/year design basis PGA frequency of occurrence, it is essential that the fragility of components is small up to 
about double the design basis PGA. 

4.2 Determination of seismic hazard 

Seismic activity in Finland is low. No dangerous earthquakes have been observed but typically 10–30 minor 
earthquakes with magnitude 1–3 are registered annually. An earthquake catalogue is maintained by the 
Institute of Seismology of the University of Helsinki and is available on www-pages 
(http://www.seismo.helsinki.fi/english/bulletins/index.html). The earliest historical reports of earthquakes in 
Finland date back to 1610. The highest estimated magnitude is about 4.9. The current nuclear sites are 
situated in the quiet zone in Southern Finland where the highest observed magnitudes are less than 4. 

The earthquake catalogue has been used as input for the seismic hazard studies carried out for the 
Finnish nuclear power plant sites. Seismic hazard calculations have been carried out with the programs 
EQRISK originally developed by McGuire (1976) and Seisrisk III reported by Bender (1987). The same 
methods have also been used for the determination of design ground response spectrum. 

4.3 Seismic PRA for the operating units 

When the operating Finnish NPP units were designed in the late 1970’s there were no seismic requirements 
and seismic loads were not considered separately in the design. Later seismic PRAs have revealed some 
vulnerabilities which have been removed with plant modifications. A regulatory view of seismic risk analysis 
in Finland has been reported by Sandberg et al. (2006) 

4.3.1 Loviisa 1 and 2 

The seismic PRA for the Loviisa VVER 440 units was performed in the early 1990’s. The work was 
performed by the utility using the assistance of the US consulting company Earthquake Engineering Inc. 
(EQE), especially for component seismic fragility evaluations.  

The potentially vulnerable structures and components were identified in plant walk-throughs by a group 
including plant experts and seismic experts from EQE. Examples of components with high or moderate 
seismic fragility are the feedwater tank, deionizing tank, demineralized water tank, emergency feedwater 
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lubricant and some DC power systems. Building structures were estimated to be quite resistant to the seismic 
acceleration considered possible in Finland. 

The feedwater tank is a long horizontal tank situated on a relatively high elevation and the supports are 
not designed for seismic loads. Due to the location of the feedwater tank close to the main control room, it is 
estimated that the failure of the tank would always lead to core damage. The contribution of the feedwater 
tank failure is about 50 % of the seismic CDF. In addition, 19 other seismic induced initiating events were 
identified. The initiating even frequencies were calculated with a fault tree using the seismic hazard 
information and component vulnerabilities. It was assumed that simultaneously with the seismic initiating 
events the safety systems for their management are lost and no accident chains were included in the PRA 
model. The seismic CDF was estimated as 3.6·10-6 /year which was originally insignificant relative to the 
total risk. Currently the seismic CDF is about 4 per cent of the total CDF of the Loviisa units. 

The operating licence of the Loviisa units was renewed in 2007. During the review of the application 
STUK also considered the seismic resistance of the Loviisa units based on the seismic PRA. The methods 
used in the Loviisa PSA were quite advanced in the early 1990’s, and so far no significant deficiencies have 
been identified in the Loviisa seismic PRA. However, STUK required that the seismic PRA should be 
updated early in the new licence period. 

4.3.2 Olkiluoto 1 and 2 

The seismic PRA for the operating units at Olkiluoto was reported in 1997. The work was done in 
cooperation by the utility TVO and EQE International Inc., which had an important role in all phases of the 
seismic PSA. The methods complied with the guidance by IAEA (1993), EPRI (1988) and NRC (1991). 

According to the first estimates, the seismic CDF 2.5·10-5/year was dominating the risk profile. The high 
seismic risk was due to inadequate supports and anchorage of batteries, DC/AC converters and electric 
cabinets. After immediate improvements, the seismic CDF was reduced to 4.4·10-6/year. The most important 
contributor was relay chatter which may cause spurious signals leading to loss of emergency core cooling 
systems or their inadvertent isolation and inadvertent pressure suppression.  

The seismic PRA of Olkiluoto 1 and 2 has been updated recently. The current seismic CDF estimate is 
1.7·10-7/year or 1.7 per cent of the total CDF 1.05·10-5/year (power operation and shutdown states). The 
reduction in the risk estimate is due to both more detailed analyses and plant modifications, especially 
improved possibilities to cope with inadvertent isolation.  

