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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which came into force on 30th
September 1961, the Organisation for Economic Co-operation and Development (OECD) shall promote policies designed:

− to achieve the highest sustainable economic growth and employment and a rising standard of living in Member
countries, while maintaining financial stability, and thus to contribute to the development of the world economy;

− to contribute to sound economic expansion in Member as well as non-member countries in the process of economic
development; and

− to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in accordance with
international obligations.

The original Member countries of the OECD are Austria, Belgium, Canada, Denmark, France, Germany, Greece,
Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, the United Kingdom
and the United States. The following countries became Members subsequently through accession at the dates indicated hereafter:
Japan (28th April 1964), Finland (28th January 1969), Australia (7th June 1971), New Zealand (29th May 1973), Mexico (18th
May 1994), the Czech Republic (21st December 1995), Hungary (7th May 1996), Poland (22nd November 1996), Korea (12th
December 1996) and the Slovak Republic (14th December 2000). The Commission of the European Communities takes part in the
work of the OECD (Article 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the OEEC
European Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan became its first
non-European full Member. NEA membership today consists of 27 OECD Member countries: Australia, Austria, Belgium,
Canada, Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg,
Mexico, the Netherlands, Norway, Portugal, Republic of Korea, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the
United States. The Commission of the European Communities also takes part in the work of the Agency.

The mission of the NEA is:

− to assist its Member countries in maintaining and further developing, through international co-operation, the
scientific, technological and legal bases required for a safe, environmentally friendly and economical use of nuclear
energy for peaceful purposes, as well as

− to provide authoritative assessments and to forge common understandings on key issues, as input to government
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable
development.

Specific areas of competence of the NEA include safety and regulation of nuclear activities, radioactive waste
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law and
liability, and public information. The NEA Data Bank provides nuclear data and computer program services for participating
countries.

In these and related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in
Vienna, with which it has a Co-operation Agreement, as well as with other international organisations in the nuclear field.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up
of scientists and engineers.  It was set up in 1973 to develop and co-ordinate the activities of the Nuclear
Energy Agency concerning the technical aspects of the design, construction and operation of nuclear
installations insofar as they affect the safety of such installations.  The Committee’s purpose is to foster
international co-operation in nuclear safety amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of  technical information and for collaboration between
organisations which can contribute, from their respective backgrounds in research, development,
engineering or regulation, to these activities and to the definition of its programme of work.  It also reviews
the state of knowledge on selected topics of nuclear safety technology and safety assessment, including
operating experience.  It initiates and conducts programmes identified by these reviews and assessments in
order to overcome discrepancies, develop improvements and reach international consensus in different
projects and International Standard Problems, and assists in the  feedback of the results to participating
organisations.  Full use is also made of  traditional methods of co-operation, such as information
exchanges, establishment of working groups and organisation of conferences and specialist meeting.

The greater part of CSNI’s current programme of work is concerned with safety technology of water
reactors.  The principal areas covered are operating experience and the human factor, reactor coolant
system behaviour, various aspects of reactor component integrity, the phenomenology of radioactive
releases in reactor accidents and their confinement, containment performance, risk assessment and severe
accidents.  The Committee also studies the safety of the fuel cycle, conducts periodic surveys of reactor
safety research programmes and operates an international mechanism for exchanging reports on nuclear
power plant incidents.

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s Committee on
Nuclear Regulatory Activities (CNRA), responsible for the activities of the Agency concerning the
regulation, licensing and inspection of nuclear installations with regard to safety.  It also co-operates with
NEA’s Committee on Radiation Protection and Public Health and NEA’s Radioactive Waste Management
Committee on matters of common interest.
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FOREWORD

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD-NEA co-ordinates the NEA
activities concerning the technical aspects of design, construction and operation of nuclear installations
insofar as they affect the safety of such installations.
The Integrity and Ageing Working Group (IAGE WG) of the CSNI deals with the integrity of structures
and components, and has three sub-groups, dealing with the integrity of metal components and structures,
ageing of concrete structures, and the seismic behaviour of structures. This workshop was proposed by the
sub-group dealing with the seismic behaviour of structures.

Seismic re-evaluation is identified as the process of carrying out a re-assessment of the safety of existing
nuclear facilities for a specified seismic hazard. This may be necessary when no seismic hazard was
considered in the original design of the plant, the relevant codes and regulations have been revised, the
seismic hazard for the site has been re-assessed or there is a need to assess the capacity of the plant for
severe accident conditions and behaviour beyond the design basis. Re-evaluation may also be necessary to
resolve an issue, or to assess the impact of new findings or knowledge.

In 1997, CSNI recognised the increasing importance of seismic re-evaluation for nuclear facilities
throughout the world.  It prepared a status report on seismic Re-evaluation NEA/CSNI/R(98)5 which
summarized the current situation for Member countries of the OECD. The report suggested a number of
areas of the seismic reevaluation process, which could be considered in the future. In May 2000, the
seismic sub-group reviewed these suggestions and determined that it was timely to address progress on this
topic through this workshop. The workshop focused on methods and acceptance criteria and, on
countermeasures and strengthening of plant.

The workshop had 2 technical sessions listed below devoted to presentations, and a 3rd session devoted to
a discussion of the material presented and to the formulation of workshop conclusions to update
conclusions of the 1998 report.
Session 1

- Methods and acceptance criteria
- Benefits and disadvantages of the various methods of re-evaluation (Seismic PSA, Margins,

 deterministic, databases, tests …) in particular circumstances
- Role and scope of the peer review process
- Definition of the scope of the plant to be selected for  the re-evaluation process
- Differences between re-evaluation and design criteria

Session 2
- Countermeasures/strengthening
- Civil engineering structures
- Post earthquake procedures and measures
- Strategies and priorities
- Recent innovation or research outputs

In the area of the seismic behaviour of structures, the CSNI is currently preparing among others a
workshop on relations between seismological data and seismic engineering analysis to evaluate
uncertainties and margins through a better description of real ground motion spectrum as opposed to a
ground response design. Short reports on "lessons learned from high magnitudes earthquakes with respect
to nuclear codes and standards" are under preparation and will cover several recent earthquakes.
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Seismic reports issued by the group since 1996 are:

− NEA/CSNI/R(1996)10 Seismic shear wall ISP: NUPEC’s seismic ultimate dynamic response

test: comparison report, 1996. also referenced as: OCDE/GD(96)188

− NEA/CSNI/R(1996)11 Report of the task group on the seismic behaviour of structures: status

report, 1997. also referenced as: OCDE/GD(96)189

− NEA/CSNI/R(1998)5 Status report on seismic re-evaluation, 1998.

− NEA/CSNI/R(1999)28 Proceedings of the OECD/NEA Workshop on Seismic Risk, CSNI

PWG3 and PWG5, Tokyo, Japan 10-12 August 1999.

− NEA/CSNI/R(2000)2/VOL1 Proceedings of the OECD/NEA Workshop on the "Engineering

Characterisation of Seismic Input, BNL, USA 15-17 November 1999 -

− NEA/CSNI/R(2000)2/VOL2 Proceedings of the OECD/NEA Workshop on the "Engineering

Characterisation of Seismic Input, BNL, USA 15-17 November 1999

The complete list of CSNI reports, and the text of reports from 1993 onwards, is available on
http://www.nea.fr/html/nsd/docs/
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Seismic Re-evaluation of Existing Nuclear Power Plants

An Introduction to an IAEA Safety Report

Pierre Labbé

International Atomic Energy Agency, Vienna.

ABSTRACT

The purpose of this paper is to introduce the IAEA Safety Report under preparation on the
Seismic Reevaluation of existing Nuclear Power Plants (NPPs). After an introduction on the objectives of
the IAEA document and the common technical background of seismic re-evaluation, the outlines of the
seismic reevaluation process are discussed: the review level earthquake, the safety analysis of the plant as
it should be considered in view of a seismic re-evaluation, the use of the feedback experience and the
practice of walkdown. A special emphasize is given to the capacity evaluation, including some
recommendations about non linear analyses and consequences of non linear behaviour on the seismic
response. It is proposed to account for post elastic behaviour by the way of "Energy Absorption Factors",
provided actual ductile capacity is available.

INTRODUCTION

Objective of the IAEA document

The main purpose of the IAEA Safety Report under preparation is to provide guidance for
conducting a seismic safety evaluation programme for an existing nuclear power plant in a manner
consistent with current criteria and internationally recognized practice.

The document may be a tool for regulatory authorities and responsible organizations for the
execution of the seismic safety evaluation programme, giving a clear definition to different parties,
organizations and specialists involved in its implementation on

(i) objectives of the seismic evaluation programme:
(ii) phases. tasks and priorities in accordance with specific plant conditions;
(iii) a common and integrated technical framework for acceptance criteria, and capacity evaluation.

Technical findings

Evaluate the safety of an existing NPP against earthquakes is a more complicated task than safely
design a new NPP for the same purpose, and an appropriate evaluation program is not easy to set up. The
IAEA Safety Report recalls main technical findings that should be regarded as a common background and
should therefore guide the set-up of a seismic evaluation program. Among them, we notice the following
ones.

Despite peak ground acceleration (PGA) is a parameter widely used in order to scale the seismic
input. it is also a known technical finding that damaging capacity of seismic input motion is poorly
correlated to the PGA level, even the elastic response spectrum is a poor tool for that. Other parameters
such as duration play a significant role in a judicious evaluation. Consistently, it is known that near field
earthquakes with small or moderate magnitudes can lead at once to significant PGA levels and to non
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significant damages to structures; on the other hand they may lead to spurious behaviour of
instrumentation and control systems.

Regarding the structures and the mechanical components, it is a result of research and
development in the past decade that, due to the usually available ductility and to the dynamic aspects of the
phenomenon, a safe anti-seismic design relies more on capacities in accommodating large strains than in
balancing large forces as they can be estimated on the basis of the classical engineering approach (elastic
behaviour assumption and a static equivalent approach). It is the reason why a special attention has to be
paid to actual ductile capacities.

OUTLINES OF A SEISMIC RE-EVALUATION

Review level earthquake

The assessment of the seismic hazard of the site should evaluate the ecological stability- of the
site. e.g. the absence of any capable fault that can produce differential ;round displacement phenomena
underneath or in the close vicinity of buildings and structures important to seismic safety. On the principle
the re-evaluation process should not reveal dramatic changes in this field. Regarding the severity of the
seismic ground motion, it may likely differ from the one at the design stage. It has to be described with
appropriate parameters such as peak ground acceleration. velocity, and/or displacement ground response
spectra; duration. time history accelerograms, etc.

The IAEA Safety Report points out that the results of non linear time history analyses are very
sensitive to the choice of the input motion. When such analyses cannot be avoided (in some geotechnical
issues for instance), the IAEA Safety Report insists on the choice of the accelerograms, which has to be
carried out very carefully.

Either Safety Margin Assessment (SMA) or Probabilistic Safety Assessment (PSA) are proposed
by the IAEA. In the SMA framework. a Review Level earthquake (RLE) is introduced. On the principle, it
should be at least at the level of. the S1.2 earthquake (as defined in the corresponding, lAEA Safety
Guide[1]). The S1.2 level itself should be updated in case any reason for that appeared since the evaluation
of the SL.-2 design level.

Safety analysis

The purpose of the Safety Analysis is to determine the Selected Structures Systems and
Components (SSSC) required for a seismic evaluation ,and to specify for each of them what are the
required functions they have to assure, or what are the failure modes that have to be prevented from,
during or after an earthquake.

It is not necessary to verify the seismic adequacy of all plant equipment defined as Seismic
Category I for the design of new facilities in IAEA Safety Guide 50-SG-D15 [2]. In the SMA method it is
common international practice to focus the evaluation only oft a list of Selected Structures, Systems and
Components (SSSC (e.g. Structures. mechanical and electrical items, 1 & C. distribution systems,
components) essential to bring the plant from a normal operation condition to safe shutdown conditions
and to ensure safety during and following_the occurrence of a RLE. The objectives are to identify seismic
vulnerabilities. if any. which. if remedied, will result in the plant being able to shut down safely in the
event of such earthquake.

Because there is redundancy and diversity in the design of nuclear power plants. there may be
several paths or trains which could be used to accomplish the required safety functions. as a minimum
condition. only the active and passive equipment in a primary path (or train) and back up equipment
within that path and a backup path need to be identified for seismic evaluation purpose to the RLE. The
preferred safe shutdown path should be selected and clearly indicated. In selecting the primary and



NEA/CSNI/R(2001)13/VOL1

23

attenuate shutdown paths, a single active failure must not lead to a significant increase in damage core
frequency.

Most of the criteria and assumptions developed for the margin method are equally applicable to the
PSA method. The primary difference is that in the PSA method the list of SSSC to be reviewed is based
on the results of the PSA plant systems analysis. The internal event and fault trees are modified to include
spatial interactions. failure of passive components such as structures and supports, and common-cause
effects of seismic excitation. A detailed discussion of the interpretation of seismic PSA results can be
found in IAEA Tec. Doc. 724 [3]

The SSSC list may be expanded to include additional components as requested or required by the
owner, operator, licensee or the regulator. A typical example of expanded scope is cooling of the spent
fuel pool.

Failure modes

For each SSSC. the required functions it has to assure has to be specified. Fur instance: a) For a
structure it should be specify whether stability or Functionality (supporting of equipment) is required. Due
consideration should be given to structural elements required for fulfilling leak tightness requirements. b)
For mechanical components , those which should keep their integrity. and those which should remain
operable should be listed.

At this stage. it is necessary to develop a .clear definition of what constitutes failure for each of
SSSC being evaluated. Several modes of seismic failure may have to be considered. Identification of
credible failure modes is based largely on the feedback experience and judgement of the reviewers. In this
task. a review of the performance of similar structures, systems and components and of reported failures
in industrial facilities subjected to strong motion earthquakes will provide useful information. In these
regards, the IAEA Safety Report reminds the most frequently observed failure modes. Likewise,
consideration of design criteria, qualification test results. calculated stress levels in relation to allowable
limits and seismic fragility evaluation studies done on other plants will prove helpful.

Feedback experience

The IAEA Safety Report recognizes that seismic evaluation of existing NPPs rely much more on
feedback experience than assessment of new NPPs does. Estimate of seismic capacity of systems and
components may often be accomplished by the use of experience gained from real strong motion seismic
events. Such qualification requires that:

a) the seismic excitation of an item installed in a plant subjected to a real strong motion earthquake
effectively envelops the seismic input motion defined for similar items at the given NPP:

b) the item being evaluated and the one which underwent the real strong motion earthquake have similar
physical characteristics and have similar support or anchorage characteristics (alternatively. the
support or anchorage capacities can be evaluated by additional analysis):

c) in the case of active items, the item subjected to the strong motion earthquake performed similar
functions during or following that earthquake. including the potential aftershock effects, as would be
required for the safety related item being evaluated.

Use of feedback experience has to be made in the framework of a validated procedure associated to
an appropriate database. The IAEA Safety Report regards the Generic Implementation Procedure (GIP)
developed by the Seismic Qualifications Utility Group (SQUG) jointly with the NRC as an example of
such a procedure [4].

However. it is pointed out that most building structures and some systems and components are so
specialized that they are not included in the earthquake experience database. Particularly, it is the. case of
components and structures and major pieces of equipment of the reactor coolant.
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Walkdown

The procedure associated to the use of feedback experience implies the practice of walkdown.
Major objectives of a walkdown are:

a) to review the SSSC: to confirm the list of the SSSC, their required functions. their possible failure
modes: to screen out the SSSC which feature a seismically robust construction and to identified the
easy-fixes that have to be carried out regardless any analysis; to confirm that the database is
appropriate to the SSSC under consideration,

b) to check the extent to which the as-built conditions correspond to design drawings when the
evaluation is based on analysis.

c) to define representative sample configurations for limited analytical evaluations.
As the basis for a plant seismic walkdown, the SSSC list should be prepared in advance. indicating
the required functions to be assured. During a walkdown. a special.care should be paid to spatial
interaction and to anchorage of equipment. Each SSSC should be visually examined. After a
preliminary screening walkdown, there will be three alternative disposition categories for each
SSSC:

a) the seismic capacity is not adequate. so a modification is required:
b) the seismic capacity is uncertain and further evaluation is needed to determine whether a

modification is required. or
c) the seismic capacity is adequate for the specified RLE .

General experience with plant walkdown have indicated that most electrical and instrument cabinets
require modifications to increase the anchorage capacity and many unreinforced masonry walls also
require upgrades. Electrical and mechanical distribution system supports have required selective
upgrading. Some mechanical equipment require upgrading of their anchorage capacity.

EVALUATION OF SEISMIC: MARGIN CAPACITY

Consequences of post-elastic behaviour

The evaluation process basically leads to deal with post elastic behaviour. Nevertheless to the
possible extent, it is recommended by the IAEA Safety Report to avoid sophisticated controversial non-
linear analyses. In order to make a judgement. it is highly preferable to document about the "as is"
facilities relevant data that support a simple analysis than to provide a large amount of non linear analyses.
However, it is recognize that static non-linear analyses (such as the "push-over" method) may be of
interest to assess the margins of a structure or of a mechanical system.

According to the state of the art, due to the post elastic behaviour, the purpose of the evaluation of
seismic margin capacities should be to analyse the strains induced by the postulated RLE in the Structure
and to compare them to ultimate admissible strains. Basically, it means that approaches orientated to
strain evaluation (displacements approach) are more relevant that those based on stresses evaluation
(forces approach).

Consistent strain analysis is generally difficult to obtain because engineering practices and
engineering tools (education. standards, criteria. computer codes... ) are orientated towards stresses
analysis. For this reason, in order to provide convenient guidance, the IAEA Safety Report is written in
the general framework of stresses analysis; in this framework the inelastic energy absorption factor Fy is
introduced.
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Response analysis

In computing the response of the structure. the following principles are recommended:

a) a reference model of the structure. including soil-structure interaction effects, should be derived
from a best estimate approach without intentional conservative bias (for instance values of
structural damping higher than for design are accepted), however

b) parametric studies have to be carried out in order to cover the uncertainties of the model.
Particularly the variability of the soil profile Young modulus is recommended to be at least in a
range from 0.67 to 1.5 times the best estimate, preferably from 0.5 to 2 times. Also the fragility of
masonry wall is pointed out. which should lead to parametric studies.

In any case the range of the natural frequency to be taken into account for the parametric study, and
accordingly for the description of the floor response spectra should be so that

•f = fmax = fmin  < 0.2f_best estimate

This range of variation is centered on the best estimate in case of elastic analysis and shifted to the low
frequency in case F• factors are used in the capacity analysis. In case F• factors above a given threshold
are used the dynamic model of the structure has to be updated and the response accordingly computed.

Capacity evaluation

The IAEA Safety Report recommends that the general criteria for the assessment of the seismic
margin capacity be more conservative than those which would be permitted in conventional seismic
design but more liberal than in original nuclear power plant design. The above mentioned F• factors are
calibrated accordingly.

The F• factors are introduced as a practical inclusive method that takes into account the ductile
capacity of the structures. in this context. a is the admissible ductile capacity. In this regards, the LAEA
Safety Report insists on the fact that an actual ductile capacity has to be available and requires that any
use of F• factors be documented, even roughlv. The objective is to be sure that any brittle failure mode is
impossible or has been duly addressed, and that the engineers in charge of the re-evaluation have a good
knowledge of the structure and components they are in charge of assessing.

Values of F• larger than those proposed in the Safety Report are permitted, provided they are
supported by an appropriate documentation including experimental evidences and analytical background
(such as the displacement orientated approach), and a consistent analysis process is used for estimating
the response of the structure or components considered.

In order to illustrate the order of magnitude of the F• factors, table I gives some typical values that
were used in seismic re-evaluation of existing NPPs. It has to be pointed out that the use of such value: is
consistent only with the use of the associated values of parameters that govern the seismic response, such
as damping.

Table 1. Some Typical F• values used in seismic re-evaluation of existing NPPs

Concrete columns where flexure dominates l.25 to 1.50
Concrete columns where shear dominates 1.00 to 1.25
Concrete connections 1.00 to l.25
Concrete shear walls 1.50 to 1.75
Steel columns where shear dominates 1 00 to 1.25
Steel beams where flexure dominates 1.50 to 1.75
Welded steel pipes 1.50 to 2.00
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The principle for the use of the F• factors is the following one: first an elastic behaviour analysis of
the structure is carried out. Then the elastic stresses resulting from this analysis are divided by the F• floor
before entering the classical criteria for stress analysis. In case of stresses resulting from a displacement
controlled load (seismic differential anchor motion), the elastic stresses are divided by •. Basically this
rule means that dividing either by F• or by •, the intent is to account for the primary part of the considered
stresses.

On the other hand elastically computed displacements arc amplified by the F• factor. According to a
common view, elastically computed displacements are slightly modified in case of post elastic behaviour.
In this regard the IAEA rule is intentionally more severe than the common practice, taking into account a
lesson of the feedback experience: many observed damages are due to an underestimate in the design
phase of the displacements induced by an earthquake.

Formula governing the use of the F• factors are given in the appendix.

Special items

The IAEA Safety Report states that special care has to be taken with two items:
a) Anchorage capacities, since anchorages are well known as a weak point of industrial facilities in
case of earthquake: specific criteria are mentioned.
b) Functional capacities of electromechanical relays. since feedback experience draws attention to
their frequent spurious alarms.

EXAMPLES  OF SEISMIC RE-EVALUATION OF NPPs

Several eastern Europe NPPs proceeded to seismic re-evaluation in the last years. These re-evaluations
were carried out on the: basis of Guidelines that were reviewed by the IAEA. So it is possible to say that
in spite the Safety Report itself is just to be issued. its principles have been already extensively used in
seismic re-evaluations of existing NPPs. Furthermore it is also used for re-evaluation of sites with other
facilities than NPPs. The table 2 indicates some values of Review Level Earthquakes.

Table 2.  Examples of Review Level Earthquake

Armenian NPP 0.35g
Bohunice. Slovakia 0.35g
Paks. Hungary   0.25g
Kozloduy, Bulgaria 0.20g
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APPENDIX : USE OF THE  F• FACTORS

For a primary structure:

S’

p: inertial stresses computed assuming an elastic behaviour of the structure, with around
motion RILE as input.

S’

p Sp reduced by the appropriate F•p value of this primary structure, as follows
S’

p = Sp/F•p

D’

p displacements computed assuming an elastic behaviour of the structure. with ground motion
RLE as input.

D’

p Dp amplified by the appropriate F•p value of this primary structure, as follows
D’

p - Dp F•p

For a secondary structure (piping systems , components, ducts... ), two types of input motion have to be
provided: floor response spectra and anchor displacements; they have to be consistent. i.e. they have to be
computed with the same model of the primary structure. In most of the cases. anchor input motion have to be
taken into account to the extent they result in, non nil differential displacements.

Ss: inertial stresses computed assuming an elastic behaviour of the secondary structure. with
FR'p, as input.

S's S's reduced by the appropriate F•p value of this secondary structure, as follows
S's  = Ss/F•s

Sm stresses induced by anchor motion eoroputed assuming an elastic behaviour of the secondary
structure, with D'p motion of the primary structure as anchor input motion.

S'm Sm modified as follows (primary part of a displacement controlled load):
S'm = Sm/•s

In case the displacements in this secondary structure have to be estimated (for instance displacements of a
run pipe are anchor input motion for a connected branch pipe), the following formula can be used:
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Ds displacements computed assuming an elastic behaviour of the secondary structure, with 
FR’p  and D’p as input motions.

D’s Ds  amplified by the appropriate F• value of this secondary structure, as
follows:

D's= Ds F•s

The S' stresses are used in superposition with stresses induced by permanent loads in order to verity
compliance with seismic capacity: criteria.
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ABSTRACT

Since the late 1970’s, seismic re-evaluation has been carried out in several stages at the U.S. Nuclear
Regulatory Commission (USNRC).  In the late 1970’s and early 1980’s, the Systematic Evaluation Program
(SEP) was carried out to re-evaluate the eleven oldest nuclear power plants which received their construction
permits between 1956 and 1967.  In 1980, I&E Bulletin No. 80-11, was published requesting that licensees
evaluate masonry walls whose failure could affect safety-related systems.  In the late 1980’s, Unresolved
Safety Issue (USI) A-46 was initiated to verify the seismic adequacy of mechanical and electrical equipment in
many of the older plants.  Affected plants were typically those whose construction permit application was
docketed (submitted) before about 1972.  In the early 1990’s the USNRC initiated the Individual Plant
Examination of External Events (IPEEE) Program; seismic was one of the major external events that had to be
included in the licensee’s evaluation.

This paper focuses on the seismic portion of the IPEEE analyses.  It discusses acceptable methods for
performing the seismic evaluation, enhancements to these methods that reflected the state-of-the-art
improvements (circa late 1980's - early 1990's).  [Note: Guidance reflecting the current (circa 2000) state-of-
knowledge for performing a seismic PRA or seismic margins assessment can be found in ANS, 2000.  The
NRC has not developed a position on this document.]

INTRODUCTION

Based on USNRC and industry experience with plant-specific probabilistic risk assessments (PRAs), the
USNRC recognized that systematic examinations are beneficial in identifying plant-specific vulnerabilities to
severe accidents, generally, beyond design basis considerations.  As part of the implementation of the policy
statement on severe accidents in nuclear power plants [USNRC, 1985], the USNRC issued Generic Letter
88-20 in November 1988 [USNRC, 1988], requesting that each licensee conduct an Individual Plant
Examination (IPE) for internally initiated events only.  The USNRC staff needed time to identify which
external hazards needed to be evaluated, and to identify acceptable examination methods and develop
procedural guidance.  Therefore, the USNRC did not issue until June 1991, Generic Letter 88-20, Supplement
4 [USNRC, 1991a], requesting a systematic individual plant examination for severe accidents initiated by
external events.  Procedural and submittal guidance for conducting the IPEEEs is provided in NUREG-1407
[USNRC, 1991b].  Basically, two methodologies are considered acceptable to identify potential seismic
vulnerabilities at nuclear power plants.  The first is a seismic probabilistic risk assessment (PRA), the second is
the seismic margins methodology.  Table 1 provides a comparison of seismic PRA and the two seismic
margins methodologies.  Table 2 describes the advantages and disadvantages with the seismic margins
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methodology.  Table 3 describes the advantages and disadvantages with the seismic PRA methodology [Tables
1-3 based on Shao et al, 1990,and ASCE, 1998].  Subsequent to the publication of NUREG-1407 [USNRC
1991b], the USNRC issued Supplement 5 to Generic Letter 88-20 [USNRC, 1995], to notify licensees of
modifications to the recommended scope of the seismic portion of the IPEEE for certain sites in the central and
eastern U.S.

IPEEE OBJECTIVES

The objectives of the IPEEE, which are similar to the objectives of the internal event IPE, are for each licensee
(1) to develop an appreciation of severe accident behavior, (2) to understand the most likely severe accident
sequences that could occur at a licensee’s plant under full power conditions, (3) to gain a qualitative
understanding of the overall likelihood of core damage and fission product releases, and (4) if necessary, to
reduce the overall likelihood of core damage and radioactive material releases by modifying, where
appropriate, hardware and procedures that would help prevent or mitigate severe accidents.  In meeting the
objectives of the IPEEE, the examination should focus on qualitative insights from a systematic plant
examination rather than only on absolute core damage frequency estimates.

ACCEPTABLE METHODOLOGIES AND ENHANCEMENTS FOR IPEEE ANALYSES

The following sections summarize the guidance and enhancements developed by the USNRC for licensees
performing a new seismic PRA, updating an existing seismic PRA, or using the seismic margins methodology
to identify potential seismic vulnerabilities at nuclear power plants.

Seismic PRA

The PRA should be at least a Level 1 plus containment performance analysis.  The basic elements of a seismic
PRA are: (1) hazard analysis, (2) plant system and structure response analysis, (3) evaluation of component
fragilities and failure modes, (4) plant system and sequence analysis, and (5) containment and containment
system analysis including source terms, to identify unique seismic sequences or vulnerabilities different from
the internal event analysis.

New Seismic PRA Analysis

The following summarizes the guidance and enhancements in USNRC, 1991b, provided to licensees that were
planning to use a seismic PRA for their IPEEE analyses:

General Considerations.  Organizations planning to do both an internal events PRA and a seismic PRA should
be aware of important considerations that, if incorporated in the planning of the internal events PRA , will
minimize their resource expenditures.  For example, (1) a well-organized walkdown team and a properly
planned walkdown will enable many issues to be addressed at the same time; (2) the peer review team should
consider the need to review both internal and external event analyses; (3) fault tree analysts for internal events
should be aware of spatial interactions (including internal flooding effects), failure of passive components such
as structures and supports, and common-cause effects (the culling or pruning of trees should be done with
these considerations in mind); and (4) internal event models should be developed knowing that, in the seismic
analysis, the fragilities of a component are sensitive to elevation.  Also, a component and its peripheral
equipment may have different fragilities.
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PRA calculations that account for all uncertainties are clearly acceptable.  However, for purposes of the
IPEEE, it is not necessary to carry out complete uncertainty quantifications defining a distribution of core-
damage frequencies in order to identify vulnerabilities.  Mean point estimates using a single hazard curve
(rather than a family of hazard curves) and a single fragility curve (rather than a family of fragility curves) for
each component are sufficient to get insights into potential seismic vulnerabilities.  This point estimate
approach is valid only because of the limited IPEEE objective: to identify dominate sequences and components
and where possible rank them.

Hazard Selection.  For the central and eastern U.S., two highly sophisticated seismic hazard studies were
conducted by the Lawrence Livermore National Laboratory (LLNL) and the Electric Power Research Institute
(EPRI).  For many sites, these studies yielded significant differences at the low probability and high-level
ground motions.  While a full seismic hazard uncertainty analysis is not necessary in performing a seismic
PRA for the IPEEE, mean (arithmetic) hazard estimates from both studies should be used to obtain two
different point (mean) estimates.  If only one analysis is used, it should be the higher of the two mean
(arithmetic) hazard estimates.  The use of both mean hazard curves has another advantage in that the extent of
uncertainty will become obvious and the emphasis on the bottom line numbers is reduced.

Seismic PRA Methodology Enhancements.

Plant Walkdowns.  Walkdowns are performed to find as-designed, as-built, and as-operated seismic
weaknesses in plants.  Walkdowns should be consistent with the Sections 5 and 8, and Appendices D and I of
EPRI NP-6041, 1988.

Relay Chatter.  Relays in this context, include components such as electric relays, contactors, and switches that
are prone to chatter.  The complexity of the evaluation should be consistent with the site’s seismic margin
review level earthquake.  [The review level earthquake and its use are described in the section, “Seismic
Margin Methodology.”]

Liquefaction.  The potential for soil liquefaction and associated effects on the plant need to be examined for
some sites because of specific site conditions.  Procedures are described in EPRI NP-6041.

Use of an Existing Seismic PRA Analysis

The following summarizes the guidance and enhancements in USNRC, 1991b, provided to licensees that were
planning to update an existing seismic PRA for their IPEEE analyses:

General Considerations.  The use of an existing seismic PRA to address the seismic IPEEE is acceptable
provided the PRA reflects the current as-built and as-operated condition of the plant, and the deficiencies of
past PRAs are adequately addressed.

Seismic PRA Methodology Enhancements.

Hazard Selection.  For PRAs at central and eastern U.S. plant sites that did not use the LLNL or the EPRI
mean hazard estimates, sensitivity studies should be conducted to determine if the use of these results would
affect the delineation or ranking of seismic sequences.  For PRAs in the western U.S., sensitivity studies
should be carried out to determine the effect of uncertainty in the hazard on the delineation and ranking of
seismic sequences.
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Walkdowns.  Since a walkdown is considered to be one of the most important ingredients of the seismic
IPEEE, a supplemental walkdown in conformance with the intent of the procedures described in Sections 5
and 8, and Appendices D and I of EPRI NP-6041, should be performed.  It may be necessary to amplify the
earlier analysis based on the walkdown outcome.

Relay Chatter.  See the discussion for a new PRA.

Liquefaction.  See the discussion for a new PRA.

Nonseismic Failures and Human Actions.  In several seismic PRAs, nonseismic failures and human actions
have been important contributors to seismically induced core damage frequencies or risk indices.  Examples of
nonseismic failures include failures of the auxiliary feedwater system and failure of feed and bleed mode of
cooling, battery depletion, and power operated relief valve failures.  Examples of human actions include delays
or failures in performing specified actions or operator misdiagnoses a situation and takes improper action that
is not related to the actual, current plant situation.  The analyst has the option to expand its PRA or
demonstrate that the exclusion of nonseismic failures and human actions will not significantly alter the PRA
results or insights.

Seismic Margin Methodology

The following summarizes the guidance and enhancements in USNRC, 1991b, provided to licensees that were
planning to use the seismic margins methodology for their IPEEE analyses.

Two methodologies are currently available: one developed under USNRC sponsorship and the other developed
under EPRI sponsorship.  The two methods use different systems analysis philosophies.  The USNRC method
[NUREG/CR-4334, 1985; NUREG/CR-4482, 1986; NUREG/CR-5076, 1988] is based on an event/fault tree
approach to delineate accident sequences.  The EPRI methodology [EPRI NP-6041, 1988] is based on a
systems “success path” approach.  This approach defines and evaluates the capacity of those components
required to bring the plant to a stable condition (either hot or cold shutdown) and maintain that condition for at
least 72 hours.  Several possible success paths may exist.  Both methods require an evaluation of containment
performance.

General Considerations.  Each analyst should examine its plant critically to ensure that the generic insights
used in the margin methodology development to identify critical functions, systems, and success path logic are
applicable to its plant.  This is particularly vital for older plants where systems and functions may differ greatly
from the plants considered in the development of the margins methodologies.

Review Level Earthquake.  The seismic margin methodology was designed to demonstrate sufficient margin
over the Safe Shutdown Earthquake (SSE) to ensure plant safety and to find any “weak links” that might limit
the plant shutdown capability to safely withstand a seismic event larger than the SSE or lead to seismically-
induced core damage.  The methodology involves the screening of components based on their importance to
safety and seismic capacity.  The methodology utilizes two review or screening levels geared to peak ground
accelerations of 0.3g and 0.5g (0.8g and 1.2g spectral acceleration).  In areas of low to moderate seismic
hazard, most plants that have been evaluated using seismic PRAs or seismic margin studies have been shown
to have high-confidence, low probability of failure (HCLPF) values at or below 0.3g.  Past experience
indicates that, at the 0.3g screening level, a small number of “weak links” are likely to be identified, efficiently
defining the dominant contributors to seismically-induced core damage.  It is the USNRC staff’s judgement
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that the use of a 0.3g review level earthquake for most of the nuclear power plants sites in the central and
eastern U.S. (East of the Rocky Mountains) would serve to meet the objectives of the IPEEE.  However, all
sites in the central and eastern U.S. are not subject to the same level of earthquake hazard.  For some sites
where the seismic hazard is low, an approach centered on walkdowns is acceptable.  For western sites other
than California coastal sites, a 0.5g review level earthquake should be used.

USNRC, 1991b, describes the procedure used by the staff to group the plant sites into one of the following
bins: Reduced Scope, 0.3g Focused Scope, 0.3g Full Scope, 0.5g Full Scope, and Seismic PRA.  In summary,
hazard comparisons were made using the mean, median and 85th percentile from the site-specific results
provided by the LLNL and EPRI studies.  Each of these pieces of information represents a different way of
characterizing the distribution of seismic hazard estimates at each site as determined by a particular study.  In
addition, site hazard comparisons were made using response spectra and peak ground acceleration.  The
likelihoods of exceeding spectral response accelerations in the 2.5 to 10 Hz range were examined because
these frequencies are more closely related to the types of motion that could cause damage at nuclear power
plant sites.  Weights were assigned to the likelihoods of exceeding spectral response ordinates at 2.5, 5, and 10
Hz, and the peak ground acceleration.  Emphasis was placed on the relative ranking of sites with respect to
other sites using the same seismic hazard study, statistic, and ground motion measures.

The USNRC staff has designated nuclear power plant sites into the following seismic evaluation categories:

Eastern U.S. Plant Sites Western U.S. Plant Sites

Reduced Scope (9 sites)

0.3g Focused Scope (50 sites)

0.3g Full Scope (5 sites) 0.3g and 0.5g Full Scope (2 sites)

Seismic PRA (2 sites committed) Seismic PRA (2 sites)

Scope of the Evaluation

Reduced Scope.  For sites where the seismic hazard is low, a reduced-scope seismic margins method
emphasizing the walkdown is adequate.  Well-conducted, detailed walkdowns have been demonstrated to be
the most important tool for identifying seismic weak links whose correction is highly cost effective.

Focused Scope, Full Scope (0.3g or 0.5g).  Plants have similar evaluation scopes, but the Focused Scope
submittals involve a more limited evaluation of soil failures, relay chatter, and component capacities.

Subsequent to the publication of USNRC 1991a and 1991b, the USNRC issued Supplement 5 to Generic
Letter 88-20 [USNRC, 1995], to notify licensees of modifications to the recommended scope of the seismic
portion of the IPEEE for certain sites in the central and eastern U.S.

Containment Performance
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The primary purpose of the containment performance evaluation is to identify sequences and vulnerabilities
that involve containment, containment functions, and containment systems seismic failure modes or timing
that are significantly different from those found in the IPE internal events evaluation.

Containment Penetrations.  Generally, containment penetrations are seismically rugged; a rigorous fragility
analysis is needed only at seismic margin review levels greater than 0.3g, but a walkdown to evaluate for
unusual conditions (e.g., spatial interactions, unique configurations) is recommended.  An evaluation of the
backup air system of the equipment hatch and personnel lock that employ inflatable seals should be performed
at all review level earthquakes.  Also, some penetrations need cooling, and the possibility and consequences of
a cooling loss caused by an earthquake should be considered.

Valves.  Valves involved in the containment isolation system are expected to be seismically rugged.  A
walkdown to ensure that they are similar to test data and have known high capacities, and that there are no
spatial interaction issue will suffice.  Seismic failures of actuation and control systems are more likely to cause
isolation system failures and should be included in the examination.  For valves relying on a backup air
system, the air system should also be included in the seismic examination.

Heat Removal/Pressure Suppression Functional System.  Components of the containment heat
removal/pressure suppression functional system that are not included elsewhere and are not known to have
high capacities should be examined.  An example of such a component might be a fan cooler unit supported on
isolator shims.  The walkdown should include examination of such components and their anchorage.
Similarly, support systems and other system interaction effects (e.g., relay chatter) should be examined.

STATUS

The NRC staff and its contractors have nearly completed their reviews of 70 seismic IPEEE submittals.  The
preliminary observations are available in a paper presented at the PSAM 5 Conference [Rubin et al, 2000].
Similar to what was done at the conclusion of the IPE review, the NRC staff has published a draft report for
comment entitled, “Perspectives Gained from the Individual Plant Examination of External Events (IPEEE)
Program,” [USNRC, 2001].

One of the significant observations from the reviews performed to date is “Regardless of the specific approach
used, all performed a detailed seismic walkdown, and many of the insights gained by licensees resulted from
the walkdowns.” [Rubin et al, 2000].  This observations comports well with the NRC staff expectations during
the development of the seismic IPEEE guidance.
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Table 1.  Comparison of Seismic PRA and Seismic Margins Methodologies

Seismic PRA USNRC Seismic Margins Method
(as modified by USNRC, 1991b)

EPRI Seismic Margins Method
(as modified by USNRC, 1991b)

Approach
Probabilistic Semi-probabilistic Partially probabilistic

Scope of Review
Event trees and fault trees are usually developed
from the event/fault trees developed for the
internal events analyses.  Structures and
elements where failure could impact and fail
safety-related elements are added to the trees

For pressurized water reactors, the safety
functions of reactor criticality and early
emergency core cooling are considered. For
boiling water reactors, the safety functions of
reactor subcriticality, emergency core cooling,
and residual heat removal are considered. In
addition, a small break loss-of-coolant accident
(LOCA) is postulated to occur, and soil failure
modes are considered. Potential for earthquake-
induced flooding and earthquake-induced fires is
also considered, as well as nonseismic failures
and human actions.

Review includes electrical, mechanical, and
NSSS equipment; piping; tanks; heat
exchangers; cable trays and conduit raceways;
containment; and structures. In addition, leakage
equivalent to a small break LOCA is postulated
to occur in one success path, and soil failure
modes are considered. Potential for earthquake-
induced flooding and earthquake-induced fires
is also considered, as well as nonseismic failures
and human actions.

Seismic Input
Site-specific hazard curves, for instance, those
developed by the Electric Power Research
Institute or the Lawrence Livermore National
Laboratory, for peak ground acceleration and
response spectra should be used.

A response spectrum shape is specified, for
instance, NUREG/CR-0098 median shape,
anchored to 0.3g or 0.5g, as appropriate, may be
used. Development of new instructure response
spectra, including effects of soil-structure
interaction, is encouraged.

Same as the USNRC seismic margins method.

Selection of Equipment
Elements whose failure could lead to core
damage (i.e., Level 1 PRA) are considered
initially. Fault trees are “pruned” based on
systems and fragility considerations.

Elements whose failure could lead to core
damage are considered initially. Fault trees are
“pruned” based on systems and fragility
considerations.

Two separate and independent shutdown
success paths are selected. One path postulates
leakage equivalent to a small break LOCA.
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Table 1.  Comparison of Seismic PRA and Seismic Margins Methodologies (cont)

Screening Requirements
Screening based on system and fragility
considerations.

In general, equipment functionality is
investigated based on seismic experience or
test data. Equipment anchorage is analyzed for
each component. Caveats and guidance are
provided in the criteria screening tables in
NUREG/CR-4334 and EPRI NP-6041 for
three ranges of seismic input.

In general, equipment functionality is
investigated based on seismic experience or
test data. Equipment anchorage is analyzed for
each component. Caveats and guidance are
provided in the criteria screening tables in
EPRI NP-6041 for three ranges of seismic
input.

Required Experience & Training
The seismic PRA should be performed by
experienced systems and seismic capability
engineers who can perform seismic fragility
analysis.

The seismic margins assessment should be
performed by trained, experienced seismic
capability and systems engineers. Seismic
capability engineers must be capable of
performing fragility analysis if this method is
used.

The seismic margins assessment should be
performed by trained, experienced seismic
capability and systems engineers.

Walkdown Procedures
Principal elements of the walkdown are (1)
seismic capacity versus seismic demand, (2)
caveats based on earthquake experience and
generic testing data bases, (3) anchorage
adequacy, and (4) seismic-spacial interaction
with nearby equipment, systems, and structures.
Walkdown procedures should follow the
requirements contained in EPRI NP-6041.

Principal elements of the walkdown are (1)
seismic capacity versus seismic demand, (2)
caveats based on earthquake experience and
generic testing data bases, (3) anchorage
adequacy, and (4) seismic-spacial interaction
with nearby equipment, systems, and structures.
Elements not screened out are identified as
outliers for further review.  Walkdown
procedures should follow the requirements
contained in EPRI NP-6041.

Same as USNRC seismic margins method.
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Table 1.  Comparison of Seismic PRA and Seismic Margins Methodologies (cont)

Evaluation of Component Capacity
For elements not screened out during walkdown,
calculate fragility parameter values, that is,
median capacities and logarithmic standard
deviations

The capacity of components that were not
screened out can be calculated using the fragility
analysis (FA) or the conservative deterministic
failure margin (CDFM) method.

The capacity of components that were not
screened out can be calculated using the
conservative deterministic failure margin
(CDFM) method



NEA/CSNI/R(2001)13/VOL1

39

Table 2.  Advantages and Disadvantages with Seismic Margins Methodology

Advantages Disadvantages

Most important elements of seismic PRAs are
retained: plant walkdowns and an ability to
identify potential plant vulnerabilities through an
integrated review of plant response.

The scope of components and systems that need
reviews is reduced.

A measure of plant capacity is provided that is
more easily understood and appreciated by
engineers.

Plant capacity estimates will be useful to judge
the impact of design basis earthquake issues.

Results are not affected by seismic hazard issues
related to calculation of seismic return periods.

The level-of-effort required to implement is lower
than that for a seismic PRA when both are done at
the same level of detail.

Correlations among failures can be identified and
analyzed with the USNRC event/fault tree
method.

No direct risk insights are obtained

Accident mitigation, accident management, and
emergency planning can be addressed only to a
limited extent.

Nonseismic failures are addressed in an
approximate manner by selecting success paths
which are “highly likely to succeed”.

Ranking is based only on HCLPF capacities;
thereby, making it difficult to prioritize issues in
the absence of a better risk-based ranking.

The system-screening guidelines as applied to a
very old plant may require plant-specific
modifications.

It is more difficult to use when the perceived
hazard is so high that the review level earthquake
would be above the 0.3g and 0.5g (0.8g and 1.2g
spectral acceleration) screening values.

Table 3.  Advantages and Disadvantages with Seismic PRA Methodology

Advantages Disadvantages

It can expand upon the event/fault trees developed
for the internal events PRA analysis.

It provides a complete risk profile and can provide
all the results obtained from the seismic margins
methodology.  Uncertainties are explicitly
accounted for.

Accident mitigation, accident management, and
emergency planning can be addressed more
systematically and with greater detail.

Decision-making can be based on plant-specific
risk results.

Ranking based on different indices are available,
for instance, core melt, frequency, release.

Correlations among failures can be identified and
analyzed.
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The level-of-effort required is higher than the
seismic margins methodology because of the
enhanced scope when done at the same level.

Numerical results are often controversial because
of large uncertainties and use of subjective
judgement.

Because of the large uncertainties in the seismic
hazard estimates, core damage frequencies and
risk results are generally insensitive to changes in
fragilities.

It may be inappropriately used to focus on bottom
line numbers; thereby, introducing the tendency to
make inappropriate comparisons with other
initiators.
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Seismic Re-evaluation in the UK - A Regulator’s Perspective

John Donald - HSE (United Kingdom)

Abstract

The seismic re-evaluation process in the UK has been ongoing for a period of approximately six years.  For
most of the plants considered to date, this has been an initial seismic evaluation as the plant had no
consideration of seismic loading in the original design.

As the UK gas cooled reactors are diverse in terms of original design, the approach used has mainly taken
the form of a deterministic assessment to establish a robust line of defence for trip, shutdown and decay
heat removal for an infrequent seismic event at 10-4 per annum.  Where possible, this has been
supplemented by a second line of defence for a more frequent event, typically of the order of 10-3 per
annum.  Where the deterministic assessment has had difficulty demonstrating a fully acceptable case, then
a seismic margins approach has been adopted in some situations.  No power station has used a seismic PSA
approach in full to date, but seismic risk calculations have been used to inform some ALARP (as low as is
reasonably practicable) decisions regarding plant modifications.  As the first round of periodic safety
reviews comes to a close and a second round starts, it is possible that a seismic PSA approach may be
adopted to demonstrate the ongoing validity of the seismic qualification completed to date, and that the risk
is ALARP.

The SQUG (seismic qualification utility group) methods have been used for the seismic re-evaluation of
equipment as part of the deterministic assessments.  The SQUG approach has been supplemented by other
more conventional analysis and code assessment methods for some piping and other equipment outside the
SQUG classes of equipment.

For novel analyses and assessments an independent peer review process has been completed prior to
submission of the completed safety case to the regulator.  Limited peer review has been undertaken for
more mundane work, and it has typically been completed on initial strategy documents and not during the
re-evaluation main stream of work.