4.4 Seismic PRA for Olkiluoto 3 

Guide YVL 2.8 requires that the design phase PRA includes seismic events. However, seismic PRA was not 
submitted to STUK in connection with the Olkiluoto 3 construction licence application in 2004. Instead, the 
design phase PRA included only a preliminary plan for seismic PRA and qualitative arguments based on the 
plant supplier’s experience that with proper detailed design the probabilistic safety goals can be reached also 
regarding seismic events. Based on regulatory review of the seismic design and the low seismic hazard in 
Finland, the approach was approved by STUK. Exceptions from the YVL Guides are possible, if the required 
safety level can be demonstrated by an alternative approach.  

Later the plant supplier AREVA NP has drawn up a detailed seismic PRA plan. The seismic PRA will 
use the state of the art methodology as described in Appendix B of ANSI/ANS 58.21 “External-events PRA 
methodology”. The key elements of the seismic PRA, as presented by AREVA, are: 

1. Seismic hazard analysis for determining the frequency of occurrence of different peak ground 
acceleration at the site. The seismic hazard of the site is available from the seismic PRA performed 
for OL1/OL2 and from the recent updates of the hazard analysis described in by Varpasuo (2004 and 
2005). 

2. Seismic fragility evaluation which estimates the conditional probability of failure of important 
structures and components whose failure may lead to core damage (or other unacceptable damage). 

3. Systems and accident sequence analysis which models the various combinations of structural and 
equipment failures that could initiate and propagate a seismic core damage sequence.  

4. Risk quantification which assembles the result of the seismic hazard, fragility and system analyses to 
estimate the frequencies of core damage and plant damage states.  
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Since Olkiluoto 3 has been originally designed for seismic events and the seismic qualification is 
required of the safety system components, it is to be expected that the seismic risk analyses will not reveal 
serious vulnerabilities comparable to those identified in the operating NPP units. This conclusion is 
supported by the fragility analyses which have been submitted to STUK so far. 

5 CONCLUSION 

Qualification against seismic and other external vibrations in Olkiluoto 3 has been presented from oversight 
point of view. The verification against external vibrations in accordance with nuclear safety requirements is a 
combination of studies in different technical domains. PRA studies are supporting the deterministic design 
with fragility analyses of building frameworks and equipment. The current Finnish PRA approach has given 
good background to Olkiluoto 3 project. 

External vibrations are induced by design basis earthquake, air plane crash and explosion and burst 
pressure waves. Seismic vibrations are in most cases dominating. When considering the risk of galvanic 
discontinuity of electric and I&C equipment, other sources of external vibrations are significant in higher 
frequencies close to cut-off frequency. 

Good and coherent foundation conditions decrease the uncertainty of the estimation of design basis 
earthquake and dynamic interaction between buildings and the bedrock. Since the building framework design 
and equipment qualification is almost always based on acceleration resistance, the judgement of suitable 
design margin is straightforward. Uncertainties from modelling to estimation of accelerations have been 
decreased by setting extra 20 % to calculated accelerations through whole spectrum. 

Operability verification of equipment during and after external vibrations requires studies in three levels 
in order to consider at first components, then equipment and finally the complete unit (e.g. pump and motor 
together). It has been noted that installation guides are not necessarily taking into account original design 
assumptions on mounting conditions. In the worst case it could lead to stiffer mountings than originally 
planned, which in turn would lead to higher accelerations than defined in design response spectra. 

Independent specialist evaluations and analyses apart from the plant design are required to support 
STUK’s inspections. Both the licensee and STUK have ordered review analyses for the most important 
cases. Finally there are three independent studies concerning external vibrations and vibrations of building 
frameworks. Common understanding of behaviour of building framework and equipment and system 
qualification against external vibrations exist. The Finnish research programme SAFIR has an important role 
for giving the state of art level scientific background to the regulatory oversight. 

Olkiluoto 3 has been originally designed for seismic events and the seismic qualification is required of 
the safety system components. Therefore, it is to be expected that the seismic risk analyses will not reveal 
serious vulnerabilities comparable to those identified in the operating NPP units. This conclusion is 
supported by the fragility analyses which have been submitted to STUK so far. 
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