For the deterministic approach outlined above, a single success path has been re-evaluated against the
specified seismic loading.  Redundant or diverse safety systems have generally been considered for the
more frequent earthquake evaluation.

In most cases, the criteria chosen to demonstrate success have been the same between re-evaluation and
original design.  This has not always been possible because of the differences in design detailing
requirements, particularly for reinforced concrete structures, for example.  The acceptance criteria have
sometimes been amended when the reasonable practicability of the strengthening or countermeasures has
been considered.
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Introduction & Background

The inventory of power reactors within the UK includes a wide variety of type and forms of reactor plant.
The majority of the power reactors are gas cooled, with a single PWR station at Sizewell.  All of the early
gas cooled reactors were designed and built with no seismic design basis.  The more recent Advanced Gas
cooled Reactors (AGR) and the PWR were designed to resist seismic loading amongst the many other
design load conditions.

The Nuclear Installations Inspectorate regulates all of the UK power reactors.  In addition, it also regulates
the research reactors and other nuclear research facilities as well as fuel manufacturing and reprocessing
facilities.  The diversity of the facilities which NII regulates has led it to a goal setting regime, supported
by a licensing system for all nuclear facilities.  The law which underpins the regulatory regime, the Nuclear
Installations Act and the Health and Safety at Work Act, also enshrine the concept of a goal setting
regulator.  The lack of prescription from the regulator is intended to allow the licensees to develop suitable
methods which they fully understand and adopt because they are ‘owned’ by the licensees themselves.

The Periodic Safety Review (PSR) process, on a ten yearly cycle, is firmly established in the UK and many
of the nuclear facilities have already completed the full PSR process, with further facilities currently
undertaking PSR’s and a few yet to start, for example the Sizewell PWR which has not yet reached ten
years of operation.  Part of the PSR considered the ability of the facility to resist hazard loadings, both
those included within the original design and loadings which were not part of the original design basis and
safety case.  The PSR has therefore provided the impetus for the facility managers and the regulators to
consider seismic loading.  As noted above, in many cases within the UK what has resulted is not a seismic
re-evaluation but an initial seismic evaluation of an existing facility.  Regardless of the terminology
applied, the processes used in the initial seismic evaluation of a facility which had no seismic design basis
are essentially identical to those used in seismic re-evaluation.  This was confirmed by the use of identical
procedures for AGR stations which previously had some seismic design basis and AGR stations which had
no initial seismic design.

Definition and scope of the plant to be evaluated

Most nuclear power plants and facilities have a wide variety of safety systems available to the operators
under fault conditions.  For power reactors the safety systems must provide a number of essential functions
including tripping the reactor, shutting the reactor down, providing holddown and providing a means of
removing decay heat.  Further to this a number of other functions may provide defence in depth, such as
providing a containment which is sufficiently robust to withstand hazards loadings and accident conditions
within the plant.  However provided the essential safety systems perform their duties in a controlled
manner, the containment may never be challenged.

As a wide variety of trip, shutdown, holddown and decay heat removal systems are available, the UK
licensees have opted to seismically qualify only a subset of the available systems.  This is a success path
approach.  The regulator recognises that the cost and difficulty of seismic qualification of all available
safety systems makes full seismic qualification of all safety systems beyond reasonable practicability and
thus has endorsed the success path approach.  However, this endorsement has been tempered by a
requirement that the licensees must demonstrate that systems and equipment within the safety systems
which are not part of the success path must not impinge upon the seismic qualification.  In simple physical
terms, this could be a spatial interaction where a non-seismically qualified structure, system or component
(SSC) falls on and damages a seismically qualified SSC.  More complex interactions could include the
inadvertent use of essential cooling water supplies by a non-qualified system due to valves changing state
because of an undesired signal.
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In general, the UK licensees have also adopted an approach which delivers a single line of protection to
trip, shutdown, holddown and cooldown for an infrequent seismic event.  This infrequent seismic event has
been defined at the 10-4/year event.  A second line of protection has also been sought for a more frequent
seismic event, typically selected as a 10-3/year event.  This second line of protection has been seismically
re-evaluated on a reasonable practicability basis.  In some cases, therefore, the licensee has presented to the
regulator a fully seismically qualified second line of protection, in other cases, an argument has been
presented that the costs of the re-evaluation of the second line of protection outweigh the benefits to be
gained in terms of risk reduction and hence this second line of protection is not re-evaluated.  The regulator
in the UK thus has to consider the risks associated with a frequent seismic event with only one line of
protection seismically qualified, compared with the costs (financial, time, dose burden to workers, etc.) of
providing this qualification.  The regulator thus has to judge not only the technical basis of the re-
evaluation and any modifications required to achieve qualification of the SSC’s against the seismic event,
but also has to consider the suitability of the cost argument presented by the licensees.

Methods and acceptance criteria

The methods used in seismic re-evaluation vary depending upon a variety of criteria.  These criteria
include the following:

� The physical structure, system or component under consideration, including its inherent seismic
capability.

� The availability of replacement SSC’s or of diverse systems which can be put in place as safety
systems during seismic re-evaluation.

� The costs associated with the method of re-evaluation chosen.

� The robustness of the safety justification required for the SSC.
 
In general, the regulator prefers the licensee to adopt current design standards and acceptance criteria for
both new original design and for seismic re-evaluation.  This is the simplest approach as all parties have a
clearer understanding of what is required from a seismic safety case and its underlying design at any given
point in time.  However, the regulator also needs to recognise that in some cases and for some criteria,
current design standards cannot be met and some reasonably practicable variation must be accepted.

A simple example of how current design criteria cannot be met would be the reinforcement details required
in the seismic design of reinforced concrete elements.  Evidence from real earthquakes over the past two or
three decades has considerably revised the reinforcement detailing requirements.  These changes have been
implemented to make structures more damage tolerant and to ensure that system ductility demands can be
accommodated.   For an existing structure which was not designed using current seismic ductile detailing
requirements, the acceptance criteria must be amended.  In some cases, the re-evaluation will show
sufficiently large margins that a weakness in detailing is not significant, in other cases, it can become the
limiting feature (if all others are acceptable) and the licensee then needs to consider why the current design
codes contain particular criteria and why a failure to meet them remains adequate - generally on a case by
case basis.

Benefits and disadvantages of different methods (seismic PSA, Margins, deterministic, databases,
tests, etc)

In the UK regulatory regime, there are two parallel thrusts to the criteria against which safety cases are
judged for external events.  These are deterministic criteria and risk based criteria.  They are considered to
be complementary.
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For a new design, the UK regulator requires both the deterministic and the risk criteria to be met.  For the
re-evaluation of existing nuclear facilities, the current preference is for the deterministic criteria to be met
in all cases and where reasonably practicable, for the risk based criteria to also be shown to be met.  The
implicit judgement in this strategy is that if a single, deterministically justified line of defence is qualified
to resist an infrequent seismic event, then the risk should be tolerable.  For facilities where two lines of
protection are qualified for frequent events with one of these lines of protection qualified for an infrequent
event, then the risk will be tolerable and may even lie in the lower-risk broadly acceptable region.

In the UK the confidence in deterministic qualification from the regulator is matched by a similar
confidence from the licensees.  At present, few of the UK facilities which have been the subject of seismic
re-evaluation have had any form of seismic PSA or other means of risk calculation applied.  However, as
the licensees are moving towards consideration of the reasonable practicability of some modifications,
particularly for frequent seismic events, the need for seismic risk calculations is strengthening.  Some
modification processes are now being selected by consideration of seismic risk and re-evaluation methods
based on a simple seismic PSA to inform ALARP (As Low As Reasonably Practicable) arguments.

The emphasis which the UK regulator has placed on the deterministic methods within the initial round of
PSR was soundly based considering the lack of a robust seismic case for many of the facilities and the
desire to quickly introduce such a case.  As the second round of PSR’s approaches and the original seismic
justifications are reviewed, it may be that more emphasis will be placed on seismic risk calculations by the
regulator.  The use of seismic PSA may serve to confirm that the work completed in the original round of
PSR’s was soundly based, and can also inform how and where further modifications or strengthening
should be applied to achieve the most cost effective safety benefit.  The increasing use of seismic PSA
based approaches throughout the world and to facilities other than PWR reactor plants is encouraging this
view by the UK regulator.

The deterministic approaches which have been adopted by the UK licensees for the first round of PSR’s
have tended to follow patterns in terms of the methods adopted for different forms of SSC.  For civil
engineering structures and large safety components such as major water storage tanks, a deterministic
method has generally been adopted.  These methods have involved detailed finite element models of the
structures supported by a design code based re-evaluation of the structure or component.  The UK regulator
has generally supported this type of approach for these types of structure and component.

For safety systems and individual safety system components a Seismic Qualification Utilities Group
(SQUG) type approach has generally been adopted.  These have been based on a process including safety
system reviews, plant walkdowns and screening based seismic evaluations, all founded on seismic
experience methods.  The experience based methods are not considered as robust as deterministic design
based assessment or seismic qualification by testing, a view shared by both the UK licensees and the
regulator.  The experience based methods are, however, a pragmatic approach for vintage equipment and
for unique equipment which has few spares available for testing.  The advantages of applying these
methods is that it is straightforward and founded on evidence of past performance.  The key to their usage
lies in the skills and knowledge of the people applying the methods and the application of peer review and
checking and verification to ensure that the results are controlled, consistent, structured and sufficiently
robust.

For specific types of equipment seismic qualification by test has been the only viable means of establishing
a robust seismic safety case.  In almost all situations, the only equipment which has required this expensive
form of seismic qualification has been replacement equipment, or individual relays.  For the seismic re-
evaluation of relays, some weight has been given to the information supplied from seismic experience data.
Specifically some forms of relays are particularly vulnerable, some are particularly robust, and many lie
between the two.  Experience methods have therefore been able to define those relays which require
complete replacement, and have also been used to identify those which are inherently reliable and for
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which a case can be made without testing.  For all other relays, the seismic safety cases have required
testing to confirm their seismic capability.  This use of a combination of experience methods, replacement
and testing has been endorsed by the UK regulator as a pragmatic means of establishing a seismic re-
evaluation for relays.

Role and scope of peer review process

All of the methods adopted by a licensee for the purpose of seismic re-evaluation will be subject to some
form of internal verification prior to their issue to the regulator for approval.  In some cases, the
verification can be extended to include external bodies and can be supplemented by a peer review process,
again either internal or by independent external bodies.

Regardless of the method adopted by the licensee for seismic re-evaluation, the UK regulatory regime and
the licensee’s internal arrangements require a formal verification of the resulting safety case and of the
underlying reports and other work.  Depending upon the degree of innovation which has been involved in
the process, a peer review process can strengthen the resulting safety case.  For cases which are novel or
which utilise existing methods, but perhaps with smaller margins than normally adopted, then a peer
review process carries advantages for the licensees and the regulator, which can be demonstrated by the
examples below:

In one case, a peer review was performed on an analysis-based seismic re-evaluation which involved a
structure with a high degree of non-linearity and whose consequences of failure could be very severe.  The
high seismic reliability required of this structure (low fragility) and the significant extent of minor damage
calculated to occur at low seismic input levels placed a high demand on the robustness of the safety case
presented.  In such circumstances, the use of an independent peer review of the work added to the
confidence of the licensee submitting the case and of the regulator who assessed it.

A second area where peer review is commonly used is in the seismic experience methods of qualification.
As noted previously, the application of this method places a high reliance on the personnel who carry out
the walkdowns and effectively qualify significant quantities of equipment during the walkdown based on
screening tables.  Again, a peer review can strengthen any case presented because of the independent view
of the personnel used and of their outputs.  An experienced peer reviewer should be able to quickly identify
a number of areas on the plant which may be weak and can then focus their review on the documentation
which supports the seismic qualification of this system.

Countermeasures/strengthening

In many cases in the UK, the original review of the SSC’s for each station has identified that an interim
seismic safety case can be constructed and endorsed, but the full deterministic seismic safety case for both
frequent and infrequent seismic events cannot be established without seismic strengthening.  In some cases,
as well as strengthening of the SSC’s there has also been a need for the development of a series of
instructions and documentation which define post seismic event actions required to be performed by the
station operators.  Such post-earthquake actions can be included within the term countermeasures.
Countermeasures can also include other modifications which have been introduced to overcome a
difficulty posed by failure of non-safety systems, but which did not require seismic qualification of the
safety systems.  A specific example is the use of battery backed emergency lighting.  In areas where an
operator has to perform a specific function after an earthquake, it cannot be guaranteed that there will be
sufficient ambient lighting to allow him/her to perform that task.  A simple countermeasure is to install a
battery backed emergency lighting system which is not in itself safety related, but permits a safety related
task to be performed.
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In almost all cases, the strengthening which the UK licensees have had to undertake has been associated
with improving the anchorage or structural integrity of SSC’s.  If there is a deficiency in the post seismic
event functional performance of the equipment, it generally becomes very difficult to improve this
performance by strengthening, and replacement of the SSC by a tested and deterministically qualified
component has been required. The standards and acceptance criteria which have been applied to anchorage
and structural integrity enhancements have typically been identical to those for new build.  Although this
has not been unconditionally required by the UK regulator, the licensees have adopted new build design
standards for a number of reasons.  Undoubtedly one of the reasons for this choice is the cost and difficulty
associated with persuading the regulator that the acceptance criteria chosen will generate a sufficiently
reliable outcome.  The most important reason however, is the relatively low cost of the actual materials and
components involved in the strengthening compared with the overall cost of the process.  Most of the costs
are associated with the installation of modifications, that is control, supervision, inspection, active area
working etc, and the contribution from the materials themselves is usually low, hence any slight variation
in the design usually has a very small effect on the overall cost.

Strategies and priorities

As the seismic re-evaluation process has been part of the Periodic Safety Review (PSR) process, it has
been only one part of a multifaceted review of each facility and its safety case. For some hazards, the PSR
has confirmed the adequacy of the existing safety case, but for many others some enhancement of the
original case has been required.

The short timescales associated with some of the early PSR’s carried out in the UK were such that it was
not always possible for the licensees to implement all the countermeasures and strengthening required to
provide a full deterministic seismic safety case for frequent and infrequent seismic events at the PSR due
date.  Under such circumstances both the licensees and the regulator had to agree what would be a suitable
priority and to develop strategies to ultimately provide full seismic safety cases.

In many cases at the initial PSR deadline date a justification has been presented to the regulator of a
interim safety case providing one line of protection for a infrequent, or sometimes frequent seismic event.
This interim position has been supported by a strategy to achieve further improvements supported by a
clear program of work to provide a full seismic safety case within a reasonable and realistic timescale.

Recent Research

In the UK nuclear industry, research is commissioned by the licensees alone, by the regulator alone or by
all interested parties on a joint basis.  The main strands of research associated with seismic re-evaluation
have been on the following subjects:

� The use and validity of seismic PSA for gas cooled reactors.  In this research, the extensive use of
seismic PSA in the USA and in other countries has been reviewed to determine the most appropriate
method which can be applied to gas cooled reactors.  The research has also reviewed some of the
unique SSC’s associated with gas cooled reactors to determine if realistic seismic fragilities can be
determined.

� The attenuation laws used in the calculation of seismic hazard at the various stations have been
studied.

� The performance of infill masonry panels within heavy reinforced concrete frames has been studied
both by analytical means and by scale testing on shake tables.  This research has shown that whilst
infill masonry panels perform quite poorly in the frames of conventional structures, their performance
within heavy reinforced concrete structure typical of the UK nuclear industry is significantly better,
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mainly due to the enhanced restraint from the surrounding framework which allows arching action to
develop.

 
Conclusion

The seismic re-evaluation process has been successfully applied in the UK for a period in excess of six
years.  The process has formed part of the overall Periodic Safety Review for nuclear facilities.  The
regulation of the seismic re-evaluation process is similar to the regulation of the many other diverse
activities performed by the licensees, but has some specific technical issues which require a more detailed
view.
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THE SANTA MARÍA DE GAROÑA NUCLEAR POWER PLANT EXPERIENCE.

Dora Llanos.
NUCLENOR, S.A.
Santander. Spain.

dora.llanos@nuclenor.es

INTRODUCTION

THE SANTA MARÍA DE GAROÑA NUCLEAR POWER PLANT

The Santa María de Garoña Nuclear Power Plant (SMG NPP) is a BWR-3 owned by NUCLENOR, S.A. It
has 466 MW electric power, General Electric technology, Mark-I primary containment and was designed
by GETSCO-EBASCO. The plant started its commercial operation in 1971.

The original seismic design of the plant was made according to the seismic criteria in those years, i.e. using
the Uniform Building Code for structures and static load coefficients for equipment. This original seismic
design has been improved during the life of the plant by means of some very extensive and deep
programmes; the most important ones are the Systematic Evaluation Program, that affected to structures
and pipes, and the Seismic Verification of Equipment Program, that covered mechanical and electrical
equipment.

GIP METHODOLOGY BACKGROUND

The methods for the seismic design of nuclear power plants have evolved since 1970 from the use of static
load coefficient approach to more sophisticated methods today. Current nuclear seismic design methods for
new plants consist of detailed dynamic analysis or testing of safety related structures, equipment,
instrumentation, controls, and the associated distribution systems (piping, cable trays, conduit and ducts).

Because of the amount of changes in the design requirements, the NRC started USI A-46, “Seismic
Qualification of Equipment in Operating Plants”, in December 1980, to address the concern that older
operating nuclear power plants contained equipment which may not have been qualified to meet the newer,
more rigorous seismic design criteria. It was realised that it would not be practical and cost-effective to do
the seismic qualification of safety related equipment using procedures applicable to plants under
construction. The objective of USI A-46 was to develop alternative methods and acceptance criteria which
could be used to verify the seismic adequacy of essential mechanical and electrical equipment in operating
nuclear power plants.

In 1982, the Seismic Qualification Utility Group (SQUG), was formed for the purpose of collecting
seismic experience data as a cost-effective way of verifying the seismic adequacy of equipment in
operating plants. The sources of experience data are equipment in non-nuclear power plants and industrial
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facilities which have experienced significant earthquakes, and shake table tests data used to qualify safety
related equipment for licensing of new nuclear plants. SQUG has organised this information and has
developed guidelines and criteria for its use; they are contained in the Generic Implementation Procedure
(GIP).

SEISMIC VERIFICATION OF EQUIPMENT PROGRAM IN THE SMG NPP

In the late 1980’s, NUCLENOR joined the Seismic Qualification Utility Group (SQUG) and began to
outline the Seismic Verification of Equipment Program, following the GIP guidelines and criteria. The
Spanish Regulatory Body asked NUCLENOR to perform the Program in 1993.

OVERVIEW OF THE GIP METHODOLOGY

The steps followed in the GIP methodology are:

Selection of seismic evaluation personnel. The Seismic Capability Engineers (SCE) perform the screening
verification and walkdown of the safe shutdown equipment. Since the use of GIP guidelines require
engineering judgement because they are not inflexible rules, the SCE must have sound seismic engineering
knowledge and experience and have to complete an SQUG-developed training course.

Identification of safe shutdown equipment. The first step is to define two paths (preferred and alternative)
which could be used to accomplish the functions needed to shut down the plant after an earthquake. The
second step is to identify the active mechanical and electrical equipment, tanks, heat exchangers, and cable
and conduit raceway systems in these paths. Screening guidelines are provided for evaluating the seismic
adequacy of most of this equipment.

Screening verification and walkdown. The purpose of the screening verification and walkdown is to screen
out those equipment which passes some generic seismic adequacy criteria. This screening is based on the
use of the seismic experience data and you have to consider four main areas:

- Comparison of the equipment seismic capacity to the seismic demand imposed.

- Determination that the seismic experience data is applicable to the specific equipment (caveat).

- Evaluation of the equipment anchorage seismic adequacy.

- Check for adverse seismic spatial interactions.

The equipment which do not comply with all of the checks above are considered “outliers”.
In order to make the considerations above easier, equipment are grouped in twenty classes; they are: motor
control centers, low voltage switchgear, medium voltage switchgear, transformers, horizontal pumps,
vertical pumps, fluid-operated valves, motor-operated valves and solenoid operated valves, fans, air
handlers, chillers, air compressors, motor-generators, distribution panels, batteries on racks, battery
chargers and inverters, engine-generators, instruments on racks, temperature sensors and instrumentation
and control panels and cabinets.
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Outlier identification and resolution. Outliers are identified considering the four areas above. Methods of
outlier resolution are more time consuming and expensive than the screening evaluations and depend on
the screening criteria not met and by how much, the need of analytical evaluation, the number of times the
outlier is repeated, etc.

Relays, tanks and heat exchangers, and cable and conduit raceway systems are not included in the previous
screening criteria and they have to be evaluated separately.

APPLICATION TO SANTA MARÍA DE GAROÑA NPP

Seismic evaluation personnel. The project was directed by a NUCLENOR structural engineer with more
than twenty years experience in seismic matters; the Seismic Capability Engineers were four freelance
structural engineers with more than five years’ seismic experience. They all attended the SQUG-developed
training course.

Safe shutdown equipment list. The safe shutdown equipment list (SSEL) was developed by a NUCLENOR
system engineer who attended the specific SQUG training course. The consequent list included four
hundred and fifteen pieces of equipment and the number of units in each of the twenty classes are
summarised in Table I.

Screening verification and walkdown. A very important effort was made in collecting data about the
equipment (specifications, drawings, calculations, etc.) previous to the plant walkdowns. Both tasks were
necessary to analyse the four hundred and fifteen items, case by case and step by step. The most important
points to consider in each step are the following:

Capacity vs. demand. The capacity is given by the Bounding Spectrum (BS. Figure 1), Generic
Equipment Ruggedness Spectrum (GERS) or documentation (DOC) of equipment-specific seismic
qualification data. The Bounding Spectrum is based on earthquake experience data and represents
the lower envelope of the earthquake´s spectra considered to build the data base; there is only one
Bounding Spectrum for the twenty classes. GERS are based on generic seismic test data and
establish a different generic ruggedness level for some specific classes. Documentation is based in
specific seismic qualification tests or in data on similar equipment.

Depending on the location above the effective grade, the demand is given by the SSE Ground
Response Spectrum (GRS) or the In-Structure SSE Response Spectrum (IRS).

The comparison between these spectra may be affected by different coefficients depending on
special circumstances.

The SMG NPP SSE Ground Response Spectrum is the RG 1.60 spectral shape, 5% damping,
anchored to 0.1g (GRS. Figure 1). This spectrum was used to develop all the In-Structure Response
Spectra for the plant.
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The number of SSEL units verified with each class of spectra is:

Capacity Spectra Demand Spectra

BS 391 GRS 331

GERS 9 IRS 84

DOC 15

Caveats. Caveats are a set of inclusion and exclusion rules which represent specific characteristics
that are very important for the seismic adequacy of a particular class of equipment. To apply caveats
to an item of mechanical or electrical equipment, you should confirm that the equipment
characteristics are generally similar to the earthquake experience equipment class or to the generic
seismic testing equipment class. Caveats are not inflexible rules, so that engineering judgement
should be used to determine whether the specific seismic concern addressed by the caveats is met.
Caveats are generally met by all the equipment classes in SMG NPP.

Anchorage. This is probably the most important aspect in the verification, because the lack of
anchorage or inadequate anchorage has been a significant cause of equipment failing to function
properly during and following past earthquakes. The verification of seismic adequacy of equipment
anchorage is based on a combination of inspections, analyses, and engineering judgement. The four
main steps for evaluating the seismic adequacy of equipment anchorage include: anchorage
installation inspection, anchorage capacity determination, seismic demand determination and
comparison of capacity with demand. The typical type of anchorage in SMG NPP (expansion anchor
bolts, embedded anchor bolts and welds) is covered by GIP and generally anchorage requirements
are met. Only in thirty four units the seismic capacity was not greater than the seismic demand.

Seismic interaction. The final point in the verification of the seismic adequacy of equipment is to
confirm that there are no adverse seismic spatial interactions with nearby equipment, systems, and
structures which could cause the equipment to fail to perform its intended safe shutdown function.
The concerns are proximity effects, structural failure and falling, and the flexibility of attached lines
and cables. In SMG NPP, seismic interactions were found not to be a special concern. Only two
types of seismic interactions were found: impact of adjacent cabinets containing essential relays and
control room ceiling. The number of units affected is apparently high (forty six), but most of them
are caused by the control room ceiling.

Outliers. An outlier is an item of equipment which does not comply with all the screening guidelines
provided in the GIP. However, if an item of equipment fails to pass these generic screens, it may still be
shown to be adequate for seismic loading by additional evaluations. The outliers found in SMG NPP are
summarised in Table I. In this Table you can see the number of SSEL units that are considered outliers and
which of the steps above these units do not comply with.
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Table I. Number of equipment and outliers in SMG NPP

Equipment

Class

Total
number
of items

Capacity
vs.

Demand
Caveats Anchorage Interactions

#1. Motor Control Centers 10 - 3 7 2

#2. Low Voltage
Switchgear 2 - 2 - -

#3. Medium Voltage
Switchgear

2 - 2 1 -

#4. Transformers 2 - - - -

#5. Horizontal Pumps 4 - - - 2

#6. Vertical Pumps 10 - - 4 4

#7. Fluid-operated Valves 265 - - - 4

#8A. Motor Operated
Valves

26 - 4 - 1

#8B. Solenoid-operated
Valves 8 - - - -

#9. Fans 6 - - - -

#13. Motor Generators 2 - 2 - -

#14. Distribution Panels 12 - - 4 4

#15. Batteries on Racks 3 - - 3 -
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Equipment
Class

Total
number
of items

Capacity
vs.

Demand
Caveats Anchorage Interactions

#16. Battery Chargers and
Inverters

6 - 2 3 -

#17. Engine Generators 2 - 2 - -

#18. Instruments on Racks 11 - - 2 1

#19. Temperature Sensors 16 - - - -

#20. Instrumentation and
Control Panels and
Cabinets

28 - 4 10 28

TOTAL 415 0 21 34 46

Relays, tanks and heat exchangers, and cable and conduit raceway systems are not included in the previous
screening criteria and they have to be evaluated separately.

Relays. In the GIP context, a relay is a device with electrical contacts which change state and are
vulnerable to chatter during a seismic event. It is only necessary to verify the seismic adequacy of relays
(essential relays) whose malfunction precludes taking the plant from a normal operating condition to a safe
condition. The term “malfunction” includes chatter of the contacts in the relay itself and any other spurious
signals from other devices which control the operation of the relay. There are three methods that can be
used to establish the seismic capacity of essential relays: generic seismic tests data, earthquake experience
data, and relay-specific test data. There are four screening methods for comparing the seismic capacity of
an essential relay to the seismic demand imposed upon it. If none of these screening methods result in an
acceptable comparison of seismic capacity with demand, then the relay should be classified as an outlier. If
an essential relay fails this generic screen, it may not necessarily be deficient for seismic loading; however,
additional evaluations are needed to show that it is adequate. In SMG NPP there are two hundred and
seventy seven (277) essential relays and one hundred and forty four (144) of them were found to be
outliers; eighty six (86) relays were outliers because the capacity was not greater than demand and fifty
eight (58) relays were outliers because of the lack of documentation about its seismic capacity.

Tanks and heat exchangers. It is necessary to perform an engineering evaluation on vertical and horizontal
tanks and heat exchangers to check the seismic adequacy of: tank wall stability to prevent buckling
(including the effects of hydrodynamic loadings) and tank wall flexibility; anchor bolt and embedment
strength; anchorage connection strength between the anchor bolts and the shell of the tank or heat
exchanger; and flexibility of piping attached to large, flat–bottom, vertical tanks. In SMG NPP there are
nine tanks and the results are the following:
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Equipment
Class

Total
number
of items

Capacity
vs.

Demand
Caveats Anchorage Interactions

#21. Tanks and Heat
Exchangers

9 - 1 4 2

Cable and conduit raceway systems. There are four steps to consider in cable and conduit raceway review:
verify that the cable and conduit raceway systems meet the “Inclusion Rules”; evaluate the “Other Seismic
Performance Concerns”; select a sample of representative worst–case raceway supports; and judge whether
there are any seismic spatial interactions which could adversely affect their performance. In SMG NPP all
1E class cable raceway systems were inspected and bounding cases were calculated. The total number of
raceway supports was eight hundred and fifty nine (859) and all of them were outliers because of the fail in
the screw connections from the support to the raceway. Besides that, forty eight (48) of them failed in the
frame supports and two hundred and seventeen (217) failed in the expansion anchor bolts.

OUTLIER RESOLUTION

As a result of the application of the screening verification and walkdown criteria, sixty three (63) outliers
were found. In 1996, NUCLENOR developed a program to improve all these seismic-weak points that
included: anchorage modifications in some electrical cabinets, control room panels, instrumentation racks
and metal supporting structures; bolting of adjacent cabinets containing essential relays; control room
ceiling details improvements; additional calculations for tanks and heat exchangers; change of relays; and
raceway systems supports modifications. These tasks have been developed during these last five years and
they shall be completed at the end of the ongoing outage.

OTHER BENEFITS

IPEEE

The main objective of the Individual Plant Examination of External Events (IPEEE) is a safety
reevaluation in order to define the margin above the SSE that exists in operating plants. There are three
approaches to conduct a seismic margin demonstration: a seismic probabilistic risk assessment (SPRA), a
deterministic seismic margin assessment, and a combination of both.

Because of the similarity in methodology and mechanical and electrical equipment scope between the
SQUG GIP and the Electric Power Research Institute (EPRI) “Conservative Deterministic Failure Margin
Approach” (CDFM), NUCLENOR decided to apply the deterministic seismic margin assessment to take
advantage of the large volume of work performed during the USI A-46 Program. For this reason the IPEEE
program was conducted in a very cost–effective way.
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NARE

The GIP was developed by SQUG primarily as a practical method for demonstrating the seismic adequacy
of installed equipment in older, operating nuclear plants. However, recognising the value of the GIP
approach for future procurement of new and replacement equipment and parts (NARE), provisions were
included for application of the GIP to new and replacement equipment and raceways. NARE includes the
new and/or replacement electrical and mechanical equipment, tanks, heat exchangers, relays, and electrical
raceways.

Thanks of the Seismic Verification of Equipment Program, NUCLENOR acquired an important experience
in the use of the GIP methodology. Now this experience is being used to verify the seismic adequacy of
new and replacement equipment in a high quality, fast and cost-effective way.

In SMG NPP, the GIP methodology was used to verify the seismic adequacy in the following NARE cases:
lubrication circuit modification in two emergency diesel generators, four motor control centers, twelve
instrumentation and control panels and cabinets, four motor-operated valves, three batteries on racks, eight
instrumentation racks, replacement of one horizontal pump motor, two chillers, six air handlers and six
temperature switches.

CONCLUSIONS

As a result of the Seismic Verification of Equipment Program, all the seismic vulnerabilities of the plant
were detected in a very cost-effective way. The number of equipment that did not pass the verification was
very low in comparison with the total. The reasons that the equipment did not pass were related to a few
causes and all of them were easily affordable. The most important effort was made in cable raceway
systems supports improvements.

As a consequence of this effort, Santa María de Garoña Nuclear Power Plant has a level of seismic
adequacy comparable to the level of newer plants and a very useful experience to deal with the seismic
aspects of new projects.
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0.25 0.044 0.25 0.044 2 0.98 0.653
2.5 0.313 0.5 0.0794 2.15 1.05 0.700

4 0.294 0.75 0.1122 2.5 1.20 0.800
9 0.261 1 0.1434 4 1.20 0.800

33 0.1 1.25 0.1734 4.73 1.20 0.800
100 0.1 1.5 0.2026 5 1.20 0.800

FRECUENCIA GUÍA
REG.

1.75 0.2310 5.57 1.20 0.800

2 0.2589 5.89 1.20 0.800
2.25 0.2862 6 1.20 0.800

2.5 0.313 6.295 1.20 0.800
4 0.2928 6.57 1.20 0.800
5 0.2837 6.71 1.20 0.800
6 0.2764 6.865 1.20 0.800
7 0.2705 7.185 1.20 0.800
8 0.2654 7.5 1.20 0.800
9 0.261 7.66 1.18 0.787

11 0.2250 8 1.13 0.753
13 0.1989 8.48 1.05 0.700
15 0.1790 8.705 1.03 0.687
17 0.1632 9.3 0.98 0.653
19 0.1503 10 0.90 0.600
21 0.1396 10.96 0.85 0.567
23 0.1305 12 0.80 0.533
25 0.1227 16 0.68 0.453
27 0.1160 20 0.59 0.393
29 0.1100 28 0.53 0.353
31 0.1047 33 0.50 0.333
33 0.1 100 0.50 0.333

100 0.1
Frecuencias 1,5 x

B.S.
BS
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INTRODUCTION

The worldwide experience with probabilistic safety analysis (PSA) of nuclear power plants shows that the
risk derived from earthquakes can be a significant contributor to core damage frequency in some instances.
As a consequence, no severe accident safety assessment can be considered complete without giving, due
consideration to seismic risk. This fact has been recognized by some regulators. in particular, by the U.S.
Nuclear Regulatory Commission (NRC), who has included seismic risk assessment in its severe accident
policy (Ref. 1, 2).

The NRC’s severe accident policy was adopted by the Spanish nuclear regulator. the Consejo de Seguridad
Nuclear (CSN). As a result. all plants in Spain were asked to perform a seismic risk analysis according to
Supplements No. 4 and 5 of Generic Letter 88-20 (Ref. 1) and NUREG-1407 (Ref. 2), which included the
containment failure analysis. At present in Spain there arc nine operating reactors at seven sites: six
Westinghouse-PWR, two GE-BWR and one Siemens/KW U-PWR. The vintages are very different: the
oldest plant started commercial operation in 1968 and the most recent, in 1988.

In this framework, the Spanish Owners Group (SOG) proposed to CSN in 1994 to carry out the seismic
risk analysis of the plants using seismic margin methodologies. This kind of methods requires, as a starting
point, the definition of’ a seismic margin earthquake (SNIE), also called review level earthquake (RLL).
For this purpose, tile SOG sponsored a general Probabilistic Seismic Hazard Analysis (PSHA) for the
seven Spanish sites. The results of this PSHA were used by the SOG to define tile RLE and the scope of
the study for each plant (binning of plants). The proposal was submitted to the CSN for evaluation.

The CSN evaluation was based on the NRC practical experience and was helped by the technical advise of
US Lawrence Livermore National Laboratory. The review showed that the uncertainties on seismic hazard
had not been fullly captured and that it would have been justified to consider a more conservative binning
of Spanish plant sites. Alter some lengthy discussions between the CSN and the utilities, the CSN staff
accepted. as a reasonable minimum, the seismic hazard derived in the available PSI1A for each plant site.
Then, the CSN used this PSIIA to rank the plants in terms of hazard and assigned an SME and a scope for
the seismic margin study at each plant (Ref. 3). Table 1 shows the final binning of the Spanish plants to be
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used for SMA as an alternative option to seismic PRA. Note that all plants were assigned a RLE at the 0.3g
level, like the vast majority of American plants to the East of the Rocky Mountains.

Table 1. Seismic categorization of Spanish sites for seismic margin assessments (SMA)

As a result of the previous process, and starting in 1996, the CSN has promoted a number of research
projects in order to assess the uncertainties about seismic hazard at Spanish sites. The total budget for this
projects is around 1.3 million EUR, and the results will be included in a future PSHA with expert opinion,
following the guidelines in NUREG/CR-6372 (Ref. 4).

At the beginning of year 2001, all Spanish plants have completed their seismic assessments and most of
these assessments are being reviewed by the CSN. The purpose of this paper is to give a wide perspective
of the seismic margin studies performed in Spain. The paper is organized into three main sections. The
first section is devoted to the implementation of seismic margin methodologies for Spanish plants. The
focus is on the main steps followed in the analysis, the level of effort, the difficulties and the main
findings. The second section looks at the analyses from the Regulator’s standpoint. after review of most of
the assessments has taken place. Finally, the last section of the paper contains a general discussion about
the whole process and the usefulness of the results in the general context of probabilistic safety
assessments (PSA).

SEISMIC MARGIN ANALYSIS OF SPANISH PLANTS

General comments

There are two main approaches for assessing the seismic risk of a nuclear unit: the seismic probabilistic
risk analysis (seismic PRA) and the seismic margin assessment (SMA) In both cases the main purpose is
the same: to understand the most likely severe accident sequences induced by earthquakes and to identify
the dominant seismic risk contributors or seismic weaknesses. However, the methodology and the results
produced by these two general approaches are different.

Site Reactor type Power
(Mwe)

Operation
since

SSE Seismic
categorization

(NUREG-1407, Ref.
2)

Jose Cabrera Westinghouse-
PWR

160 1968 0.07 g 0 3 g, focused scope

Sta. Ma. de
Garona

GE-BWR 466 1971 0.10 g 0.3 g, full scope

Almaraz I. ll Westinghouse-
PWR

974, 983 1981. 1983 0.10 g 0.3 g, focused scope

Ascó I, II Westinghouse-
PWR

1028 - 1024 1982, 1985 0.13 g 0.3 g, full scope

Cofrentes GE-BWR 994 1984 0.17 g 0.32.g, full scope
Vandellós II Westinghouse-

PWR
1004 1988 0.20 g 0.3 g, full scope

Trillo Siemens KWU-
PWR

1066 1988 0.12 g 0. 3 g, focused scope
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The seismic PRA, is an extension of the classical event tree/fault tree methodology used for probabilistic
safety analysis with "internal" initiators. In the seismic PRA, instead of dealing just with random
equipment failures, the earthquake appears as a new cause for failure; and the frequency of failure of a
particular component is computed from the seismic hazard of the site (probability of the earthquake) and
the fragility of the component (conditional probability of failure). The basic results are the same as in
classical PRA methodology: the accident sequences leading. to core damage and the frequency of each of
those. The first seismic PRAs were published by the end of the seventies (Ref. 5) arid required significant
resources. This motivated a research effort for a less expensive methodology. This efort took advantage
both from the number of seismic PRAs already carried out and from the Seismic Safety Margins Research
Program (Ref: 6. 7). As a result, the so-called seismic margin methods (SMA) were developed (Ref, 8. 9,
10. 11). In Spain. the PRA option was not followed and all plants selected an SMA approach for the
seismic risk analysis.

The main difference between seismic margin methods and seismic PRAs is that the former do not use a
seismic hazard study of the site, which is usually highly controversial (Ref. 4). Instead of looking for a core
damage frequency, seismic margin studies look for the level of earthquake below which core damage is
.very unlikely (figure 1). This level of earthquake is called "high-confidence, low-probability of failure"
(HCLPF) capacity of the plant. If a seismic hazard study of the plant is available, an estimate of the seismic
contribution to core damage frequency can be computed straightforwardly from the HCLPF capacity.
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Another difference between seismic PRAs and seismic margin methods is that, in the latter. the
systems analysis part is much simpler. In a seismic margin study only some "basic safety functions"
are taken into account. since the experience of seismic PRAs has shown that when these basic safety
functions are preserved, core damage and radioactive release is very unlikely.

Both methodologies, seismic PRA and seismic margin methods, benefited from the American industry
enormous effort to resolve the USI A-46 (Unresolved Safety Issue A-46: "Verification of Seismic
Adequacy of Equipment in Operating Plants’’). This issue affected a significant portion of American
units, those with construction permits docketed before about 1972, in which the equipment had not
been seismically qualified according to present standards. Industry formed the SQUG (Seismic
Qualification Utility Group) and financed the development of a practical methodology to verify the
seismic adequacy of installed equipment. During the eighties. an alternative qualification method and
the corresponding acceptance criteria were conceived and prepared for practical use. The method,
gathered in the GIP (Generic Implementation Procedure, Ref. 12), is largely based in the experience
on the effects of actual earthquakes in real equipment (Ref. 13) and provides the analyst with a very
efficient way of assessing seismic capacity. The rules of the GIP, and the use of seismic experience in
general, simplified and added efficiency to seismic PRAs and seismic margin studies. At the same
time, the recourse to seismic experience showed the importance of plant walkdowns by seismic and
system engineers. Plant walkdowns are now the key component both in seismic PRAs and seismic
margin studies.

As mentioned earlier. research to develop a seismic margin review methodology began under NRC support
at the Lawrence Livermore National Laboratory in 1984. An expert panel vas formed to develop the
methodology and this panel issued its reports In the following years (Ref. 8. 9). A parallel effort was
undertaken by the Electric Power Research Institute (EPR1), and the EPRI methodology that resulted (Ref.
11) is slightly different from the NRC approach. The methodology corning, from LPRI is very well
documented in Ref 11 and that makes its application easier. Basically, all Spanish plants chose the EPRI
seismic margin methodology to carry out the seismic risk assessment.

Seismic margin assessment (SMA)

A general definition of seismic margin is expressed in terms of the earthquake motion level that
compromises plant safety. specifically leading to melting of the reactor core. Operationally, the margin is
expressed in terms of the difference between the earthquake notion level that compromises plant safety and
some smaller motion level, such as the plant’s earthquake design basis (figure l). The measure of seismic
capacity adopted in seismic margin reviews is the so-called "high confidence, low probability of failure"
capacity, or HCLPF capacity, usually ‘given in units of peak ground acceleration. This is a conservative
representation of capacity and, in simple terms, corresponds to the earthquake level at which it is extremely
unlikely that failure of the component will occur. From the mathematical perspective of a probability
distribution of capacity developed in seismic PRA calculations, the HCLPF capacity values are
approximately equal to a 95 confidence (probability) of not exceeding about a 5% probability of failure.
Using the HCLPF concept, the search for the seismic margin shifts to determining the plant-level HCLPF
capacity and comparing it with the design basis earthquake. The flowchart of the review. as implemented
by Spanish plants. can be seen in figure 2.

As mentioned earlier, for the Spanish plants, the seismic margin earthquake (SME), also called review
level earthquake (RLE), was assigned to each plant by the CSN: For all plants, the RLF was a 0. 3 ZPGA
earthquake, whose frequency content was defined by the median (50% exceedance probability) response
spectrum of NUREG/CR-0098 (Ref. 14). It should be mentioned that the RLE is just a screening tool for
the review, in the sense that the seismic capacities of individual components are compared with the RLF
and deemed not controlling plant margin if they can withstand the RLL. With the help of’ screening tables
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(Ref. 8, 11), it is easier to compare the capacities of the components with a given earthquake motion than
to compute the capacity of every component of the plant.

Once the RLE is defined, the next step is developing structural response and floor spectra. In Spanish
plants this task has invariably been done by scaling design (SSE) response and floor spectra. This has been
an acceptable procedure since all sites can be considered "rock" sites. For each building, a scale factor to
convert from SSE to RLE has been determined. In computing this factor two sources of conservatism have
been eliminated: the structural damping values have been adjusted to higher, more realistic figures and
spatial horizontal incoherence of seismic waves has been considered for frequencies above 5 Hz (Ref 11).

In the other branch of the flowchart ( figure 2), there is a system analysis. 1n the EPRI methodology,
neither event trees nor fault trees are used. The methodology works with the concept of "success path". A
success path is a way of bringing the plant to a .stable condition (either hot or cold shutdown) and
maintaining that condition for at least 72 hours. .According to the methodology, the four principal safety
functions that are required to achieve and maintain a safe shutdown condition are: reactivity control,
reactor coolant system pressure control, reactor coolant system inventory control and decay heat removal.
Additionally, NUREG-1407 (Ref. 2) requires consideration of containment isolation.

The various means of accomplishing these safety functions depend on the plant’s design. The analyst must
determine two success paths, a preferred path and an alternative path, as independent as possible and
covering the above safety functions. For both paths, unrecoverable loss of off-site power (LOOP) has to be
assumed and at least one of the paths has to be able to cope with a small LOCA (l" diameter equivalent
break). The main result of the system analysis phase of the margin assessment is a list of components
subject to evaluation: The components in the list are those necessary to implement the success paths. The
list include equipment, distribution systems, such as piping and cable trays, and structures. The list of
equipment is usually known as the "safe shutdown equipment list" (SSEL).

Most of the Spanish plants have used the previous work in level 1 PRA to determine the SSEL. The
components in the list are obtained from the basic events in the fault trees corresponding to the event trees
with LOOP and small LOCA as initiating events. The list is completed with some passive components,
such as structures, and with the equipment needed for containment isolation. In a typical Spanish plant, the
SSEL has had between 300 and 400 items.

After the SSEL has been compiled and the RL.E seismic demand has been determined in the form of floor
spectra, the flow of the study converges into the preparation of the walkdown. In Spanish plants the
purpose of this phase has been to prepare plant walkdown by carrying out a preliminary assessment of
component and anchorage capacities. The goal is to support judgment of the walkdown team by supplying
them with information about the configuration of the components, the anchorage, the seismic qualification
procedures and a assessment of margins above the design basis earthquake. Gathering this inl6rmation has
proved to be lengthy and sometimes difficult, especially in the oldest plants.
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Figure 2.  Flowchart of a typical seismic margin assessment for a Spanish plant

During this phase, information about the general seismic design of the plant has been reviewed. Also,
information about each of the components in the evaluation list has been processed. Typically, for each
component. configuration and anchorage drawings and seismic qualification reports have been gathered.
Then, from this information and from the RLL. floor spectra developed in the previous phase. a
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preliminary capacity and anchorage assessment has been carried out and documented. Only very simple
bounding computations have been performed. However, these simple computations, sometimes supported
by seismic experience rules (Ref. 12, 13), have been usually enough to conclude that many items in the list
have capacities above the RLE.

The plant walkdown has been taken as the key phase of the whole methodology. During this phase a
walkdown team that includes structural and system engineers has inspected all the components in the
evaluation list that were reasonable accessible and located in a low to moderate radiation environment. The
team judges whether or not the HCLPF capacity is higher than the RLE. The basis for this judgement is in
the screening tables included in Ref. 8 and 11, and in the preliminary assessment work carried out before
the walkdown. Components whose HCLPF capacity is judged to be higher than the RL.E are considered
not to control HCLPF capacity of the plant and, hence, screened out front the evaluation. For components
not screened out, failure modes are clearly defined for the HCLPF capacity evaluation in the next phase of
the study. Plant walkdown has always been documented according to reference 11. Documentation
includes an evaluation sheet for each of the inspected items ("seismic evaluation work sheet" or SEWS)
and a list that summarizes the SEWS ("seismic verification data sheets" or SVDS). In a typical Spanish
plant the plant walkdown has taken between two and three weeks of site work, with a team of about four
people. Usually, an American senior seismic consultant (Dr. Robert Kennedy, from RPK, or Dr.
Mayasandra Ravindra, from [EQE) has participated in some part of the walkdown (one week).

After the walkdown, usually only a small number of components were screened in and; therefore, remained
in the evaluation list. These components were assumed to control the seismic margin of the plant. The
purpose of the neat phase was to compute HCLPF capacity of these components according to the failure
modes specified by the walkdown team in the SEWS. In Spanish plants, the number of components for
which HCLPF calculations were needed varied from about 15 to =10. Once the I ICLPF capacity of the
components screened in during the walkdown were computed, it was postulated that the HCLPF capacity
of the plant as a whole is given by the component with smaller capacity.

In addition to the HCLPF capacity of the plant, the main result of the SMA is the list of components with
HCLPF capacity smaller than the RLE. These are the seismic weak links of the plant and they are the focus
of any modification program with the goal of increasing the seismic safety of the installation. Decisions on
whether to introduce changes or not have been taken on a cost/benefit basis.
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Plant Reactor type Power
(MWe)

Operation
since

SSE HCLPF
capacity

Seismic weak links

José Cabrera Westinghouse PWR 160 1968 0.07 g 0.16 g Vertical tanks

Sta Maria de
Garona

GE-BWR 466 1971 0.10 g 0.17 g Vertical tank

Almaraz I Westinghouse PWR 974 1981 0.10 g 0.20 g Vertical links

Ascó I Westinghouse PWR 1028 1982 0.13 g 0.16 g Inverters, relays

Almaraz II Westinghouse PWR 983 1983 0.10 g 0.20 g(*) Vertical tanks

Cofrentes GE-BWR 994 1984 0.17 g 0.28 g Relays

Ascó II Westinghouse PWR 1024 1985 0.13 g 0.16 g Inverters, relays

Vandellós II Westinghouse PWR 1004 1988 0.20 g >0.30 g Vertical tanks

Trillo Siemens KWU-
PWR

1066 1988 0.12 g  not available -

(*) Preliminary result

Table 2. Seismic margin assessment of Spanish power plants

Results

In Spanish plants the overall level of effort for an SMA has been in the order of 5 man-year. The results
obtained for all Spanish plants are given in table 2. The first thing that should be said is that in the vast
majority of plants only a small number of components were found to have a HCLPF capacity below 0.3g.
This is so even for plants with a relatively low design basis earthquake (SSE). In the SMAs performed for
Spanish plants, the average number of components with a HCLPF capacity below 0.3g is about five and
they usually include vertical atmospheric tanks, electrical equipment, such as relays, and anchorage details.

On the other hand, the walkdown usually has found many housekeeping issues related with seismic spatial
interactions and a considerable amount of small things to be fixed. Such as missing bolts, untied electrical
cabinets, etc. These small repairs have been usually carried out by the utility shortly after the walkdown.

REVIEW BY THE REGULATORY STAFF

The Spanish regulator (CSN) is responsible for licensing all activities related with the seismic risk analysis
of Spanish plants. The utilities have documented the work carried out in accordance to the requirements of
Ref. 2, and in each case a final report has been submitted to the CSN for review. The procedure used by the
CSN in the licensing activities includes three major items:

- Evaluation of the documentation submitted by tile utilities. In this step the methodology, general
criteria, development of the component list, screening process, walkdown results, engineering
judgments, Fragility analyses, peer review, component and plant HCLPFs, uncertainties, etc.. as have
been described on the documentation, are evaluated.
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- Agreement on methodology. The CSN evaluation team together with the utility SMA team
interchange points of view and contributions about the major issues observed during the process. The
objective is to reach an agreement on the assumptions, uncertainties, sensitivity and engineering
judgments, etc.. matching the different opinion.

- Joint walkdown. The purpose is to examine the general seismic state of the ’plant, the improvements
introduced as a consequence of the seismic assessment activities, etc. This is done together with the
utility team.

From a regulator’s point of view, the main results of the seismic margin analyses have been the true
knowledge of the actual seismic capability of each Spanish NPP and the identification of the weakest links
from a seismic standpoint. In general, according to the Spanish seismic hazard current state of knowledge
and before the final outcome from CSN review, all Spanish plants would have enough capacity for safe
operation during and after an earthquake far beyond the design basis (SSE), as shown in table 2 (HCLPF
capacity). This includes the older plants, which previously to the IPEEE program had gone through a
process of seismic revaluation of systems, structures and equipment (SEP, USI A-46). In all plants the
seismic weak links have been identified, their HCLPFs have been obtained and, when feasible,
modifications to improve overall seismic capacity of the plant have been proposed. At the moment, these
improvements are being. implemented.

Nevertheless, when the CSN has carried out the plant walkdown, usually some years after the official
walkdown, housekeeping problems similar to those found during the official walkdown, when not the
same, have been found. This is the case of unanchored equipment near cabinets with essential relays,
equipment on wheels near safety components, new cabinets placed close to safety cabinets without being
tied to them, gas bottles without seismic ties, cabinet doors left opened. etc. This is a the result of the
absence of some kind of seismic training for maintenance and operation staff. This could be also a
consequence of the lack of involvement of the utility staff in the seismic revaluation process.

DISCUSSION

Spain is country where a general awareness of the seismic risk does not exist. This is true trot only in the
nuclear industry, but also in many other fields. The last earthquake with casualties took place in 1884.
Hence, there is no living generation with a direct experience in this kind of natural phenomenon. As a
consequence, any attempt to improve seismic safety has to light with the feeling that "earthquakes do not
happen in Spain" and "there are better places to put the money in".

The lack of seismic awareness is in the root of all the difficulties in developing the seismic portion of the
Integrated Program for Probabilistic Safety Assessment’ in Spain. As in the case of NRC, the Spanish
Regulator’s objective has been to find the vulnerabilities to earthquakes above the SSE level, and to prove
that even if an earthquake beyond SSE occurs, the core damage frequency or the radioactive material
release frequency are below l0-5 and 10-6 per year, respectively. On the other hand, the utilities have always
considered that the level of seismic safety in the plants is more than enough for a county with a low to
moderate seismicity and that the effort required to find the weak links beyond the SSE level is not justified
on a cost-benefit basis. Due to the absence of strong shocks during the last century, the results of the
seismic margin assessments performed in Spain seem to support the thesis of the utilities: the conservatism
of design has produced, in most cases, a wide margin of safety above SSE.

In any case, in the view of the authors, the work for the Spanish plants has showed that a seismic margin
assessment is a cost effective method for a periodic revaluation of the seismic safety of a given plant. It
allows both to find out its actual state in terms of seismic vulnerability and to prevent degradation of its
seismic safety. In this line, seismic walkdowns have detected many "minor issues", immediately corrected
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by maintenance staff, that otherwise would have contributed to a bad seismic performance. The experience
shows that these minor issues tend to reappear periodically. This is a consequence of not having,
maintenance people permanently looking at the plant with seismic eyes.

On the other hand, from a regulator’s point of view, the SMA is tool that allows a straightforward
evaluation of the contribution to the overall risk that derives from a revised seismic hazard at the site. The
revision of seismic hazard will be the consequence of the continuous research or advances in the
seismological knowledge, combined with the occurrence of earthquakes during the life of the plants. The
capacity of the weak links of the plant, together with the seismic hazard at the site, can be used to
determine the core damage frequency derived from earthquakes and its contribution to the total risk posed
by the plant. In this sense, it seems advisable to keep the methodology alive. updating the results with plant
changes.

CONCLUSIONS

The conclusions could be summarized as follows:
- A seismic margin assessment is a cost effective method to determine the plant state regarding seismic

safety and to identify the most effective countermeasures on a cost-benefit basis.

- A periodic update of the assessment will help prevent plant safety degradation due to changes in the

plant and replacement of components.

- From a regulator’s point of view, the seismic margin assessment is tool that allows a straightforward

evaluation of the overall risk derived from the seismic hazard at the site.

- In Spain the utilities are generally under the impression that this kind of studies do not have an

appropriate cost-benefit ratio, that is, the findings do not justify the investment This impression could

be a consequence of the general lack of awareness of the seismic risk in the Spanish society.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up
of scientists and engineers.  It was set up in 1973 to develop and co-ordinate the activities of the Nuclear
Energy Agency concerning the technical aspects of the design, construction and operation of nuclear
installations insofar as they affect the safety of such installations.  The Committee’s purpose is to foster
international co-operation in nuclear safety amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of  technical information and for collaboration between
organisations which can contribute, from their respective backgrounds in research, development,
engineering or regulation, to these activities and to the definition of its programme of work.  It also reviews
the state of knowledge on selected topics of nuclear safety technology and safety assessment, including
operating experience.  It initiates and conducts programmes identified by these reviews and assessments in
order to overcome discrepancies, develop improvements and reach international consensus in different
projects and International Standard Problems, and assists in the  feedback of the results to participating
organisations.  Full use is also made of  traditional methods of co-operation, such as information
exchanges, establishment of working groups and organisation of conferences and specialist meeting.

The greater part of CSNI’s current programme of work is concerned with safety technology of water
reactors.  The principal areas covered are operating experience and the human factor, reactor coolant
system behaviour, various aspects of reactor component integrity, the phenomenology of radioactive
releases in reactor accidents and their confinement, containment performance, risk assessment and severe
accidents.  The Committee also studies the safety of the fuel cycle, conducts periodic surveys of reactor
safety research programmes and operates an international mechanism for exchanging reports on nuclear
power plant incidents.

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s Committee on
Nuclear Regulatory Activities (CNRA), responsible for the activities of the Agency concerning the
regulation, licensing and inspection of nuclear installations with regard to safety.  It also co-operates with
NEA’s Committee on Radiation Protection and Public Health and NEA’s Radioactive Waste Management
Committee on matters of common interest.
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FOREWORD

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD-NEA co-ordinates the NEA
activities concerning the technical aspects of design, construction and operation of nuclear installations
insofar as they affect the safety of such installations.
The Integrity and Ageing Working Group (IAGE WG) of the CSNI deals with the integrity of structures
and components, and has three sub-groups, dealing with the integrity of metal components and structures,
ageing of concrete structures, and the seismic behaviour of structures. This workshop was proposed by the
sub-group dealing with the seismic behaviour of structures.

Seismic re-evaluation is identified as the process of carrying out a re-assessment of the safety of existing
nuclear facilities for a specified seismic hazard. This may be necessary when no seismic hazard was
considered in the original design of the plant, the relevant codes and regulations have been revised, the
seismic hazard for the site has been re-assessed or there is a need to assess the capacity of the plant for
severe accident conditions and behaviour beyond the design basis. Re-evaluation may also be necessary to
resolve an issue, or to assess the impact of new findings or knowledge.

In 1997, CSNI recognised the increasing importance of seismic re-evaluation for nuclear facilities
throughout the world.  It prepared a status report on seismic Re-evaluation NEA/CSNI/R(98)5 which
summarized the current situation for Member countries of the OECD. The report suggested a number of
areas of the seismic reevaluation process, which could be considered in the future. In May 2000, the
seismic sub-group reviewed these suggestions and determined that it was timely to address progress on this
topic through this workshop. The workshop focused on methods and acceptance criteria and, on
countermeasures and strengthening of plant.

The workshop had 2 technical sessions listed below devoted to presentations, and a 3rd session devoted to
a discussion of the material presented and to the formulation of workshop conclusions to update
conclusions of the 1998 report.
Session 1

- Methods and acceptance criteria
- Benefits and disadvantages of the various methods of re-evaluation (Seismic PSA, Margins,

 deterministic, databases, tests …) in particular circumstances
- Role and scope of the peer review process
- Definition of the scope of the plant to be selected for  the re-evaluation process
- Differences between re-evaluation and design criteria

Session 2
- Countermeasures/strengthening
- Civil engineering structures
- Post earthquake procedures and measures
- Strategies and priorities
- Recent innovation or research outputs

In the area of the seismic behaviour of structures, the CSNI is currently preparing among others a
workshop on relations between seismological data and seismic engineering analysis to evaluate
uncertainties and margins through a better description of real ground motion spectrum as opposed to a
ground response design. Short reports on "lessons learned from high magnitudes earthquakes with respect
to nuclear codes and standards" are under preparation and will cover several recent earthquakes.
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Seismic reports issued by the group since 1996 are:

− NEA/CSNI/R(1996)10 Seismic shear wall ISP: NUPEC’s seismic ultimate dynamic response

test: comparison report, 1996. also referenced as: OCDE/GD(96)188

− NEA/CSNI/R(1996)11 Report of the task group on the seismic behaviour of structures: status

report, 1997. also referenced as: OCDE/GD(96)189

− NEA/CSNI/R(1998)5 Status report on seismic re-evaluation, 1998.

− NEA/CSNI/R(1999)28 Proceedings of the OECD/NEA Workshop on Seismic Risk, CSNI

PWG3 and PWG5, Tokyo, Japan 10-12 August 1999.

− NEA/CSNI/R(2000)2/VOL1 Proceedings of the OECD/NEA Workshop on the "Engineering

Characterisation of Seismic Input, BNL, USA 15-17 November 1999 -

− NEA/CSNI/R(2000)2/VOL2 Proceedings of the OECD/NEA Workshop on the "Engineering

Characterisation of Seismic Input, BNL, USA 15-17 November 1999

The complete list of CSNI reports, and the text of reports from 1993 onwards, is available on
http://www.nea.fr/html/nsd/docs/
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Seismic Assessment of Existing Facilities Using Non Linear Modeling
Some General Consideration and Examples of Validation on Experimental Results.

D.Combescure, P.Sollogoub (1)

(1) Seismic Mechanic Study Laboratory, DEN/DM2S/SEMT, CEA Saclay, 91191 Gif/Yvette Cedex,
France

ABSTRACT

This paper aims at presenting the methodology and the non-linear modelling used for the seismic
evaluation of existing nuclear facilities. The main problems to be solved during the seismic assessment of
existing facilities regarding the non linear modeling such as the definition of damage index according
safety requirements are discussed in this paper.

INTRODUCTION

In the oldest industrial countries specially with moderate seismicity such as France, the main part of the
building stock has been designed before the application of the modern seismic code. Because of the
absence of any seismic consideration at the period of the construction or the modification of the action
levels, many structures do not satisfy the actual requirements. Due to safety reasons, the case of nuclear
facilities and plants may be critical and requires detailed seismic evaluations. The application of simplified
procedures used for design -elastic computation and reduction by a q-factor- tends to give unrealistic
results and, overall, masks the critical points for the facility safety.

This paper aims at presenting some general consideration about the non linear modelling of existing
buildings and nuclear facilities and highlighting some difficulties to be faced by the engineers during the
analysis of the results of the non linear computations.

Firstly, the main non linear models used under dynamic loading are briefly reminded. The second part
show an application of these models to the study of the 1/3rd scaled Camus wall structures tested on
shaking table in Saclay. These dynamic tests have been conducted using 2 types of signal representative of
far-field and near-field moderate magnitude earthquakes.

In the last part, the full scaled 4-storey frames representative of the buildings of the 1940-1970 period
tested with the pseudodynamic testing method in Ispra is analysed.

These 2 last parts shows the importance of the experimental results for the validation of the non linear
models and their acceptance for the seismic assessment of existing nuclear facilities.
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DESCRIPTION OF THE NON LINEAR MODELLING

Examples of Non Linear Constitutive Laws

The non-linear numerical models are usually divided in two classes :

- the global models reproducing the behaviour of complete structural elements at a reduced cost can be
used to study the behaviour of complete structures under complex static and dynamic loading. At this level
of modelling, beams and columns are usually replaced by beam elements with concentrated hinges, shear
walls by global shear beam model and infill panels by two diagonal trusses supporting only compression
forces.
- the local models allow to study structural components knowing only the characteristics of the basic
materials but are much more time consuming to use - not only in term of cpu time but also in term of
preparation of datas and processing of results -.
These two levels can be used in a complementary way : the local modelling allows used to identify the
parameters of the global models and highlight the limitations of these models (for example, what are the
limits of the assumption of the 2 diagonal for the infill panels). Such approach has been applied with
Castem2000 finite element code [1] for the analysis of infilled frame [2] and shear wall structures [3].

A Timoshenko Beam Element With Non Linear Shear Behaviour
The seismic analysis of complete building structures with dynamic or simplified push-over analysis
requires simplified non linear finite elements. The behavior of reinforced concrete members such as
columns, beams but also structural walls can be very well reproduced using non linear beam elements with
fiber type assumptions at the section level.
This modeling is based on a geometrical description (Fig 1) of the beam section in fibers (or layers in 2D).
The axial and shear strains in each fiber are deduced directly from the average axial • x and shear strains
• y , • z, the curvatures (in flexion •y,  •z and torsion •x) of the beam element and the section geometry.

( ) yizixix zy φφεε ⋅+⋅−=
( ) xiyiy z φγγ ⋅−=  and ( ) xiziz y φγγ ⋅+=

The normal force Nx, bending moments My, Mz, shear forces Ty, Tz and twisting moment Mx are calculated
by integrating the axial and shear stresses in the section.

∫=
S

xx dSN σ , ∫ ⋅=
S

xy dSzM σ  and ∫ ⋅−=
S

xz dSyM σ

∫=
S

yy dST τ ,  ∫=
S

zz dST τ  and ∫ ⋅−⋅=
S

yzx dSzyM )( ττ

Each fiber supports a uniaxial law • • • )  representative of concrete or steel behaviour. Fig 2 and Fig 3
show the laws used in the present study respectively for concrete (with softening in compression and
tension) and for steel (with hardening, Bauschinger effect and buckling).
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A simple Timoshenko beam element has been adopted in order to allow shear distortion and so the use of
non linear constitutive laws not only for bending but also for shear and torsion. In order to avoid shear
locking, this 3D beam element has a unique Gauss point and the axial strain, curvature and shear strain
remain constant on the element.
Details of this beam element and the uniaxial constitutive laws can be found in [4] and [5].

 

Beam level:         (u, θ)       (ε0,φ,γ)  (Μ,Ν,Τ) 
 
Fibre level:    (ε,γ)  (σxx, τxy, τxz) 

Fig. 1. Non linear Fiber Beam Model
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a/ Behaviour in compression b/ Behaviour in traction
Fig. 2. Uniaxial Constitutive Law for Concrete

 Stress σ (MPa) 

Strain ε 
Eh<0 

E 

Er<E 

Fig. 3. Menegotto-Pinto uniaxial law with Bauschinger effect and buckling for steel
Some remarks on the Influence of the Construction Details on Modelling

The accuracy of the modeling and the prediction of failure depends strongly on the capacity to take into
account of the construction details specially for the reinforced concrete frame structures.
For example, the concrete law shown Fig 2 although it is uniaxial can be directly influenced by the
confinement of the stirrups by modifying the ultimate compressive strength and the softening slope Z. A
decrease of softening due to higher confinement ratio improves the curvature ductility capacity. The
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confinement can also be taken into account by modifying the local failure criteria (let say the concrete
ultimate strain).
Another major difficulty in the modeling of frame structures up to flexural failure is the localization
phenomena due to softening or limited hardening after yielding of the steel bars. This phenomena makes
the local results (curvature and strain demands) strongly dependent on the mesh size and requires to fix the
length of the elements –the plastic hinges- where damage may concentrate. This is equivalent to consider
plastic rotations or chord rotations as failure criteria.
Priestley [6] gives some formulae to determine the length of the plastic hinge Hhinge.
Hhinge = 0.08 Hcolumn + 6 dbar

This length depends not only on the column height Hcolumn but also on the steel bars diameter dbar since
spread of steel yielding in the footing has been evidenced by several experimental results.

A constitutive law for anchorages and lap splices
A specific constitutive law for has been introduced in the fibre model in order to check the possible failure
of lap splices and anchorages. The approach already implemented for bridge piers by Monti [7] and Xiao
[8] has been adopted.
This uniaxial law • • • )  is based on the partition of the total strain •  between the strain in the steel bar •s

and the slippage between steel and concrete s (Fig 4-a). This partition can be written incrementally:
• • • = • • s  + •s/Lanc.

with
• • s = • . • • • and •s =Lanc.(1-• • . • •

Lanc: Length of anchorage or splices
• :  Partition factor between the 2 types of deformations.
The axial stress in the steel bar •s and the bond stress •  are given by 2 appropriate constitutive laws
respectively for steel rebar •s(•s)  and for bond slip • • (s). A law similar to the Eligehausen law has been
adopted for bond slip (Fig 4-c, [9]).
The partition factor •  can be calculated iteratively with the static equilibrium between the force in the steel
bar Fsteel and the bond stress Fbond which is supposed constant on the complete length of the anchorage or
lap splices (Fig 4-b). An iterative modified Newton-Raphton algorithm is used to verify the equilibrium.
• F steel+ •Fbond=0=f( •)

 

∆s s 

Lanc.∆ε 

Lanc 

a/ Kinematic assumptions b/ Stress distribution 

τ σacier 

s1 s2 s3 

τf 

τmax 

τ= τmax.(s/s1)
α 

Slip s 

τ 

c/ Eligehausen law for bond slip 

Fig 4. Phenomenological uniaxial law for anchorage and lap splices
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Application to the columns with insufficient lap splices
The fiber beam element has been applied to the modeling of a series of flexural columns tested by
Aboutaha at Austin University [10]. For the column FC 15, the lap splices failed before developing the
flexural strength of the section. A unique beam element and the special law for anchorage and lap splices
have been considered for the plastic hinge at the base of the column.
The Priestley formulae gives a length of plastic hinge of 37.2 cm for a column height equal to 274.3 cm
and diameter of the steel bars of 25.4mm (#8).
The physical length of 20dbar  has been considered for the lap splices. The bond characteristics
recommended by Eligehausen for unconfined concrete (bond strength • u=5 MPa) has been chosen for the
bond slip model.
The upper part of the column has been discretized by 7 Timoshenko beam elements with non linear
constitutive law for concrete and steel.
The failure mechanism and the global strength observed during the tests have been well captured by the
numerical model (Fig 5). Important softening can be observed also in the computation after having reached
the maximum strength which is equal to 124 kN (27.9 kips) in the calculation versus 111 kN (25 kips)
measured experimentally. These values can be compared to the strength of the FC 17 flexural column
which is equal to the FC15 column but strengthened with a steel jacket: 147 kN (33 kips) in the calculation
and 142 kN (32 kips) experimentally.
Despite this good agreement between numerical and experimental results, the model adopted in this work
for the anchorage and the lap splices can present some difficulties if columns with higher length of splices
(30dbar or 40dbar which are current values in some part of Europe such as in France) but insufficient
numbers of stirrups are considered since the bond strength does not depend on the local ductility demand in
the steel bars. The lack of experimental results on reinforced concrete columns with this type of detailing
used in Europe must also be highlighted.

a/ Column geometry and reinforcement
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b/ Experimental curve c/ Numerical results
Fig. 5. Analysis of a flexural column with failure of the lap splices

PUSH-OVER ANALYSIS OF A 1/3RD SCALED 5 STOREY STRUCTURE

The present chapter shows an application of the simplified push over method to the analysis of a 5 storey
wall structure with a total mass of 36 tons tested on the Azalee shaking table in Saclay.

DESCRIPTION OF THE CAMUS 3 WALL STRUCTURE

This structure is part of a series of three 1/3rd Camus wall structures made of 2 reinforced concrete bearing
walls and 5 storeys (Fig 4 and [11]). Each specimen has a total mass of 36 tons. Two types of signal have
been applied to these structures: an artificial signal named as Nice has been used for the majority of the
seismic tests while intermediate seismic tests have been performed with recorded signals (San Francisco
and Melendy Ranch signals) representative of near-field moderate magnitude earthquakes.
For the Camus 3 specimen designed according EC8 provisions, the level of the seismic input has been
determined with a push over analysis. The non linear fiber model has been used for the modeling of the
structural walls. A static computation has been performed with a monotonic horizontal loading. Because of
the difficulties to impose horizontal forces with constitutive laws with softening, loading is imposed to one
point at 2/3rd of the building height and is controlled in displacement. This assumption is not so bad since
the mass of the system is regularly on the building height and the design obliges the formation of a unique
plastic hinge at the base of the building. For real structures, this loading can be very uncorrect.
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Frame structure 

Fig 4:  CAMUS 3 Specimen and Shear force – displacement relationship given by the push over
analysis

Determination of the spectral acceleration vs spectral displacement curve and the performance point
The base shear-top displacement curve (Fig 4) is converted to spectral acceleration-spectral displacement
curve (Fig 6) using the following relationships:

dtop SPFd ⋅= with 
( )
( )2∑
∑

⋅

⋅⋅
=

ii

iii

m

m
PF

φ
φφ

abase SMT ⋅⋅=α  with 
( )

( )( )2

2

∑∑
∑

⋅⋅
⋅

=
iii

ii

mm

m

φ
φ

α

M : Total  mass
Mi : Mass at floor i

• i : Fundamental deformed shape ( ( ) 5.1

H
x

i=φ for a wall structure and 
H
x

i =φ  for a frame structure)

The spectral acceleration versus spectral displacement curve is very useful because of the possible direct
comparison with the design and earthquake response spectra. Fig 5 shows the design response spectra of
the PS 92 French design code and a comparison of the elastic response spectra of the 2 different signals
used for the seismic tests on Camus 1 structure. The San Francisco signal is representative of a near field
moderate magnitude earthquake and although the peak ground acceleration is higher, the displacement
demand for the low value of frequency is much reduced than the artificial Nice signal. Fig 6b shows also a
comparison between the artificial Nice signal and the Melendy Ranch signal used for the Camus 3 seismic
tests.
The determination of the performance point requires the calculation of an equivalent damping since the
method is similar to a linear method based on a secant stiffness. The formulae given by Priestley has been
used:

 





−⋅+= βµ

αζζ 11e  with • •  between 20 et 30% and •  between 0.5 et 1



NEA/CSNI/R(2001)13/VOL2

24

The value of elastic damping has been chosen equal to the measured damping value determined with a
random noise which is lower than the suggested value by [6] for reinforced concrete building: the
measured value corresponding to the first eigenmode is equal to 2% versus 5% for the suggested value.





 −⋅+= 5.0

11202 µζ %

Main results
The determination of the performance point is not direct if one wants to determine the displacement
corresponding to a certain earthquake level: one must iterate to obtain the coherence between the
displacement and ductility demand and the damping value. In order to avoid iterations, it was preferred to
determine the level of acceleration corresponding to a certain displacement in the present study.
Table 1 shows the main results: the level of earthquake necessary to obtain each target displacement and
ductility demand is given for the 2 types of earthquake. This table shows that, for the low level of input, the
Melendy Ranch earthquake is more demanding than the Nice earthquake which is in accordance with the
elastic response spectra of the 2 signals. When the structure becomes strongly non linear, it is the opposite:
the Nice signal is more demanding.
Table 2 shows the main experimental results. The comparison with Table 1 shows a quite good agreement
with the predictive calculations.

Table 1: Correspondance between displacement and seismic level  for 2 types of signal

Spectral
displacement

Top
displacement

Ductility Equivalent
damping

Seismic
level for

Nice

Seismic level for
Melendy Ranch

4mm 5.6mm <1 2% 0.14g 0.13g
9.3mm 12.9mm 1 2% 0.2g 0.26g
15mm 20.8mm 1.61 4.2%+2% 0.48g 0.54g
20mm 27.8mm 2.15 6.4%+2% 0.58g 0.95g
30mm 41.7mm 3.22 8.85%+2% 0.83g 1.67g
40mm 55.6mm 4.30 10.3%+2% 1.01g 2.14g

Table 2: Main experimental results

Signal Nice 0.42g Nice 0.22g Melendy Ranch
1.35g

Nice 0.64g Nice 1.0g

Displacement at 4th storey / / 18.5 mm 20.5 mm 34.6 mm
Displacement at 5th storey 7.0 mm 4.3 mm 29.2 mm 27.5 mm 47.1 mm

Top displacement
(at 6th storey)

/ / / 34.9 mm 58.8 mm
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Fig 5 : ADRS response spectra of the French PS92 design code and Nice and San Francisco signals
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TIME HISTORY ANALYSIS OF A 4 STOREY REINFORCED CONCRETE FRAME

Characteristics of the experimental campaign on the 4 Storey Structure
Two full-scaled reinforced concrete specimens have been tested with the pseudodynamic testing method in
JRC Ispra. The 2 specimens have identical concrete frame designed essentially for gravity loads and a
nominal load of 8% of its weight but have been tested in several configurations (bare frame, infilled frame
before and after reparation and strengthening). Its reinforcement details were specified to be representative
of buildings constructed over 4. years ago in European Mediterranean countries such as Italy, Portugal and
Greece [13], [14].
The present paper concerns only the bare frame structure without strengthening. This structure has been
tested with 2 signals representative of 475 years and 975 years return periods. The second tests have been
interrupted in order to limit the damage in the structure and be able to strengthen it. The behavior of the
bare frame structure has been mainly dominated by the stiffer column which changes of geometry and
reinforcement between the 2nd and the 3rd storey. During the 975 years return period test, damage and
interstorey drift concentrated in the 3rd storey (maximum value: 2.41%). Damage was limited to some
slight crushing in the stiff column.

NUMERICAL MODEL OF THE STRUCTURE

The non linearities have been assumed concentrated in localized plastic hinges at the extremities of the
columns and beams modeled with the non linear fiber type beam element. The length of plastic hinge has
been taken equal to the column width for this study. Elastic Bernoulli beam elements with linear curvature
have been used for the central part of the columns and beams. A 20000 MPa Young modulus has been
considered for the elastic behaviour. Effective width of the slab has been taken equal to 2.00 m, 0.85 m and
0.25 m in the 3 different models used for this study. This assumption can strongly changes the elastic
stiffness and ultimate strength of the beams and so the strength of each storey and the global failure
mechanism.
For example, the 1st natural frequency depends strongly of the effective width: 1.59 Hz for the model with
2.00 m effective width vs 1.29 Hz for the model with no slab contribution.
A damping matrix proportional to the stiffness matrix has been considered with 2% damping on the 3rd

natural frequency (about 7.0Hz). The damping has been reduced in the non linear elements by a factor
equal to 10.
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DYNAMIC ANALYSIS

Dynamic computations with the signals representative of the 475 years, 975 years and 3000 years return
periods have been conducted. The main global results are given in Table 1. Whereas the displacement and
drifts are quite well predicted for the 475 years return period signal, one may remark the strong
underestimation of these values for the 975 years signal since the damage is not cumulated in the
computations at the opposite of the tests. These difference can also be explained by the limitations of the
numerical constitutive law since the global strength has also been overestimated.
The results of the dynamic computations have been analyzed by defining a local curvature demand •  and a
damage index D function of the ultimate and yielding curvatures:

yieldingφ
φµ max=  and 

yieldingfailure

yielding
D φφ

φφ
−

−= max

The ultimate curvatures • failure are given by a preliminary section analysis and correspond to the local
failure criteria of 0.35% in compression (for concrete) and 5% in tension (for steel). For the model with no
slab contribution, the local damage index was maximum at the 3rd storey for the criteria compression and
equal to 0.168, 0.245 and 0.964 respectively for the 475, 975 and 3000 years return period signals.
The non linear computations give also the shear demand in all the structural members. Table 2 gives the
shear forces and shear stresses in the stiffer column in the 1st and 3rd storeys. The shear demand has been
compared to the shear strength computed with the Priestley’s formula [6]. In this formulae, the shear
strength is separated in the contribution of steel, of concrete and of the inclined axial force. In the table, the
contribution of steel and concrete have been given together (the stirrups provide a uniform shear strength
of 0.60MPa). The shear demand remains lower than the shear strength calculated for a low ductility
demand. This is in accordance with the experimental results and the fact the structure sustains the 475
years return period earthquake without damage.
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Table 2. Main numerical results – Bare frame (model with no slab contribution)

475 years
numerical

475 years
experimental

975 years
numerical

975 years
experimental (1)

3000 years
Numerical

Max. acceleration 2.18 m/s2 2.18 m/s2 2.88 m/s2 2.88 m/s2 4.27 m/s2

Top displacement 71.5 mm 60.8 mm 77.8 mm(2) 116.7 mm 167.4 mm
Base shear 219 kN 209 kN 272 kN(2) 217 kN 304 kN

Drift at 4th storey 0.58% 0.46% 0.70%(2) 0.91% 1.47%
Drift at 3rd storey 0.76% 0.79% 0.91%(2) 2.41% 2.25%
Drift at 2nd storey 0.81% 0.73% 0.96%(2) 1.03% 1.76%
Drift at 1st storey 0.63% 0.44% 0.85%(2) 0.63% 1.86%

(1) The test was interrupted after 7.0s (2)Max. values are reached before 7.0s

Table 3. Shear demand in the column 3 (stiffer column)

475 years 975 years 3000 years Shear strength
(high ductility)

Shear strength
(low ductility)

3rd storey
Shear forces
Shear stress

108.1 kN
0.865 MPa

118.1 kN
0.945 MPa

126.0 kN
1.01 MPa

(217.+53.7) kN
(1.74+0.43) MPa

(100+53.7) kN
(0.80+0.43) MPa

1st storey
Shear forces
Shear stress

202.1 kN
1.35 MPa

184.9 kN
1.23 MPa

218.3 kN
1.46 MPa
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Fig. 7. Full scale 4 Storey Reinforced Concrete Frame tested at Ispra (configuration with masonry infills)
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Fig. 8. Top displacement and base shear force - Model with no slab contribution

CONCLUSIONS

The present paper gives some general consideration about the application of non linear modeling to the
seismic assessment of existing reinforced concrete buildings.
Push over and time history analysis have been conducted with a non linear fibre type beam element and
have shown the capability of such modeling to reproduce the complex physical phenomena which can
occur during a seismic loading. These non linear models allow to estimate the local flexural ductility
demand and check the shear demand in the main structural members.
The good agreement between numerical and experimental results for the 2 different structures studied in
the present paper must not make forbidden the difficulties in the application of such modeling to the
seismic assessment of existing structure. One of the main difficulties is the definition of the damage index:
what can be defined as failure ?, for which level of damage are designed the structures such as the nuclear
facilities ? Furthermore the lack of common rules for the seismic assessment of nuclear facilities make
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problematic the choice of some modeling parameters such as the damping matrix, the strength of the brittle
failure mechanisms, the influence of the construction details on the modeling parameters, etc… Documents
similar to the FEMA 273 Guidelines might be developed specifically for the nuclear facilities.
Finally the approaches applied to the study of the 2 structures rermains deterministic. A next step is to
determine the fragility curve of the structure and compute a failure probability by convoluting fragility and
seismic hazard. Although this approach is very attractive in term of safety analysis, one must not forget the
problem carried out by the new parameters to introduce: enough experimental results are they available to
determine the density of probability of local failure ?
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SUMMARY

Ageing is a fact of life. This applies for structures as well. Re-evaluation of structures therefore has
become standard procedure and offers the chance to look at situations in the light of the newest
technologies. Recent outstanding development in the field of traffic infrastructure can be applied to the
nuclear facilities in order to improve existing methodologies. This contribution elaborates the options
bridge monitoring methods offer for the assessment and seismic re-evaluation of nuclear facilities. The
BRIMOS approach is based on the fact that the condition of any structure is represented in it’s dynamic
behaviour. The so called “Vibrational Signature” contains all information necessary for a detailed
assessment and evaluation. The tools already in use comprise :
•  Parametric excitation, where spectra from external sources, such as earthquakes, are compared to the

structure’s response
•  Frequency analysis, where the response of the structure is monitored over a period of time and trends

can be extracted
•  Damping evaluation, where information content of the Vibrational Signature is extracted to allocated

weak points and damages in the structure.
•  Eigenform analysis, which allows a prediction of the behaviour of the structure under extreme loading

conditions.
•  Furthermore loading history, life expectancy, fatigue condition, influence of environmental loads and

operation conditions are assessed.
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Fig. 1 Development of Resistance over time

Monitoring the quality of
structures comprises a
wide field of engineering
tasks. The most promising
recent development has
been achieved with
Ambient Vibration
Testing and dynamic
System Identification
tools. Therefore this
contribution concentrates
on this subject.

2. BRIEF HISTORY

Mechanical engineers of the last century already predicted that the vibrational signature of structures and
components contains all relevant information for assessment. Tests with simple structures, such as masts,
date back to the early twenties. After WW2 the development was guided by the limited means available for



NEA/CSNI/R(2001)13/VOL2

33

testing and calculations. All kind of strain gages were developed and other sensors tested. The seventies
brought the first applications of field accelerometers with computer aided data processing. The Forced
Vibration Testing (FVT), as applied by EMPA [4] in Switzerland or ARSENAL in Austria, gave
remarkable results at small and medium structures. The breakthrough came with the development of
powerful PC’s and sensors in the nineties. This step was documented by the contributions to the 1995
IABSE Symposium in San Francisco [2,5,8]. Ambient Vibration Testing (AVT) became feasible and
powerful. It becomes more and more accepted by practicing engineers and attracts research and
development.

3. INTRODUCTION TO AMBIENT VIBRATION TESTING

Ambient Vibration Testing does not require a controlled excitation of the structure. The structures response
to ambient excitation is recorded in a large number of points. By the application of system identification
technologies the frequency response functions are determined and analyzed [6]. For large and flexible
structures, such as suspension bridges, cable stayed bridges or high-rise buildings it becomes too difficult
and costly to provided controlled excitation at levels which are significantly higher than the excitation
provided by ambient sources. The method only requires the measurement of the response to ambient
excitation which might be caused by wind, traffic, waves or micro seismic activity. It is assumed that the
excitation is relatively smoothly distributed in the frequency band of interest. Than the natural frequencies
and mode shapes of the structure can be identified and it becomes possible to estimate damping values
associated with individual modes [7]. The main advantage of this method is that normal operation, such as
traffic, does not have do be influenced or shut down during testing. Traffic is a welcome source of
excitation which usually provides good wide band excitation but also deserves attention on tricky side
effects as demonstrated in coming chapters. A typical layout for a monitoring system is shown in Fig. 2.

Several dynamic investigations of large complex civil structures, especially bridges, have been carried out
by various research institutes. Research and development activities are recorded in parallel in Europe,
America and Japan. A couple of institutions in the U.S.A i.e. the Columbia University and the University
of Connecticut are developing prediction methods and are working with damage laws [2,5].
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Fig. 2 Mobile system for ambient vibration testing

In Japan and the Far East large monitoring systems are very common and the Sensor technology is
advanced [8]. But little has been published on the progress in system identification technologies. In Europe
mobile systems have been applied successfully, so that a great number of structures were tested and the
request for better system identification tools became imminent [11].
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The procedure of ambient vibration testing is
straight forward. A theoretical model for the
structure to be tested is created and the basic
frequencies and mode shapes are determined as
desired by the planer. Based on the geometry a
layout of measurement points is decided and the
measurement is taken under normal operation
conditions [12].

Already on site the spectra are determined and
compared with the theoretical values. The deeper
analysis is than carried out in the home office. The
result can be a comparison of desired behavior and
actual behavior but also a change of behavior
within a time frame, which means development of
the structure over time (Fig. 1). The information
content of the records is almost unlimited and in
most cases the costs determine the depth of
investigation.

A classification of results may be done using Fig.
3.
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4. SYSTEM IDENTIFICATION TECHNOLOGIES

System identification means extracting the dynamic characteristic of bridges or other civil engineering
structures from vibration data. The vibrational characteristic serves as input to model calibration and damage
identification algorithms. Technical development work is carried out all over the world on this subject. For
reference the BRITE-EURAM Project SIMCES (System Identification Methods for Civil Engineering
Structures) is referred too. Special attention was paid to techniques making use of operational data.

4.1 Peak-picking

A first method to estimate the modal parameters of a bridge based on output-only measurements
(accelerations) is the rather simple, but very effective, peak-picking method. The method is widely used and
practically implemented by VCE [11], EMPA [7], BAM and others.

In this method the natural frequencies are determined as the peaks of the Averaged Normalized Power-
Spectral Densities (ANPSDs). The ANPSDs are basically obtained by converting the measured accelerations
to the frequency domain by a Discrete Fourier Transform (DFT). The coherence function computed for two
simultaneously recorded output signals has values close to one at the natural frequencies. This fact also helps
to decide which frequencies can be considered as natural.

The components of the mode shapes are determined by the values of the transfer functions at the natural
frequencies. Note that in the context of ambient testing, transfer function does not mean the ratio of response
over force, but rather the ratio of response measures by a roving Sensor over response measures by a
reference sensor. So every transfer function yields a mode shape component relative to the reference sensor.
Here it is assumed that the dynamic response at resonance is only determined by one mode. The validity of
this assumption increases as the modes are better separated and as the damping is lower. The method has
been used successfully at VCE and EMPA for a large number of structures.

4.2 Least Square Method

Is has been shown that, under the assumption that the system is excited by stationary white noise, correlation
functions between the response signals can be expresses as a sum of decaying sinusoids. Each decaying
sinusoid has a damped natural frequency and damping ratio that is identical to that of a corresponding
structural mode. Consequently, the classical modal parameter estimation techniques using impulse response
functions as input like Polyreference LSCE, Eigensystem Realization Algorithm (ERA) and Ibrahim Time
Domain are also appropriate to extract the modal parameters from response only data measured under
operational conditions. This technique is also referred to as NexT, standing for Natural Excitation Technique.

4.3 Stochastic subspace identification
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Unlike the two previous methods the stochastic subspace identification method directly works with the
recorded time signals. The peak-picking method requires frequency domain data while the polyreference
LSCE method needs the correlation functions between time signals [10].

The method assumes that the dynamic behavior of a structure excited by white noise can be described by a
stochastic state space model (this statement can be justified):

kkk wAxx +=+1 (1)

kkk vCxy += (2)

where kx  is the internal state vector; pn  is the number of poles; ky  is the measurement vector and kk vw ,

are white noise terms representing process noise and measurement noise together with the unknown inputs;
A  is the state matrix containing the dynamics of the system and C  is the output matrix, translating the

internal state of the system into observation.

The subspace method than identifies the state space matrices based on the measurements and by using robust
numerical techniques such as QR-factorization, Singular Value Decomposition (SVD) and least squares.
Loosely said, the QR results and a significant data reduction, whereas the SVD is used to reject the noise
(assumes to be represented by the higher singular values). Once the mathematical description of the structure
(the state space model) is found, it is straightforward to determine the modal parameters (by an eigenvalue
decomposition); natural frequencies, damping ratios and mode shapes.

4.4 Mode Shapes

The real vibration shapes of a structure consist of the mode shapes corresponding to the natural frequencies.
Therefore the mode shapes are - beside the natural frequencies - the second important quantities describing
the dynamic behavior of a structure. Measurements of the global vibrations in discrete points contain the
contributions of the single mode shapes to the global dynamic behavior at these locations. After identifying
the natural frequencies in the ANPSD the acceleration records are transformed into displacement records by
a double integration process. Transformation of these time domain displacement records into frequency
domain and normalisation of the displacement
spectra leads to the displacement values for each natural frequency at each measurement location. The
measured mode shapes are compared to the computes ones using MAC techniques (Modal Assurance
Criteria).

4.5 Damping

Beside the natural frequencies and the corresponding mode shapes the damping coefficients are the
third factor used for describing the dynamic response of a structure. The frequency dependent damping ratios
are important criteria for structural assessment due to the fact that these ratios increase significantly when the
structural resistance decreases – in other words, high damping ratios are an indicator for reduced safety.
Especially prestressed concrete bridges show a distinct increase of the damping ratios when the cross
sections change from uncracked to cracked state (i.e. due to loss of prestressing force). The damping ratios
are extracted from the measured acceleration records by using the Random Decrement Technique (RDT).
This technique was developed by NASA in the early 70-ies. It is based on the idea that averaging segments
of time series of the response of a stochastic loaded system describe the system properties cleaned from the
traces of the stochastic load [12].
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4.6 Assessment of the Structure

When  dealing with wind the so called "aerodynamic derivatives" are used for assessment. It is proposed to
introduced so called “structural dynamic derivatives”, which are based on a similar idea. The most desired
system parameters are the real stiffness and the damping of the structure. The stiffness varies with time and
is influenced by creaking of concrete structures. Material damping represents the actual condition of the
material with respect of  fatigue and lifetime development, and system damping represents the capacity of
the structure to dissipate energy (i.e. friction in bearings etc). When the actual stiffness of a structure,
obtained from measurement, is known, it is a simple task to introduce it into the calculation and rerun the
structure. This gives a distinct value for the remaining structural capacity. It can be expressed in a
percentage.

5. QUALITY ASSESSMENT AND DAMAGE DETECTION

The use of the described tools and the key-points under discussion are most usefully described in examples.

5.1 Assessment of Cables

Cable stays are exited by moderate wind and rain. Out of many cables only a few are concerned. Monitoring
is able to identify those cables where the critical damping is below 0.3%. Adequate damping measures can
be designed with the data and the effectiveness can be tested after installation. The method was applied at a
couple of cable stayed bridges already. One of the most regent cases was the new Donaustadt - Bridge in
Vienna which spans the Danube with an eccentric main span of 186 meters. 8 out of 20 cables where
effected by the phenomenon and the problem was solved by installation of tiny tie ropes between adjacent
cables.
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5.2 Vibration Mitigation

Two reduce noise and particular vibration emissions of railway lines mass spring systems have been
developed during the past year. The vibration attenuation capacity of such systems depends on the natural
frequency and the damping ratio which are controlled by the mass and the spring stiffness. The effectiveness
of such systems can be tested by the described system identification technologies. Series of tests are carried
out to conform the design integrity of the system. The thermal behavior of the huge concrete mass, a couple
of 100 meters of concrete mass is pureed in one piece, the actual displacement under train loads and the
vibrational behavior is monitored. The finite element calculation can be calibrated by the results and the
transfer functions from the sources of vibration to the target structures is determined. The quality of a design
idea is assessed as well as the function in reality is documented. As and example the 1,176 m long continuos
mass spring system of the Zammer Tunnel for the Austrian High Speed Railways is presented (Fig. 5). It was
found that the targets have been over fulfilled which provided the basis for more economic design in the 2.
case where the technology has been applied.
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Fig. 5 Mass-spring-system of Zammer tunnel and frequency attenuation

5.3 Damage Identification

Construction joints of concrete bridges built in the 1960’ies represent notorious week points. The Großram –
Bridge is a typical continuos structure built by the advancing shoring method. During earlier inspections a
defect construction joint was identified. The joint opened under heavy loads exposing the prestressing
tendons to moisture and salt attack. The joint was repaired and strengthened by clued fibre plates. The task
for the monitoring team was to assess the quality of the strengthening work and the function of this important
structure. It was demonstrated that the damage was repaired successfully and the capacity of the structure
was restored. The assessment was carried out using Modal Assurance Criteria (MAC) which provide figures
for modal fitting between calculations and test data. Fig. 6 shows the superimposed modes in theory and
practice.
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Fig. 6 Comparison between calculated and measured data

5.4 Pier Settlement

System identification is a most valuable tool for the determination of soil structure interaction phenomena.
The most common simple assessment by the engineer, that piers are rigidly connected to the ground can be
quantified by measurement carried out under operation.
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Fig. 7 Displacement of the structure under heavy traffic

The best indicator is a change in mode shape as shown in Fig. 7 for
the Gurk – Bridge where a pier settles periodically with heavy
loading. This settlement with a period of 20 sec. and a displacement
of 8 mm indicates a beginning damage of the foundation. This
findings led to immediate action by additional supports to the
structure to avoid a collapse. The displacement should be very close
to zero of piers in continuous structures. In Fig. 7 the settlement of
the pier is obvious.
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5.5 Power Plant Buildings

The dimensions of the load bearing columns and members of power plant buildings are depending on the
assessment of realistic loading from wind-forces, life-load and accidental loads. When an existing system
is measured and the results are compared to the design, experience can be gained for the design of future
projects. Another benefit in buildings is the determination of real displacement, which has influence on the
design of the cover and other structural elements. Currently under development is a method to assess
precast panels of major structures on instability or their potential of failure. The comparison of the
vibrational characteristic of neighboring similar panels provides an easy and quick option for assessment.
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5.6 Assessment of old Steel Structures

There are huge numbers of bridges older than 100 years in our railway systems. The desire for higher axial
loads and higher speed of trains requires an assessment of these structures. The fact, that these bridges very
often consist of a number of equal single span girders allows a typical qualitative comparison between each
other. While monitoring the 5 span railway bridge across the Danube at Tulln differences in the vibrational
characteristic could be identified as repair actions after damages during the 2. world-war. The correct
acting structural system including the effect of the repair-works could be established and the finite element
model now represents the real behavior of the structure.
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In addition the assessment of the remaining life-time of the structure was carried out with the use of the
load collective determined from the railway-data and the comparison to typical Wöhler Diagrams. In Fig. 8
a typical life expectancy for a 100 year old railway bridge is shown. It has to be noted that a perfect
assessment of the remaining life-time is impossible due to the high scatter of the fatigue tests. Anyhow a
secure remaining life-time can be determined.

5.7 Assessment of Structural Elements

Structural elements of steel bridges may experience dramatic changes in loading when bridges are
retrofitted or strengthened. System identification also serves for the determination of the behavior of single
members within a complex structure (Fig. 9). In case of the record breaking Europa - Bridge an additional
lane was introduced and the structure had to be widened by 3 m. This creates unbalanced systems for the
orthotropic deck which has considerably larger cantilever arms now. The behavior of the cross-section had
to be determined to find out the real loads on diagonal beams.
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5.8 Structural Control by Tele-Monitoring

Fig. 10 Animated first mode of the St. Marxer Hochstraße

Permanent monitoring of structures enables the engineer to gather data on the long-term performance of
bridges. When the system is clearly identified, each new recorded response can be classified and counted.
After a reasonable amount of time sufficient information for a realistic fatigue calculation are collected. A
side effect is the identification of extraordinary loads on the structure.
For this purpose a bridge in Vienna was instrumented with a Tele-monitoring system, consisting of
accelerometers linked with a Video-system, that provides information on the traffic conditions at certain
structural response levels. The well-known thesis, that high-loads at low speed are less harmful to the
structure than standard loads at excessive speed, proved to be valid. Furthermore this type of
instrumentation provides the chance to get actual traffic information via Internet.

5.9 The Effect of Temperature and Traffic Loads

It was found that the temperature effect might be dramatic in case of very rigid structures with small spans.
In case of major bridges this effect can be neglected in the assessment of the vibrational characteristic. At
the Schottwien – Bridge with a main span of 250 m and 12 m high girders at the support measurements
were taken over a temperature range of 17°. Due to the fact that this bridge is virtually unloaded every
night very clear ambient signals have been received. The change of the dominant first Eigenfrequency is
within 1% over the full temperature range and can therefore be neglected. This phenomenon has been
confirmed on other major structures. In minor structures the strain from temperature changes the
characteristic within a range of 5%, which can not be neglected anymore. The results have to be calibrated
by statistical means. Therefore it is essential to record the ambient temperature at each monitoring action.
The effect of traffic loading on the bridge was tested at the Nordbrücke where 105,000 vehicles pass daily
with distinct peaks at rush hour. It was demonstrated that the method can deal perfectly with different load
scenarios.
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Fig. 11 Effect of vehicle load on the vertical modes (24 hours)

5.10 Quality Control of Construction

The vibrational characteristic changes with each construction stage. Monitoring instruments are able to
record these changes and therefore confirm the quality of construction steps carried out. Another benefit is
that major impacts are recorded which might influence the quality of the structure. In case of cable stayed
bridges the stresses in the cables can be monitored and compared to the desired values. Another application
is the check of the removal of temporary fixations during construction. Complex systems can so be
checked easily as demonstrated in Fig. 12.
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Fig. 12 Hall West Bridge, effect of the release of a horizontal restraint
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5.11 Assessment of Prestressing Cables

Due to the growing importance of external prestressing assessment tools are desired for the existing
structures. With the application of similar algorithms as used for stay cables the external prestressing
cables can be assessed on the actually existing forces and on the global behavior of the structure, particular
after retrofit measures. As an example the Mur-Bridge St. Michael is shown, where excessive
displacements have been stopped by external cables. The cables have been assessed one by one by
acceleration measurement and the safety of the global system was determined.
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Fig. 13 Simple measurement of spectrum and related cable frequencies

6. OUTLOOK

Structural monitoring is in the transition phase from being scientific and educational only to commercial
exploitation. The research and development work is still too much concentrated on basic research. In the
5th Framework program of the European Union monitoring plays a key role with the key-words on
structural assessment and damage detection. Due to the end-user orientation these projects will come up
with practical solutions for the engineering society. It is planed to form a cluster of projects consisting of:

� A bridge monitoring project including damage detection
� A high-rise building monitoring project including wind design optimization
� A cultural heritage monitoring project including detail assessment of surfaces
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� A demonstration and data collection project providing free access to data
� A basic research project on damping and related issues

Two main facts are hindering the dissemination of the methods. First of all good equipment is rather
expensive and suffers from the rough construction environment. The application requires expensive
specialists which increases the costs of the action. The second problem is the absence of monitoring in the
education of structural engineers and the related low level of information in the clients organizations. The
enormous potential of monitoring is widely unknown.

Considering all this facts future key-actions shall concentrate on:

� The development of reliable, cable-less monitoring systems which can be purchased at reasonable
costs

� The development of software-tools for application by concerned engineers without the necessity of
expensive specialists

� The education of the engineering society with respect to monitoring and its potential

Considering the experience made with over 60 structures monitored, where 20% of the cases showed
considerable differences between design and reality, monitoring should find its way to be a standard tool
for structural engineers in future.
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Abstract

  A periodic safety review (PSR) for Kori NPP is currently in process in Korea. Based on the research
activities related to seismic re-evaluation for the existing NPPs, several technical issues are briefly
introduced with countermeasures and improvements in this paper. Geological and seismological
investigations, which include evaluation of capable faults and estimation of maximum credible earthquake
for the NPP sites, were carried out in this study. Based on the recorded earthquake an attempt was made to
develop a site-specific response spectrum. Earthquake monitoring network is installed on the outskirts of
NPP sites to identify seismic activity. For reducing uncertainties of the probabilistic seismic hazard
assessment (PSHA), a research work was performed. Seismic qualification of equipments for the
unresolved safety issue (USI) A-46 NPPs is introduced. The post-earthquake procedure including selection
of base lines and a seismic damage indicator is developed to provide guideline for better post-shutdown
inspection and test. A study to evaluate tunamic risk is introduced. In the future, further implementation to
resolve seismic safety issues is to be made.

1. Introduction

The Kobe earthquake in Japan not only disclosed the fact that even a low seismicity area could bring
forth a large magnitude of earthquake but also made us realize the importance of aseismic countermeasures
and seismic design criteria. Even though little earthquake damage has occurred throughout the 20th century
in Korea, historical record reveals that earthquakes incurred significant damage in the Korean history over
2000 years. In December 1996, the earthquake with magnitude 4.5 stroke the Yongwol area located in the
middle eastern part of Korea, spreading impact on the whole Korean peninsula. In June 1997, the Kyungju
earthquake with magnitude of 4.3 concerned many people because its epicenter is located on the strike of
the Yangsan fault, which is regarded as a potential active fault by several seismologists. Kori and Wolsung
NPPs are located approximately 20 km far away from the Yangsan fault. In these regards, seismic design
requirements have been strengthened to all the structures in Korea since 1999.
  Over 40% of total electricity generation in Korea depends on 16 units of NPP in operation. Since the first
commercial operation of NPP in 1978, there have been substantial developments in safety standards and
practices, and, in technology, better analytical methods and lessons learned from operating experience in
Korea.
  The objective of a PSR is to determine by means of a comprehensive assessment of an operational NPP,
whether the plant is safe as judged by current safety standards and practices, and whether adequate
arrangements are in place to maintain plant safety. A PSR for old NPPs in Korea is in process since 2000.
It is expected that the results of PSR for operating NPPs be of great use not only for feedback of the design
improvement for future NPPs but also for evaluation of the old NPPs for life extension. In this paper, the
present status of a PSR for NPPs is described with countermeasures and improvements. The PSR for
Korean NPPs in this paper includes 1) evaluation of capable fault and maximum credible earthquake, 2)
evaluation of design response spectrum 3) improvement of Soil-Structure Interaction (SSI) analysis
technologies, 4) seismic qualification for equipments, 5) improvement of uncertainty in PSHA, 6) NPP
response to an earthquake, and 7) evaluation of tunami risk.
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2. Evaluation of Capable Fault and Maximum Credible Earthquake

The Yangsan fault trending NNE-SSW is one of the latest major faults developed in the Korean
peninsula. It is about 200km long and located in the southeastern part of Korea. There have been
arguments over whether the Yangsan fault is capable and can be a seismic source, thus jeopardizing the
safety of NPPs. Most of the Quaternary faults are very steep and found in or near Quaternary alluvial
deposits (Okada, 1999). Historical earthquake records are concentrated around Kyongju City in the central
part of Yangsan fault. Kyongju was an ancient capital city about 1,500 years ago and populated area at that
time (Lee, 1991). Several geologists insist that the Yangsan fault be active based on the concentration of
historical earthquakes near Kyungju but they failed to provide clear evidences.

The Ulsan fault trending NNW-SSE strike is about 50km long and located next to the Yangsan fault.
According to previous studies the Ulsan fault was considered as not a fault but only a long lineament
because of no displacement found along it. Recently, several quaternary faults were reported in the
northeastern part of the lineament. Some experts pointed out the activity of the Ulsan fault with reference
to the seismic safety of the Wolsung NPP located about 20km from the fault. Studies in recent years show
reverse faults in Quaternary deposit at several sites located in the eastern block of the Ulsan fault. And the
results also reported two fault movements and liquefaction phenomena resulting from MMI IX earthquake
(Kyung, 1997). At present there are some reports on Quaternary faults near the Ulsan fault but there is no
direct evidence supporting that the Ulsan fault is a seismic fault.

These studies have only focused on age dating of Quaternary faults at specific outcrops without
quantitative paleoseismic evaluation from the faults. Recently, a long-term research project has just been
launched to interpret the segmentation of the fault, to analyze the development of the fault, to develop
domestic active fault criteria, and to evaluate quantitative seismic potential for the NPP sites.

For the future NPP sites to be located next to the existing Kori and Wolsung NPPs, comprehensive
investigations are in progress and research projects are scheduled to determine the activity of faults, site
suitability, and seismic safety. Basically, lineaments will be re-evaluated through aerial photographs,
satellite image interpretation and trench survey across the lineaments faults will be performed.                

The paleoseismologic data from detailed observation of trench sections and age dating data for the
Quaternary sediments, fault rocks and gouges will provide us information on the fault movement age and
recurrence interval, slip rate, maximum displacements and so on. Various methods for age dating will be
applied.

In the near future, it is expected that a capable fault criteria suitable for Korean geological environments
will be recommended by Korean Institute of Nuclear Safety (KINS). Based on the  new capable fault
criteria, previously known Quaternary faults will be re-evaluated for the activity of faults and its effect on
NPPs.

3. Evaluation of Design Response Spectrum

  Due to the lack of the earthquake data, instead of using site-specific response spectra for the seismic
design of NPP in Korea, the standard design ground response spectra of U.S. NRC reg. Guide 1.60 have
been applied. A research work is carried out to evaluate the design response spectrum on the assumption
that the geological and seismological characteristics of the Korean Peninsula are analogous to those of the
stable continental regions.

Two methods, the empirical and the synthetic methods, are applied to develop the site-specific response
spectra of NPP sites. For the empirical method, compatible earthquakes in the world should be selected
because of the lack of domestic earthquake data. The criteria and procedures to select compatible
earthquake are developed considering the source mechanism of earthquake, propagation property of
seismic wave and amplification properties of the site. For the synthetic method, a synthesizing program is
made and input data of seismic source are defined. With the selected and synthesized earthquake data, the
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procedures of developing site-specific response spectrum are established. The compatible earthquakes
detected in the stable continental regions are selected.

For the empirical method, firstly, the procedure and the method to evaluate the similarity of the
earthquakes in the world are established. Secondly, the evaluating items are quantified. Lastly, several
compatible earthquakes are selected and their response spectra are calculated. The response spectra
developed show that the standard response spectra are conservative at low-frequency range and peak
responses are indicated around 10Hz. It is known that the similar results have been discussed in the eastern
USA (EPRI, 1995).

To make synthetic earthquake from the small earthquakes occurred in Korea, the method that
synthesizes a large earthquake from a small earthquake with seismic source data was developed. To predict
the large earthquake, the actually measured large and small earthquakes that occurred at the same source is
necessary. Unfortunately, there are very few applicable earthquake events in domestic data. As a result of
applying the synthetic method with one event, the response spectrum is similar to that of compatible
earthquakes (See Fig. 2). It may be noted that the results of the two methods indicate a consistency.

For the practical usage of the method, a proper theory should be developed and actual earthquake data
should be accumulated. Stochastic method (Boore, 1983) could be one of alternative methods to gain site-
specific large synthetic earthquakes.

Fig. 2 Comparison of response spectra developed by empirical and synthetic methods

The earthquake parameters such as peak ground acceleration, spectral acceleration and duration time of
ground motion should be obtained from the recorded data for engineering purpose. To measure strong
earthquake, earthquake observatory networks have been established, which consist of eight earthquake
observatory stations (excluding four stations established by KINS) in the vicinity of the four NPP sites
(See Fig. 3). Individual stations are equipped with a seismic accelerometer, a velocimeter and a recorder.
Recorded data from these stations are transmitted to the seismic monitoring center of Korea Electric Power
Research Institute (KEPRI) and analyzed in real time basis. KEPRI plans to install five additional
earthquake observatory stations near the Yangsan fault by 2002 and connect with Korea Integrated Seismic
System (KISS).

This system will serve as a cornerstone significantly contributing to develop site-specific ground
motion attenuation relation, design response spectrum, etc. as well as to provide useful data to evaluate
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earthquake effects on the NPP. It is expected to identify the characteristics of seismic activities in the
Korean peninsula.

              Fig. 3. Earthquake Observatory Network for NPPs sites

4. Improvement of Soil-Structure Interaction Analysis Technologies

It is difficult to accurately estimate the SSI effect because of many uncertainties of complicated soil
properties. Moreover, available techniques and computer codes for SSI analysis may give quite different
results depending on their different assumptions and limitations in spite of remarkable development of SSI
analysis procedures and theories.

To solve these kinds of essential SSI problems, KEPRI has actively participated in the Hualien project
under the leadership of EPRI and Taipower since 1990 (KEPRI, 1995). The Hualien project was initiated
to obtain earthquake-induced SSI data, to identify the nonlinear soil behavior due to strong motion and
near field earthquake characteristics, to verify the convolution and deconvolution methods considering soil
stiffness reduction, and to define the input motion for SSI analysis. A quarter scale reinforced concrete
containment model was constructed at Hualien in Taiwan where strong earthquake motions frequently
occur.  On the basis of various SSI analysis experiences and the obtained earthquake data, KEPRI has
developed the advisory software program to guide SSI analysis and improved the probabilistic approach
for SSI analysis to quantify the uncertainties of SSI input parameters (KEPRI, 2000).

To verify the developed SSI analysis program, the analytical results were compared with the actual data
recorded in the Hualien large scaled seismic test (LSST) model. As shown in Fig. 4, maximum difference
between analytical and recorded results is 9.4 % for the fundamental frequency and 16 % for the peak
acceleration at the wall of Hualien LSST model (See Fig. 4).  These results indicate that the developed SSI
analysis program is reliable and accurate in comparison with the existing SSI analysis techniques.

In order to enhance the reliability of SSI analysis, KEPRI is carrying out a long-term research project
funded by Ministry of Science and Technology of Korea, to evaluate shear stress-strain histories in soil
directly from the free-field downhole accelerations (Elgamal, et al, 1995). KEPRI is to develop the spatial
variation functions, which can provide a complete description of the statistical properties of the horizontal
components of the seismic wavefield based on the recorded earthquake data of Hualien LSST model
(EPRI, 1992).
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Fig. 4 Comparison of analytical results with recorded results

5. Seismic Capability Evaluation for Equipments

  The seismic capability evaluation of equipments should demonstrate an ability to perform its required
function during and after the time, which is subjected to the forces resulting from design basis earthquake.
The IEEE 344 described the seismic test and analytical methods as seismic qualification methodologies for
the mechanical as well as electrical equipments.

There are three USI A-46 "Seismic Qualification of Equipment in Operating Plants," and eight USI A-
40 "Recommended Revisions to NRC Seismic Design Criteria" NPPs in Korea. For the resolution of the
USI A-46, EPRI has formed the seismic qualification utility group (SQUG) and developed the generic
implementation procedure (GIP), which is an alternative verification method for seismic adequacy of the
equipment (SQUG, 1993). For the resolution of the USI A-40 Lawrence Livermore National Laboratory
funded by U.S. NRC has performed a long-term research program, seismic safety margin research program
(U.S. NRC, 1984). The current licensing basis has been developed on a basis of the results of this program.
IAEA recommended that all the operating plant including A-46 plants should perform a PSR to comply
with the current licensing basis.

For the resolution of the seismic safety issue, the use of two approaches, that is, seismic margin
assessment (SMA) and seismic probabilistic safety assessment (SPSA) are allowed (EPRI, 1991, U.S.
NRC, 1985).

In order to resolve the above problems related to the seismic safety issues, KEPRI has joined the SQUG
since 1998 and is developing the efficient combined methodologies to evaluate the seismic capability of
equipments for the operating NPPs. The new combined methodology requires both GIP and SMA
simultaneously, which are based on the seismic walkdown. The seismic walkdown is known to be the most
effective tool to find seismic deficiencies of the existing plant and can achieve the cost benefit for the
seismic safety review.
  The design of anchor system for fastening the equipments and piping systems, etc. in Korean NPPs has
been done based on the ACI 349 (See Fig. 5). Recently, concrete capacity design (CCD) method of Euro-
International Committee for concrete (CEB) code, which was processed in Europe, indicates that anchor
system designed by ACI 349 may not satisfy required tensile and shear capacity (Fuchs, et al, 1995).  Also,
a lot of papers related to this subject represent new tendency to make some amendment to ACI 349 code or
new design code based on CCD method of CEB code (EPRI, 1991). According to U.S. NRC standard
review plan published in 1996, NRC acknowledged that ACI 349 would overestimate the real capacity of
anchor system for fastening equipments and recommended that anchor system should be designed by test
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results for each case. Therefore, in order to evaluate the tensile and shear capacity of existing anchorage
system, KEPRI is carrying out actual model tests.

In addition, KEPRI makes an attempt to identify the effect of high frequency on equipments, reduction
of uncertainty within the seismic fragility and develop the generation of generic equipment ruggedness
spectrum (GERS) for the GIP.

(a) ACI 349 Code (b) CEB Code

Fig. 5 Failure modes for fastenings under tensile loading

6. Reduction of Uncertainty in Probabilistic Seismic Hazard Analysis

  Several research works were performed to reduce the excessive uncertainty involved in the previous
PSHA by improving credibility of main PSHA input data such as ground motion attenuation relations,
earthquake catalogs, and seismic source characterization. A new PSHA methodology is established not
only to incorporate the state-of-art technologies of PSHA but also to be compatible with revised regulation
requirements.

Revised PSHA inputs are obtained by employing comprehensive technical approaches of data collection
and analysis, experiments, theoretical study, and etc. to explicitly account for and reduce the uncertainty in
scientific knowledge related to the PSHA input data. Using these new PSHA inputs, a PSHA is performed
as a case study on the Wolsung NPP site to demonstrate the improved seismic hazard results.

The temporal and spatial characteristics of seismicity in the Korean Peninsula were analyzed and
compared with the neighboring intraplate regions. A close temporal correlation was identified among
Korea, China, and Japan.

A strong motion attenuation equation was estimated by using the intensity data of small to medium size
earthquakes and the formula for the Eastern North America. The coda Q value for the southeastern part of
Korea was estimated by using the small earthquakes recorded recently. Crustal structure of the Korean
Peninsula was identified with limited broadband teleseismic and deep-focus earthquake data.
EQHAZARD software package developed by EPRI (EPRI, 1989) was modified to implement the state-
of-art technologies and revised regulations related to PSHA. Seismic source interpretations were collected
for the region of Korea for inputs to PSHA. A team approach to the EQHAZARD code was adopted.
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Using revised PSHA inputs and EQHAZARD code obtained from this research, the PSHA on Wolsung
NPP site was performed considering the incompleteness of the Korean earthquake catalog (Yun, K.H. and
Lee, J.R., 1999). The new PSHA result shows reduced seismic hazard level over the previous PSHA result,
which has the effect of significantly reducing the level of core damage frequency (See Fig. 6). Although
this study has solved some issues related with PSHA, there still exist problems to be solved in the future.
Acquisition of strong motion data is needed and studies on seismology, geology, and geotectonics are
required to further reduce uncertainties.

Fig. 6 Seismic hazard results according to the methods considering
                 the incompleteness of the earthquake catalog

 7. NPP Response to an Earthquake

Small earthquakes may exceed the OBE spectrum in the high-frequency range, without causing damage.
An analytical criterion for determining when an OBE is exceeded should be set up. However, a
comprehensive plan for plant response must include provisions for assessing plant physical condition and
readiness for shutdown, shutdown decision criteria, and procedures for plant evaluation and restart.
  A comprehensive plan is made and procedures for NPP response to an earthquake are developed in order
to determine 1) the effects of an earthquake on physical conditions of Korean NPPs, 2) if shutdown of the
plant is appropriate based on observed damage to the plant or due to an exceedance of the OBE, and 3) the
readiness of the plant to restart following a shutdown due to the earthquake.

Guidelines for nuclear plant response to earthquakes enable operators to quickly evaluate the need for
post-earthquake plant shutdown and provide procedures for evaluation of earthquake effects on the plant,
as well as criteria for plant restart. The guidelines consist of short-term actions, post-shutdown inspections
and tests, and long-term evaluations. The short-term actions, which could be completed within four to eight
hours of the earthquake, consist of operator walkdown inspections, evaluation of ground motion records,
and pre-shutdown inspections. The long-term evaluations would normally be performed after the NPP has
returned to service. Restart of the plant following shutdown due to an exceedance of the OBE would be
based on the results of the post-shutdown inspections and the successful completion of surveillance tests
and operability tests

The NPP should be shutdown for inspections and tests prior to a return to power if the earthquake
exceeds the OBE. The OBE at the plant is considered to have been exceeded if the computed CAV from
the earthquake record is greater than 0.16g-sec. However, the CAV criterion should be determined
considering the seismic and structural characteristics of the plant.
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An experimental study using shaking table is conducted in this study to evaluate intensity of CAV
criterion. Appropriate level of CAV is evaluated based on the test results using the developed SDI model
(See Fig. 7).

Fig. 7 The developed Seismic Damage Indicator

The model consists of stacked acrylic cylinders and is developed to behave consistently for each
directional seismic load. The result of the experimental study indicates that the CAV criterion of 0.16g.sec
is conservative enough to be applied to Korean NPPs since the CAV value of the seismic input motion of
the Korean standard NPPs ranges from 0.3 to 0.5 g-sec (KEPRI, 2000). The developed SDI is expected to
be useful not only in easily determining OBE exceedance but also in evaluating earthquake damage
quantitatively to provide guidelines for better post-shutdown inspection and test.

8. Evaluation of Tsunami Risk

A safety review for Ulchin NPP against tsunami was made on the basis of maximum earthquake
magnitude 7 3/4 and available tsunamigenic earthquake fault parameters (KOPEC, 1986). But, recently,
based on the seismic gap theory some geologists and seismologists warned that the earthquakes with larger
magnitude than were expected might occur in the East Sea region (Ishikawa, 1994).

For the safety review, an explicit finite difference model is employed based on the linear and nonlinear
shallow water equations. Also, using earthquake fault parameters, the vertical sea bottom displacement at
the event of earthquakes are estimated. It is assumed that the initial profile of tsunamis is equal to the sea
bottom displacement without any modification by hydraulic effect because the horizontal scale of tsunami
source area is large enough to water depth in most cases.

 In Korea, the maximum run-up height of tsunamis was observed at the Imwon Harbor located about 20
km northward from the Ulchin NPP in 1983 East Sea Tsunami (See Fig. 8). Therefore, the 1983 East Sea
Tsunami is simulated and compared the calculated water surface profile with the observed wave heights.
Finally, the water level rise and fall will be evaluated at the Ulchin NPP site, with the numerical model
developed in this study.
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Fig. 8. Snapshot of tsunami wave propagation and max.
                      run-up heights in 1983 East Sea Tsunami
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9. Future and Conclusions

PSRs for the Korean NPPs have been implemented since 2000. Based on the research activities related
to seismic re-evaluation for the existing NPPs, several technical issues are briefly introduced with
countermeasures and improvement. For evaluation of capable faults and estimation of maximum credible
earthquake for NPP sites, it is required to develop a capable fault criteria suitable for Korean geological
environments. Based on the new capable fault criteria, previously known Quaternary faults will be re-
evaluated for the activity of faults and its effect on NPPs. Historical earthquakes should be reevaluated to
estimate maximum credible earthquake.

 Based on the measured earthquake recorded, an attempt was made to develop a site-specific response
spectrum. It is expected that earthquake observatory networks installed on the outskirts of NPP sites will be
of great use to identify seismic activity. For reducing uncertainties of the PSHA, a research work was
performed. However, uncertainties of the input parameters for PSHA should be reduced. For better PSHA
an attenuation curve based on the strong earthquakes is required. Seismic qualification of equipments for
the USI A-46 NPPs is being undertaken. GERS for Korean NPPs are required and anchor system for
equipments should be reevaluated with seismic walkdown. The post-earthquake procedure including
selection of base lines and a seismic damage indicator is developed to provide guideline for better post-
shutdown inspection and test. Further investigation is required to develop a guideline for long-term
evaluations.
  It is expected that the results of PSR for operating NPPs be of great use not only for feedback of the
design improvement for future NPPs but also for evaluation of the old NPPs for life extension.
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ABSTRACT

After the JCO accident that occurred at the uranium processing facility in Tokai-mura, the Japanese
Nuclear Safety Commission (NSC) decided to do review and reassessment in the subsequence regulation
to improve the regulatory effectiveness. The basic cause of the JCO accident was the unsafe work
procedures along with violation of regulations. This accident also led to criticism of the overseeing
authorities, for their not noticing the incorrect activities of the operator over such a long period of time.
Safety design, construction and operation should be performed without any degrading the safety
performance from the plant-specific safety assurance defined in the siting permit. To confirm plant safety
into the future, reassessment of the plant safety performance is essential and the results should be reflected
in the subsequence regulation to help safety management. Seismic Probabilistic Safety Assessment (PSA)
is a suitable method for reassessment of seismic safety performance. Seismic PSA should be conducted
following a three-phase procedure according to the status of plant design and operation conditions. In the
first phase, the seismic safety assessment scenario is confirmed from the seismic design specification in the
safety design assessment report submitted for siting license application. In the second phase, the seismic
PSA is performed with the detailed design and construction data before the operation permit. In the third
phase, the seismic PSA should be performed based on a walk-down inspection of the plant operation.
Development activities of seismic PSA methodology are on-going in Japan, to be utilize in a risk-informed
safety management not only concerning prevention of severe accident but also concerning shutdown
management, on-line maintenance, in-service inspection, and in-service testing. The NSC is still discussing
of the reassessment methodology and how to reflect the reassessment results in the regulation. This paper
present a philosophy of the reassessment of the seismic safety performance of NPPs using seismic PSA, to
be reflected in the subsequence regulation.

INTRODUCTION

Usually the Japanese NSC conducted a nuclear safety assessment only in the first phase of the regulation
that is required as a double check for the siting permit. After the JCO accident that occurred at the uranium
processing facility in Tokai-mura, the NSC decided to review and reassessment the regulations to improve
regulatory effectiveness. The basic cause of the JCO accident was the unsafe work procedures and
violation of regulations. This accident also led to criticism of the overseeing authorities, for their not
noticing the incorrect activities of the operator over such a long period of time.
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Reassessment is important for ensuring the seismic safety of NPPs that are designed, constructed, operated
and maintained in such a way that their impact on public health and safety is as low as reasonably
achievable. Such reassessment must consider not only the dynamic interaction of earthquake hazard and
reactor system but also consideration of dynamic interaction among human, technology, and environment.

The safety design, construction and operation should be performed without degrading the safety
performance from the plant-specific safety assurance that was specified in the first phase permit. To
confirm the validity of the safety assurance, reassessment of the plant safety performance is essential and
the results should be reflected in subsequent regulation to help safety management. Seismic PSA is a
suitable method to do reassessment of the seismic safety performance.

Recent inland earthquake experiences such as 1995 Hyogo-ken Nanbu Earthquake Mj=7.2 or 2000 Tttori-
ken Seibu Earthquake Mj=7.3 have increased public concern about nuclear safety. In the public opinion,
prompt review of the current Seismic Safety Guideline is needed, based on the recent seismic technology
and the performance reassessment of the seismic safety of existing NPPs. The damage belt of the 1995
Hyogo-ken Nanbu earthquake Mj=7.2 that struck the densely populated city of Kobe demonstrated to the
public the dangerous power of the near-fault inland earthquakes. Many buildings including wooden houses
and structures such as bridges, port facilities, subways and rail lines were badly damaged.

Recently, the 2000 Tottori-ken Seibu earthquake Mj=7.3 occurred at a previously unknown active fault for
which the epicenter was located approximately 45 km south-east from an existing NPP. This caused
discussion about the sufficiency of the blind fault earthquake magnitude that is required; commonly a
magnitude 6.5 earthquake at the hypocenter distance of 10 km is used for seismic design of every NPPs.

These recent earthquake experiences awoke public concern about the seismic safety that the current
guideline considers necessary for review based on the state of the art knowledge of seismology, geology,
and earthquake engineering to ensure the seismic safety performance of NPPs. Recent advances in seismic
design technology brings the impression among some seismic engineering experts that the current
guideline is outdated.  They consider that further advancement in the Guideline is necessary based on the
recent seismic technology and on recent earthquake experiences.

Development activities of seismic PSA methodology are ongoing within the Japan Atomic Energy
Research Institute (JAERI), Nuclear Power Engineering Corporation (NUPEC), electric power utilities,
and other organizations in Japan. This methodology is being applied to risk-informed safety management
not only concerning prevention of severe accident but also concerning shutdown management, on-line
maintenance, in-service inspection, and in-service testing.

The NSC still be discussing the reassessment methodology and how to reflect the reassessment results to
the regulations. This paper presents a philosophy of the reassessment of the seismic safety performance of
NPPs using seismic PSA to be reflected in the subsequent regulation.

PHILOSOPHY OF NPP SEISMIC SAFETY

The objective of reactor safety is that reactors will be built and operated to pose no undue risk to public
health and safety. The current seismic design guideline interpreted the reactor safety philosophy to the
seismic safety of NPPs that reactor safety should not be compromised by any possible earthquake ground
motions at the site. This philosophy of the seismic safety requirement is converted to the seismic design
criteria of reactor facilities and categorization of the design earthquakes to meet adequate engineering
solutions to actual or potential geologic and seismic effects at the proposed site. To meet this seismic
safety requirement, design basis earthquakes are categorized into four classes, from large magnitude/low
probability to small magnitude/high probability, in accordance with the reactor facility’s functional
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classification from the most important, important, moderate important, and non-nuclear facilities. This
seismic design requirement is intended to consider sufficient range of earthquakes to assure reactor safety
for any potential earthquake shaking.

However current deterministic design practice to meet this seismic design requirement does not suitable to
explain thoroughly the relationship between reactor safety performance and the strengths of structures,
equipment and components. This is because uncertainties both of the seismic hazard among earthquake
magnitude, occurrence, ground motion attenuation and of the seismic safety performance within the
complex functional classification of reactor facilities.

A probabilistic approach to seismic safety assessment is important from the point of view of “How safe is
safe enough.” Such an approach takes into account the ground motion from the full range of earthquake
magnitudes, allowing explanation of the relationship between the reactor safety performance and the
strengths of structures, equipment, and components considering the uncertainties within the seismic hazard
and the safety performance system.  The probabilistic approach to seismic hazard characterization is very
compatible with current trends in earthquake engineering and the development of building codes, which
have embraced the concept of performance-based design.  The objective of the performance-based design
is to clarify how reactor safety performance is degrading with the increasing magnitude of earthquakes.

In the current Guideline, the Design Earthquakes are categorized in accordance with the reactor facility’s
classification to range from extremely large magnitude/low probability of occurrence to small
magnitude/high probability of occurrence as follows: extreme design earthquake (S2), maximum design
earthquake (S1), 1.5 times a non-nuclear facilities design earthquake, and non-nuclear facilities design
earthquake. The extreme design earthquake S2 is determined based on earthquakes from active faults both
of the frequent activity fault and less frequent activity fault whose recurrence interval is shorter than
50,000 years. This S2 earthquake hazard is based on the seismo-tectonic structure and on possible blind
faults, considering that an earthquake of magnitude up to 6.5 could take place at any inland location in
Japan. The maximum design earthquake S1 is determined based on historical earthquakes, earthquakes due
to active faults with frequent activity whose recurrence interval is shorter than 10,000 years.

Current deterministic evaluation method of the design earthquake ground motion is often criticized from
the reason that uncertainties incorporated within the earthquake simulations are not explicitly considered. It
has been recommended that modern method for evaluation of design earthquake ground motions for
reactor facilities should consider fault rupture process and directivity of the wave propagation in the near-
fault earthquake from the point of recent knowledge on earthquake ground motions.

One approach to account more realistically for these effects in ground motion models is to include them in
empirical models by using a large number of predictive parameters related to source, path and site
conditions. Another approach is to use seismologically-based ground motion models that take account of
the specific source, path and site conditions.

If numerical simulation methods are used to estimate the ground motions, then the spatial distribution of
slip on the fault and the time function of slip on the fault also needs to be characterized.  Irikura proposed a
recipe for prediction of scenario earthquake strong ground motion caused by active fault by means of
numerical analysis (Irikura, 2000) [1].  Strong ground motions in the near-source area are controlled by
heterogeneous source processes.  Source characterization includes source effects such as those due to
rupture directivity or the orientation of fault, and the effects of deep structure such as sedimentary basins,
basin edges, and buried folds and faults therefore is one of key issue for more precise strong ground motion
prediction.  The new, high-quality data recorded in the near-source region of recent large earthquakes are
useful to evaluate source characterization such as spatial variations of slip, slip velocity, or rupture velocity
for accomplish precise strong motion prediction by modern earthquake ground motion evaluation
technology.

A probabilistic approach to characterizing the ground motion that a given site will experience in the future
is very compatible with the current trends in earthquake engineering and the development of building
codes towered performance design. Probabilistic evaluation method of the design earthquake ground
motion based on the seismic hazard analysis is thought to be a suitable method to handle theoretically and
quantitatively the uncertainties among earthquake magnitude, occurrence and ground motion attenuation.
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If a probabilistic approach is used, then the ground motions from a large number of possible earthquakes
are considered, and their frequencies of occurrence are key parameters in the analysis. Probabilistic
analysis requires an important category of additional information that the expected frequencies of
occurrence of earthquakes of various magnitudes on each potential seismic source. The site specific hazard
curves, from which the requested sets of Uniform Hazard Spectrum may be obtained, should also
accommodate uncertainty in the site specific dynamic material properties as well as local and regional
seismicity and attenuation characteristics. One of the objectives in developing seismic design spectra is to
achieve approximate uniformity of seismic risk for structures, equipment, and components designed to
those spectra, across a range of seismic environments, annual probabilities, and structural frequencies.

Seismic safety performance of the structures, equipment and components are required to prove that the
ultimate strengths have the capacity not to cause severe reactor accident due to the any earthquake event.
Seismic capacity data of passive components, active components and electrical equipment on Japanese
standard plants are accumulating. For the active components and the electrical equipment whose failure
modes are functional, they are evaluated on the basis of data from shaking table tests performed in Japan
and from engineering judgment. The capacity data of active components and electrical equipment are
determined by both capacities due to structural failure and functional failure mode.

Seismic PSA is a suitable method to confirm the seismic safety of NPPs that are designed, constructed,
operated and maintained in such a way that their impact on public health and safety is as low as reasonably
achievable, with the consideration of not only dynamic interaction of earthquake hazard and reactor system
but also dynamic interaction among human, technology, and environment.

Safety science concerning dynamic interaction among human, technology, and environment has long been
important vehicle to drive properly the nuclear safety in the public risk and health. Safety management
based on the risk assessment by the seismic PSA, the plant operation, maintenance, inspection and severe
accident managements are expected to be rationally improved considering the effect of human factors.
Human factors are represented from individual, group, and organizational factors. From the JCO criticality
accident on 30 September 1999, it was clear that the accident was a typical organizational accident,
emphasizing importance of the organizational factors for safety management.

Seismic PSA should be conducted following a three-phase procedure to fit the Japanese regulatory system,
according to the progress of plant design and operation conditions; in the first phase, the seismic safety
assessment scenario is confirmed depending on the seismic design specification in a safety design
assessment report submitted for siting license.  In the second phase, the seismic PSA is performed with the
detailed design and construction data before the operating permit.  In the third phase, the seismic PSA is
certified by reassessment based on the plant walk-down inspection due to the plant operation.

Usually seismic PSA focuses on evaluation of core damage frequency. However, safety management
concerns not only prevention of severe accidents but also concerns shutdown management, on-line
maintenance, in-service inspection, and in-service testing. Risk-informed safety management should be
developed based on defense-in-depth philosophy as one of the ways to strengthen public confidence in the
regulatory system. Safety management structures a software barrier system of NPPs. Multiple barriers both
of hardware systems and software systems are useful ensuring nuclear safety assurance.

THE IMPORTANCE OF HUMAN FACTORS

After the JCO accident, the NSC recognized the importance of the human factors in risk analysis.  It is
further important that nuclear safety experts continue to improve their understanding of the risks from
nuclear reactors and communicate that information to the public. The technical and individual human side
of accident causation has since long been in the center of attention of safety sciences (Vuuren, 1999) [2].

The JCO accident suggesting that the development and improvement of hardware barriers is not yet
sufficient to ensure the safety assurance, and that the creation and materialization of software barriers are
also important from the defense-in-depth philosophy. Various types of incidents appeared recently to have
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inherent problems. Comparison analysis of these incidents and evaluation of root cause of them are
required.

In any organization, people tend to give priority to inner logic, such as importance of economy or quality
assurance of products, and if a safety level of operation is maintained, safety activities and importance on
safety criteria will deteriorate gradually. This kind of tendency is an open invitation for internal errors or
violation of procedures. New regulatory policies considering safety culture and safety evaluation processes
for constructing the system to promote safety culture and for checking internal errors such as deviations or
negligence will be highly required.

The concept of a safety culture has not yet found a commonly shared understanding. This concept can
serve as an important vehicle to foster comprehensive concerns with individual, group, organizational and
managerial as well as inter-organizational factors relevant to safety in high hazard industries.
Theoretically-based assessment techniques are important for the need to equip NPP staff with practical
methods for self-assessment and regulators for external assessment of nuclear operations. Practical issues
emerge particularly in the domain of organizational development, i.e. the goal-oriented efforts to change
the structures and the functioning of nuclear operations in such a way that the desired outputs in terms of
safety and reliability result in a sustained fashion.

Respect of inner logic in the organization has a tendency to oppose the spirit of respect for safety culture.
Respect for safety culture should be developed and the procedure to evaluate it should be included in safety
regulation. The NSC has the duty to evaluate safety culture and also to construct the structure to keep it
intact. Only a close cooperation among scientists from various disciplines and of practitioners holds the
promise of adequately understanding and use of organizational factors in further improving the safety
record of nuclear industry.

Reassessment of nuclear installations with the consideration of not only dynamic interactions of earthquake
hazard and reactor system but also dynamic interactions among human, technology, and environment in
the after the siting phase based on the detailed data of plant design, construction and operation is important
ensuring the seismic safety that are designed, constructed, operated and maintained in such a way that their
impact on public health and safety is as low as reasonably achievable.

Ensuring the safety assurance, discussion of the following items are important to propose effective
countermeasures: What is safety, How safe is safe enough, What is the methodology to prevent the
degradation of safety culture.  Development of the methodologies for technology transfers, probabilistic
safety assessments, human reliability analysis, root-cause analysis, and documenting techniques are also
important.

CONSEPT OF REASSESSMENT

Reassessment should be conducted for the following two phases of NPP progress: 1) detailed design and
construction phase, and 2) the operation phase. In the plant detail design and construction phase, the
seismic PSA should be performed based on the detailed design and construction data. In the plant operation
phase, the seismic PSA should be performed based on the plant walk-down inspection during plant
operation.

Safety assessment is performed to answer the questions from the point of verification, validation and
certification on the evaluation depth in high hazard systems such as nuclear installations (Rasmussen, et
al., 1994) [3].

- Verification is an assessment of the degree to which the results meet the requirements of the design
specification. Verification is supposed to answer the questions: Is the design right? Does the product
meet the design intentions?
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- Validation is an assessment of the degree to which the design achieves the original system objectives.
Validation is thus supposed to answer the questions: Does the product meet the needs of the end user?
Is it the right design?

- Certification is a particular type of validation with a focus on the constraints around the original system
objectives. This explicit focus is particularly important when advice systems are introduced, which are
based on heuristic rules, as in expert systems. While it is practically possible to validate the systems
within the design basis, it is very difficult to certify that the response of heuristic rules to unpredicted
situations outside the design basis will not have unacceptable side effects. Thus, certification of
software and hardware will very become a major concern for regulatory bodies.

In the recent review of the evaluation problem in high hazard systems such as nuclear power plant, Tanabe
emphasized the need to explicitly evaluate the potential side effects of system functions during abnormal
operational conditions (Tanabe,1991) [4]. That is, in the validation of system objectives, explicit
considerations are necessary for certification.

The effectiveness of hardware systems can be evaluated in a design phase but the thorough evaluation of
the effectiveness of software systems need to be performed in operation phase. To evaluate the safety
management, a performance-based approach is necessary for regulatory body to define the effectiveness
and efficiency. A comprehensive set of Performance Indicators for regulatory should be developed.

REASSESSMENT IN CONSTRUCTION PHASE

Review and reassessment in the plant construction phase is intended to confirm the safety assurance that
was specified in the site license. For the reassessment of the seismic safety assurance, seismic PSA in the
plant construction phase is performed based on the detailed design and construction data before the
operation permission.

Characteristic analyses of the seismic design system, construction system, and inspection system before
operation should be performed to answer the question from the point of the verification and/or the
validation in the construction phase. The characteristic analyses of production method and the procedure
will be performed based on the actual procedure. The reassessment results are utilized to the safe operation
standard manual as the issues to be concerned.

In the safety review of the basic design, the following should be considered as preventive measures:
Consideration of the possibilities, if any, of deviating from these conditions when these are put to use;
Required implementation of specific safety designs against not only wrongful operation but also intentional
error while taking into consideration the potential event. Returning to the original concept of “Defense-in-
depth” fail safe, fool proof, and preventive measures for intentional error should be taken at the facilities.

Inspections considering software aspects is important for revealing the quality of operability and utility.
Inspection systems to check safety activities of facilities by regulations should have resident inspectors,
periodic safety reviews, systems for qualification of shift supervisors, qualification of engineers for nuclear
fuel material handling, guidance for performing probabilistic risk assessment studies and preparing severe
accident management measures, and other features.

It should be required to prove the seismic safety performance of the structures, equipment and components.
Seismic capacity data for component fragility evaluation based on the structure failure models were
obtained for many component categories of Japanese standard plants; for examples, pressure vessel and its
support, primary loop recirculation system, reactor core internal structures, control rod drive hydraulic unit,
tanks, gas insulation switchgear, and so on.

Seismic safety reliability-proving tests that have been conducted by the Nuclear Power Engineering
Corporation (NUPEC) provide essential data for evaluation of fragility curves of the structures, equipment
and components. Seismic safety analyses based on the nonlinear response, 3-D response and ultimate
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strength of the total system of structures, equipment and components are desirable to confirm the seismic
performance into ultimate conditions.

REASSESSMENT IN THE OPERATION PHASE

In the plant operation phase, the technical ability and the safety operation management that were confirmed
to have adequate safety assurance in the siting license phase should be certified by periodic inspection and
reassessment in subsequent regulation.

A reassessment methodology for the procedural capabilities for plant normal operation, shutdown
management, severe accident management, on-line maintenance, in-service inspection, and in-service
testing should be developed to keep a high level capability based upon a safety culture.

Risk-informed reassessment methodologies for the normal operation management, shutdown management,
severe accident management, on-line maintenance, in-service inspection, and in-service testing should be
developed as one of the ways to strengthen public confidence in the regulatory system.

The performance of the seismic PSA based on plant walk-down inspection concerning to the reactor safety
function are maintained properly to act surely in the earthquake, the deterioration of the low level safety
function does not injured the high level safety function due to plant operations is essential for the
reassessment of the seismic safety assurance in the plant operation phase.

For the seismic safety in the operating phase, the performance of operator support systems under seismic
condition is important. Operator should be provided with operational guides related to prioritized systems
and components based on safety shutdown path for preventing core damage, considering that some of them
may be inoperable due to seismic motion. The prioritization means the order of systems and components
that operators should use to prevent core damage. The method of prioritization is as follows: 1) systems
actuate automatically, 2) systems less dependent on support systems, and 3) systems with sufficient
seismic capacity.

According to the results of many seismic PSAs, the situations which may happen due to an earthquake
could be classified into the following; 1) Continue plant operation, with some inspection or surveillance of
systems and components are necessary, 2) Reactor scram occurs, 3) Loss of off site power (LOSP) as well
as reactor scram occurs, and 4) Small loss of coolant accident (LOCA) in addition to reactor scram occurs.

DEVELOPMENT OF SEISMIC PSA

Development activities of seismic PSA methodology is ongoing within JAERI, NUPEC, electric power
utilities, and other organizations in Japan. This methodology will be utilized in a risk-informed safety
management not only concerning prevention of severe accident but also concerning shutdown
management, on-line maintenance, in-service inspection, and in-service testing.

A case study of seismic PSA and seismic margin analysis (SMA) for a Japanese standard BWR was
performed as an objective to establish seismic PSA methodologies for Japanese plant [5]. In the study, an
emphasis was made on the following points: first, to study a procedure of integrating expert opinions in the
seismic hazard evaluation; second, to develop fragility database for domestic plant components; third, to
study dominant contributors to core damage frequency. The seismic PSA results showed that dominant
contributors were common cause random failure and seismic failure of several components and that
random failure had a large portion of contribution to core damage frequency (CDF).  On the other hand,
the SMA results showed that dominant contributors were seismic failure of several components.  The
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dominant contributing seismic acceleration region was around (0.6-2.5) times S2 in seismic PSA, while the
SMA results gave a plant capacity of High Confidence Low Probability of Failure (HCLPF) value about
2.5 times S2, which was larger than the contributing acceleration region in seismic PSA. Dominant
accident sequences obtained were almost the same in seismic PSA and SMA.

Seismic margin analysis (SMA) for Japanese ABWR was performed for a seismic risk assessment project
that was recently started in a number of Japanese BWR utilities [6]. The objective of this analysis is: to
demonstrate earthquake-related safety margin of the plant by a probabilistic assessment methodology; to
gain new insights to make the NPP even safer. The study was consisted from four tasks: 1) event tree
development, 2) fault tree development, 3) fragility evaluation for structures, systems and components, and
4) seismic margin analysis for accident sequences. High Confidence Low Probability of Failure (HCLPF)
value of Japanese ABWR has been evaluated to be about 1.8 times of the peak ground acceleration of
design basis earthquake, and this value indicates that this plant has large seismic margin against design
basis earthquake. The accident sequences in which the margin is relatively low, is the station blackout
sequence, and the major critical components are as follows; Air conditioning duct, Piping of RCW, RSW,
and RCIC, and inside containment, RCW pump, Valve for containment venting.

Recognizing the potential importance of operator support system under seismic conditions, the Japan
Atomic Energy Research Institute (JAERI) has started a feasibility study to develop a concept of an
Operator Support System under Seismic Conditions (OSSC) as one of seismic risk management strategies.
A conceptual design of operator support system under seismic conditions was proposed utilizing the results
and findings from seismic PSA [7]. If a large earthquake occurs near a nuclear power plant, it may cause
abnormal situations to the NPP such as occurrence of multiple initiating events and failures of mitigation
systems. Many difficulties may arise in diagnosis of the plant status and actions operators and technical
support staff of the NPP due to highly stressful conditions. In the case of the 1995 Hyogo-ken Nanbu
earthquake, many thermal power plants, substations, and transmission and distribution facilities near the
epicenter suffered various types of damages from the earthquake. As many alarms and annunciators
sounded in unison at that time, it was difficult for operators to move to approach the panels or consoles to
confirm and stop them [8]. Considering that the stress may be induced to the operators by earthquake and
some of the engineered safety systems actuate automatically in short term, it is important to provide
operators with guides for confirmation of the systems to be started automatically and manipulation which
operators ought to perform in a short term.  On the other hand, for the middle and long terms, it is
important to provide operators with guides for assisting diagnosis of the plant status and for responding to
multiple failures in the plant.  The primary aim for assist function provided to the operators should be
changed depending on the level of severity of earthquake motion at the plant.

The evaluation of fragility is important factor in the seismic PSA. Seismic performance of the structures,
equipment and components are required to prove that the ultimate strengths have the capacity not to cause
sever reactor accident due to the any earthquake events.  Seismic capacity data for components fragility
evaluation based on the structure failure models were obtained for many component categories of Japanese
standard plants; for examples, pressure vessel and its support, primary loop recirculation system, reactor
core internal structures, control rod drive hydraulic unit, tanks, gas insulation switchgear, and so on [9].
The capacity data of passive components were evaluated on the basis of the safety factor method using the
results of seismic design analyses. For the active components and the electrical equipment whose failure
modes are functional, they were evaluated on the basis of data from shaking table tests performed in Japan
and from engineering judgment. The capacity data of active components and electrical equipment were
determined by both capacities due to structural failure and functional failure mode. The value of capacity
for major components in Japanese LWR plants generally proved to be relatively high.

The Nuclear Information Center of Central Research Institute of Electric Power Industry (CRIEPI) serves
utilities by providing safety-, and reliability- related information on operation and maintenance of the
nuclear power plants, and by evaluating the plant performance and incident trends. As a result of these
evaluations, a nuclear component reliability data system has been developed for estimating failure rate of
major components for use in PSA. Internet-Web client at the utilities can access this data system. The users
can select component, plant system and time period, and then compute the failure rate by the data system.
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Data of component failure are then continuously being collected from utilities and transferred into the data
system for the estimation of component reliability within Japan. A set of domestic component reliability
data on 49 Japanese LWRs from April 1, 1982 to March 31, 1997 was reported [10].

CONCLUSION

A philosophy of review and reassessment of the seismic safety performance of Japanese NPPs using
seismic PSA was discussed herein. This philosophy is to be reflected in subsequent regulations.

Reassessment is important for ensuring the seismic safety of NPPs that are designed, constructed, operated
and maintained in such a way that their impact on public health and safety is as low as reasonably
achievable. Such reassessment must consider not only the dynamic interaction of earthquake hazard and
reactor system but also consideration of dynamic interaction among human, technology, and environment.

Conventional seismic design by deterministic method is not appropriate for thorough, quantitative
determination of safety margins of NPPs when considering the uncertainties in the potential high hazard
system.

A probabilistic approach to seismic safety assessment is important from the point of view of “How safe is
safe enough.” Such an approach takes into account the ground motion from the full range of earthquake
magnitudes, allowing explanation of the relationship between reactor safety performance and the strengths
of structures, equipment, and components considering the uncertainties within the seismic hazard and the
safety performance system.

Reassessment should be conducted for two phases (detail design and construction phase and the operation
phase) according to the progress of the NPP. In the plant design and construction phase, the seismic PSA is
performed based on the detailed design and construction data. In the plant operation phase, the seismic
PSA is performed based on the plant walk-down inspection during plant operation.

Usually seismic PSA focuses on evaluation of core damage frequency. However, safety management
concerns not only prevention of severe accidents but also concerns shutdown management, on-line
maintenance, in-service inspection, and in-service testing. Risk-informed safety management should be
developed based on defense-in-depth philosophy one of the ways to strengthen public confidence in the
regulatory system.

Safety management structures a software barrier system of NPPs. Multiple barriers both of hardware
systems and software systems are useful ensuring nuclear safety assurance. The effectiveness of hardware
systems can be evaluated in a design phase but the thorough evaluation of the effectiveness of software
systems need to be performed in operation phase.

To evaluate the safety management, a performance-based approach is necessary for regulatory body to
define the effectiveness and efficiency. A comprehensive set of Performance Indicators for regulatory
should be developed.

Development activities of seismic PSA methodology is considerably on going in Japan to be utilize in a
risk-informed safety management not only concern prevention of severe accident but also concerns

shutdown management, on-line maintenance, in-service inspection, and in-service testing.

DISCLAIMER
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The views expressed in this paper are those of author and should not be construed to reflect the official
Japanese NSC position.
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METHODOLOGY AND TYPICAL ACCEPTANCE CRITERIA

FOR SEISMIC RE-EVALUATION OF VVER-TYPE EQUIPMENT COMPONENTS AND
DISTRIBUTION SYSTEMS

Rudolf MASOPUST

STEVENSON AND ASSOCIATES, Office in Czech Republic

1 INTRODUCTION

The purpose of this paper is to describe the methodology and typical acceptance criteria for seismic re-
evaluation of equipment components and distribution systems of operating VVER-type NPPs. The plants
of this type are located and operated in several European countries (Czech and Slovak Republics, Hungary,
Bulgaria, Ukraine, Russia).

The seismic re-evaluation of structures, systems and equipment components of VVER-type NPPs is
affected by the following principal conditions:

(a) the seismic hazard was significantly underestimated in the original design of these NPPs,
(b) almost no national standards, codes and other similar documents exist for these purposes,
(c) there has been and still is a significant and valuable attention of IAEA to seismic re-evaluation of these
NPPs.

The paper does not deal with procedures and rules used to select essential systems and equipment
components to be evaluated for seismic effects. Also procedures to determine the proper seismic input (in-
structure seismic response spectra and corresponding seismic anchor movements) are not described herein.

2 MAIN STANDARDS, CODES AND GUIDES

(a) IAEA guides

- IAEA Safety Series 50-SG-D15 “Seismic Design and Qualification for Nuclear Power Plants”, IAEA,
Vienna,

1992 [1],
- Technical Guidelines prepared by IAEA for individual NPPs (as a rule upon the request of the
corresponding

National  Regulatory Authority),

(b) Internationally well-recognized standards, codes and guide documents

- ASCE 4-86 “Seismic Analysis of Safety-Related Nuclear Structures. ASCE, 1986 [2],
- ASCE 4-98 “Seismic Analysis of Safety-Related Nuclear Structures. ASCE, 1998 [3],
- ASME BPVC Section III, Division I, Subsections NCA, NB, ND, NF and Appendixes, Edition 1992 

[4],
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- ASME QME-1 “Qualification of Active Mechanical Equipment Used in Nuclear Power Plants. 1994 
[5],

- IEC 980-89 “Recommended Practices for Seismic Qualification of Electrical Equipment of the Safety 
System
or Nuclear Generating Stations. IEC, 1989 [6],

- A Methodology for Assessment of Nuclear Power Plants Seismic Margin. Report NP-6041,
Revision 1.
EPRI, Palo Alto, 1991 [7],

- Generic Implementation Procedure (GIP) for Seismic Verification of Nuclear Power Plant Equipment
Revision 2A. SQUG, 1992 [8],

- Use of Seismic Experience and Test Data to Show Ruggedness of Equipment in Nuclear Power Plants.
Revision 4.0. Prepared by SSRAP for SQUG, 1992 [9],

- Seismic Evaluation Procedure for Equipment in U.S. Department of Energy Facilities. DOE RpT 0545.
U.S. Department of Energy, March 997 [10],

(c)   Other related documents

- Criteria for Seismic Evaluation and Potential Design Fixes for VVER Type Nuclear Power Plants. 
Prepared for IAEA by J.D. Stevenson, 1996 [11],

- Seismic Verification of Mechanical and Electrical Equipment Components Installed on WWER-Type 
Nuclear Power Plants by the GIP-VVER Procedure. Document rem10-00.iae. Prepared by S&A-CZ for
IAEA, 2000 [12],

- Anchorage of Equipment – Requirements and Verification Methods with Emphasis on Equipment of 
Existing and Constructed VVER-Type Nuclear Power Plants [13].

3 USED WORK APPROACHES

Generally, the seismic re-evaluation of an each equipment component or an each distribution system
consists of the following three main steps:

- evaluation of the seismic margin capacity of equipment components and distribution systems as built,
- assignment of the relevant seismic upgrading measures, if necessary,
- evaluation of the seismic margin capacity of upgraded equipment components and distribution systems.

The Seismic Margin Assessment (SMA) is used to determine the High Confidence Low Probability of
Failure (HCLPF) seismic margin capacity of components and systems (as built and also when upgraded) in
combination with the modified Generic Implementation Procedure (GIP) called as GIP-VVER.

It is, of course, assumed, that the evaluated equipment components and distribution systems were properly
designed against all non-seismic loads and effects.
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4 METHODS AND TYPICAL ACCEPTANCE CRITERIA USED FOR SEISMIC
RE-EVALUATION OF VVER-TYPE EQUPMENT COMPONENTS AND DISTRIBUTION
SYSTEMS

Table 1Methods and Typical Acceptance Criteria Used for Seismic Re-evaluation of VVER-Type
Equipment

Components and Distribution Systems

EQUIPMENT
Seismic Resistance
Elements

Evaluation Method General Acceptance Criteria

Reactor strength of reactor
internal parts

HCLPF calculation ASME BPVC Section III (ed. 92) NB
and/or NG, Appendix F, Service Level
D, ductility - Table 4

insertion of control
rods

testing insertion time should be within the
prescribed limits

strength of upper
structure

HCLPF calculation ASME BPVC Section III (ed. 92) NB
and/or NG, Appendix F, Service Level
D, ductility - Table 4

strength and stability of
rector vessel supports

HCLPF calculation ASME BPVC Section III (ed. 92) NB
and/or NG, Appendix F, Service Level
D, ductility - Table 4

strength of reactor
nozzles

HCLPF calculation ASME BPVC Section III (ed. 92) NB
and/or NG, Appendix F, Service Level
D, ductility – Table 4

Primary circuit
components,
pressurizer

strength of component
body

HCLPF calculation ASME BPVC Section III (ed. 92) NB
and/or NC, Appendix F, Service Level
D, ductility - Table 4

strength of supports HCLPF calculation ASME BPVC Section III (ed. 92) NF,
Appendix F, Service Level D, ductility -
Table 4

strength of anchorage HCLPF calculation specific approach, capacity limits in
GIP-VVER

strength of essential
nozzles

HCLPF calculation ASME BPVC Section III (ed. 92) NB
and/or NC, Appendix F, Service Level
D, ductility - Table 4

seismic interactions walkdown only GIP-VVER
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Table 1 Continued

EQUIPMENT
Seismic Resistance
Elements

Evaluation
Method

General Acceptance Criteria

Active mechanical
components

functionality tests, GIP-VVER ASME QME-1
GIP-VVER

strength of component
body
including internal parts

HCLPF
calculations

ASME BPVC Section III (ed. 92) NC
and/or ND, Appendix F, Service Level
D, ductility - Table 4

strength and proper
function of supports

HCLPF calculation
+ walkdown

ASME BPVC Section III (ed. 92) NF,
Appendix F, Service Level D, ductility
- Table 4

anchorage of supports HCLPF calculation specific approach, capacity limits in
GIP-VVER

strength of essential
nozzles

HCLPF calculation ASME BPVC Section III (ed. 92) NC
and/or ND, Appendix F, Service Level
D, ductility - Table 4

seismic interactions walkdown only GIP-VVER
Passive mechanical
components

strength of component
body
including internal parts

HCLPF calculation ASME BPVC Section III (ed. 92) NC
and/or ND, Appendix F, Service Level
D, ductility - Table 4

strength and proper
function of supports

HCLPF calculation
+ walkdown

ASME BPVC Section III (ed. 92) NF,
Appendix F, Service Level D, ductility -
Table 4

anchorage of supports HCLPF calculation specific approach, capacity limits in
GIP-VVER

strength of essential
nozzles

HCLPF calculation ASME BPVC Section III (ed. 92) NC
and/or ND, Appendix F, Service Level
D, ductility - Table 4

seismic interactions walkdown only GIP-VVER
Hot and large bore
pipes

strength of pipe runs,
elbows and T-elements

HCLPF
calculations

ASME BPVC Section III (ed. 92) NC
and/or ND, Appendix F, Service Level
D, ductility - Table 4

strength and proper
function of pipe
supports

HCLPF calculation
+ walkdown

ASME BPVC Section III (ed. 92) NF,
Appendix F, Service Level D, ductility -
Table 4

anchorage of supports HCLPF calculation specific approach, capacity limits in
GIP-VVER

seismic interactions walkdown only GIP-VVER
Small bore pipes,
HVAC ducts

strength of pipe runs,
elbows and T-element

GIP-VVER GIP-VVER
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Table 1 Continued

EQUIPMENT
Seismic Resistance
Elements

Evaluation
Method

General Acceptance Criteria

Buried pipes strength of pipe
elements subjected to
seismic wave effects

HCLPF calculation ASCE 4-86 (98), ASME BPVC Section
III (ed. 92), NC, ND, Appendix F,
Service Level D, ductility - Table 4

Electrical
equipment
components

functionality tests, GIP-VVER IEC 980, GIP-VVER

strength of housing
structure
and supports

HCLPF
calculation

stress limits according to national
standards for design of steel structures

anchorage HCLPF
calculation

specific approach, capacity limits in
GIP-VVER

seismic interactions walkdown only GIP-VVER
HVAC equipment
components

functionality tests, GIP-VVER IEC 980, GIP-VVER

strength of the
component body and its
supports

HCLPF
calculation

ASME BPVC Section III (ed. 92) NC
and/or ND,  NF, Appendix F, Service
Level D, ductility –
Table 4

anchorage of supports HCLPF
calculation

specific approach, capacity limits in
GIP-VVER

strength of essential
nozzles

HCLPF
calculation

ASME BPVC Section III (ed. 92) NC
and/or ND, Appendix F, Service Level
D, ductility - Table 4

seismic interactions walkdown only GIP-VVER
I&C equipment
components

functionality tests, GIP-VVER IEC 980, GIP-VVER

strength of housing
structure
and supports

HCLPF
calculation

stress limits according to national
standards for design of steel structures

anchorage HCLPF
calculation

specific approach, capacity limits in
GIP-VVER

seismic interactions walkdown only GIP-VVER
Essential relays
and other sensitive
instruments

functionality tests IEC 980-89, IEC 255-21-3
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Table 1 Continued

EQUIPMENT
Seismic Resistance
Elements

Evaluation
Method

General Acceptance Criteria

attachment to cabinet walkdown only GIP-VVER
Cable supporting
structures and
tubings

strength of structure
elements

HCLPF
calculation

specific approach, stress limits from
national standards for design of steel
structures, ductility factors according to
Table 4

anchorage HCLPF
calculation

specific approach, capacity limits in
GIP-VVER

Cable penetrations general resistance walkdown only GIP-VVER
Cranes, containers,
supporting
platforms

seismic stability HCLPF
calculation
(simplified)

safety at least 1.50 against overturning
and at least 1.20 against sliding
(using conservative friction coefficients)

Table 2Seismic Load Combinations and Load Factors

Equipment Seismic Load Combinations and Load Factors
Passive and active equipment components 1.0 D + 1.0 L + 1.0 P + 1.0 RLE
Equipment nozzles 1.0 D + 1.0 L + 1.0 T + 1.0 P + 1.0 RLE
Equipment supports and anchorage 1.0 D + 1.0 L + 1.0 T + 1.0 RLE
Pipes 1.0 D + 1.0 L + 1.0 P + 1.0 RLE
Pipe supports and their anchorage 1.0 D + 1.0 L + 1.0 T + 1.0 RLE
Cable structures, supporting platforms etc. 1.0 D + 1.0 L + 1.0 T + 1.0 RLE

Notes: 1) D =  dead load under normal operating conditions (NOC)
L =  live load under NOC, if any
T =  loads due to restrained temperature expansion under NOC, if any
P =  internal pressure under NOC, if any

RLE =  seismic loads due to Review Level of Earthquake (RLE) (no less than Safe Shutdown
Earthquake) 

I. Inertia effects of RLE should be combined with the corresponding seismic anchor
movements, when

important and must be considered, using the SRSS rule.

The following methods are used to calculate seismic responses:

- response spectrum method, using rules for combining modal and spatial responses in accordance with
ASCE 4-
86(98) or ASME BPVC Section III (ed. 92) Appendix N requirements,
- equivalent static method, using rules for combining spatial responses in accordance with ASCE 4-

86 (98) requirements,
- linear and non-linear time-history method, using rules for combining spatial responses in accordance
with ASCE

4-86 (98) requirements.
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Tab. 3 Acceptable Damping Values
Equipment Acceptable Damping Values

for HCLPF
calculations

for design of seismic upgrades
(see note 1)

stress level 1 stress level 2
bolted supporting structures 7 % 4 % 7%
welded supporting structures 5% 2% 5%
pipes (all parameters and all diameters) 5% 2% 5%
anchored mechanical components 5% 3% 5%
electrical and I&C cabinets and panels 5% 3% 5%
cable supporting structures (note 2) 5 – 10 – 15% 2 – 6 – 10% 5 – 10 – 15%
tanks

-- impulsive mode
-- convective mode

5%
0.5%

3%
0.5%

5%
0.5%

Notes: 1) Stress levels 1 and 2 means about 50% and 100% of the bearing capacity respectively.
I. Use these three values for structures loaded by cables up to 10, 50 and 100% of their

nominal capacity respectively.

Tab. 4 Acceptable Ductility Factors (to be used in HCLPF elastic calculations only )
Equipment Ductility Factor

- equipment components that must remain functional 1.00
- equipment components with brittle failure modes 1.00
- adequately anchored passive components with welded connections 1.50
- welded pipelines (basic pipe material and welded connections) 1.50
- welded nozzles 1.25
- flange nozzles and flange pipe connections 1.00
- threaded pipes 1.00
- components made of cast iron 1.00
- pipe and component supports and their anchorage (brittle failure modes) 1.00
- pipe and component supports and their anchorage (ductile failure modes) 1.50 1)

- steel columns of platforms with predominant bending failure modes 1.50
- steel columns of platforms with predominant shear or compression failure
modes

1.00

- steel beams of platforms with predominant bending failure modes 2.00
- steel beams of platforms with predominant shear or tension failure modes 1.25
- ductile connections of steel platforms 1.25
- brittle connections of steel platforms 1.00

Notes: 1) This value should be used carefully only for really ductile failure modes.
2) The elastic seismic capacity expressed as a certain multiple of PGA (RLE) should be multiplied
by these
factors to obtain the HCLPF value.
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5 GIP-VVER PROCEDURE

The purpose of this section is to briefly describe the modified GIP titled as GIP-VVER which was created
and can be used to verify seismic adequacy of the most important classes of mechanical and electrical
equipment components and also distribution systems of operating or constructed VVER-type NPPs,
namely VVER-440/213 and 1000 type NPPs.

The procedure GIP-VVER has been prepared using the following background:

- public available information contained in SSRAP, GIP, U.S. DOE, LLNL and MCEER documents
[8,9,10,15,16],

information extracted from the documents prepared in a frame of the IAEA Benchmark Study for the
Seismic Analysis and Testing of WWER-Type Nuclear Power Plants [17,18,19,20,21],
- information extracted form the results of available seismic tests performed mostly in Czech Republic
during the last about 15 years and collected systematically and studied by S&A-CZ,
- experience taken from various many seismic walkdowns, evaluations and analyses of VVER-type
NPPs equipment performed by S&A-CZ during the last eight years for these NPPs located in Czech,
Slovakia and Hungary,
- information extracted from other related papers and documents.

The scope of equipment covered by the current version of the GIP-VVER procedure includes, similarly as
the original GIP, the following twenty classes of mechanical and electrical equipment:

(  1) Motor Control Centers,
(  2) Low Voltage Switchgears,
(  3) Medium Voltage Switchgears,
(  4) Transformers,
(  5) Horizontal Pumps,
(  6) Vertical Pumps,
(  7) Fluid-Operated Valves,
(  8) Motor and Solenoid –Operated
Valves,
(  9) Fans (ventilators),
(10)      Air Handlers

(11)     Chillers,
(12)     Air Compressors,
(13)     Motor Generators,
(14)     Engine Generators,
(15)     Distribution Panels,
(16)     Batteries on Racks,
(17)     Battery Chargers and Inverters,
(18)     Instruments on Racks,
(19)     Temperature Sensors,
(20)     I&C Panels and Cabinets.

European and particularly VVER-type relays, switches, transmitters and electric penetrations are
significantly different from those included into the original GIP databases. These two classes of equipment
are not included into the GIP-VVER procedure and their seismic verification shall be based on testing.

In addition to twenty classes listed above, the GIP-VVER procedure also includes guidelines for simplified
analytical seismic evaluation of the following classes of equipment:

(23) Cable Supporting Structures (based mainly on the EPRI methodology [23]),
(24)  Tanks, Heat Exchanger, Filters (based mainly on the documents [24]),
(25)  Pipelines and HVAC Ducts (based on the public available documents [22,25]).

GIP-VVER also includes two special guidelines to verify adequacy of anchorage [13] and seismic
adequacy of non-bearing masonry walls.
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GIP-VVER is primarily a screening and walkdown procedure. However, if an equipment item is classified
as an outlier, rigorous  approaches as testing on shaking table, deep study of input data, sophisticated
analysis etc. may be used to verify its seismic adequacy. Generally, four major steps of this GIP-VVER
procedure when applied to twenty main classes of equipment are as follows:

- selection of Seismic Review Team (SRT),
- identification of safe shutdown equipment,
- screening verification and walkdowns,
- outlier identification and resolution.

An engineering judgment is the major tool used by SRT during the screening verification and walkdowns
to evaluate seismic adequacy of the equipment. The SRT should include the system engineers, plant
operation personnel, experienced and professionally trained seismic capacity engineers, and also personnel
to identify and evaluate essential relays (if necessary).

The criteria to verify seismic adequacy of an equipment item during the screening walkdown are (see also
Figure 2):

- seismic capacity greater than seismic demand (by comparison of the corresponding ISRSRLE(SL2, SSE)

or GRSRLE(SL2, SSE) to the Bounding Spectrum (Figure 1, Table 5),
- similarity to the equipment in the seismic experience data bases (checking of caveats, based on
walkdowns and information extracted from documentation),
- adequate anchorage of equipment (calculations or engineering judgment, based on walkdowns and
information available from documentation),
- potential seismic interactions evaluated (based on walkdowns).

The GIP-VVER procedure uses two bounding spectra (BS):

(a) BS attached to PGA = 0.33 g (the same as introduced by SSRAP and used by GIP),

(b) BS attached to PGA = 0.50 g (1.5 times SSRAP BS) for selected VVER equipment classes, which are
evidently
robust and rugged.

The following sheets are used for seismic verification and walkdowns:

- Screening Verification Data Sheet (SVDS)
- Seismic Evaluation Work Sheet (SEWS)
- Seismic Walkdown Sheet (SWS)
- Outlier Seismic Verification Sheet (OSVS)
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Figure 1     GIP-VVER Seismic Capacity Bounding Spectra
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Figure 2    Screening Verification and Walkdown Procedure GIP-VVER
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Table 5Criteria of Comparison Seismic Capacity to Seismic Demand 1)

A. Comparison with RLE (SL2, SSE) Ground Response Spectra (GRS) 2)

This can be used when the equipment item is mounted below about 12 m above the effective grade and
when the natural frequency of equipment is greater than 12 Hz 3)

     BS ≥ GRSRLE (SL2,SSE) (5% damping) 4)

B. Comparison with RLE (SL2, SSE) In-Structure Response Spectra (ISRS)

    1.5 x BS ≥ realistic (median, mean, best estimated) ISRSRLE (SL2,SSE) (5% damping) 4)

Notes: 1) Apply at least one of these two rules, which applicable.
I. The criterion A can be used only with the well rigid building structures as the lower

concrete parts of the
 VVER-440 reactor building, the VVER-1000 reactor building, the VVER–1000 diesel-generator
buildings
 etc. Do not use this criterion with such flexible building structures as the longitudinal and
transversal
 galleries of the VVER–440 reactor buildings, the VVER-440 and also VVER-1000 auxiliary
buildings, the
 VVER-440 diesel-generator buildings etc.
II. Do not apply the 12 Hz limit for equipment mounted on piping systems (valves, valve

operators etc.).
   4) These criteria shall be met for all three orthogonal spatial directions.

The seismic capacity needs only to envelop the seismic demand spectrum for frequencies at and above the
conservatively estimated lowest natural frequency of the equipment item to be evaluated. Also narrow
peaks in the seismic demand spectrum may exceed the seismic capacity spectrum under the conditions
specified in the corresponding user manual. It should be also noted that it is permissible to use seismic

demand spectra without broadening for this comparison, however when doing it, uncertainty in the natural
frequency of the building structure should be taken into account by corresponding shifting of the seismic

demand spectrum at these peaks.

6 SIMILARITY OF VVER-TYPE EQUIPMENT TO EQUIPMENT INCLUDED
IN THE SQUG DATABASES - PRINCIPLES

Similarity of VVER-type equipment to equipment included in the SQUG databases [9] is the most
important keystone of practical application of the GIP-VVER procedure. Generally, the principal of
similarity is based upon comparison of equipment dynamic and physical characteristics. The procedure to
establish similarity within an each equipment class includes the following comparisons:

- most probable modes of malfunction (based on recognized behavior of all critical devices) ,
- predominant resonant and critical frequencies and mode shapes,
- critical damping,
- most important physical equipment characteristics



NEA/CSNI/R(2001)13/VOL.2

83

-- equipment size, mass and position (vertical, horizontal, inclined etc.),
-- general making, quality of making, age of equipment,
-- location of the center of gravity, presence and location of cantilevered parts,
-- implementation of heavy and / or moving internal parts,
-- implementation of supports and anchorage,
-- implementation of attached lines, substructures, devices etc.
-- presence of devices (mechanical or electrical) sensitive to vibrations and shocks.

7 SEISMIC INTERACTIONS

The four seismic interaction effects that are considered are:

- proximity (impacts of adjacent equipment or structures on safety-related equipment due to their relative
motion

during an earthquake),
- structural failure and falling of overhead or adjacent structures, systems, or equipment components),
- flexibility of attached lines and cables,
- flooding due to earthquake induced failures of tanks or vessels.

Interaction examples typical for VVER-type NPPs are as follows:

- unreinforced masonry walls adjacent to safety-related equipment may fall and impact safety-related
equipment or

cause loss of support of such equipment,
- fire extinguishers may fall and impact or roll into safety-related equipment, inadequately anchored or
braced

equipment as vessels, tanks, heat exchangers, cabinets etc. may overturn, slide and impact adjacent
safety-related

equipment,
- equipment carts, chains, air bottles, welding equipment etc. may roll into, slide, overturn, or otherwise
impact

safety-related equipment,
- storage cabinets, office cabinets, files, bookcases etc. located, for instance in control rooms, may fall
and impact

adjacent safety-related equipment,
- too flexible piping, cable trays, conduits, and HVAC ducts may deflect and impact adjacent safety-
related

equipment,
- anchor movement may cause breaks in nearby piping, cable trays, conduits, HVAC ducts etc. that may
fall or

deflect and impact adjacent safety-related equipment,
- emergency lights and lower ceiling panels can fall down and damage safety-related equipment,
- free crane hooks may bang the safety-related equipment in their vicinity.
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8 Conclusion

The methodology and acceptance criteria described above have been used and still are used by S&A-CZ
for seismic re-evaluation of equipment components and distribution systems installed on operating VVER-
Type NPPs in several countries (Czech and Slovak Republics, Hungary). It is anticipated that the GIP-
VVER procedure will become a more or less standard procedure for verification of seismic adequacy of
equipment installed on existing VVER-type NPPs.
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Methods and practice of seismic revaluation for nuclear power plant structures

V.Beliaev. Research Center of Capital Construction, St. Petersburg, Russia

(For technical reasons, the first 6 figures at the end of this paper could not be reproduced)

ABSTRACT

Nowadays Russia’s specialists perform a huge amount of works to revaluate the NPP safety. These works
are certain to include refinement of NPP safety assessment under the effects of specific dynamic loads,
earthquake effects included. It should be noted, that a number of Russian NPPs now in operation had been
designed either with no account of these loads, or under the requirements which are underestimated as
compared with the modern requirements on the external load composition and rate. Revaluation of NPP
seismic safety is based on the results of the works taken under orderly sequence on assessment of (1)
seismic input and ground effects; (2) structure response and state; (3) equipment and pipelines response
and state.
Therewith we assume that ground motion predicted behavior at the structure basement has been preset for
the SSE and OBE conditions and the effects of soil-structure interaction, including the possible soft soil
liquefaction. The need to determine both the reaction of a construction and its state as a whole as well as its
elements reaction, to evaluate their bearing capacity and failure zones formation makes it necessary to
develop a detailed (usually finite-element) structural model. Since seismic revaluation is to be performed
for the existing structures, characteristics of which can substantially differ from the design ones, revealing
the actual state of this structures becomes critical. If the real values of physical and mechanical properties
of the structure materials, connections of elements etc. are used as initial data in a structural model this
permits to increase the design assessment credibility and reliability. Comparison of the results of seismic
structural analysis with the design and real characteristics of material and the state of connections in
several cases illustrates a pronounced effect of wear on their reaction to a seismic input. It is precisely
these data that are to be taken as the initial data for seismic revaluation of equipment and pipelines reaction
and state.

INTRODUCTION

The increasing seismicity level in several areas of Russia makes it necessary to solve the following
problems for existing NPP:
•  to perform special works on seismic strengthening of NPP buildings and equipment in order to bring

their seismic stability to the level required;
•  to carry out design evaluation of the possibility of NPP safety provision in case of considerable

damages of buildings and structures.
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Solving the problem of seismic strengthening of buildings and structures has been the objective of much
research, all of this was reflected in standard material and procedure specifications, in construction and
renewal procedures. By this is meant that most of existing types and structural configurations of buildings
have practically testified designs for seismic strengthening. However, real financial limitations give no way
to do our utmost in the shortest possible time. Therefore an in-site safety assurance evaluation in case of
considerable damages of buildings, first, will allow to receive a realistic prognosis of earthquake
consequences, second, it will serve as the basis for the feasibility study for carrying out the works on the
new requirements on seismic stability of buildings and structures. Thus, design evaluation can be
performed independently or in parallel with operations on seismic strengthening.
Analysis of the results of seismic revaluation of existing NPP buildings and structures permits to state that
standard designs, which are used in engineering practice, seem to be insufficient to evaluate expected
damage degree of building supporting elements under the design basis earthquakes. More often than not it
is required to design on the basis of real (or synthesized) records of ground motions and complicated 3D
models of buildings to judge reasonably the possibilities of a required safety level provision. Furthermore
the major factor of credibility of the design evaluation received is the quality and completeness of the data
on examination of the existing buildings actual state, which are to be taken into account when designing.
Thus, building foundation differential settlement causes considerable stresses in the walls, these stresses
(even if the monolithic nature of masonry is preserved under the normal operation conditions) at
earthquakes will result in considerable supporting element damages. Furthermore, the background
seismicity and other impacts (transport vibrations, industrial explosions etc.) create a damage accumulation
effect in supporting elements and change the real ability of buildings to resist a seismic input.

1. Application of tool examinations to evaluate the real state of NPP building structures

Nowadays the most commonly used nondestructive methods of determination of physical and mechanical
characteristics of building materials and structures (mechanical ones: rebound, plastic deformation, chip,
explosion, etc, ultrasonic characteristics) have substantial drawbacks: they require an access to the
structure surface under testing and permit to determine the required material characteristics at shallow
depths (usually up to several mm). The exception is provided by a through ultrasonic testing, but it could
be performed only given the access to two building structure surfaces, which is not always possible. When
inspecting the building structures which are under operation these methods are frequently hindered or
inefficient for the following reasons:
- the structure surface may have coverings (for example, plaster or metal isolation) and their removal

and further recovery involve huge expenditures;
- the shallow layer characteristics of the material structure may differ substantially from the

characteristics of the body of masonry as a result of carbonization, weathering, frost action, effect of
high temperature or corrosive media etc;

- the building could be a multilayer structure.
To examine such structures we need special methods, enabling both to determine the characteristics of
structural materials at great depths, furthermore, it is desirable to be on a large (several meters) base and
without coverings removing, as well as to assess the conditions of connecting the structural components
among themselves.
We had developed a combined method of evaluating the mechanical characteristics of materials, which are
used for various structural elements, and the nature of their fixing (types of connections), the method is
based on vibrations and wave dynamics theory. The evaluation procedure consists of two parts:
- the procedure of integrated evaluation of state and pattern of fixing the separate elements, structures or

buildings as a whole on the basis of analysis of natural oscillation, induced by pulse shock load;
- the procedure of determination of acoustic characteristics of structural material at the area under testing

and on the basis of these results the procedure of determination of elastic characteristics (shear
modulus and elastic modulus), as well as the strength of material using the correlation dependencies.



NEA/CSNI/R(2001)13/VOL.2

91

The procedure in question is based on the analysis of shallow wave parameters, which are excited by pulse
shock load.
Procedure of integrated evaluation of state and fixing pattern of the structural elements is based on
exciting the structure natural vibrations by a shock pulse load, measuring these vibrations in various points
of the structure, detecting vibrations at various frequencies by spectral analysis methods and analyzing
these vibrations (defining the frequencies and vibration decrements, constructing their diagrams, i.e.
dependencies of the amplitude on the measurement point coordinates).
Giving no consideration to the peculiarities of natural vibrations excitation and record, the processing and
interpretation results, I’d like to note that the schemes of excitation and measurement of vibrations, modes
of identification and detection of various vibration modes had been developed in details, these schemes
enable us to determine frequencies with sufficient accuracy and to construct the diagrams for two or three
(sometimes even more) first modes of structural vibrations.
Using this procedure permits to find a sound structural model, this model in its turn is the basis to defining
elastic material characteristics of a structure (if its dimensions are known), which are averaged through the
entire structure or its elements, as well as  large defects which affect the form of diagrams of the vibration
modes revealed. Examples of vibration diagrams by several forms are presented in Figures 1 and 2.
Henceforward the examples presented had been received during inspection of the Leningrad NPP masonry
buildings.
Procedure of determination of acoustic characteristics of structural material is based on excitation of
shallow waves by shock pulse load, measurement of these waves on the structure surface and analysis of
their parameters.
It is known, that the velocity of shallow waves, Rayleigh waves as well, is related to its dependence on the
length (variance curve), which is determined by wave propagation velocity distribution in structural
material (by dependence of a shear wave velocity and Poisson’s ratio on the distance to the surface). Shear
wave velocity in its turn is closely related to the shear modulus, and taking into account the Poisson’s ratio
it is related to the elastic modulus. Thus it is believed that given the variance curve, a shear modulus of
various structure layers is determinable.
Such inverse problems in seismic acoustics have no unambiguous solution. However when inspecting the
building structures the problem is frequently simplified by the fact that we usually dispose information on
geometrical characteristics and material of various structural layers, which permits to receive unambiguous
solution.
The purpose of the investigations conducted was to analyze for a possibility to construct shallow wave
variance curves from the realizations, derived due to pulse effect (impact). With this aim in view a
mathematical modeling had been conducted, in which a multilayer plate response to pulse effect in a point
was simulated. The problem has been solved as a plane one. These versions had been simulated: (1)
uniform half space; (2) uniform plate; (3) one- and two-layer plate on the half space at various relations of
layer thickness and longitudinal wave velocities, and Poisson’s ratios in layers and half space; (4) two- and
three-layer plate at various relations of layer thickness and longitudinal wave velocities and Poisson’s
ratios in layers.
The first two versions were simulated to compare the results of variance curve construction with the
theoretical data. The obtained realizations of vibrations in various points of surface were filtered through
several band filters with 0,5 octave band pass over a wide range of frequencies, after that the filtered-out
realizations were used to determine the coordinates of variance curve points. For all the versions variance
curves had been constructed, furthermore, for the half space and for the uniform plate the results were in
complete agreement with the theoretical data.
In more complicated cases the variance curve form does not entirely coincides with the forms in [1]. The
difference is in that variance curves, constructed due to pulse processes, as a rule are free of branches, they
are the result of averaging the parameters of waves, propagating in different layers. The one exception is
provided by the versions of "soft layer on the rigid base" and "rigid interlayer in the soft soil" at velocities
of waves in the layers, which differ several times, where two branches of the variance curve are observed
at short waves.
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Thus, mathematical modeling had shown that construction of variance curves for shallow waves phase
velocities from the pulse realizations creates no problems, and their construction accuracy permits to assess
acoustic characteristics of building structure materials (multilayer structure included) with reasonable
resolving power. The algorithms developed were used at processing the real objects inspection data, and
the modeled variance curves were used to analyze the object variance curves.
Using this procedure permits to assess acoustic and elastic characteristics of materials of various elements
of building structures or their separate sections. Figures 3-6 show an example of variance curve
construction and its analysis. Thin lines in Fig. 6 show the theoretical variance curves for a plate of 0,25 m
in thickness (the thickness of the wall surveyed) at various values of Rayleigh wave velocity at the
masonry surface VR.
The procedures described above could be used independently or in combination. In case of their complex
use the elastic characteristics and the material strength are assessed from the shallow waves, and the
structural model is selected so that its design dynamic responses (frequencies and forms of resonant
vibrations diagrams) most closely agree with the data which had been received experimentally for natural
vibration. As an example of such a complex use of this procedures let’s consider some results of
examination of brick building walls of machine hall of Leningrad NPP.

2. Methodical bases of seismic reevaluation of existing NPP buildings and structures

Evaluation of the building state after design earthquake is carried out by method of direct dynamic load
design with the use of real earthquakes records, analog or synthesized accelerogramms. In this condition
the actual geology of foundation soils (according to the microseismic zoning data) and their capability to
transform a seismic input are taken into account. We had developed a procedure in which soil mechanical
behavior during the process of interaction with seismic waves is described on the basis of viscoelastic
models (for the magnitude 6 as per the MSK-64 scale and below) and on the basis of elasto-plastic
hysteretic models or visco-elasto-plastic models for the magnitudes more than 6. The validity of the
procedure developed had been confirmed when solving the problem of verification of parameters of
seismic inputs once they had passed through the foundation soils when designing buildings and structures
of nuclear power engineering objects.
When evaluating the same building design models with increasing degree of complexity and details are
used in succession. The need for such approach stems from the numerous facts that there is no direct
dependence of building damage degree (including the same-type buildings) at earthquakes on such
parameters as number of stories, structural scheme, etc., therefore successive improvement of the design
model will allow to reveal the influence of various factors on building behavior under seismic effects with
due regard to damages. The principal condition of design evaluation is accounting for the changes in model
states during the earthquake effect under limiting states of separate elements or the building as a whole. In
this condition it is necessary to consider the following possible changes of the model state:
•). Building separation into large parts, this separation is marked by through cracks which pierce the entire
building in vertical or horizontal directions (adjacent walls separation, building separation and
displacement along its foundation, displacement of floor disks and building separation into parts within the
stories, etc).
It is evident, that building separation into large parts has a pronounced effect on its natural vibration
frequencies. Hence, according to the in-situ measurement data the lateral-direction natural period values in
brick buildings (being 0,2 s before Gazly earthquakes) had increased up to 0.4 s after these earthquakes.
At present solving the problem of description of building separation into large parts during seismic input
involves the problems related, mainly, to absence of limiting state criteria and proper design models.
According to the above procedures in the first stage a building dynamic load design with the use of 3D
finite-element model without regard for failures will be performed. Then the building zones in which
internal forces (stresses or deformations) exceed the limiting values for the code on aseismic building are
to be determined. The design model is supplemented with the elements, which work only up to a certain
level load, following which they are eliminated and dynamic load design is performed once again. If new
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zones of possible failures arise the further model improvement is to be performed. For example, if in the
first design stage we find the possibility of vertical cracking and end building wall separation from the
spine walls because tensile stresses exceed their limiting values, then at the sites of their junction the
elements are introduced, which are to be eliminated provided that:

σΡ ≥ RH
P,

where RH
P - standard tension resistance for the masonry.

b). Changing the pattern of load perception by building supporting structures due to failure (if some
components show a notable loss of bearing capacity) or changing the conditions of element junctions
(horizontal cracking in upper and/or lower part of partition walls, diagonal cracking in the blind walls
within a story etc).
If such a mechanism of building failure is realized in its design model then either changing the element
connection conditions (unilateral constraint forming, sliding friction, etc) is performed, or stress-strain
modulus alters locally, or the elements which correspond the destroyed part of structure are eliminated
from the design model. In all the conditions specified a change of building stiffness and natural vibration
frequency takes place. Once a number of elements had been eliminated from the design model a
calculation of the building changed state under static loads is to be performed and the criteria of limiting
state are to be specified.

c). Changing the masonry monolithic nature, which, as a rule, decreases the natural vibration frequencies
of buildings, that is, their stiffness. These changes are related to numerous internal processes in the
masonry under dynamic load input, which are associated with formation of tiny cracks and its continuity
disturbance. It is to be noted, that masonry is a non-uniform elastic plastic body which consists of solution-
filled stones and joints. It is obvious that in this case the choice of integrated parameter which accounts the
entire set of factors will be a proper one. Numerous investigations use as such a parameter a stress-strain
modulus of masonry, multiplied by degradation factor, dependent on the stressed-deformed state in
building structures.
Under compressing stresses in masonry (σΡ ≥ 0.3Rcm) the current stress-strain modulus is recommended to
be determined as follows

• 1 = α (Rcm – 0.91σ).
where (α - masonry elastic characteristic according to Russian norms and standards,
Rcm - standard compression resistance of masonry.
Similar analyses for determination of masonry degradation factors due to various conditions are under
investigation in many countries. The paper [2] shows the analysis for the most commonly used degradation
models and comparison of design evaluations with research data on wide and narrow partition walls.

3. Practice of seismic recertification of NPP building structures
As example of the procedures above is the design results of a relatively simple NPP  water fire
extinguishing pump (WFEP) building for SSE of magnitude 7 as per the MSK-64 scale. During dynamic
load design a 3D finite-element building model was used. As a result we received the displacements of all
the model units and the forces in building structural elements. The designs carried out gave the evaluation
of additional loads influence on meeting the strength conditions, the loads arising due to seismic input to
building structures. The standard criteria of strength used at building model evaluation allowed to
determine the possibility of its separation into large parts and to reveal the zones of localized failures.
WFEP building overall view is presented in Fig. 7. This building plan view is a rectangle which measures
20.51•10.2 m. Building height is 8.6 m at the 0.0 m level. In design the WFEP building includes three
parts which differ in their stiffness and inertial properties: modular and monolithic reinforced concrete
foundation from the building base up to 0.0 m level; masonry walls above the 0.0 m level, and the building
roof, which is made from reinforced concrete panels and is at the + 8.3 m level.
Development of a finite-element WFEP building model was carried out from the operating drawings. In
doing this all building design features (windows and doorways, brick masonry of various thickness, floor
plates scheme etc) were reproduced in the model. In the places of possible building separation (in the
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places of outside walls junctions among themselves and with internal partitions, as well as in the zone of
building walls connection with foundation) the design model was added with the elements, which were
eliminated as soon the limiting value of forces had been achieved. Besides, the changes in the masonry
stress-strain modulus when achieving the limit value of compressing stresses was taken into account.
Analysis of building structural configuration had shown that absence of symmetry planes in plan view does
not result in substantial displacement of building centre of gravity relatively its geometrical centre, this
displacement was equal ~0.03 m in lateral direction and ~0.24 m in longitudinal direction. Building
stiffness in longitudinal and lateral directions with due regard to ground foundation stiffness was 2.287⋅109

n/m and 0.912⋅109 n/m respectively.
Analysis of the static design results had shown that the stresses acting in brick masonry sections
(compression, shear, etc) and deformation are substantially lower than allowable standard values, this
agrees with the building examination data.
As the design seismic input we took the accelerogramms of 9.03.1949 Holister earthquake. The parameters
of seismic input at the building foundation had been determined due its passing through the foundation
soils, the structure and physical characteristics of which were determined from the microseismic zoning
data. Both accelerogramms and velocity and soil-surface displacement curves, as well as response spectra
corresponding to the design basis earthquake are shown in Figure 8.
The displacement diagrams show that at earthquake the soil surface is rocking with amplitude ~2 cm
relatively the common non-compensated soil displacement, equal to ~2 cm in horizontal and ~4 cm in
vertical direction. As for their value the hard soil surface displacements correspond those observable at
earthquakes of magnitude ~ 7 (• S K-64 scale). Analysis of the effect spectra permits to state that:
•  the heaviest rate of seismic input is displayed within the range of frequencies from 3 to 15 Hz both in

vertical and horizontal directions, where the dynamic coefficient of the effect is ~4.
•  for the horizontal effect component the presence of one peak of acceleration in the spectrum at

frequency ~ 5 Hz (4.8 m/s2) is typical;
•  for the vertical effect components in the spectrum two peaks of approximately equal rate (~ 1.7 m / •2)

at frequencies 4 and 9 Hz are observed.
From the results of WFEP building dynamic load design for the earthquake of magnitude ~7 (MSK-64
scale) due to Holister accelerogramms we had determined:
•  failure of the building brick part connections with reinforced concrete foundation takes place

practically immediately, this serves the decrease of wall loads;
•  maximum displacements of brick part of WFEP building relatively the foundation are: 1.5 cm along

the short building side and 1.1 cm along the long building side;
•  strength of brick WFEP building walls at the preset seismic input is obtained with the exception for the

partition, wall crosswise the building, in its upper part the conditions of lateral shear strength are
disturbed and a crack is formed, however the partition doesn’t separate from the outside building walls
at its whole height;

•  reducing the building stiffness due to change in masonry deformation module, related to its continuity
disturbance and tiny cracks formation, doesn’t exceed 5%.

At present the works on seismic recertifications of Russian NPP structures and buildings on the basis of the
above procedure are in progress. The results received are used at NPP safety analysis based on the results
of seismic revaluation of equipment and pipelines response and state.
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Figure1. Vibration diagrams in vertical plane.

Figure 2. Vibration diagrams in horizontal plane.

Figure 3. Initial realizations

Figure 4. Filter realizations (filter transmission frequency is 1 kHz)

Figure 5. Filter realizations (filter transmission frequency is 500 Hz)

Figure 6. Variance curve.
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Figure 7. Pump building overall view

Figure 8. Design seismic impact .
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Seismic Evaluation of the HFR Facilities
J.H. Fokkens

Abstract:

NRG has more than 35 years experience in the nuclear field. Amongst others, this includes safety and
integrity assessments and operation of the 50 MWth High Flux Reactor (HFR) owned by the European
Commission. At the request of the Dutch Nuclear Regulatory Body a safety re-evaluation was performed
for the HFR facilities. Special attention was paid to seismic evaluation in view of recent gas and oil
exploration in the vicinity of the HFR site and the potential for induced earthquakes.

Initially, a Basic Design Earthquake spectrum was defined for the HFR site on the basis of available
seismic data and regulatory requirements. For the various HFR components acceptance criteria and
requirements were agreed upon with the Dutch Nuclear Regulatory Body. The earthquake resistance of the
HFR components was evaluated using finite element analyses, with strengthening modifications proposed
for those components that did not meet the acceptance criteria.
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RE-ASSESMENT OF SEISMIC SAFETY OF TR-2 RESEARCH REACTOR BUILDING

AyhanAlt•nyollar
Turkish Atomic Energy Authority, Ankara-Turkey

Polat Gülkan
Middle East Technical University, Ankara-Turkey

Abstract
The TR-2 research reactor at Çekmece Nuclear Research and Training Center, operated by the Turkish
Atomic Energy Authority, is located  25 km west of •stanbul in Turkey. It was built during the period
1957-1962.  In keeping with the practice of the time, a site specific design basis earthquake was not
considered in the original design of the reactor building. Following concerns raised following the
magnitude-7.4 17 August, 1999 earthquake near •zmit in the province of Kocaeli, a distance of some 85
km from the reactor building, the seismic qualification of TR-2 reactor building was re-assessed Using new
methodologies and experience. During the Kocaeli Earthquake, the  acceleration time history at the base of
TR-2 research reactor building was recorded.
The structural model of the TR-2 research reactor building was developed and a dynamic soil-structure
interaction analysis was performed using the SASSI computer code. Generic time history (obtained from
NUREG/CR-0098) and the time history recorded at the site during the Kocaeli Earthquake, were used in
the analysis. The soil degradation that occurs during an earthquake was considered in the analysis. The soil
structure interaction analysis of the model was carried out using SASSI, and the static analysis of the
reactor building was performed using the SAP2000 computer code. Seismic safety of the TR-2 research
building was evaluated using the results of both analyses.
The main structural elements to be checked in the building against earthquake loads are the shear walls
surrounding the building at the base, the frames in the superstructure, and the infill brick walls.
The acceleration response spectra and time histories of points on which the safety equipments are located,
were also generated for the use of seismic qualification of these equipment.

1. Introduction

At the present time, there are numerous programs underway in many countries around the world for the
evaluation of seismic safety of research reactors and for their upgrading to increase seismic safety.
Research reactors are usually located at or near city centers. This is different than nuclear power plants.
The seismic safety of research reactors located in high seismic areas but close to urban settlements is a
vital issue.   

Many areas in Turkey are exposed to seismic hazard. For example, a devastating earthquake occurred in
Turkey at the eastern end of Marmara Sea on August 17 1999 (03:02 Local Time, Latitude: 40.70N,
Longitude: 29.91E, Depth: 15.9 km, Magnitude: 7.4). The epicenter was located near Gölcük, a town
located about 4 km from •zmit City in the Kocaeli province. Field surveys confirmed that the western part
the North Anatolian Fault Zone had caused the main shock. A few buildings also collapsed in residential
parts of Avc•lar district in •stanbul, about 5 km away from the TR-2 research reactor building. Seismic
instruments at the reactor-building basement and at the base of another surface building produced records
during earthquake. The peak acceleration values of the time histories recorded at the basement of reactor
and the other building were 0.12g and 0.18g, respectively.  The TR-2 reactor has been designed for a base
shear force of 0.1 times its weight. Inspection of the reactor building by engineers after the earthquake
showed that there was no damage on the reactor building, systems and components.
The TR-2 research reactor was built between 1957-1962, and at that time a site specific design basis
earthquake was not considered in the design of the reactor building. Considering the exposure of the
facility to damaging ground motions, the seismic qualification of the TR-2 reactor building was re-
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assessed. This paper summarizes the findings. Mainly, the following headings were considered in the
studies:

•  Methods, regulations and techniques used for the re-assessment of the seismic safety of the TR-2
Research Reactor,

•  Earthquake hazard at the TR-2 reactor site,
•  Site characteristics,
•  Determination of dynamic response of the reactor building,
•  Evaluation of the seismic safety of the reactor building.

2. Description of the Reactor Building
The reactor building is a reinforced concrete frame structure. The plan dimensions of building are
23.54x32.58 m. The building has an embedment to a depth of 9.12 m.  The height of the building is 11.25
m from the grade level. The structure has a thick base slab and embedment part is covered by shear walls
acting as retaining walls. The embedment part of the structure consists of four levels. Above grade level,
the superstructure consists 10 one-way frames supported directly on reinforced basement walls. The
superstructure supports a moving crane.

Figure 1. TR-2 reactor and auxiliary building
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3. Description of Analysis Input

3.1 Artificial Time History

Review Level Earthquake (RLE) has been established to be a ground motion with 0.40 g peak ground
acceleration (PGA) in horizontal direction (Ref. 1). The 0.40g PGA is assumed to be a mean estimate for a
500 year of return periods (Ref. 2). The time history trace obtained from NUREG/CR-0098 was
normalized to 0.40g (Figure 2) and used for time history input for capacity check purpose in the analysis.
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       Figure 2. CR0098 Time History, 50th Percentile - Soil, Horizontal Component (N-S)

3.2 Time histories recorded at TR-2 site

There are two acceleration traces recorded at the site during the Kocaeli Earthquake. One of them was
recorded at one of laboratory buildings at the site. This record will be considered as a free field in the
analysis because the building is not heavy and it has no embedment (Figure 3). The maximum acceleration
values of the free field record are 0.18g, 0.13g and 0.059g for horizontal components 1, 2 and the vertical
component, respectively. The other trace was recorded at the basement of TR-2 research reactor building
(Figure 4). The maximum acceleration values of this record are 0.12g, 0.09g and 0.05g for horizontal
components 1, 2 and vertical component, respectively. These will be used for verification purpose.
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       Figure 3. Recorded time history at site (free field), horizontal component (N-S)
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       Figure 4. Recorded Time History at the base of reactor building, component (N-S)

3.3 Soil properties of theTR-2 site

Detailed soil investigation studies were conducted at the TR-2 site in 1984 (Ref. 3). Soils underlying the
TR-2 reactor building are stiff to very stiff clays and silts down to considerable depths. Bedrock was not
encountered within the depth of 75 m borehole exploration. Shear wave profile of the upper soil layers is
given  in Figure 5.. The groundwater table is stabilized at about 36.20m.
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            Figure 5. Shear Wave Profile of TR-2 site

4. Soil-Structure Interaction

Soil-structure interaction results from the scattering of waves from foundations and radiation of energy
from the structure due to structural vibrations. The dynamic response of structures depends on the
characteristics of the underlying soil medium. If the soil condition is soft, the coupled soil-structure system
will exhibit a peak structural response at a lower frequency compared to a fix base structure.
Regular earthquake analyses ignore soil structure interaction effects. Free field displacements are applied
as is to the base of structure. Soil structure analysis includes interaction effects between soil and structure.



NEA/CSNI/R(2001)13/VOL.2

119

Figure 6. Response of structure under the earthquake

The reactor building structure, foundation and soil were modeled and analyzed by SASSI computer
program in which flexible volume sub-structuring method is used (Ref. 4). The method is formulated in the
frequency domain using complex response method and the finite element technique.
In the SASSI program environment, the soil-structure interaction problem reduces to three main steps for
each frequency as follows:

•  Solution of the site response problem to determine the free-field motions within the embedded part

of the structure,

•  Solution of the impedance problem to determine the dynamic stiffness of the foundation at the

interaction nodes,

•  Solution of the structural problem.

5. Structural Model of Reactor Building

5.1. Static Model

A 3D finite-element model of the TR-2 reactor building was generated using appropriate solid, shell, beam
and spring elements. The numbers regarding the static model are as follows:

Number of nodes : 1000

Frame elements: 654 

Shell elements : 685

Solid elements : 112

Water in the pool is modelled as an equivalent system of masses and springs  as described in Ref. 5. The
elastic in-plane stiffness of a solid unreinforced masonry infill panel prior to cracking is represented with
an equivalent diagonal compression strut in the model (Ref. 6). Heavy equipment, such as tanks, pump,
reactor etc., are included as masses. The cranes are also included.   This model is shown in Fig.   .

5.2. Soil-Structure Interaction Model

Soil-Structure interaction model of the reactor building was generated for SASSI adding embedment soil

part to the model. The Embedded soil part was modelled by solid elements with material properties of soil

in the corresponding levels. The maximum size of elements was decided according to soil properties and

U=Ug ≠
θ

Regular Earthquake Analysis                 Soil-Structure Interaction Analysis
Ug : Free field displacement,  U : Displacement at the base of structure,  θ : Rocking angle
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frequency range of input motions. In the SASSI program, there are also spring elements which are

neccessary to represent water in the pool. The numbers representing the model regarding the soil-structure

interaction model were as follows:

Number of nodes : 1531

Frame elements : 638 

Spring elements : 16

Shell elements : 685

Solid elements (Structure): 112

Solid soil elements (Soil): 611

6. Dynamic Response Analysis Results

Dynamic response of the reactor building was obtained in the form of time histories of motionparameters
(displacements, velocities and accelerations). Input time histories for two horizontal and the vertical
direction were assumed to be statistically independent. In the analysis, these are applied simultaneously
and the results in each direction at any point of the structure contain the influence of all input motions. The
time history and maximum values of the internal forces and moments are evaluated.

6.1 Maximum Accelerations

The maximum acceleration values at some nodes due to recorded free feild time history in three
components are given below. The nodes on the basement walls, the nodes where accelerograph was
located, and the node at the top of the building have been selected. The results are tabulated as follows:
Maximum Acceleration at the nodes due to free field time history in X direction (PGA 0.18g)

Nodal Points Max Acc. - X At time Max Acc. - Y At time Max Acc. - Z At time
Along the basement wall (below grade
level)     

1 0.158 7.96 0.0015 7.02 0.0108 7.37
61 0.1599 7.96 0.001 7.02 0.0109 7.37

349 0.1627 7.96 0.0007 7.15 0.0113 7.37
699 0.1647 7.96 0.0006 7.46 0.012 7.37
979 0.1655 7.96 0.0012 7.56 0.0133 7.37

At node where the  accelerograph was
located     

104 0.1602 7.96 0.0003 7.45 0.0017 19.99
At top of the building      

1513 0.008 9.92 0.3914 9.06 0.0066 9.26

Table 1. Maximum accelerations at selected nodes due to recorded time history

6.2 Acceleration Response Spectra

Acceleration response spectra for the recorded free field motion are given below. Acceleration response
spectra where the point accelerograph located obtained from analysis results and recorded one for three
component and 5 percent damping  are also presented below.
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Spectral Acceleration of the Recorded Free Field Motion at  TR-2 
Site ( N-S Component )
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Spectral Acceleration of the Recorded Free Feild Motion at  TR-2 
Site (E-W Component)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0.1 1.0 10.0 100.0

Frequency, Hertz

S
pe

ct
ra

l A
cc

, g
Figure 7.a Figure 7.b

Figure 7.a. Spectral Accelerat•on of Recorded Free Field Motion (N-S Comp.)

Figure 7.b. Spectral Accelerat•on of Recorded Free Field Motion  (E-W Comp.)

Spectral Acceleration of Recorded Free Feild Motion at 
TR-2 Site (Vertical Component)
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Spectral Acceleration of Recorded Time History and Analysis 
Result at Base of Reactor Building (N-S Component)
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Figure 7.c. Spectral Acceleration Diagram for  Recorded Free Field Motion  (Vertical Comp.)

Figure 8.a. Spectral Acceleration Diagram for Recorded Time History and Analysis Results at the
Base of the Reactor Building (N-S Comp.)
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Spectral Acceleration of Recorded Time History and Analysis 
Result At Base of Reactor Building (E-W Component)
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Figure 8.b. Spectral Acceleration for  Recorded Time History and Analysis Results at the Base of the
Reactor Building (E-W Comp.)

Figure 8.c. Spectral Acceleration for Recorded Time History and Analysis Results at the Base of the
Reactor Building (Vertical Comp.)

7. Discussion of Results

Acceleration response spectra of the recorded time history and analysis results at the basement of the TR-2
research reactor building are plotted in the same diagram for three components. Analysis results and
recorded values are in poor in agreement in the low frequency region for all three components. They also
match rather poorly for the North-South components. One of the possible reasons is the topography of the
reactor site. The reactor is built on top of a hill. On the other hand, soil layers are assumed to be horizontal
in the software we have used. The acceleration time history recorded at the base of surface structure is
considered as the free field motion. But it may include response of the neighboring structure also. Another
reason is accuracy of the shear wave velocity profile. Shear wave profile is derived from the standard
penetration test results using empirical relations due to absence of geophysical studies at the site.
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SEISMIC PROVING TEST OF CONCRETE CONTAINMENT VESSEL

Youichi Sasaki and Kiyoshi Hattori

Nuclear Power Engineering Corporation

ABSTRACT

     A concrete containment vessel (CCV) in nuclear power plant is important structure of its safety role to
be a final barrier to prevent radioactivity release. The CCV is required to maintain leak-tightness even for
severe earthquake. In order to prove the structural integrity and functional soundness of CCV, Nuclear
Power Engineering Corporation (NUPEC) conducted seismic proving tests of prestressed concrete
containment vessel (PCCV) and reinforced concrete containment vessel (RCCV) scaled model using large-
scale and high performance shake table of Tadotsu Engineering Laboratory, located in Tadotsu, Japan
     The structural integrity and functional soundness up to the extreme design earthquake (S2) were
confirmed in the tests. After design earthquake level test, seismic margin tests were conducted using
magnified acceleration input of S2. The test model of PCCV and RCCV were damaged finally in large
input failure test. From the results of the seismic margin test and the failure test, CCV was evaluated to
maintain structural integrity and functional soundness until the seismic loads were five times of S2. The
tests were conducted under the sponsorship of Ministry of Economy, Trade and Industry (METI) of Japan.

1.INTRODUCTION
     The reactor containment vessel contains the nuclear reactor as well as other important equipment and
pipings. It plays an important role in preventing dissipation of radioactive substances to exterior by bearing
the load caused by high pressure and temperature in case of a loss of coolant accident. In the conventional
schemes, in order to meet the requirements of high pressure resistance and leak-proofness, a steel
containment vessel is usually adopted. However, recently, as the size of power plants increases, concrete
containment vessels have been used, as it is favorable for construction. Compared with steel containment
vessels, concrete containment vessels (CCVs) have many advantages: higher damping characteristics with
respect to dynamic loads, a large degrees of freedom with respect to shape and wall thickness, and hence,
ability for appropriate layout and design. From the viewpoint of structure, the CCVs can be divided into
two types: prestressed concrete containment vessel (PCCV) and reinforced concrete containment vessel
(RCCV).
     Nuclear Power Engineering Corporation (NUPEC) has been conducting the shaking tests of PCCV and
RCCV using large scaled model ( 1/10 for PCCV and 1/8 for RCCV) with liner plates. The objective of the
test is to prove structural integrity as well as the functional soundness of CCVs. The test has been carrying
out using the large-scale and high-performance shaking table at Tadotsu Engineering Laboratory of
NUPEC. Seismic proving test schedule of CCVs is shown in Figure 1.
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2. TEST MODEL

     PCCV test model simulates a cylindrical wall of an actual PCCV. The dome is not incorporated in the
model since the cylindrical wall, excluding dome, is the section where large shear forces are generated due
to seismic excitation. The overall configuration is of 1/10 scale and the wall thickness is of 1/8 scale.
Those scales are determined considering the constructability of reinforcing bars and tendons. The test
model was lined with liner plates to secure air-tightness. The scale of the liner plate thickness is 1/4 and
determined by the welding manufacturability.      Figure 1 shows the general arrangement of the test model.
The attached mass of 434 tons was placed on the top of the test model.
     RCCV test model was a scale model of an RCCV-portion of an ABWR-type nuclear power plant
prototype building. The outline of the model is shown in Figure 3. A part of the floor slab is modeled so
that the structural behavior with internal pressure is equivalent to the prototype. Masses are attached to the
top of the model in order to provide proper acceleration and stress equivalent to those of the prototype. The
test model consists of a shell wall, L/D (Lower Diaphragm) access tunnel openings, and a set of steel liners
attached to the internal shell surface. The modeling scale is 1/10 for shell wall, 1/4 for liner plate thickness,
and 1/8 for over all configuration.

3. INPUT EARTHQUAKE EXCITATION
     For PCCV test, the scale of acceleration amplitudes of input earthquake is fixed to 1/1.32 based on the
weight ratio of the test model and the actual PCCV. The time increment is determined to 1/2.52 based on
the ratio of the natural frequencies between the test model and the actual PCCV. As an example of input
seismic excitation, Figure 4 shows the input time history corresponding to the extreme design earthquake
(S2) for PCCV test. In the seismic margin test, the magnitude of the excitation force around the to-be-
shifted natural frequency was enlarged to enable the test model to receive sufficient excitation force up to
collapse.

     For RCCV test, the scale of acceleration amplitudes of input earthquake is fixed to 1/1 for RCCV
model. The time increment is determined to 1/2.83. As an example of input seismic excitation, Figure 5
shows the input time history corresponding to the extreme design earthquake (S2) for RCCV test. In the
seismic margin test of RCCV, S2 acceleration amplitude was multiplied.

4 TEST RESULTS

(1) Response
     Table 1 summarizes the responses of the PCCV test model at major seismic excitations. The seismic
excitations were carried out sequentially from smaller one to larger one. Structural integrity and air-
tightness was maintained in design level test from S1(H) to LOCA+S1(H+V). Before 5.0S2(H) test,
structural integrity and air-tightness was also maintained in seismic margin test. During the last test of
5.0S2(H), shear sliding failure occurred at the side of the equipment hatch and led to the total collapse.
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Crack pattern is draw in Figure 6. Leak rate at most distorted part at inside liner surface measured after
5.0S2(H) indicated that air-tightness was maintained
     The responses of the RCCV test model were summarized in Table 2. Structural integrity and air-
tightness was maintained in design level test from 1.3S1(H) to 1.0S2(H)(Test No.R10). Before 9.0S2(H)
test, structural integrity and air-tightness was also maintained in seismic margin test. During the last test of
9.0S2(H), structural shear failure was observed near openings and bending failure was observed at the
bottom of the shell wall nearly at the same time. Crack pattern is draw in Figure 7. Investigation after
9S2(H) test revealed that there had been tearing of the liner plate near the openings.

(2) Frequency and Damping
     The measured dominant frequencies of test models were shown in Figure 8 for PCCV test model and
Figure 9 for RCCV test model. PCCV test model shows constant value of about 10 Hz before 2S2(H+V).
After 2S2(H), dominant frequency shifted gradually to lower side. Damping ratio was about 1-2%.
Dominant frequency of RCCV test model at first condition (experienced no shaking test) was about 13.5
Hz. The early tests significantly reduced the frequency due to stiffness degradation. After 5S2(H) test,
dominant frequency shifted to about 5Hz. Damping ratio was about 5%.

(3) Shear Force and Shear Strain
     The maximum and minimum values of shear force were extracted from the hysteresis loops obtained in
representative excitation tests and were plotted as the relationship between shear force and shear strain in
Figure 10 and 11.
     Figure 10 demonstrate that the PCCV test model behaved linearly up to S2 test while non-linear
behavior is dominant at over S2 test. The proposal skeleton curve modified the JEAG type[1] is also plotted
in the figure and shows good agreement with test results. The ultimate shear stress was modified and liner
strength and stiffness were considered in the skeleton.
     Figure 11 demonstrate that the RCCV test model behaved non-linearly at S2 test. The proposal skeleton
curve also modified the JEAG type shows good agreement with test results.

5. Seismic Margin
     As the dominant frequency of test model changed and input acceleration frequency was modified for
PCCV test, it is difficult to evaluate the seismic margin by the ratio of maximum input acceleration and
maximum design input acceleration. In the study, the energy input which was not affected by the above
frequency change was used to evaluate the seismic margin.
     The energy input can be calculated by equation (1),

          dtxxxmE
t

in ∫ −=
0 00 )( ����    (1)

where inE  is energy input, m  is mass of test model, 0x��  is input acceleration, 0x�  is input velocity, and x�
is response velocity. When we applied the equation to the test results, we slightly modify the equation to
take account of shake table pitching motion. The time histories of the energy input during each test, which
is presented as the energy-equivalent velocity VE(=(2Ein/m)1/2), are shown in Figure 12 for RCCV tests. It
can be seen that the failure of the test model during 9S2(H) test occurred at the same energy levels as VE of
5S2(H) test.
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     The energy spectra of the input motions 9S2(H) and S2(H) are shown in Figure 13. As the test model
fractured during 9S2(H) test, the energy spectrum of 9S2(H) is smaller than 9 times energy spectrum of
S2(H). The energy input VE=366cm/s during 9S2(H) test is about 6.6 times of the energy input VE=55cm/s
during S2(H) test, if compared regarding the same period. As slipping deformation was measured at the
bottom of the shell wall, the net energy should be VE=322cm/s, which is the gross VE=366 minus the
amount of the slip energy. Therefore, the seismic safety margin obtained from the result of 9S2(H) testing
should be regarded as 5.8 times of S2(H).

     As the accumulative tests from S2(H) to 9S2(H) had been conducted, seismic margin based on all the
accumulative tests was able to be estimated using the accumulative energy input. In the study, the
accumulative energy input was calculated by equation (2),

                 ∑
=

+=
n

i
in EEE

1

5.0       (2)

where E is accumulative energy input, En is energy input, and Ei is energy input of previous test.
The energy inputs of the each test are shown in Table 3, excluding the slip energy at the bottom. VE is
calculated as 481cm/s using the accumulative energy input of these tests, If a representative period of
vibration through 1.1S2(H) to 9S2(H) is regarded as 0.19s, which is the mean period, then the seismic
margin through all the tests is found to be 7.4 times of VE=65cm/s of the S2(H) excitation. The same
estimation method was applied to PCCV test result, and we have the value of about six times of S2(H).
From these estimation results, the seismic margin of concrete containment vessel was evaluated to be about
five times of S2.

5. CONCLUDING REMARKS
     Seismic proving tests of concrete containment vessels were carried out focusing not only structural
integrity but also functional soundness. Two type of test model, prestressed concrete containment vessel
and reinforced concrete containment vessel were tested with large-scale and high-performance shake table.
For PCCV and RCCV test models, the structural integrity and air-tightness was confirmed to maintain in
design level up to the extreme design earthquake S2. From the results of the seismic margin test including
failure test, seismic margin of concrete containment vessel was evaluated to be five times of S2.
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Figure 1  CCV Seismic Proving Test Schedule

Figure 2  PCCV Test Model Configuration
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Figure 3  RCCV Test Model Configuration

     Figure 4  Time Fistory of S2 Input Motion          Figure 5  Time History of S2 Input Motion
              For PCCV Test Model                            For RCCV Test Model

Table 1  Response of PCCV Test Model
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Table 2  Response of RCCV Test Model

     Figure 6  PCCV Crack Pattern after Failure       Figure 7  RCCV Crack Pattern after Failure

Figure 8  Frequency and Damping Ratio of PCCV Test Model
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Figure 9  Frequency and Damping Ratio of PCCV Test Model

Figure 10  Shear Force and Shear Strain of PCCV   Figure 11  Shear force and Shear Strain of
RCCV

Figure 12  Energy Input Time History
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Figure 13  Energy Spectra of Input Motions 9S2(H) and S2(H)

Table 3  Energy Input without Slip of Shell Bottom
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Seismic reevaluation of PHENIX reactor

P. Sollogoub  CEA/SACLAY/EMSI, D. Goux  Centrale Phenix, C. Duval
EDF/Septen, E. Gallitre  EDF/ CLI

1 INTRODUCTION

PHENIX is a 250MWe fast breeder reactor located in Marcoule center along the Rhone river. The plant
was built in the beginning of 70’s, and got critical in 1973. It has been designed according to applicable
seismic codes at that time.

Due to the need to continue the operation of the plant for research programs, Safety Authorities
required the verification with present methods, that the essential safety functions are fulfilled for the level
of earthquake defined according to the present methodologies .

The paper presents the different steps of the re-evaluation process for structures which started in
1996: general organization, methodology, general principles taken for the seismic assessment and re-
evaluation, definition of the upgrades and works performed.

All the seismic upgrades are under completion and the plant is planned to re-start next year.

2 Brief description of the Plant

2.1 General

PHENIX is an experimental fast breeder reactor of pool type designed during the 60’s, installed in
the CEA center of MARCOULE along the Rhone river in the south part of France and is operated jointly
by CEA (80%) and EDF (20%). The electric power is 250MW. The construction started in 1968 and the
reactor got critical in 1973. From seismic point of view, the plant has been initially designed according to
the existing codes for an earthquake level defined by the intensity level of 8 for the “Safe Shutdown
Earthquake”. Later on, following a modification of the operation of the plant, Safety Authority required to
verify, with present methods, that the essential safety functions are fulfilled for an earthquake level defined
by two response spectra. One, with a ZPA of 0.15g represents the far field sources and the second , with
0.2g, the near field.

2.2 Building description

All the buildings are on a north-south line; the ground level is 0m (figure 1). Main structures are:
The Reactor Building (RB), with main dimensions, 42m length, 26m width and 49m height, with

14m embedment (figures 5 and 6). The infrastructure, from the raft to the 8.5m elevation is a wall and floor
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reinforced concrete structure; common with the North Handling Building infrastructure. It supports the
reactor vessel and associated systems. The superstructure is made of concrete column and steel beams for
the roof. Columns are linked by horizontally prestressed concrete plates. The columns and the plates are
prestressed by vertical tendons for confinement.

The Steam Generator (SG) Building ( L=42.7m, l=41m, H=43m) is founded on an independent
raft with reinforced concrete wall and slab infrastructures and steel superstructures with light boarding
(figure 2). It contains steam generators and secondary loops in its south part and a handling space for SG
in the north.

The Turbine Building – TB - ( L=52.m, l=42m, H=42m) is located in the north. It is a reinforced
concrete frame, with walls and steel superstructure (figure 3). It has a turbine on a separate foundation.
One row of superstructures of the SG building is founded on TB infrastructure.

The North Handling Building (NHB), which dimensions are comparable to the Reactor Building
ones (figure 4), is a steel frame above the infrastructure enclosed with concrete panels with horizontal
mortar slice between two panels.

Other buildings are present on the site: along the RB on the west side, auxiliary building, in the
south, handling buildings. Parallel, the control room and office building and at the north east, the pump
building.

All the structures are founded on a stratified alluvial soil with a slight slope to the North; the
mean Young modulus is 1600Mpa.

3 Methodology of seismic reevaluation.

For this task, which is not standardized, the owner asked a Group of Experts to assist it in order
to propose methodology and hypotheses of the reevaluation. FRAMATOME/NOVATOME was in charge
of the general coordination and Sechaud & Metz was the Civil Engineering consultant and EDF-CLI
(Engineering group in Lyon) was in charge of the control.
The different steps of the work where:

3.1 Definition of the safety function of each building and associated behavior requirements.

The earthquake is considered as an “accidental” situation and only safe shutdown, decay heat
removal and limitation of radioactive release is required.

The building functions are then Capacity of Supporting safety related equipment and
components ( RB and NHB infrastructures, SG building, some auxiliary buildings), support of potential
missiles (RB superstructure) and Stability (non collapse) for almost all the other structures.

3.2 Assessment of the “as-is” situation

This is required in order to identify the characteristics of the as-built installation, to appreciate its
ageing, to check the conformity of drawings with the actual status of the plant, and to be sure of the
compatibility between analysis hypotheses and the actual situation of  structures. To illustrate this latter
point, we may mention the detailing of concrete reinforcement in order to accept some inelastic behavior,
the lap splices and  the behavior of steel and concrete connections.

This task has been performed by analyzing the drawings, by walkdowns , by non destructive and
destructive tests … As examples, we can mention: gaps cleaning and measurement between the different
structures, friction coefficient measurement in the mortar between panels, prestressing tendons heads
radiography and so on.
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3.2 Seismic assessment and reevaluation general principles

Seismic assessment of an existing structure is different from the design of a new structure. In the
latter situation, the design principles, based on analysis and detailing practices, induce margins in almost
all the steps, due to uncertainties in the design, construction and life of the structure and to absolutely
necessary simplifications in the overall process. For assessment, there is no fixed engineering practice and
it is necessary to perform a critical evaluation of the analysis methods, detailing practices and criteria, in
order to have an as realistic as possible situation. For this, examination of post earthquake and seismic test
data was intensively used in order to help the decision making, as well as the use of conventional seismic
codes such as PS92 and the Recommendations AFPS90, edited by the French Earthquake Engineering
Association (AFPS). This was the main task of the Group of Experts.

Examples of critical evaluation of methods of analysis and criteria are given below.
For definition of loads, it has been suggested to consider differently far field and near field (shallow focus)
earthquakes because the elastic spectrum is not a sufficient representative of the damage induced by the
earthquake: duration and number of cycles play an important role. For the near field case, it has been
proposed to have a reduction coefficient which modulates the elastic response.
In the load combinations, thermal loads have been excluded because they are an applied displacement
which does not modify the limit load of the structure. As a complementary margin, they have been
considered for the SG building.
One usual way of analysis is to have a simplified beam model for dynamic spectral analysis and, in a
second step, to apply accelerations deduced from the spectral analysis where they are combined from each
mode, to a 3D finite element model. This approach is not realistic and always conservative; it has been
suggested to define loads in the 3D model starting from acceleration calculated by dividing forces by
masses.
For structures for which only stability is required, the Group considered that some limited plastic
deformation is acceptable. Conditions for this and ways to apply in verification was proposed and achieved
in Turbine and Control buildings. In relation with this, some code requirements concerning the minimum
longitudinal steel ratio and the lap splices was extended.

The seismic analysis is based mainly on linear models with spectral analysis on beam type
models and code verification on 3D finite element models. The configuration of structures is such that
“local” panels (walls or slabs) vibration modes may be excited by earthquake input signal. The Group
proposed a procedure to introduce the first few local modes in the beam model in order to have a
comprehensive modal behavior of structures. Limited non linear analyses with friction between panels, was
used to enhance the assessment. Soil structure interaction was considered; the stratigraphy of the site make
necessary to adapt the conventional impedance value, mainly for damping which is decreased compared to
homogeneous soil.
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4 Definition of upgrades

They are the result of the assessment and they can be grouped in the following manner:
Opening of joints between structures in order to avoid impact during earthquake, for RB NHB and

TB.
Separation of buildings: the roof of SG building has been separated from the TB one in horizontal

directions in order to avoid distortions of the steel frame.
Reinforcement or repair in order to achieve the needed resistance or to avoid fragile parts (figures

5 and 6): tying of the upper part of the RB, strengthening of lap splices with steel jackets in RB and TB,
longitudinal reinforcement in RB columns, fixing of the panels in RB and NHB, upgrading of steel
structures (in NHB, SG, TB) by adding braces and improving connections, and reinforcement of anchors;
in the TB, reinforcement steel has been added in order to improve the local resistance.
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5 Conclusion

The seismic re-evaluation of PHENIX plant is a very important task which needed a dedicated
organization, which includes an Expert Group to define the overall methodology, which has been
successfully applied. It is based on the fact that re–evaluation of an existing structure is different from the
design of a new one; all the methods and criteria must be critically examined.

The methodology was approved by Safety Authorities. Works took place essentially during 1999
and 2000 as part of an overall upgrade program. Today, they are almost completed. The overall cost of the
seismic project is about 30 millions Euros.
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Figure 1 : General view

Figure 2 : Steam generator superstructure
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Figure 3 : Turbine building
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Figure 4 : North handling building superstructure
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Figure 5 : Reactor building external upgrade

 Figure 6 : Reactor building internal upgrade
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SEISMIC RE-EVALUATION OF THE PHENIX REACTOR BUILDINGS  POSITION OF THE
NUCLEAR SAFETY AND PROTECTION INSTITUTE (IPSN)

MARC BOUCHON (IPSN)

1. CONTEXT

The layout and design of the buildings at the PHENIX power plant at Marcoule were based on
the rules and methods that were current at the time of its construction in 1970.
Since then, changes have occurred - some of them major - in relation to current methodology,
notably due to:

- a change in seismic activity, and to the rules and layout methods employed;

- unsuitable design and construction practices leading to a low ductility.
Consequently, the aim of this seismic reappraisal is to evaluate the behaviour of the buildings at
the  PHENIX power station when subjected to the prescribed level of seismic activity and to
define the improvements that must be implemented in order to guarantee the safety of the facility.
After identifying the discrepancies between the initially-used layout procedures and those
employed today, and reviewing the safety requirements for each building, we will present the
position of the safety authority with regard to the principles of the seismic reappraisal of the
buildings at the PHENIX power station.
The  findings for the reactor building will then be presented.

2. IDENTIFYING THE DISCREPANCIES BETWEEN THE INITIALLY USED LAYOUT 
PROCEDURES AND THOSE EMPLOYED TODAY

The PHENIX reactor buildings were laid out in accordance with earthquake-resistant rules
(PS69) that were applicable to buildings at that time and which were designed to withstand
seismic activity measuring 8 on the MERCALI scale.
These rules lead to statisticic protection and implicitly assume an intrusion into the plastic area,
through the definition of a fixed inelastic seismic movement. Furthermore, these rules do not take
ground-structure interaction into account.
Since this time, design rules and methods applicable to nuclear facilities have been laid down, in
particular the “Fundamental Safety Rules” (RFS) which “aim to clarify the conditions whose
observance is, for the type of installation under consideration and for the purpose they are
intended to serve, judged to be in compliance with French regulatory practice”. These
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fundamental safety rules are complemented by further rules on design and construction.
The discrepancies between the initially used procedures and those currently in force are quite
significant. Thus, the level of seismic stress that can be withstood may be higher by a factor of 3
or 4 than that taken into account at the time the layout was implemented.

Furthermore, the design of the buildings includes a number of distinctive features that do not
favour good seismic performance or make use of the ductility of structures. The most important
of these distinctive features are as follows:

- The opening of the separation joints between the various buildings is not sufficient to
avoid an interaction in the case of seismic activity;

- there is a design discontinuity between the reinforced concrete infrastructure, braced by
plates, and the frame-type superstructure in either concrete or steel;

- the foundations for the handling gantry (between the steam generator building and the
machine-room building) and those for the machine-room building are footing or raft-
type foundations, at different base levels;

- the steel framed northern storage hall comprises prefabricated panels in 15cm-thick
reinforced concrete on the walls, connected to the vertical sections of the frame. The
roof is reinforced concrete cast onto steel containers and connected locally to the frame
sections.
The behaviour of this structure is very difficult to predict, as part of the stress travels
through the frame and part through the wall panels;

- the reactor hall is a mixed structure consisting of pre-stressed concrete posts connected
at the top by metal beams; the roof is reinforced concrete, cast on steel sheets and the
walls consist of prefabricated concrete panels pre-stressed with embedded tendons, and
connected to the posts.

3. SAFETY REQUIREMENTS ASSIGNED TO BUILDINGS

The safety requirements assigned to buildings depend partly on the safety functions allocated to
them and the equipment with safety implications that they contain, and partly on the potential
threat they pose to buildings with a safety enforcement role.
The safety requirements are as follows:

- stability;
- protection of important safety equipment;
- protection of equipment that must not itself damage important safety equipment;
- absence of harmful interaction between buildings that perform no safety enforcement

function and ones that do.
Below is a reminder of the safety requirements assigned to each building (see figures 1 and 2):

- reactor hall, northern handling hall and steam generators building: stability, protection
of important safety equipment  and protection of equipment that must not be projected;

- southern handling hall and turbine room buildings : sufficient stability to avoid
interaction with the adjacent buildings, which could impair the safety functions of
these buildings.
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4. SEISMIC RE-EVALUATION PROCEDURE

In the case of the PHENIX power plant, the seismic reevaluation procedure takes account of the
operational lifespan when deciding upon seismic activity, the reliability of methods, and - given
the design, the construction procedures and the quality of the work – the possibility of an
intrusion into the plastic area.
Seismic motions
The seismic motions should generally be determined by application of the method in
Fundamental Safety Rule RFS 1.2.c (1981). By taking as its base seismic-type accidents and
tectonic areas on one hand, and historical seismic data on the other, one or more “Maximum
Credible Historical Earthquake” (SMHV) is defined for the site concerned. For each SMHV, an
“Safety Earthquake” (SMS) is defined and the SMHV is then deducted from it, in terms of MSK
intensity at the site, using the following simple relationship:

ISMS = ISMHV + 1 (in MSK units of intensity)

SMHV are earthquakes likely to produce the most severe effects on the site.

SMS are considered to be the most severe seismic activity that could affect the facility concerned.

 In addition, beyond the SMHV, there should be no cliff effect to avoid unacceptable
consequencies.

As the operational life expectancy is limited, the building behaviour reevaluation has been agreed
at a level of seismic motion corresponding to the most suitable near and far “Maximum Plausible
Historical Earthquake” (SMHV) for the Marcoule site. These are defined in terms of horizontal
direction by response spectra with respective cut-offs of 0.15g and 0.2g at infinite frequency for
near and far earthquakes (see figure 3).

Verification methods and criteria

Given the absence of directives relating to the seismic reevaluation of existing nuclear facilities
and with the aim of using margins in order to obtain a certain guarantee that safety requirements
will be observed for seismic motions higher than SMHV, the IPSN has requested that the
procedure followed should be close to a design procedure.

Consequently:
1.analysis methods will continue to be linear. Seismic activity is defined by the response spectra
that distinguish SMHV.

Soil-structure interaction is modelled using impedance functions that represent the stratification
of the ground around the foundations. Dynamic and pseudo-static calculations are based
respectively on a simplified model of the building and on a three-dimensional finite elements
model.

For buildings with no safety role that must not damage safety-classed buildings within the
nuclear island, an intrusion into the plastic area is considered a possibility through a coefficient of
reduction of the elastic stress due to the earthquake. The value of this coefficient is a function of
the type of construction and procedures used (capacity for ductile behaviour), and it varies
between 1.5 and 2. Thus in the case of the steel-framed halls of the turbine and southern handling
buildings, the value of the coefficient of reduction is taken to be equal to 2.

3.Verification criteria for the various structural elements in concrete or steel rely on the technical
rules currently in force, relating to the design and calculations for reinforced concrete and steel
construction.
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Interaction

The displacements of each building at each level are deduced from linear calculations that take
account of the reduction in stiffness of reinforced concrete structures, due to cracking when
subject to seismic activity.

Collisions between elements of superstructure are unacceptable.

Consequently, it is essential to increase space between adjacent structures where this is
insufficient.

5. EXAMPLE OF REACTOR BUILDING HALL

Description
The reactor-building hall is anchored to the reinforced concrete infrastructure shared by the
reactor building and the northern handling building. The dimensions of the hall are 43.20 m in
width (east-west), 26.20 m in length (north-south) and 26.60 m in height (see figures 4 and 5).
The walls of the hall are made up of 18 columns of partially pre-stressed concrete and 280
prefabricated panels attached to these posts.
The roof is made up of a steel framework, covered by sealing sheeting, which supports a slab of
reinforced concrete 15cm thick. The main cross-members of the framework are steel girders with
a span of 24.36 m in a north-south direction, and joined to the wall posts by plate welds. The
reinforced concrete slab is secured to connectors welded to the upper part of the girders (see
figure 6).
Studies carried out
The operators have carried out several dynamic surveys to evaluate the behaviour of structural
elements of the reactor building hall, using spectra that represent near and far earthquakes.
Several hypotheses have been considered, relating to the following parameters:

- the characteristics of the soil and the modelling of soil-structure interaction;
- the value of the pre-stressing force in the vertical cables (72t to 87t) that ensure vertical

compression of the wall panels;
- the value of the friction coefficient between the prefabricated panels varies between 0.6

and 0.9.
The IPSN has produced a series of calculations, in order to study the sensitivity of results, given
variations in the above-mentioned parameters, to identify the influence of local factors in the
walls and roof, and to analyse the resistance of those components under the most strain.
In addition, several inspections have been carried out on site to verify the quality of the work, in
particular the connection between the columns and prefabricated panels, and the state of the
joints between the panels.
For a near earthquake, the operators initially used a stress reduction coefficient of 1.5. Given the
design of the hall and the presence of low-ductility connections between structural components,
the IPSN requested that the calculations be performed again without using this coefficient.
Furthermore, in the light of the results of the inspections and feedback received, the IPSN
accepted a friction coefficient between panels of 0.8, combined with a pre-stressing force of 80t
per cable.
Proposed reinforcement solutions
Following these studies, the operators proposed the following reinforcement solutions, in order to
ensure the stability of the reactor building hall in case of an earthquake:
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- reinforcement of the connection between the roof slab and the wall sections, including
the addition of a peripheral beam (see figure 7) ;

- addition of vertical re-bars on the intermediate columns of the connected to the interior
facing, between levels +21.30 and +29.00;

- overlap zone confinement for the vertical re-bars of the columns, through installation of
a sheet-metal jacketing;

The IPSN recognised the validity of these reinforcements and requested that the transverse
reinforcement of the vertical bars overlap zones be extended to cover the hall corner columns.

6. CONCLUSION

Below is a reminder of the seismic reevaluation procedure  for the PHENIX reactor buildings:

- as the operators have undertaken to cease operations in some years, seismic motions
considered  are that for “Maximum Credible Historical Earthquakes” (SMHV);

- analysis methods are linear; verification of structural elements is carried out according
to criteria in compliance with technical rules on design and calculations for buildings
using reinforced concrete and metal;

- the reinforcements to be implemented are laid out by applying the same rules;
The procedure followed is similar to a layout procedure, in order to avoid a sill effect, when
exceeding the SMHV.
Furthermore, the IPSN has begun to give thought to drawing up directives relating to the seismic
reevaluation of existing nuclear installations. These would aim to define a methodology that
would enable the behaviour of buildings subject to earthquake to be better understood, including
the possibility of intrusion into the plastic area. These directives could benefit from the
contribution of methods developed in this field in the United States.
For this reason, the IPSN has undertaken a research programme with the University of Berkeley
in order to find out more about the validity of these methods and the extent of their field of
application.
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ILLUSTRATIONS

Figure 1 View of all buildings of the PHENIX reactor
Figure 2 Longitudinal elevation
Figure 3 Ground response spectra (SMHV) for the Marcoule site
Figure 4 Reactor building hall
Figure 5 Reactor building hall – Close-up on panel connections
Figure 6 Reactor building hall – Close-up on roof framework
Figure 7 Principle of roof reinforcement.

Figure 1: View of all buildings of the PHENIX reactor
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Figure 2: Longitudinal elevation

FIGURE 3: Ground response spectra
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Figure 4 : Reactor building hall

Figure 5: Close-up on panel connections
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Figure 6: Reactor building hall
Close-up on roof framework
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Figure 7 : Principle of roof reinforcement
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up of
scientists and engineers.  It was set up in 1973 to develop and co-ordinate the activities of the Nuclear Energy Agency
concerning the technical aspects of the design, construction and operation of nuclear installations insofar as they
affect the safety of such installations.  The Committee’s purpose is to foster international co-operation in nuclear
safety amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of  technical information and for collaboration between organisations
which can contribute, from their respective backgrounds in research, development, engineering or regulation, to these
activities and to the definition of its programme of work.  It also reviews the state of knowledge on selected topics of
nuclear safety technology and safety assessment, including operating experience.  It initiates and conducts
programmes identified by these reviews and assessments in order to overcome discrepancies, develop improvements
and reach international consensus in different projects and International Standard Problems, and assists in the
feedback of the results to participating organisations.  Full use is also made of  traditional methods of co-operation,
such as information exchanges, establishment of working groups and organisation of conferences and specialist
meeting.

The greater part of CSNI’s current programme of work is concerned with safety technology of water reactors.  The
principal areas covered are operating experience and the human factor, reactor coolant system behaviour, various
aspects of reactor component integrity, the phenomenology of radioactive releases in reactor accidents and their
confinement, containment performance, risk assessment and severe accidents.  The Committee also studies the safety
of the fuel cycle, conducts periodic surveys of reactor safety research programmes and operates an international
mechanism for exchanging reports on nuclear power plant incidents.

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s Committee on Nuclear
Regulatory Activities (CNRA), responsible for the activities of the Agency concerning the regulation, licensing and
inspection of nuclear installations with regard to safety.  It also co-operates with NEA’s Committee on Radiation
Protection and Public Health and NEA’s Radioactive Waste Management Committee on matters of common interest.
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FOREWORD

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD-NEA co-ordinates the NEA
activities concerning the technical aspects of design, construction and operation of nuclear installations
insofar as they affect the safety of such installations.
The Integrity and Ageing Working Group (IAGE WG) of the CSNI deals with the integrity of structures
and components, and has three sub-groups, dealing with the integrity of metal components and structures,
ageing of concrete structures, and the seismic behaviour of structures. This workshop was proposed by the
sub-group dealing with the seismic behaviour of structures.

Seismic re-evaluation is identified as the process of carrying out a re-assessment of the safety of existing
nuclear facilities for a specified seismic hazard. This may be necessary when no seismic hazard was
considered in the original design of the plant, the relevant codes and regulations have been revised, the
seismic hazard for the site has been re-assessed or there is a need to assess the capacity of the plant for
severe accident conditions and behaviour beyond the design basis. Re-evaluation may also be necessary to
resolve an issue, or to assess the impact of new findings or knowledge.

In 1997, CSNI recognised the increasing importance of seismic re-evaluation for nuclear facilities
throughout the world.  It prepared a status report on seismic Re-evaluation NEA/CSNI/R(98)5 which
summarized the current situation for Member countries of the OECD. The report suggested a number of
areas of the seismic reevaluation process, which could be considered in the future. In May 2000, the
seismic sub-group reviewed these suggestions and determined that it was timely to address progress on this
topic through this workshop. The workshop focused on methods and acceptance criteria and, on
countermeasures and strengthening of plant.

The workshop had 2 technical sessions listed below devoted to presentations, and a 3rd session devoted to
a discussion of the material presented and to the formulation of workshop conclusions to update
conclusions of the 1998 report.
Session 1

- Methods and acceptance criteria
- Benefits and disadvantages of the various methods of re-evaluation (Seismic PSA, Margins,

 deterministic, databases, tests …) in particular circumstances
- Role and scope of the peer review process
- Definition of the scope of the plant to be selected for  the re-evaluation process
- Differences between re-evaluation and design criteria

Session 2
- Countermeasures/strengthening
- Civil engineering structures
- Post earthquake procedures and measures
- Strategies and priorities
- Recent innovation or research outputs

In the area of the seismic behaviour of structures, the CSNI is currently preparing among others a
workshop on relations between seismological data and seismic engineering analysis to evaluate
uncertainties and margins through a better description of real ground motion spectrum as opposed to a
ground response design. Short reports on "lessons learned from high magnitudes earthquakes with respect
to nuclear codes and standards" are under preparation and will cover several recent earthquakes.
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Seismic reports issued by the group since 1996 are:

− NEA/CSNI/R(1996)10 Seismic shear wall ISP: NUPEC's seismic ultimate dynamic response

test: comparison report, 1996. also referenced as: OCDE/GD(96)188

− NEA/CSNI/R(1996)11 Report of the task group on the seismic behaviour of structures: status

report, 1997. also referenced as: OCDE/GD(96)189

− NEA/CSNI/R(1998)5 Status report on seismic re-evaluation, 1998.

− NEA/CSNI/R(1999)28 Proceedings of the OECD/NEA Workshop on Seismic Risk, CSNI

PWG3 and PWG5, Tokyo, Japan 10-12 August 1999.

− NEA/CSNI/R(2000)2/VOL1 Proceedings of the OECD/NEA Workshop on the "Engineering

Characterisation of Seismic Input, BNL, USA 15-17 November 1999 -

− NEA/CSNI/R(2000)2/VOL2 Proceedings of the OECD/NEA Workshop on the "Engineering

Characterisation of Seismic Input, BNL, USA 15-17 November 1999

The complete list of CSNI reports, and the text of reports from 1993 onwards, is available on
http://www.nea.fr/html/nsd/docs/
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SEISMIC UPGRADING OF WWER 440 AND WWER 1000
PRIMARY COOLANT LOOPS

BY MEANS OF VISCOUS DAMPERS GERB

L. Pecínka, Nuclear Research Institute Rež plc, Czech Repulic

P. Macák, M. Tanzer, ŠKODA Nuclear Machinery, Plzen, Czech Republic

Vl. Zeman, J. Štych, University of Westbohemia in Pilsen

1) INTRODUCTION

Nuclear power plants (NPPs), with Russian type of PWR-WWER 440, Models 230 and 213 are designed
with six primary loops and six horizontal steam generators (SGs), see Fig. 1. The SGs are hinged on the
ceiling of hermetic zone as pendulum, see Fig. 2. Due to this fact the first shape mode is so called
“pendulum” mode with frequency approximately 1 Hz. In the case of strong motion earthquake the
pendulum mode induces very high bending stresses on the reactor pressure vessel nozzles.

In order to eliminate this effect the primary loop is restrained with GERB viscous dampers which are
linked to the SG (Fig. 3), to the legs of main circulation pumps (MCP, Fig. 4) and bodies of motor operated
isolation valves (MOIV, Fig. 5).

NPP’s with WWER 1000 Model 320 represents third generation of Russian PWRs. They are designed also
with horizontal SGs but in contradiction to the WWER 440 Models 230 and 213 the lower supports of SGs
are located on the two rows of horizontal cylinders which made free thermal expansions in horizontal plane
x, y (see Fig. 22).
The same principle is applied to main circulation pump supports.

The layout of primary circuit is illustrated in Fig. 6, linking of viscous dampers can be seen in Fig. 7.

SHORT DESCRIPTION OF VISCODAMPERS GERB

The typical GERB viscous damper is illustrated in Fig. 8 and consist of outer cylinder (damper housing),
piston, high-viscous liquid, protective sleeve and simple indicator of piston position.  The dampers are
sealles. The piston motion in the liquid is possible in all three, x, y, z directions , the impact is possible only
between the piston and the wall of the outer cylinder. For the application in NPPs exist only one limitation:
all GERBs must be installed in the vertical position as illustrated in Fig. 8.
GERBs clearly behave as viscouelastic elements, not struts and their use in design must account for this.
Analysis would be more simple if the dampers behaved as a Voigt element (see Fig. 9), which is familiar
spring and dashpot in parallel. However test have shown that GERBs are better represented by either
Maxwell element (spring and dashpot in serie, see Fig. 10) or three/four parameter models (Poynting-
Thomson model, see Fig. 11/Burgers model, see Fig. 12). Specific feature of viscodampers is that
equivalent stiffnesses k and damping values b are size and frequency dependent as shown in Figs. 13 and
14 for horizontal directions x, y of excitation. Similar curves exist also for vertical direction z.
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EXPERIMENTAL VERIFICATION OF VISCODAMPERS EFFECIENCY

NPP Mochovce – WWER 440 Model 213

In order to verify the efficiency of installed viscodampers a set of unique dynamic experiments have been
performed on the loop No 2 of NPP Mochovce Unit No 1 (Slovak Republic). The viscodampers are linked
to the SG, to the body of main circulation pumps and to the nozzles of motor operated isolation valves (see
Fig. 15) and during experiments have been both coupled and uncoupled.

Fig. 16 shown positions and polarity of temporary installed sensors (accelerometers).             22 locations
have been selected, see positions 30 ÷ 51. Each direction of measurement is marked with the arrow which
represent independent sensor and the direction represents resulting polarity of measured signal. The
locations and  directions of excitation are shown in Fig. 17. Excitation have been realised in the form of
sine sweeps with velocity 0.5 oct/min.

Obtained results [1] are shown in Table 1 and Figs. 18 – 22. Note, that in this case mode shapes are similar
for both coupled and uncoupled GERBs but significant differencies are in modal damping values.

Coupled GERBs Uncoupled GERBsNo Description of mode shape
f [Hz] D [%] f [Hz] D [%]

Fig.

1 Pendulum mode of SG 2.22 23.4 1.5 7.4 18
2 Rotation of SG along vertical axis 4.96 10.1 2.23 6.1 19
3 Vibration of SG in the radial

direction against RPV
6.21 12.3 3.81 4.5 10

4 Rocking mode of MCP in the radial
direction against RPV

6.83 7.1 5.39 2.3 21

5 Vertical vibrations of SG 8.76 4.7 8.51 1.5 22
6 Horizontal vibrations of cold leg 9.43 6.8 8.8 2.7 -
7 Vertical vibrations of hot leg 11.2 4.3 11.3 2.7 -
8 Horizontal vibrations of hot leg,

MOIV out of phase
17.83 2.8 14.00 1.5 -

9 Vertical vibrations of hot leg 18.39 2.6 16.93 2.0 -
10 Rocking of cross-over leg 18.68 2.7 18.68 2.4 -

Table 1: comparison of excited natural frequencies and related damping values both for
coupled and uncoupled GERBs
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NPP Temelin – WWER 1000 Model 320

Similar tests as in NPP Mochovce have been performed in NPP Temelin, Unit No 1 during hot pre-
operational tests. Principal schema is illustrated in Fig. 23. Exciting force have been induced as snap-back
or impact test, while sine sweeps were used in NPP Mochovce.

Snap-back excitation have been applied as shown in Table 2 and Fig. 23.

Component/Force Direction of driving force
SG/F1 longitudinal axis (LA)
SG/F2 perpendicular to LA in horizontal plane

MCP/F4 perpendicular to LA of delivery piping
HL/F5 perpendicular to LA in horizontal plane

COL/F7 perpendicular to LA of horizontal part in horizontal plane
CL/F8 perpendicular to LA in horizontal plane
CL/F9 perpendicular to LA in vertical plane

Table 2: selected locations for snap-back test

Snap-back type of excitation have been applied on each location with two different displacements and
repeated at minimum three-times. Two different operation modes have been selected: the cold one with
uncoupled the viscous dampers and hot one with coupled (functionable) the viscous dampers.

Impulse type of excitation have been applied only for purposes of piping modal tests. For the evaluation of
recorded experimental data the “single input – multiple output system” methodology have been used [2, 3].
Obtained results are shown in Table 3.

Coupled GERBs Uncoupled GERBsNo Description of mode shape
f [Hz] D [%] f [Hz] D [%]

1 Horizontal vibration of SG, hot leg and cold
leg in phase

4.62 12.0 1.98 10.0

2 Horizontal vibration of SG, hot leg and cold
leg out of phase

6.93 11.4 4.29 5.8

3 Rotation of SG along vertical axis 8.25 13.0 6.93 3.4
4 Rocking mode of MCP 8.58 - 5.94 16.4
5 Vibration of pressurizer piping 10.9 3.4 10.9 1.8
6 Horizontal vibration of cold leg 14.2 3.8 13.5 3.4
7 Vertical vibration of MCP’s and RPV 14.5 4.4 14.2 4.6
8 Pendulum mode of RPV and RPV internals 22.4 - 21.5 -
9 Torsional mode of RPV and RPV internals 29.7 - 29.0 -

Table 3: comparison of excited natural frequencies and related damping values both for
coupled and uncoupled GERBs
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PRINCIPLES OF SPECIFIC MODIFICATION OF RESPONSE SPECTRUM METHOD

The equation of motion of a piping system with seismic excitation and installed viscous dampers takes well
known form

∑
=

−=++
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Due to rheological behaviour of the viscous dampers the damping and stiffness matrices in equation (1) are
frequency dependent and takes the form
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where ( ) 1
0 2 −− Ω= VVB ννDdiagT  is matrix of proportional damping of piping without viscous

dampers. Development of frequency dependent matrices ( )ωB  and ( )ωK  is described in [4], general
theory of specific modification of response spectrum method is published in Proceedings of ASME PVP
Conference 2000 [5].

For each direction of seismic excitation the following relation is valid
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where νβ  is imaginary part of complex conjugate eigenvalues ννν βαλ i±−= . Using standard SRSS
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Note, that equation (3) takes for system with proportional damping the form
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where νΩ  are eigenfrequencies, νD  modal damping and [ ]jiv ,=νv  are eigenvectors of related
conservative system.
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After comparing of both equations (3) and (5) the difference between standard response spectrum method
and specific modification of response spectrum method for systems with non-classical damping is evident.

The above mentioned theory is presented on the numerical example. The seismic response of reactor
coolant loop of WWER 1000 Model 320 (Fig. 6) have been calculated. Developed mathematical model is
illustrated in Fig. 24. Number of nodes means

- 1 ÷ 8 hot leg
- 8 ÷ 10 steam generator
- 10 ÷ 21cross-over leg
- 21 ÷ 26main circulation pump with electrical motor
- 26 ÷ 32cold leg.

Following cases have been analysed
- proportional damped system (Dν = 0.02) without GERBs, denoted as PD
- system denoted as PDG with proportional damping Dν = 0.02, 0.05 and 0.1, viscous dampers are

modelled only as oprings with pseudostiffnesses k (ω),           b (ω) = 0
- system with non-classical damping, denoted as VKG (Voigt-Kelvin model (Fig. 9) is applied)
- system with non-classical damping, denoted as MG (Maxwell model (Fig. 10) is applied).

Results are illustrated in Fig. 25.
It is evident that three typical features must be comment
- significant differencies in displacements of PG and VKG or MG models. It means that

installation of viscous dampers GERB is very effective
- the decreasing of response result from very high values of damping
- detail analysis of calculated eigenfrequencies and related modal damping values confirm results

of performed experiments (Tables 1, 2), i.e. installation of viscous dampers significantly
increases eigenfrequemcies and damping coefficients only for lowest mode shapes
approximately up to 10 Hz.

CONCLUSIONS

The viscous dampers GERB are used for seismic upgrading for safety related pipings of NPPs with
WWER 440 Models 230 and 213 and WWER 1000 Model 230 operated in Czech Republic, Slovak
Republic and Hungary. Efficiency of upgrading have been experimentally verified and the specific
modification of response spectrum method have been developed for purposes of the numerical analyses.
The main reason is the rheological behaviour of the viscodampers.

The main advantages of viscous dampers are following in comparison with mechanical or hydraulic
snubbers

- very simply design
- no problems with maintenance
- significant decreasing of seismic response
- thermal expansions are not restricted.

The following restrictions must be taken into account in the case of their application
- the working temperature of viscous fluid must fulfil manufacturer requirements (60°)
- the effectivity of viscodampers is limited on the frequency band from 1 Hz to      10 Hz
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- nearly zero effectivity in the case of flow-induced vibrations.
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Fig. 1: Layout of the WWER 440 Model 230
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Fig. 2: Side view on the SG
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Fig. 3: GERB on the SG
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Fig. 4: GERB on the leg of MCP
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Fig. 5: GERB on the MOIV
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Fig. 6
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Fig. 7
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Fig. 8
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   Fig. 9: Maxwell element   Fig. 10: Voigt-Kelvin element

Fig. 11: Poynting-Thomson element Fig. 12: Burgers element
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Fig. 13: Equivalent pseudostiffness, horizontal direction
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Fig. 14: Damping coefficient, horizontal direction

Fig. 15
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Fig. 16
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Fig. 17: Locations of excitation



NEA/CSNI/R(2001)13/VOL3

36

Fig. 18: First mode shape
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Fig. 19: Second mode shape
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Fig. 20: Third mode shape
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Fig. 21: Fourth mode shape
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Fig. 22: Fifth mode shape
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Fig. 23: Allocation of sensors and exciting forces
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Fig. 24

Fig. 25a

   Fig. 25b       Fig. 25c
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Seismic Hazard Re-evaluation for Armenian NPP Site

S. Balassanian, A. Avanessian, V. Arzumanyan, E. Gevorgian

National Survey for Seismic Protection, Government of the Republic of Armenia
Davidashen Massiv IV, Yerevan, 375054, Republic of Armenia

E-mail: office@nssp-gov.am, presidnt@nssp-gov.am

1. Introduction

Armenia is located within the Arabian-Eurasian plates collision (Fig. 1).
Strong earthquakes (M≥7) were known here since 20th Millenium BP. The last one of these and  the most
destructive, the Spitak earthquake of 7 December 1988 (M=7.0) urged to re-evaluate the Earthquake
hazard in Armenia. The main work in this field was accomplished by National Survey for Seismic
Protection (NSSP), under the Government of RA within the framework of National and many international
programs, in particular GSHAP (1992 - 1999) [1].

Seismic hazard area for ANPP 
and adjacent territory
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Strike-slip fault; arrows indicate 
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Fig.1 Arabian-Eurasian plates collision (active faults)
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The Armenian NPP, originally designed in1969 to withstand seismic loads, is located in the
southwest of Armenia (Fig. 2) at a distance of 28 km from the Yerevan city, capital of the Republic with
1,3 million population, 4 km from the Metsamor village with 12000 inhabitans and 16 km north of the
Araks river.

The Armenian NPP has two units of 408 MW (gross capacity) each. Both of them are VVER 440-

270 Soviet type reactors, which is a version of the VVER 440-230 model. The units 1 and 2 came into
commercial operation on December 1976 and January 1980, respectively.

During the overall operation time the earthquake hazard for NPP site was revised several times:
- original site seismic intensity equaled to 7 ball on the MSK-64 scale (0.10g)
- following 1977 Vrancea (Romania) earthquake, re-evaluated site seismic intensity amounted  8

ball (0.2g)
- following 1988 Spitak (Armenia) earthquake, the seismic hazard was re-evaluated, using the

deterministic approach: peak ground accelerations (pga) of 0.21g and 0.35g were obtained for
two different  fractile values 50 and 84 percentile respectively.

The last seismic hazard assessment for the Armenian NPP site was carried out on the basis of
seismotectonic model developed by Armenian NSSP (Fig. 3) in 1994 [2]. According to that model the
nearest two faults to the NPP site are – well-exposed Araks active fault and Yerevan buried deep fault,
activity of which at least in holozone was not revealed. Another remarkable peculiarity is the areal zone of
the earthquakes’ epicenters diffusive distribution (Mmax = 5.5) in the radius of 10 km from the NPP and the
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source of the strongest among near-located earthquakes - the Garni earthquake source  (M = 7.3) at the
distance of 44 km from NPP site.

Fig.3 Regional seismotectonic model of the Armenian NPP site
(compiled by A. Karakhanyan, A. Arakelyan et. al., Armenian NSSP, 1994)
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Within the framework of national program for seismic hazard assessment in Armenia the
investigations at the NPP site by NSSP after 1994 were continued. As a result the new geological data
related to possible active raptures in the radius of 100 km from NPP were obtained (Fig. 4); on the basis of
local telemetric network installed in the radius of 30 km around NPP by financial support of IAEA, the
weak seismicity of this zone was studied (Fig. 5); by the GPS monitoring executed within the framework
of NASA-MIT-NSSP joint research (Fig. 6) [3] the stress field distribution were estimated; the new data on
the historical seismicity were obtained [4]. Simultaneously on the basis of newest strong motion recordings
received by digital accelerographs  (SMACH-1, 2), within the framework of Swiss-Seismological Service
(SED) – Armenian NSSP cooperation, the new attenuation model of seismic waves  for Armenia was
developed.

Beside the above mentioned, the influence of various geotechnical factors upon ground response spectra
at the NPP site was studied.

a)

b)
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2. The new seismotectonic model at the Armenian NPP site

On the basis of obtained data a new seismotectonic model for the Armenian NPP site was developed by
Armenian NSSP (Fig.7).

Comparison of the models shown in the Figure 7 and Figure 3 revealed their differences.
In particular, in north-east direction from Yerevan deep fault, at the distance of 25 - 30 km from

NPP, recent ruptures were clearly defined (Fig 4a,b). Additional studies are required for more precise
definition of the rate and the time of their activity, as well as detailed tracing of their extension and the
seismic potential.

Another important difference is the stress field distribution on NPP site. Figure 7 reveals that in the
radius of 100 km from NPP were singled out zones of high gradient horizontal (by GPS data) and vertical
(high-precision leveling data) movements, which coincide with marked out faults, one of which with north-
east extension (Sevan-Araks fault) is a new one.
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Based on the directions of relative movements of the crust, in the zones of high horizontal and
vertical gradients, as shown on Figure.7 the conclusion about the clockwise screwing rotation of the block
limited by these zones can be made. It means that biggest stress concentration should be observed in the
corners of the block, one of which in the north is connected to the seismogenic  ruptures of the sources of
Spitak strong earthquakes, the other in the north-west is defined as junction of the sources of the Garni -
Dvin strong earthquakes, located at the distance of 45 – 60 km from NPP.

Taking into account that high gradient movement zones of the crust, which are under highest stress,
at certain time can be transformed into active ruptures with strong earthquake, these zones may be
considered as temporary sources of potential sesimic hazard. The zones of the temporary potential
seismic hazard are defined as “dynamic” component of seismic hazard unlike “static” component, which
is linked to permanently existing active ruptures - the sources of permanent seismic hazard.

It is seen on Figure7, that the most hazardous for NPP is the extension zone, located at the distance
of 15 km to the north from the plant, adjacent to Yerevan deep fault, and extended to Garni source of
strong earthquake  (7.0 ≤ Mmax ≤ 7.5) [5]. The present seismic activity of this zone is well demonstrated by
weak seismicity registered by local telemetric seismic network, mounted around NPP (Fig.5). Another
distinguishing features of the new seismotectonic model are the reconsidered magnitudes and coordinates
of the sources of historical earthquakes, which have no essential impact on the seismic hazard at the NPP
site.

Fig. 6 Expanded view of the GPS velocities for eastern Turkey and the Caucasus and their 95%
confidence ellipses in a Eurasia-fixed reference frame superimposed on a map of active faults from

Avanessian and Balassanian [1998]

3. The new attenuation model of ground motion for Armenia and adjacent area

Attenuation relationships play a vital role in earthquake hazard analysis and seismic design of
structures. In recent years a large number of investigations were carried out in this field and many regional



NEA/CSNI/R(2001)13/VOL3

49

relationships between earthquake, magnitude, source-station distance, local site conditions and ground
motion parameters such as peak acceleration, spectral acceleration or duration of ground motion have been
derived. Most of these studies used acceleration time histories to calibrate the empirical attenuation
relationships.

Based on the acceleration time histories recorded between June 1990 and September 1998 with the
permanent and temporary digital strong-motion network in the Caucasus and adjacent area (Fig. 8), 84
corrected horizontal acceleration time histories and response spectra from 26 earthquakes with magnitudes
between 4.0 and 7.1 were selected and compiled into a new data-set.

The relationship adopted in this study, suggested by Ambraseys and Bommer (6), is given by:

ε⋅+⋅+⋅+⋅+= pRdRcMbaY loglog , (1)

22 hDR +=
where: Y -  maximum absolute acceleration response in cm/sec2 (SA, larger horizontal) for 5%

      critical damping ;
M - surface-wave magnitude;
D - hypocentral-distance (km);

p -  0 for 50-percentile values, 1 for 84-percentile values.
The attenuation model was derived by constraining the coefficient for geometric attenuation c=–1.0,

which corresponds to a spherical model of energy spreading.
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Fig.7. The new seismotectonic model of the Armenian NPP site
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The calculation of the correlation coefficients (a, b, c, d, h) and the residual root mean square ?  of (1)
was performed with the well known Joyner and Boore [7] two step regression model. This method allows a
de-coupling of the determination of the magnitude dependence from the determination of the distance
dependence of the attenuation of ground motion. Using the larger horizontal component for spectra of the
selected acceleration time histories, the values were obtained for the coefficients of (1) at different
frequencies [8].

The resulting equation for larger horizontal values of peak horizontal accelerations is:
log PHA = 0.72+0.44 ⋅ M - logR - 0.00231⋅ R + 0.28 ⋅ p,

22 5.4+= DR
where:  PHA - peak horizontal acceleration (cm/sec2);

M -  surface-wave magnitude;
D - hypocentral-distance (km);
p - 0 for 50-percentile values; 1 for 84-percentile values.

Fig. 8.  Location of permanent strong motion stations and structure-releated  accelerograph arrays in the
Caucasus and adjacent area

It is important to bear in mind that the models represent a best fit of the selected data-set, and
therefore represent mean values about which there is a considerable scatter. In the case of the attenuation
model for the larger horizontal value of peak horizontal acceleration the predicted mean plus one standard

(2)
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deviation is equal to 1.91 times the mean value. The scatter of the PHA-models is the same as similar
models for Europe [9] and Western North-America [7] (Fig. 9).

The comparison of the attenuation relationships for peak horizontal acceleration with similar relations
for other areas shows a good agreement with the models from Western North-America.

Thus, the digital strong-motion network in the Caucasus area, which was installed in 1990, may record
the strong ground motion from earthquakes in the Armenian upland and Javakheti area. Events as small as
magnitude 2.5-3.0 are expected to be recorded at the nearest portion of this network. Thus the
accelerograph network is recording both major and lesser seismic events and is benefiting both engineers
and seismologists in their seismic hazard reduction programs. The 669 acceleration time histories and all
future time histories, which were or will be recorded by the permanent network and several temporary
networks, are contributing towards answering many questions such as spectral attenuation of strong ground
motion, site characteristics of strong ground shaking.

Fig. 9. Comparison of European and Western-North American models for peak horizontal
acceleration with corresponding model for the Caucasus and adjacent area. The solid lines represent
the mean-values whereas the dotted lines mark the upper and lower bond (36- and 84-percentile of

the models)

The empirical attenuation relationships for maximum absolute acceleration spectra at 5% critical
damping and peak acceleration both for larger horizontal ground motion on alluvium in the Caucasus and
adjacent area are considered to be valid for hypocentral-distances 4km<D<230km and surface-wave
magnitudes 4<M<7. The predicted ground motion values are in good accordance with corresponding
models from Western North-America. Due to the complex structure of the Caucasus the scatter and
absorption of ground motion is somewhat higher than in European areas and hence the ground motion in
the Caucasus attenuates faster.

The variability of the models may be improved by increasing the volume of input data, especially
with ground motion data in the near-field of the earthquake sources. Furthermore all seismological- and
geological-parameters (local site conditions) have to be completed and uniformly measured and the
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number of variables of the attenuation models should be increased, considering the source effects
especially in the near-field and the influence of the local site to strong ground motion. However, such an
extension of the independent parameters of the attenuation models requires a fundamental knowledge of
the source mechanism of the earthquakes and the dynamic behavior of the local sites of all accelerograph
stations.

4. Various geotechnical features capable of affecting the ground response spectra at NPP site.

In Figure 10 the adopted ground response spectrum at ANPP (NUREG-0098 50th percentile rock
spectrum for PHA=0.35g and 5% damping) is shown in comparison with ground response spectrum of
Spitak earthquake of December 7, 1988 (M = 7.0, Armenia). For the latter the seismogram of Spitak
earthquake recorded at the third layer level of the NPP site and converted into accelerogram was used (Fig.
11).

It is seen (Fig. 10), that ground response spectrum for 5% damping calculated via  accelerogram (x-
component) is in good accordance with the accepted ground response spectrum at ANPP site, and this is
stated for the spectrum interval T = 0.15 – 0.4s, where are the dominant periods of free oscillations of the
nuclear facilities.

As factors capable of affecting the ground response spectrum (soil effect) at ANPP site, the various
possible cases for shear waves propagation velocities in multi-layered medium under the ANPP site and
different possible ratios of the second and third layers thickness, made up of composite volcanic materials,
were considered.
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Fig. 10  Response spectra for ANPP-site:
1 - NUREG-0098 50th percentile rock spectrum for PHA=0.35g

(for 5% damping)
2 - Initial accelerogram (Spitak, 7.12.1988)

a)



NEA/CSNI/R(2001)13/VOL3

54

b)

Fig. 11. Displacement and acceleration time series at ANPP site
(Spitak earthquake, M=7.0, 7.12.1988)

a) Digitized  Spitak  seismogram recorded at ANPP site (X comp.)
b) Initial  accelerogram obtained from ANPP seismogram (X comp.)

For soil effect studies the geological medium, in which the shear wave Vs is propagating from the
oscillation source, was modeled as N = 5 horizontal layers placed on the bed – rock half space (Fig. 12).
Therewith the 1, 2, 3, 4, 5 layers are respectively: artificial embankment of terrace-pebble deposits,
slugging loose slag breccia of the olivine andesite – basalts; olivine andesite – basalts; slagging loose slag
breccia of the olivine andesite – basalts, andesites. Each layer is characterized by the thickness (h), mass
density (ρ), shear modulus (G) and damping factor (β).

Considering that the seismic wave is described by the equation:

ρ
∂
∂

∂
∂
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∂
∂ ∂
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 is solved, using boundary conditions. As a result

the acceleration on free surface and then on the boundary between layers were obtained.  In calculations
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was used.
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Fig. 12. Geotechnical characteristics of the ANPP site.

Using this approach and taking into account that the set of differential equations with respective boundary
conditions were correct for the wave propagation from top to bottom and also from bottom to top, and

using SHAKE 91 software [10], the direct and inverse geotechnical tasks were solved.
As it is seen from Figure 12 the body of the reactor was placed on the third layer level whereas the

ANPP basement was placed on the second layer level. The upper layer 1 in accordance with relation

T
h

Vo
s

=
4

 
has the ground dominant oscillation period To=0.066.

In solving the direct geotechnical task the initial accelerogram was delivered to free surface of the
third layers and ground response for 3, 4 and 5 layers was calculated in the form of acceleration time series
on layers boundaries (Fig. 13). In the reverse task the ground response from fifth to first layer was
calculated whereas the 3rd layer was considered not as a free surface but as an intermediate layer.

The reverse task was solved for:
- five layers geological pattern with free surface on the first, second and third layers and three

layered pattern with free surface on the first layer in different possible (according to Seismic
Code of RA II-2.02.94) velocity range (Vmax, Vmin, Vav, Vmeas.) for each layer;

- five layered geological pattern with free surface on the first and the second layers under different
thickness of the second layer.

In the ground response analysis the following characteristics were considered:
- peak accelerations Amax on free surface and on the layers’ boundaries;
- acceleration amplitudes spectral distribution (Fourier spectra) SF(T) for each layer;
- period To, when maximal spectral amplitude of Fourier spectrum SFmax was observed;
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- maximal values of normalized response spectrum by 5% damping Amax and dominant period of
response spectrum To;

- transfer function (or amplification function) on the frequency between two layers;
The transfer function Sn,m between the accelerations at level n and m is defined by

S
S
Sn m

Fn

Fm
, ( )

( )
( )

ϖ
ϖ
ϖ

= ,       (4)

where ω = 1/T – oscillation frequency.
The frequency ωo (period To), when maximum amplification function is observed represents the

frequency of ground resonance. Amplification function could have more that one maximum. Usually one
strongly marked maximum for narrow spectra is observed.

The ground response spectrum analysis indicates that the strong amplification in response spectra
is possible in case of the lowest possible (VS min) shear wave propagation velocities (Fig. 14) and in case of
growing of the second layer’s thickness represented by slaggy breccia of andesite - basalts (Fig. 15). But
the mentioned conditions, influencing the ground response spectrum, cause noticeable amplification only
in short range, i.e. less than 0.14s, and therefore, do not change ground response spectrum at the ANPP site
in the range of 0.14≤T≤0.4s, specified for free oscillation periods of the ANPP facilities.

5. Conclusion

1. The most hazardous zone for the ANPP site could be the adjacent to Yerevan deep fault  extension
zone located at 15km to the north from the plant and extending up to Garni source of strong
earthquakes ( 7.0≤Mmax≤7.5).  During 1994–2000 special observations on weak seismicity at the ANPP
site, it was revealed that the extension zone is characterized by relatively high frequency of weak
seismic events with M≤3.0, which occur much more frequently in the eastern part of extension zone
coinciding with Dvin-Garni junction of the strong earthquakes sources.  To the north from the revealed
extension zone at the distance of 20–25km the fragments of recent ruptures extending along Yerevan
deep fault were found.

2. Based upon  crust movement directions determined by GPS, the rotation of the active block adjacent to
ANPP is observed. It means that the maximal stresses must be expected in the active block’s angles,
one of which coincides with Dvin–Garni junction of the strong earthquakes sources located at the
distance of 44km from the ANPP site.
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3. The new attenuation model of strong ground motion developed for Armenia and adjacent regions is in
good accordance with Boor-Joyner model for North-West America.

4. The investigations of the different geotechnical conditions affecting the ground response spectrum
disclose some dangerous change in 0.1-0.14s range only in the case when the velocity Vs=Vs min in all
layers. In other cases the changes of ground response spectrum concern the short period range, that is
less than 0.1s and therefore do not change the ground response spectrum at the ANPP site for
0.1s≤T≤0.4s range specific to periods of free oscillations of the ANPP facilities.

5. The further seismic hazard re-evaluation for the ANPP is needed. At first it is necessary to get an
answer to an essential question – are the crust’s high stress zones hazardous or not. And if yes, how
they should be taken into accout in seismic hazard assessment (SHA). Second, it is necessary to
continue the detailed studies of the recent ruptures revealed in north-east direction from the ANPP.
Third, the geotechnical conditions of the ANPP site and their influence on ground response spectrum
need further studies.

6. To our opinion, the temporary sources of the potential seismic hazard, which are defined as crust stress
high gradient zones, are of paramount importance for SHA, including at the NPP sites. In this
consideration the SHA consists of the two components, i.e. static, related to permanently existing
active faults and known earthquake sources, and dynamic, related to high stress field gradient zones.
As one of the possible ways for SHA dynamic component calculation could be well known
probabilistic SHA algorithm, were instead of permanently existing active faults and known earthquake
sources the high gradient stress field zones could be used.
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Seismic Hazard of the Korean NPP Sites: Recent Innovation in the R&D
and Hazard Result
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Abstract
Intensive researches in seismology and earthquake engineering are ongoing in Korea since the mid 1990s.
This paper summarizes recent R&D results regarding the improvement of earthquake catalog, seismicity
and tectonics, ground motion, and PSHA methodology. The effect of the R&D results on the seismic
hazard was studied for the Ulchin NPP site. Results showed much improvement in the seismic hazard.

1. Introduction
  The Korean peninsular is located in the Eurasia plate seismo-tectonically, and shows sporadic and
irregular distribution of earthquake activity. The earthquake catalog with time span of approximately 2000
years shows a small number of large earthquakes.
  Researches on the PSHA in Korea have been performed for the design and PSA of the nuclear power
plants since early 1980s [1, 2, 3]. Using the experiences in nuclear industry, the seismic hazard maps were
developed for the design of industrial facilities in 1997 [4]. In determining the OBE and SSE for the
Korean nuclear power plants, the deterministic method required by the US Code has been used so far.
However, this method raised several problems. For example, it was almost impossible to get a consensus
for the maximum possible earthquake size among seismologists. The PSHA method was introduced to
resolve the problems and was improved together with the inputs supported by researches. However, result
of the PSHA in Korea revealed other problems, i.e., the high recurrence rates of big earthquakes and much
uncertainties. Judging from the past extensive experiences, the reasons were inferred as: firstly, the gap of
the opinion among experts was wide due to the lack of reliable data; secondly, seismological experts were
quite limited and they showed large variance in their knowledge.
  To resolve the above mentioned problems by re-examining the up-to-now seismic research output in the
Korean peninsula, we have divided the PSHA activity into four different tasks. Phase 1 activities were
completed in 1998 and some significant research results were obtained. Phase 2 research is ongoing and
will extend to Phase 3 (2003-2005).
  This paper describes the recent R&D activities and results for the PSHA in Korea. Also, the effects these
on the PSHA were studied by comparing the PSHA results for the Ulchin Unit 3&4 and Unit 5&6 nuclear
power plants which are in operation and under construction, respectively. The PSHA of the Units 5&6
reflect recent research results. However, the PSHA for the Ulchin Units 3&4 was performed in the early
1990s with old methods and inputs.

2. R&D Activities and Improvements
  R&D activities related with PSHA are categorized into four tasks as shown in Table 1. Each task contains
activities either completed or ongoing. Major results of each task are described in the following.

2.1 Improvement of Earthquake Catalog for PSHA
  The Korean earthquake catalog covers historical events occurred from the year 2 to 1904 and instrumental
records monitored since 1905. The number of historical earthquakes greater than MMI VI are about fifty
and of the instrumental inland events greater than magnitude 5 are about six.
  Experimental studies have been done to quantitatively estimate the destructive historical earthquakes
since the uncertainty was large in the intensity estimation among experts. Examples of damage description
of the destructive historical earthquake are as follows.
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 -ground was shaken, houses collapsed and about 100 people died
 -an earthquake occurred in 24 towns, castle walls collapsed and passengers fell down
  Two ancient wooden house models were tested for rock and soil site condition, respectively. Figure 1
shows a test scene for a 1/4 scale model [6-8]. The size of a model is 2.4 m (l) x 0.9 m (w) x 0.75 m (h).
The time histories of the Nahanni earthquake (1985) and El Centro earthquake (1979) were input as for
rock and soil condition, respectively. Tests revealed that the ancient house collapsed at 0.25g at soil site
and severely damaged at 0.6g at rock site condition. In addition, numerical analyses were performed for
thirty artificial earthquakes which were generated taking into account the magnitude, epicentral distance,
and ground condition. Aging of a house was also considered in the analysis. The intensity of an earthquake
regarding house collapse was estimated to be MMI VIII.
  Tests on two different types of ancient castle wall have been tested [9]. Figure 2 shows a test scene for a
full scale model. The size of a model is 2.8 m (l) x 0.8 m (w) x 1.2 m (h). Time histories of the El Centro
and the Kobe Earthquake were used as input motions. The castle wall collapsed at approximately 0.3g-
0.4g.
  Behavior of a full scale pagoda model under earthquake was studied [10], as shown in Figure 3. This test
simulated the damage state of the 1936 Ssanggyesa Earthquake where the top part of a pagoda, located at
the epicenter, fell down. The El Centro Earthquake time history was input to the test. The peak ground
acceleration of the 1936 Ssanggyesa Earthquake, which was considered the largest event in the 20th
century, was estimated to about 0.2g.

2.2 Evaluation of Seismicity and Tectonics of the Korea Region
  The Kori and Wolsong nuclear power plant sites are located approximately 20 km away from the
Yangsan Fault systems (Figure 4). A few seismologists have raised the issue since early 1970s that the
Yangsan Fault systems are active. An integrated research for identifying the activity of the Yangsan Fault
systems was performed in 1995 for three years [11]. Geological surveys, trench surveys, and geophysical
prospecting for more than thirty areas were done in this study.
  The absolute age datings were performed on several Quaternary faults in the Yangsan Fault systems. It
was identified that most of the faults including the main Yangsan Fault showed one movement in 0.5
million year and inactive. However, the absolute age of some fault segments were 0.28 million and 0.26
million years. These fault segments were identified as active ones with maximum length of 200 m. Figure
5 shows an example of the active fault segment.
  Currently, more detailed paleo-seismological and geophysical surveys are ongoing for the Quaternary
faults in the Yangsan Fault systems [5].

2.3 Development of Ground Motion Estimation Relationships
  The attenuation equations were developed using both intensity maps of four inland earthquakes occurred
in the 20th century and the attenuation equations developed for central and eastern US [12-14]. Figure 6
shows the isoseismal maps of four earthquakes, Ssanggyesa Earthquake (1936), Hongsung Earthquake
(1978), Pohang Earthquake (1981), and Yeongwol Earthquake (1996). The magnitude of these earthquakes
magnitude ranges from 4.5 to 5.0.
  The KMA (Korea Meteorological Administration), KIGAM (Korea Institute of Geoscience & Mineral
Resources), and KEPCO (Korea Electric Power Company) are intensively operating earthquake
monitoring stations near the Yngsan Fault systems and NPP sites since 1994. Many events were recorded
at these stations.

Q values and ground response characteristics were studied using the recorded time histories of small
earthquakes [3, 15-19]. Figure 7 shows a Q value with frequency near the Yangsan Faults systems. Typical
ground response spectrum obtained from 270 records for earthquakes with magnitude 3 to 5 is shown in
Figure 8. It is noted that high frequency components, 8-25 Hz, are predominant. However, the fluctuation
in the spectrum for magnitude 5 earthquake is due to the very limited number of data.

A field test to identify the velocity structure of the crust in southeastern part of Korea is planned in April,
2001.
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2.4 Improvement of PSHA Modeling Methodology
  The EPRI's PSHA methodology was applied and the relevant computer code was improved. The
improved method can consider the incompleteness of the earthquake catalog and model a fault as a line
source.

Based on past experiences, in the expert's evaluation of the input parameters, we adopted team approach
rather than individual one. Also, we separated the seismicity team from attenuation equation team. Each
team consists of two or three experts with similar tendency in their opinion. These were to reduce the gap
among expert’s opinion, to reduce the uncertainty where an expert evaluated both seismicity and
attenuation equation in the individual approach, and to facilitate the compromise or consensus. Several
workshops were held to exchange opinions among experts.

3. Effects on the Seismic Hazard
  The effects of recent R&D results on the seismic hazard were studied for the Ulchin NPP site. The PSHA
for the Ulchin Units 3&4 was performed in the early 1990s with old method and input data. Whereas, the
PSHA for the Ulchin Units 5&6 was finished recently and incorporated recent improvements. Differences
in methodology, typical input data and the seismic hazard for both units were compared.

3.1 Seismicity
  In the PSHA for Units 3&4 [20], seven experts evaluated both seismicity and attenuation equation. The
data of each expert was treated with equal weighting factor. However, for Units 5&6, we organized four
seismicity teams and three attenuation equation teams. Each seismicity team consisted of three experts with
different specialty-seismologist, geophysicist, and structural geologist.
  The seismotectonic structures for the Units 5&6 showed very wide variety as for the Units 3&4. It should
be noted that, for the Units 5&6, one team presented the Yangsan Fault and Ulsan Fault systems as line
sources for the first time as shown in Figure 9. The best estimate Richter b value for the Units 5&6 ranged
approximately 0.6-1.1 depending on the tectonic structure. This was very similar to that for the Units 3&4.
However, it is noted that, for the Units 3&4, one expert presented the b value as low as 0.2 for the tectonic
structure which includes the Yangsan Fault systems.
  The best estimate magnitude of the maximum earthquake size ranged 6.5-7.2 for the Units 5&6. This
value was similar to that for the Units 3&4 where magnitude ranged 6.5-7.0.

3.2 Attenuation Equation
  We formed three attenuation teams, each consisted of two experts, for the Units 5&6. Every experts has
some experiences in studying the attenuation equation for the Korean Peninsula.
  The attenuation equations for the Units 5&6 can be grouped either 1) that was developed from Korean
earthquake data [12-14], or 2) that was suggested for eastern United States (Toro, Abrahamson and
Schneider, Atkinson and Boore). However, for the Units 3&4, the attenuation equations of northern China,
central and eastern United States, Japan, and Korea were used. This is a remarkable change. As an
example, Figure 10 compares each attenuation equation for the Units 5&6 for magnitude 6.

3.3 Seismic Hazard
  The seismic hazard curves for the Units 5&6 and 3&4 are shown in Figure 11 and 12, respectively. It is
noted that, for the Units 5&6, the mean hazard level decreased somewhat but the uncertainty band
increased a little. The mean annual probability of exceeding 0.2g, which is a SSE level for the Ulchin site,
decreased from about 3.03 x 10-4 to about 1.33 x 10-4.
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4. Conclusion
  Recent R&D activities and improvements related with the PSHA in Korea were introduced. Intensive
researches in seismology and earthquake engineering have been performed since the mid 1990s and a great
deal of information was compiled.
  The effect of the R&D results on the seismic hazard was studied for the Ulchin NPP site. The
improvement in the data and seismic hazard were remarkable.
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Table 1. Research Activities for PSHA in Korea

 Improvement of Earthquake Catalog for PSHA
   - Evaluate PGA levels of major historical earthquakes by testing models of a house,

pagoda, castle wall etc.
   - Evaluate intensity and magnitude for major historical earthquakes using felt area, damage

effects, and SSI effects
   - Develop earthquake catalog for historical and instrumental earthquakes and evaluate

completeness of the earthquake catalog as a function of magnitude and time up to
present

 Evaluation of Seismicity and Tectonics of the Korea Region
   - Collect geophysical and geological data to identify tectonic structures
   - Evaluate earthquake source mechanisms
   - Identify potential earthquake source zones using the combination of seismicity,

geophysical, and geological data
   - Characterize earthquake sources with respect to a maximum magnitudes and recurrence

relations

 Development of Ground Motion Estimation Relationships
    - Evaluate the seismic attenuation and the Q-structure model for the region of Korea
    - Evaluate crustal structure
    - Develop and validate methods for evaluating the effects of local near surface geology on

the seismic waves
    - Combine results of the above sub tasks to form ground motion estimation relationships

for Korea region

 Improvement of PSHA Modeling Methodology
    - Adopt and improve the EPRI procedure (1989)

Fig. 1. Test model of an ancient wooden house
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          a) overall shape                          b) model of a top part, after test

Fig. 2. Test of an ancient castle wall

Fig. 3. Test of a pagoda
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Fig. 4. An arial view of the Yangsan Fault
systems near the Kori and Wolsong NPP

Fig. 5. A view of an active fault segment Fig.
7. Q value in the southeastern part of Korea
      in the Yangsan Fault systems

Fig. 6. Isoseismal map of four earthquakes; Saanggyesa, Hongsung, Pohang, and Yeongwol
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           a) Horizontal component                    b) Vertical component

Fig. 8. Ground acceleration spectra for magnitude 3 to 5 earthquakes; mean value

Fig. 9. Example of a zonation map showing line sources

S1

S2 S3

S4

S5

S6

S7

Ulsan Fault

Yangsan Fault

0.1 1.0 10.0
Frequency(Hz)

1E-4

1E-3

1E-2

1E-1

1E+0

1E+1

S
pe

ct
ra

l A
cc

el
er

at
io

n(
ga

l)

Magnitude

3

4

5

0.1 1.0 10.0
Frequency(Hz)

1E-4

1E-3

1E-2

1E-1

1E+0

1E+1

S
pe

ct
ra

l A
cc

el
er

at
io

n(
ga

l)

Magnitude

3

4

5



NEA/CSNI/R(2001)13/VOL3

68

Fig. 10. Attenuation equations suggested by expert teams for Ulchin Units 5&6, M=6.0

Fig. 11. Seismic hazard curve for the Ulchin Units 3&4

0 200 400 600 800 1000
1E-7

1E-6

1E-5

1E-4

1E-3

A
P

E
(1

/Y
R

)

PGA(gal)

 Mean
 84%
 Median
 16%

1 10 100
1

10

100

1000

Magnitude=6.0P
G

A
(g

a
l)

Epicentral Distance(gal)

 A1
 A2
 A3
 B1
 B2
 B3
 C1
 C2
 C3



NEA/CSNI/R(2001)13/VOL3

69

Fig. 12. Seismic hazard curve for the Ulchin Units 5&6
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ABSTRACT

    In SHA, the calculation of the annul frequency of exceedance, involves the frequency of occurrence of
earthquakes of various magnitude, the rupture dimension and location of the earthquakes, and the attenuation of
the ground motion from the earthquake rupture to the site. Increasingly, fault slip rates are being used to constrain
earthquake recurrence relationships for site-specific PSH assessment. There is evidence that the characteristics
earthquake model (Young and Coppersmith model) is more appropriate for individual faults. In this study the Y-C
characteristics earthquake model was used on the re-assessment of PSH analysis in Taiwan. Comparison in PSH
analysis with and without the implication of fault slip rates and earthquake recurrence model was made in Taiwan
area. Discussion on the sensitivity of each modal parameter on SHA was made.
    Basically, the component seismic design base of the nuclear power plants in Taiwan is derived through
deterministic method. SHA is used in the probabilistic risk assessment (PRA) of the Lungmen project. Hence, the
result will provide important information for the PRA re-evaluation of the nuclear power plants.

INTRODUCTION

    The principal objective of a seismic hazard analysis is to estimate the likelihood of different levels of ground
shaking intensity being experienced at a site. The analysis must account for the spatial and temporal randomness of
earthquake occurrence. The methodology for performing probabilistic seismic hazard analysis, as described by
Cornell (1968), Der Kiureghian and Ang (1977), is well established in engineering practice.  In general, the
following steps are required:

(1) Seismic source zones surrounding the site are identified.
(2) The seismicity of each source zone is estimated on the basis of historical and instrumental records, geologic

data, and expert opinions.
(3) Regional attenuation equations are selected which relate strong ground motion intensity to earthquake source

size and distance.
(4) The seismic sources are assumed to be independent and earthquake occurrences are modeled as Poisson

process.
In the 1970s and early 1980s, the seismic source characterization was typically based on historical seismicity data
using seismic zones. In regions with geologic information on the faults (slip rates) the geologic information is used
to compute the activity rate. The slip-rate is converted to an earthquake activity rate by requiring the long-term
seismic moment-rate on the fault to be in equilibrium.  The objective of this paper is to develop the state-of-the-art
of seismic hazard analysis (SHA) in Taiwan with the implication of fault-slip rate and earthquake recurrence
model. The results can be implemented to PRA re-evaluation of the nuclear power plant.



NEA/CSNI/R(2001)13/VOL3

71

SEISMOLOGICAL AND GEOPHYSICAL DATA OF TAIWAN

    The island of Taiwan is located at a complex junction between the Eurasian and Philippine Sea Plate. North and
east of Taiwan, the Philippine Sea Plate subducts beneath the Eurasian Plate to the north, along the Ryukyu trench;
while south of the island the Eurasian Plate underthrusts the Philippine Sea Plate to the east, along Manila trench.
Taiwan can be divided into two major tectonic provinces, separated be a narrow, linear feature known as the
Longitudinal Valley. The eastern province comprising the Coastal Range and two islands of Lu Tao and Lan Hsu,
is a remnant Neogene island arc that is usually interpreted as the leading edge of the Philippine Sea Plate in this
area. The western province, which comprice the remainder of the island, is composed of the Tertiary sediments
that have undergone varying degree of metamorphism and induration and are associated with the Eurassian
continental shelf. The Longitudinal Valley therefore assumes the role of a suture between the two plates.
    The history of earthquake activity in Taiwan region dates back to the seventeenth century. At that time the
records describe only disastrous earthquakes. Ninety-five earthquakes were documented in the period of 1644-
1895. The documents only give information of the dates of then earthquakes. In 1897, seismographs were first
installed in Taiwan by the Central Weather Bureau. Prior to 1935, the record for small earthquake ( i.e. M= 5.5) is
incomplete because of the very limited number of seismographs in this island. After 1935 the importance of
seismological observations received greater emphasis. A catalog of earthquakes from 1936 to 1979 with magnitude
greater than 4.0 was compiled. However, the seismographic instruments used during that period were not enough
to record all the smaller earthquakes. Therefore, the record is believed to be complete only for earthquake with
magnitude greater than 5.0. After 1980 the record is complete with magnitude greater than 4.0.

PROBABILISTIC SEISMIC HAZARD ANALYSIS

                                             Fig. 1: Parameters for seismic hazard analysis.
    The principal objective of seismic hazard analysis is to estimate the likelihood that specified levels of ground
shaking will be experienced at a site. To perform the seismic hazard analysis the following information is needed
(as shown in Fog.1): distribution of seismogenic zones; source type model; magnitude recurrence model; minimum
and maximum magnitude; focal depth; rupture length-magnitude relationship; and attenuation relationship.
Seismogenic zones   Based on the geological structure, subduction model and seismicity, a detailed tectonic
framework has been developed, as shown in Fig. 2.
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Fig. 2: Distribution of seismicity for shallow zone (depth < 35km) and deep zone (depth > 35km).
            The area source zones were also identified.
Source type model  Three types of source models were used for hazard analysis in Taiwan, i.e. point source model
(for source with depth greater than 35 km), Type 1 source (well-define line source), and Type-3 source (area
source with unknown fault rupture direction).
Rupture length-magnitude relationship  To estimate the rupture length magnitude relationship isoseismal contours
were used. The proposed M (magnitude) and L (rupture length) relationship was proposed as: L = exp (1.006 M –
3.232).
Minimum and maximum magnitude   The minimum magnitude, mo , is determined as 4.5 because there is no
reliable record for magnitude less than M=4.5. As for the maximum magnitude, the energy release method was
used to calculate the maximum magnitude (MLu) of such an earthquake can be estimated. The energy-magnitude
formula used in this study is: log E = 12.66 + 1.40 ML.
Magnitude recurrence relations   The Gutenberg-Richter magnitude recurrence relation is used to determine the b-
value in each subzone. The Young-Coopersmith characteristic model will also be used to estimate the magnitude
distribution function (will be discussed later).
Focal depth   Earthquakes in Taiwan area may originate in the shallow zone (to a depth of 35km), or in the deep
subduction zone. For shallow zones the focal depth can be expected to be distributed uniformly from 5 to 35 km,
where for deepsubduction zone the focal depth can be expected to be distributed uniformly through 50 km thick
Benioff zone dipping at an angle of 45o . A type-3 source model is uesed for shallow zones, while for deep zones
the point source model is used.
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PGA (or Sa) Attenuation relationship   The PGA attenuation form is developed based on the data (from
1993).collected from hard site condition. The regression model for PGA attenuation form is:

Fig. 3: Plot of PGA attenuation relationship for hard site condition. Comparison with PGA regression
             form of Kobe earthquake and Northridge earthquake was also shown.
  Before evaluating the final seismic hazard curves at any particular site, effort was devoted to the sensitivity
analysis of the seismic hazard parameters. Hazard model based on the Poisson occurrence assumption was applied.
Both the point source model and the fault rupture model were used. Specifically, in the shallow zones where the
potential for long ruptures exists, the fault rupture was used, while for the subduction zones, the point source
model was used. The point source model was considered adequate in the case of deep zones and involved fewer
assumptions on the source geometry.
Generally, seismic sources within a region of 200 km radius around a site was considered in hazard calculation. A
square grid size of 0.25o  was used to calculate the hazard. To consider the sensitivity of maximum magnitude on
the results, the seismic hazard curve was generated with the fault rupture model using the proposed PGA
attenuation equation for values of specified MLu  and the corresponding maximum values at the  MLu + 0.3 levels
with triangular probability distribution. Fig. 4 shows the estimated typical seismic hazard curve. The dispersion of
PGA attenuation form was also considered in the estimation of hazard curves. In Fig.4 the hazard curves with the
consideration of one standard deviation and two standard deviation of PGA dispersion is also shown.

IMPLICATION OF FAULT SLIP RATES AND
EARTHQUAKE RECURRENCE MODEL TO SHA

    The link between fault slip rate and earthquake recurrence rates is made through the use of seismic moment. The
total rate of seismic moment can be related to earthquake occurrence rate as follows:
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Fig. 4: Estimated seismic hazard curves (plot of annual probability of exceedance
                            with respect to PGA value) at a site near Taipei basin.
Where Mo is the seismic moment, Mo  = µArD,  µ is the rigidity(3 x 1011 dyne/cm/cm), Ar  is the rupture area on the
fault plane undergoing slip during the earthquake, and D is the average displacement over the slip surface. The
density function of earthquake occurrence function can be expressed as (shown in Fig.5):
Where fm

YC(m) is the magnitude density function for the generalized form of the Youngs and Coppersmith
characteristic model. fm

YC(m) can be expressed as:

where

Substituting Eqs.(3) and (4) into Eq.(2) one can obtain the cumulative number of occurrences of magnitude greater
than m (normalized to number of events per unit time) :
Eq.(4) will be used as the probabilistic density function of magnitude for characteristic earthquake. Eq.(5) indicate
the relationship between the slip rate and the earthquake occurrence.
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 Fig. 5: Generalized frequency magnitude density function for the characteristics earthquake model.
            Magnitudes are exponentially distributed up to magnitude m’. The characteristic earthquake
            is uniformly distributed in the magnitude range of  (mu - ? mc) to mu .(BSSA,Vol.75,1985).

SEISMIC HAZARD ANALYSIS OF TAIWAN

    A seismic hazard analysis integrates the contributions of all possible earthquakes and calculates the probability
that selected ground motion parameters will be exceeded within the specified exposure time. Based on the
proposed peak ground acceleration model and the characteristic model, the result of seismic hazard analysis all
over Taiwan area is estimated. Eight active faults are considered as characteristic earthquakes, as shown in Fig. 6.
The slip rate for each fault is indicated in Table 1. ?  mc

=0.3 and ? m’=1.0 are used for each active fault. The zoning scheme, upper bound magnitude, and b-value for
seismic hazard analysis are shown in the appendix. Fig. 7 shows the iso-intensity map of peak ground acceleration
as well as spectral acceleration (T = 1.0 sec) at return period of 475 year and 2500 year..
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CONCLUSIONS

    For seismic hazard analysis of Taiwan the characteristic earthquake model was used to develop the iso-intensity
map within a specified period of time. Eight active faults were identified and be included in the hazard analysis.
Fault slip rate for each active fault is being used to constrain earthquake recurrence relationships for site-specific
PSH assessment. The result will provide important information for the PRA re-evaluation of the nuclear power
plants.

Fig. 6: Eight active faults in Taiwan area are
           considered as characteristic earthquake
           in seismic hazard analysis. The slip rate for
           each fault line is also indicated in the table.
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Return Period = 475 year                                      Return Period = 2500 year
                PGA- Value                                                             PGA - Value

Return Period = 475 year Sa(T =1.0 sec)          Return Period =2500 year Sa(T = 1.0 sec)

Fig. 7: Plot of iso-intensity map of PGA and Sa (T=1.0 sec) for return period of 475 year and 2500 year,
respectively.
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APPENDIX
    Seismic zoning scheme for shallow earthquake and deep earthquake in Taiwan. The estimated b-value (from
least-square method and maximum likelihood method) and maximum magnitude in each subzone is also shown.
These parameters will be used in seismic hazard analysis.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up
of scientists and engineers.  It was set up in 1973 to develop and co-ordinate the activities of the Nuclear
Energy Agency concerning the technical aspects of the design, construction and operation of nuclear
installations insofar as they affect the safety of such installations.  The Committee’s purpose is to foster
international co-operation in nuclear safety amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of  technical information and for collaboration between
organisations which can contribute, from their respective backgrounds in research, development,
engineering or regulation, to these activities and to the definition of its programme of work.  It also reviews
the state of knowledge on selected topics of nuclear safety technology and safety assessment, including
operating experience.  It initiates and conducts programmes identified by these reviews and assessments in
order to overcome discrepancies, develop improvements and reach international consensus in different
projects and International Standard Problems, and assists in the  feedback of the results to participating
organisations.  Full use is also made of  traditional methods of co-operation, such as information
exchanges, establishment of working groups and organisation of conferences and specialist meeting.

The greater part of CSNI’s current programme of work is concerned with safety technology of water
reactors.  The principal areas covered are operating experience and the human factor, reactor coolant
system behaviour, various aspects of reactor component integrity, the phenomenology of radioactive
releases in reactor accidents and their confinement, containment performance, risk assessment and severe
accidents.  The Committee also studies the safety of the fuel cycle, conducts periodic surveys of reactor
safety research programmes and operates an international mechanism for exchanging reports on nuclear
power plant incidents.

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s Committee on
Nuclear Regulatory Activities (CNRA), responsible for the activities of the Agency concerning the
regulation, licensing and inspection of nuclear installations with regard to safety.  It also co-operates with
NEA’s Committee on Radiation Protection and Public Health and NEA’s Radioactive Waste Management
Committee on matters of common interest.
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FOREWORD

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD-NEA co-ordinates the NEA
activities concerning the technical aspects of design, construction and operation of nuclear installations
insofar as they affect the safety of such installations.
The Integrity and Ageing Working Group (IAGE WG) of the CSNI deals with the integrity of structures
and components, and has three sub-groups, dealing with the integrity of metal components and structures,
ageing of concrete structures, and the seismic behaviour of structures. This workshop was proposed by the
sub-group dealing with the seismic behaviour of structures.

Seismic re-evaluation is identified as the process of carrying out a re-assessment of the safety of existing
nuclear facilities for a specified seismic hazard. This may be necessary when no seismic hazard was
considered in the original design of the plant, the relevant codes and regulations have been revised, the
seismic hazard for the site has been re-assessed or there is a need to assess the capacity of the plant for
severe accident conditions and behaviour beyond the design basis. Re-evaluation may also be necessary to
resolve an issue, or to assess the impact of new findings or knowledge.

In 1997, CSNI recognised the increasing importance of seismic re-evaluation for nuclear facilities
throughout the world.  It prepared a status report on seismic Re-evaluation NEA/CSNI/R(98)5 which
summarized the current situation for Member countries of the OECD. The report suggested a number of
areas of the seismic reevaluation process, which could be considered in the future. In May 2000, the
seismic sub-group reviewed these suggestions and determined that it was timely to address progress on this
topic through this workshop. The workshop focused on methods and acceptance criteria and, on
countermeasures and strengthening of plant.

The workshop had 2 technical sessions listed below devoted to presentations, and a 3rd session devoted to
a discussion of the material presented and to the formulation of workshop conclusions to update
conclusions of the 1998 report.
Session 1

- Methods and acceptance criteria
- Benefits and disadvantages of the various methods of re-evaluation (Seismic PSA, Margins,

 deterministic, databases, tests …) in particular circumstances
- Role and scope of the peer review process
- Definition of the scope of the plant to be selected for  the re-evaluation process
- Differences between re-evaluation and design criteria

Session 2
- Countermeasures/strengthening
- Civil engineering structures
- Post earthquake procedures and measures
- Strategies and priorities
- Recent innovation or research outputs

In the area of the seismic behaviour of structures, the CSNI is currently preparing among others a
workshop on relations between seismological data and seismic engineering analysis to evaluate
uncertainties and margins through a better description of real ground motion spectrum as opposed to a
ground response design. Short reports on "lessons learned from high magnitudes earthquakes with respect
to nuclear codes and standards" are under preparation and will cover several recent earthquakes.
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Seismic reports issued by the group since 1996 are:

− NEA/CSNI/R(1996)10 Seismic shear wall ISP: NUPEC's seismic ultimate dynamic response

test: comparison report, 1996. also referenced as: OCDE/GD(96)188

− NEA/CSNI/R(1996)11 Report of the task group on the seismic behaviour of structures: status

report, 1997. also referenced as: OCDE/GD(96)189

− NEA/CSNI/R(1998)5 Status report on seismic re-evaluation, 1998.

− NEA/CSNI/R(1999)28 Proceedings of the OECD/NEA Workshop on Seismic Risk, CSNI

PWG3 and PWG5, Tokyo, Japan 10-12 August 1999.

− NEA/CSNI/R(2000)2/VOL1 Proceedings of the OECD/NEA Workshop on the "Engineering

Characterisation of Seismic Input, BNL, USA 15-17 November 1999 -

− NEA/CSNI/R(2000)2/VOL2 Proceedings of the OECD/NEA Workshop on the "Engineering

Characterisation of Seismic Input, BNL, USA 15-17 November 1999

The complete list of CSNI reports, and the text of reports from 1993 onwards, is available on
http://www.nea.fr/html/nsd/docs/
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SEISMIC SAFETY EVALUATION AND ENHANCEMENT
AT THE PAKS NUCLEAR POWER PLANT

Dr. Tamás Katona
Paks Nuclear Power Plant Ltd., Paks, Hungary

ABSTRACT

A comprehensive program for the evaluation and enhancement of seismic safety of the Paks Nuclear
Power Plant was started in 1993 and now is in progress. In the first two years of the program the urgent
and quickly realizable fixes were performed, seismic instrumentation was installed, and a procedure was
elaborated for the activities to be performed after a possible earthquake. Re-evaluation of the site seismic
hazard was finished in 1996. The adequacy of the evaluation was approved by micro-seismic monitoring
results in 1998. A concept has been established for the safe shutdown and cooling-down of the reactor
core, which is based on reinforcement of systems and minimizing system modifications. The systems,
equipment and structures relevant for seismic safety have been determined on the basis of this concept.
Seismic re-qualification of the main part of the equipment and structures has been completed, now design
and implementation of the reinforcements is in progress. Essential part of upgrades is already
implemented. A level 1 seismic PSA has been started for the quantitative characterization of plant safety
achieved after implementation of upgrading measures and for the confirmation of the safety concept and
plant actions in case of earthquake. The programme has to be finished by the end of 2002. The paper gives
an overview of the seismic safety evaluation and enhancement program for the Paks NPP. The specific
aspects of the re-evaluation and upgrading are discussed in details.

1. INTRODUCTION

Seismic problem of the WWER type units is derived from the fact that during their design the seismic
hazard of the sites was underestimated and safety aspects related to the external events were neglected [1].
In the case of Paks NPP the site seismic hazard was underestimated, so the units of WWER 440/V213 type
of Paks NPP were not designed for any earthquake loads. At the end of 1980s it was clear that seismic
hazard of the Paks site can be much greater, than it was assumed during the design. In 1993 the NPP
launched a comprehensive program for seismic assessment and upgrading of the plant which is due to be
implemented on all of the units by the year 2002 [2].

During last two decades essential experience has been obtained during seismic re-evaluation and upgrading
of large number of operating NPP, including WWERs too. The re-evaluation and upgrading of Paks NPP is
going in line with the international practice. Nevertheless the experience of Paks NPP is unique form the
point of view that, the Paks NPP has no seismic design and qualification at all. It means the basic goal of
the Paks NPP seismic safety programme is to establish the seismic design basis. Consequently, there are
aspects of the seismic re-evaluation and upgrading of Paks NPP, which required specific considerations
and solutions, e. g.:

• evaluation and upgrading philosophy and basic requirements for a plant not designed for earthquake,
• applicability of the re-evaluation and design methods developed in western countries for a nuclear

power plant designed and built according to Soviet standards,
• development of an rational approach for upgrading, feasibility aspects.
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2. SCOPE OF THE SEISMIC SAFETY PROGRAM

The essential safety requirement for the nuclear power plants is to ensure the shutdown and stable sub-
criticality of the reactor, its cooling-down and decay heat removal function, and limitation of radioactive
releases.

The seismic safety program includes the following tasks:

• evaluation of seismic hazard of the site, which includes the geotechnical survey of the site, analysis of
soil liquefaction, etc.

• establishing the safe shutdown and heat removal technology, and elaboration of the list of the
structures, systems and equipment, which are essential to ensure seismic safety,

• installation of seismic instrumentation and elaboration of pre-earthquake preparedness and post-
earthquake actions,

• evaluation of the seismic capacity of systems and structures relevant for safety,
• performing the necessary upgrading measures taking into account the priorities and the feasibility of

the necessary corrective actions.
Seismic re-evaluation and upgrading of the NPP have to be carried out for the design base earthquake
(DBE).

The implementation of the seismic safety program is harmonized and synchronized to the implementation
of other safety upgrading measures, which may also affect the seismic safety of the plant. For example, the
ongoing reconstruction of the reactor protection system or the relocation of the emergency feedwater
system from the longitudinal gallery building to a safe position under the localization towers.

3. SITE SEISMIC HAZARD RE-EVALUATION

The re-evaluation of site seismic hazard was completed in 1996. The design base earthquake with 10-4

annual recurrence frequency has been determined by probabilistic methods. The best estimate, uniform
hazard response spectrum (UHRS) is obtained for the design base earthquake level. The free field response
spectra were obtained by a non-linear calculation, considering the loose ground layer of the top 30 meters.
The horizontal PGA of the design base earthquake is 0.25 g, which is ten times greater than it was assumed
earlier during the design. The comparison of the PSHSA PGA value with the 84% confidence level PGA
defined in a deterministic way shows good agreement.

The soil on Paks site is loose, the shear wave velocity in the top 30 meters sandy layer is about 300 m/s,
and the ground-water table is high. Consequently, the possibility of the soil liquefaction had to be
evaluated. It was found, that only the layer under the free surface between the depth of 10 and 20 meters is
disposed to be liquefied. The return period of liquefaction calculated by a probabilistic method is between
11000 and 14000 years. The probability of the liquefaction under the nuclear power plant main building is
significantly less, its recurrence frequency is estimated to be between 15000 and 18000 years. It means that
in case of a design base earthquake no global liquefaction can be expected.

Prior to obtaining the above mentioned results a conservatively determined reference level earthquake has
been defined for the preliminary seismic margin evaluation and design of urgent and easy-to-perform fixes.
For qualification purposes the NUREG/CR-0098 soft site, median response spectrum was selected for the
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PGA of 0.3 g. Meanwhile for design of the fixes the US NRC Regulatory Guide 1.60 response spectrum
was used for the value of 0.35 g.

4. SAFE SHUTDOWN AND HEAT REMOVAL CONSIDERATIONS

The basic safety requirement for nuclear power plants to ensure shutdown and cooling down of the reactor,
decay heat removal and to restrict radioactive releases after an earthquake. In case of Paks NPP the long-
term heat removal is required which is not limited to the 72 hours like in typical SMA/IPEEE programmes.
The control of the critical plant parameters as well as the radiation conditions has to be ensured, too.
Furthermore it is required to ensure the level of redundancy (3x100%) corresponding to the design
philosophy of the plant with conformance with single failure criteria.

Procedure for safe shutdown, cool down and long term heat removal for NPP Paks (called seismic safety
technological concept and referred to as SSTC hereinafter) has two purposes:

• to identify structures, systems and equipment necessary for safe shutdown, cool-down and long term
heat removal, as well as for monitoring the plant status;

• to determine operator actions and outline operational as well as administrative procedures and
provisions required to achieve and maintain safe shutdown conditions following a design basis
earthquake.

The seismic safety technological concept has been elaborated in two versions so far.
The first version was established when, on the basis of the preliminary hazard assumption, a PGA value of
0.35 g had to be considered. Reinforcements and fixes for this high load level are considerably expensive
and seem to be very difficult to implement. It was preferable to choose those systems for safe shutdown
and cool down which are inside the reinforced concrete part of the main building, because only this part of
the building has adequate load-bearing capacity. Fast closing valves have to be used for the separation and
isolation of the systems, which are not reinforced, from the reinforced ones. Cooling down of the reactor
could be performed by the use of secondary bleed and feed. Long-term heat removal would have been
performed by the heat exchangers of the low-pressure emergency cooling system (LPECCS), which should
be modified too for ensuring this function. In this concept safety system modifications and installation of a
large number of isolation valves would cause serious difficulties. Most critical structure in this case is the
longitudinal gallery building housing many systems and equipment vital for safety.
While evaluating the main building structure and equipment and designing the system modifications for
the final seismic input of 0.25g, it have been recognised that

• the modification of the safety systems and installation of isolation valves is not only expensive, but it
can reduce safety in all other cases than an earthquake,

• the best technical solution for fixing the longitudinal gallery building could be done best by reinforcing
the steel frames of the turbine hall and the reactor hall.

The last was the most conclusive recognition, which led to reconsider the concept of the safe shutdown and
heat removal procedure. The new concept is using necessary systems and equipment in the turbine hall,
since it will be fixed and the systems placed in the turbine hall could be considered as available for the heat
removal after an earthquake. Of course these systems have to be fixed too.
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Since the critical path in the realization of upgrading measures will be the implementation of structural
fixes, the additional equipment and piping fixes in the turbine hall can be performed without delaying the
program.

The new concept of safe shutdown and cool down elaborated in 1998 is based on the fact, that reactor
shutdown, cooling down and its long term cooling can be realized by the systems and in the way, that it is
performed in other cases than an earthquake. The equipment and piping fixes are less expensive than the
separation by valves. Consequently, the systems should be reinforced until the natural system boundaries,
so that only minimal number of isolation valves has to be installed. In some cases the ALARA principle
has to be taken into account while selecting the separation or the fixing of a system or part of it. According
to the new concept there is no need for automatic actuation of specific functions, like isolating valves after
an earthquake.

This re-qualification and implementation of the necessary reinforcements compose the seismic safety
program. While evaluating the load-bearing capacity of the systems and structures the seismic interactions
have to be considered.

The concept of reactor shutdown, cooling down and long term cooling will be qualified best by a seismic
PSA. This work is finishing in 2001. Specific aspects of the WWER-440/V213 seismic PSA and also the
preparatory work will be discussed below.

5. SEISMIC CAPACITY RE-EVALUATION AND ELABORATION OF 
REINFORCEMENTS

5.1 Approach and methodology

As the main objective of the seismic safety programme is to establish the design base for the case
earthquakes at an operating Soviet designed NPP, the approach of evaluation and upgrading and the
selection of rational methods have large importance. Formally the design base requirements should be
fulfilled by straightforward design procedures, which may lead to conservative results, heavy upgrades and
feasibility problems. The great advantage of the seismic margin assessment methodology (SMA) and the
experience based evaluation and qualification methods (GIP, GIP-WWER) were recognised. Therefore a
graded approach has been elaborated and adopted. According to this the design procedures, standards and
criteria have to be applied to the ASME Class 1 and 2 equipment and piping and also the confinement part
of the main reactor building. Otherwise less conservative approach might be applied based on realistic
damping values and accounting ductility when appropriate. The empirical methods are used for the
equipment (functionality) qualification and simplified qualification procedure was elaborated for the low-
energy and small diameter pipes. The applicability of these re-evaluation methods was carefully studied on
the basis of systematic evaluation and comparison of US, German and Soviet design requirements and
procedures. Although the liberal approaches may be followed while evaluation the capacity of structures,
systems and equipment, the design of upgrading measures has to be performed according to procedures
ensuring code compliance.

5.2 Evaluation and Upgrading of Structures

Design of WWER-440/V213 type twin units has several features, which determine the as built seismic
resistance of the units. The box-like reactor building made of reinforced concrete (the containment) was
designed for an overpressure of 0.15 MPa, so this building bears the loads caused by a design earthquake.
The steel frame turbine hall of 39 m span is connected to the longitudinal gallery building, which is
attached to the rigid reinforced concrete part of the confinement. The beams supporting the floors of the
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gallery building are connected to the wall of the reactor building and the pillars of the turbine hall. The
reactor hall, turbine hall and gallery buildings are covered with concrete roof slabs. Seismic resistance of
the brick walls separating the different rooms of the gallery buildings is inadequate.

The main building is a set of coupled structures having a separate foundation and widely varying rigidity,
and the distribution of the stiffness and masses is highly complex. The problem of optimal modeling of
coupled structures with very different characteristics and also the adequate modeling of twin main
buildings on a common base mat had to be solved [3], [4]. In the case of the main building structure the
soil–structure interaction is modeled through the introduction of the frequency dependent dynamic stiffness
matrix obtained for all points of the structural model in contact with the soil, and the equations of motion
are solved in the frequency domain. This approach leads to an essential reduction in conservatism
compared with the routine calculation methods [5].

It seemed to be the most beneficial to stabilize the longitudinal gallery by reinforcement of steel
framework of the reactor hall and turbine hall. The idea is to transfer the transversal load from the turbine
hall, intermediate building (transverse gallery) and reactor hall to the very rigid reinforced concrete
localization towers. This means reinforcement of the roof bend in order to acquire a disk-behavior,
reinforcement of the cross braces of the columnes, and transfer of the transversal forces to the localization
tower and to a bridge construction connecting them. Thanks to this in the gallery building, which is
overfilled by equipment, there is no need to implement modifications and reinforcements. This
reinforcement concept allowed considering also the systems in the turbine hall for cooling and long term
heat removal as it was mentioned above. The structural fixes of the turbine and reactor halls excluded also
the falling-in of the concrete roof panels. Solutions for increasing of seismic resistance of the structures
essentially mean use of new structural elements (e.g. cross braces, reinforcement of the joints) and
reinforcement of the main load bearing elements. The implementation of the structural fixes is going on.
The total weight of the reinforcement to be added is more than 1700 t.

Qualification of the auxiliary buildings, diesel engine rooms and water intake, and development of the
reinforcement have been also carried out.

Although global soil liquefaction should not be expected, in case of connected buildings with separated
foundations, such as the main building-longitudinal gallery-turbine hall, it is reasonable to examine the
possibility of local liquefaction and relative settlement of the buildings. Such examination of the main
building complex has to be performed, too.

Evaluation of the exhaust stacks should be additionally mentioned, since they need another reconstruction
due to the construction deficiencies of that time. It has been found that the load-bearing capacity of the
structure restored by the reconstruction will ensure that the exhaust stacks do not throw on the diesel
engine building. This is also an example how the various safety upgrading or reconstruction measures
interact.

In 1993-1994 the non load-bearing structures, mainly brick walls of the gallery buildings have been
reinforced in the frame of the easy-fix project in order to protect the safety systems located there from
falling-on.

5.3 Qualification and upgrading of equipment, piping and I&C

According to the graded approach of the seismic evaluation dynamic analysis and code compliance have
been required for the most important piping and equipment. For dynamic analyses of the primary circuit
(loops, steam generators etc.) an integrated model has been used, which includes the reinforced concrete
structure of the reactor building together with the primary loops and equipment [6], [7]. Its purpose was to
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qualify the primary system for a less conservative seismic excitation, and to receive relative displacements
of the primary circuit in order to evaluate the possible impacts. The capacity evaluation of the primary
system equipment has been performed in compliance with KTA standards. Other piping and equipment in
the confinement have been evaluated using also KTA but with certain realistic assumption on the damping
and ductility. For the piping and equipment outside of confinement the SMA type evaluation technique has
been applied. The small bore low energy and cold large bore pipes have been evaluated using simplified
calculation and walkdown based method. The upgrades design always follows code requirements. The
experience of the re-evaluations shows that the insufficient seismic capacity of essential components is due
to their anchorage, since during their design the earthquake loads were not considered. The analyses
indicate that the distances at the pipeline supports are too large, so additional supports and viscous dampers
have to be installed. The upgrading of the primary system by viscous dampers was developed and
implemented. Fixing of other piping systems have been performed by additional supports and also viscous
dampers.

For evaluation of functionality of active equipment (pumps, motors, valves, breakers, etc.) empirical
methods were used. The qualification is mostly completed with considerably favorable results.

A main conclusion of the easy-fix project was, that anchorage of the I&C racks and cabinets, accumulators
is not adequate. Practically all the safety related electrical and I&C cabinets had to be reinforced with new
anchorage at the bottom or with cross brace at the top. Distances of the cable tray supports were too large
in all cases and additional supports had to be installed. Due to the weak anchorage, additional anchorage
had to be used at some mechanical equipment. The easy-fix project was completed by 1995. The easy-fixes
including reinforcement of the brick walls concerned more than 5500 elements on the four units and were
accompanied by building in steel framework of about 450 t.
The easy-fix reinforcement mainly ensures structural safety and stability of the racks and cabinets, and
protects them from falling down of a brick wall. In most cases reinforcement is sufficient already for the
functionality of the equipment, but it has to be checked. In the frame of a PHARE project completed in
1998 the qualification of the functionality of electrical and I&C equipment has been performed using
empirical methods [8]. Additional fixes are needed in some cases in order to ensure functionality. There
are some items, which cannot be qualified empirically. For these ones qualification specification was
prepared in the frame of the above PHARE project [8]. Specifications for altogether 665 elements have
been elaborated, among them there are 12 rack specifications, 647 relay and 4 tank qualification
specifications. The qualification is going on in accordance to the specifications. Main achievement of the
PHARE project was the systematic examination relating to behavior of relays during an earthquake and
their consequences. Performing the above mentioned electrical and I&C qualifications and implementing
the measures resulted from them the seismic re-qualification of safety systems will be finished. Here it
should be mentioned that during the design and qualification of the new reactor protection system the
actual seismic input was taken into account.

6. PRE-EARTHQUAKE PREPAREDNESS AND POST-EARTHQUAKE ACTIVITIES

In 1993 seismic instrumentation was installed at each unit of the NPP. The system registers the response
signals generated in typical points of the reactor building and the free field acceleration signal in two
places at the site. The question of automatic reactor shutdown by the personnel was decided between 1993-
1997. Recently the procedure based on the response spectrum and cumulative absolute velocity criteria has
been introduced. The emergency operating procedure of the Paks plant contains the activities of the
personnel during and after an earthquake. An overall guideline has been prepared for determining plant
status after an earthquake.
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7. SEISMIC PSA

A level 1 seismic PSA is in preparation and is an integral part of the seismic safety program of the Paks
NPP. Currently level 1 PSA models and results are available for internal initiating events, internal fires and
flooding at full power [9-11]. Internal initiating events for off-power operating modes of the plant have
also been analyzed by level 1 PSA [12]. Quantification of seismic risk will be a substantial extension to the
existing level 1 PSAs for Paks, and the majority of important initiating events will have been taken into
account by the end of the study because earthquakes are considered to be the only risk significant external
hazard.

The objectives of the seismic PSA have been defined in accordance with the international practice and the
level 1 PSA of Paks that is available for other types of initiating events. These objectives are as follows:

• Quantification of frequency of core damage from seismic events;
• Identification of important contributors to seismic risk (initiating events, accident sequences,

component failures, human errors);
• Identification and ranking of plant vulnerabilities based on qualitative insights and quantitative results

of the study,
• Confirmation of the results of the seismic safety programme;
• Development of recommendations for safety improvement including feedback to the seismic safety

program.

The major steps of the Paks seismic PSA have been decided in accordance with most common
international practices [13] and methodologies applied recently in most OECD countries [14], including
extension of the site seismic hazard study up-to low probability events and local effects.

A note should be made on treatment of containment failures (i.e. failures of the so-called hermetic rooms)
within the seismic PSA for Paks. It is an important subtask which is to provide an interface to future
extension of the level 1 seismic PSA to level 2 analysis by identifying and modeling those seismic failures
of structures and equipment that lead to a containment bypass sequence. The analysis covers failures of
containment isolation and the cooling system without considering containment loads due to thermal-
hydraulic effects and accident progression. For this purpose the existing system models should be extended
with failures of containment isolation valves, the containment spray system and the associated electric
power supply and I&C subsystems. Structural failures affecting the integrity of the reactor building
confinement box and the bubble tower system will be determined. Failures of containment structures and
systems will be incorporated into the event sequence models as a separate heading by using the results of
fragility evaluation to describe the probabilities of seismic failures in a way consistent with the rest of the
seismic PSA model. In accordance with the PSA for internal initiators, data on random equipment failures
of containment systems will be based on a combination of generic and plant specific reliability data.

Core damage frequency due to seismic events will be calculated by the use of a standard algorithm for
processing event trees and fault trees in a PSA, i.e. the minimal cut sets of earthquake induced accident
sequences and their frequencies will be determined. Seismic risk will be estimated for each acceleration
range and an overall value of core damage frequency will be determined through integrating the results
obtained for the various acceleration ranges. Frequency of containment bypass sequences will also be
quantified.

Uncertainty analysis will be carried out to calculate density and cumulative distribution functions of core
damage frequency using Monte Carlo sampling of uncertainty distributions for seismic and random
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failures. Measures of importance and sensitivity will be produced for important initiating events,
equipment failures and human actions/errors. Qualitative analysis of important seismic accident sequences
and quantified risk measures are expected to be used jointly in support of identifying plant vulnerabilities
and developing recommendations for further enhancing of the seismic safety, if needed.

8. CONCLUSIONS

Main achievements in the evaluation and improvement of seismic safety of Paks NPP can be summarized
in the following.

The reinforced concrete part of the reactor building, which is the containment of the reactor, has adequate
seismic capacity. The gallery buildings connected to the reinforced concrete part of the reactor building,
the reactor and turbine halls need essential upgrades. The technical solutions to increase seismic resistance
of these structures have been elaborated and their implementation is under process. Nearly all of the non-
structural walls have been fixed. Qualification of the building other than the main building is also
completed, now the design phase of the reinforcements and preparation of their implementation is under
process.

The equipment and pipelines in the primary system have significant as built seismic capacity, but in order
to limit stresses and displacements viscous dampers were installed in 1998. Qualification of the
technological system components is completed, now the design phase of the reinforcements and
preparation of their implementation is in progress.

Anchorage of the racks of the damaged electrical and I&C equipment was already completed in the frame
of the easy-fix project. In 1998 qualification of functionality of the elements was completed by an
empirical method. The qualification specification for the outliers has been developed and qualification is
being carried out.

The NPP has adequate seismic instrumentation, and a detailed procedure exists for human activities after
an earthquake.

It is expected that the seismic PSA will verify the concept of reactor shutdown, cooling down and constant
cooling, and effectiveness of the complex reinforcement program. By performing seismic PSA for the Paks
NPP level 1 PSA results will be representative for most initiating events of safety concern including
internal initiators and external hazards.
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ABSTRACT

The Armenian Nuclear Power Plant, constituted by two WWER-440 type reactor, was shutdown in 1989
after the destructive Spitak earthquake (December 1988). Following the decision to re-start the operation of
Unit 2 (April 1993), Armenian authorities launched a complete program for enhance the plant safety.

A co-operation effort, financed by a number of different Organisations, among which EC through TACIS
Program, IAEA and U.S. DOE, aiming at improving the seismic safety of the plant was undertaken in
accordance to methods and criteria as generally accepted by the international community, taking into
account that no regulatory guides exist on seismic re-evaluation of existing NPP. An important milestone
of this co-operation effort was the conference hosted by IAEA in Vienna in 1999 among the donor
Institutions and involved Organisations where a joint workplan for the plant seismic re-evaluation, to be
completed soon on the base of the results achieved, was agreed. On this basis different Organisations, with
very different approaches to the assistance to developing countries (e.g.: bilateral, UN, EC, etc.), co-
operated within the same framework in order to provide the best safety improvement to the plant with a
global resource optimisation. As a result, the planned tasks are under implementation and safety review,
with a very important contribution by the Armenian Nuclear Power Plant (ANPP) personnel which has
been trained and involved since the very beginning of the project. The agreed technical approach among
the different Organisations was codified in a IAEA Technical Guidelines Document, endorsed by both the
ANPP and the Armenian Safety Authority (ANRA).

In the above mentioned framework three main aspects were addressed:

- re-assessment of the site geological stability and seismic hazard aimed to define the site specific
maximum earthquake (Review Level Earthquake) to be used for plant re-evaluation purposes

- assessment of the seismic capacity of as-built structures, systems and components (SSC) essential
to achieve the plant safe shutdown

- plant upgrading

The first aspect was developed in compliance with criteria established for new nuclear power plants (IAEA
Safety Guides 50-SG-S1). Earthquake peak ground accelerations of 0.21g and 0.35g were obtained for two
different fractile values, respectively 50% and 84%. For re-evaluation purposes a broader band ground
response spectrum than the site specific one with a free field horizontal PGA of 0.35g was chosen.

A detail work plan for the seismic capacity assessment of SSC has been set-up. The seismic response
evaluation of buildings and structures of Unit 2 is firstly performed to determine seismic forces and the in-
structure input motion to systems and components. Seismic resistance of distribution systems and
components is then assessed basically relying on the seismic margin assessment method. The scope of this
safety re-evaluation process is determined by the Safe Shutdown Equipment List (SSEL) and plant
walkdowns.
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INTRODUCTION

BACKGROUND

The Armenian NPP of Medzamor is situated in the southwest part of the republic of Armenia, 28 km from
the capital Yerevan, at about 950 m above mean sea level. The plant is constituted by two 408 MWe (376
MWe net) reactors based on the VVER 440 - V230 Soviet type model. The design of the standard V230
was modified due to site conditions and local seismicity, leading to the construction of an original model
called V270. The construction started in 1969 and Units 1 and 2 were in operation in 1976 and 1980
respectively. Unit 2 at the time of the Vrancea Earthquake (March 1977) was in the early stage of
construction and it was redesigned to be “earthquake-proof”.

The plant continued to be in operation without any visible damage after the strong earthquake in Spitak in
December 1988. However, owing to safety concerns related to the high seismicity of the plant’s location,
Unit 1 and 2 were respectively closed in February and March 1989.

In April 1993 the Armenian government decided to start the preparatory works for the reopening of the
Unit 2, being the newer of the two, due to the energy shortages in the Republic of Armenia in the early
nineties. An international co-operation effort was then initiated to assist Armenia in improving the safety
condition of the Medzamor NPP with the purpose of mitigating the critical energy situation of the country.
In November 1995 that Unit came back on line, providing about 35% of the nation’s electricity.

The first seismic safety mission was conducted in May/June 1992 in the framework of an overall study on
energy situation carried out by World Bank at the request of the G-7 (Group of Seven) and with the IAEA.
As a conclusion it was recommended to the Armenian authorities that three major aspects had to be dealt
with if the decision to restart the plant operation would be taken:

• verification of the geological stability of the site,

• determination of the site ground motion for the re-evaluation of the plant’s structures, systems
and components,

• development of a complete program for the re-evaluation of the seismic capacity of structures,
systems and components important to safety.

In 1993 Armenia joined the International Atomic Energy Agency and a technical assistance and co-
operation project on seismic safety was agreed in September 1993. Since then, many Seismic Safety
Review Missions have been carried out in order to review the situation and progresses in the field of the
above mentioned issues and plant operators were trained on all the aspects of the seismic safety.

In February 1997 an IAEA Technical Guidelines document [2] was finalised on a site/plant specific basis
and it was approved in March 1999 by the Armenian Regulatory Body (ANRA) and plant operator (ANPP)
as reference document in the seismic re-evaluation of the Armenian NPP. As neither the IAEA or any
regulatory authorities has established official and comprehensive codes for the seismic re-evaluation of
existing NPP, the above document has the purpose of providing the general framework within which the
seismic re-evaluation program has to be carried out in a manner consistent with methods and criteria as
recognised in the international practice.

In early 1994, Armenia and Russia agreed to co-operate in restarting the plant: the proposed activities
included a full site investigation, improvements in safety standards and maintenance and repair. In January
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1995, Russia’s Duma ratified an agreement for a credit line to Armenia for the restart of the Medzamor
NPP to be earmarked for Russian technical expertise, fuel and equipment.

In 1996, following a study on the major safety issues of Medzamor NPP performed by the European Bank
for Reconstruction and Development (EBRD), Armenia was retained eligible for grants for safety
assistance. The European Union allocated a budget under its TACIS program for safety related up-grades
at Unit 2, most of which have been spending for on-site assistance provided by a consortium of European
utilities led by Italian SOGIN (former ENEL/SGN).

In 1996 United States began working on co-operative safety projects with Armenia in the framework of a
comprehensive assistance policy to reduce risks at older Soviet designed NPP.

In 1994 Armenia established a nuclear regulatory body – the Armenian Nuclear Regulatory Authority
(ANRA). Since then ANRA has been provided with training in all safety related activities, including
seismic issues, in the frame of U.S. and IAEA assistance programmes. In addition, EU is supporting the
Armenian Safety Authority by means of a consortium of Western European technical safety organisations,
led by Riskaudit, that is providing assistance to ANRA in licensing procedures for up-grades proposed by
ANPP and its consultants.

An important milestone of the co-operation effort outlined above was the co-ordination meeting hosted by
IAEA in Vienna in 1999 among the donor Institutions and involved Organisations where a joint workplan
for the plant seismic re-evaluation, to be completed on the base of the results achieved, was agreed. On this
basis different Organisations, with very different approaches to the assistance to developing countries (e.g.:
bilateral, UN, EC, etc.), co-operated within the same framework in order to provide the best safety
improvement to the plant with a global resource optimisation. As a result, the planned tasks are under
implementation and safety review, with a very important contribution by the Armenian Nuclear Power
Plant (ANPP) personnel which has been trained and involved since the very beginning of the project.

THE ORIGINAL SEISMIC DESIGN

The seismic design basis was originally related to a seismic intensity of 8 on the MSK scale. Due to the
lack of specific codes on seismic safety for nuclear facilities, the plant was designed according to the
existing rules for conventional building. During the design stage and construction seismic loads were
increased from 2 to 4 times using a maximum ground acceleration of 0.4g for the reactor shaft and 0.2g for
the reactor compartment and an amplification factor up to 3 was used for analytical and experimental
qualifications of primary system and other safety related equipment [1]. Supplementary modifications were
made after the Vrancea earthquake in Romania (March, 4th 1977) [2].

In 1987, with the issue of the Russian design code for seismic safety of nuclear installations (PNAEG-5-
006-87) a programme for seismic re-evaluation and up-grading was initiated. A first set of FRS for the
Armenian NPP was calculated by the Atomteploenergoproject (ATEGP) – Nizhny Novgorod (Report A-
34988) for equipment and distribution system seismic qualification. It was used four records form
California earthquakes and one artificial accelerogram, all scaled to 0.2g in the horizontal direction and
0.1g in the vertical one. The spectra were generated using a simple beam model including the reactor
compartment. The elasticity of the foundation was taken into account by spring elements.

The re-evaluation program continued also after the Spitak earthquake and during the shutdown period,
even though with limited activities, up to the date of the plant reopening. The seismic intensity at the plant
location during the Spitak earthquake was about 6-7 on the MSK scale and the peak ground acceleration
recorded was approximately 0.06 g.
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THE SEISMIC RE-EVALUATION PROGRAM

In the framework of the international co-operation effort mentioned above, the Armenian government
decided to launch a complete programme for seismic re-evaluation of Medzamor NPP aiming at assessing
and improving the seismic safety of the plant in accordance to methods and criteria as generally accepted
by the international community. The program, implemented in a phased approach, addresses the following
three main topics:

- re-assessment of the site geological stability and seismic hazard aimed to define the site specific
maximum earthquake (Review Level Earthquake) to be used for plant re-evaluation purposes

- assessment of the seismic capacity of as-built structures, systems and components (SSC) essential
to achieve the plant safe shutdown

- plant upgrading

A workplan for the seismic re-evaluation program, grounded on technical bases, was defined in the IAEA
Technical Guideline [1], highlighting phases and tasks to be performed as well as sequences and
interdependence among them.
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Figure 1 – seismic re-evaluation flowchart
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A detailed planning of each phase of the program is being developed by ANPP, taking into account also
relationship and impacts on other projects relating to NPP safety improvements, such as the LBB project.

ANPP have collected the geo-technical and structural data, including implemented up-grades, and is
presently organising them in a consistent and comprehensive manner for the ongoing and planned
activities. At this purpose a spatial geotechnical model of the site is being developed.

RE-ASSESSMENT OF THE SEISMIC HAZARD

The main aim of the re-assessment of the seismic hazard was the determination of the site specific

maximum earthquake having a very low probability of being exceeded during the life time of the NPP; it is
defined as Review Level Earthquake. As reference standard and code for seismic hazard evaluation the
IAEA-SG-S1 (rev.1) was adopted [3].

A wide site investigation dealing with geology, geophysics, seismology, geotechnics, volcanology was
carried out in years 1993 – 1995 by Armenian institutions and foreign organisations with an acceptable
level of quality and completeness.

Earthquake peak ground accelerations of 0.21g and 0.35g were obtained for two different percentile values,
respectively 50% and 84%. Specific ground response spectra, showing a rather narrow spectrum and
having a maximum amplification of 2.3 centred at 5 Hz, were obtained. For re-evaluation purposes,
considering the site characteristics, a broader band ground response spectrum based on the 50th percentile
response spectrum for rock site given in the USA-NUREG/CR-0098 [4] with a free-field horizontal peak
ground acceleration of 0.35g was chosen. The RLE as above defined corresponds to the SL-2 given in the
IAEA SG-S1 (rev.1). The vertical acceleration was taken equal to 2/3 of the horizontal one in the entire
frequency range.

As far as the background seismicity it was considered a local earthquake having a magnitude of 5.5 at a
distance of 2.5 km and a depth of 10 km. The local earthquake spectrum is bounded on all the frequency
range by the RLE; therefore it was not considered in the re-evaluation analysis of Unit 2.

EVALUATION OF THE SEISMIC CAPACITY OF THE UNIT 2

The evaluation of the seismic response of the NPP Unit 2 and consequently the capacity of buildings and
structures to withstand the induced loads is presently underway. Analyses have been carried out by NIAEP
(Russian Institute - Atomenergoproject Nizhny – Novgorod) with the supervision of the ANPP experts  and
are currently under review by IAEA.

In the co-ordination meeting held in Vienna on 1999, in the context of the joint workplan for the plant
seismic re-evaluation, it was agreed to assist NIAEP in performing the evaluation of the Floor Response
Spectra (FRS) and seismic capacity of buildings and structures as well as to complete the collection of data
for the geotechnical characterisation of the site. EU/TACIS is evaluating the possibility to carried out both
the activities by means of a specific contract. Technical Specifications for such activities have however
already been developed by SOGIN, the EU/TACIS on-site assistance utility.

The seismic analysis of the plant will be conducted on those buildings and structures, whose resistance is
essential to achieve the safe shutdown of the NPP Unit 2, by using realistic as-built properties and data,
having considered all the plant up-grades to the original design. These are the Unit 2 main building,
including reactor building, longitudinal and transversal electric shelves building, ventilation centre, boron
injection centre and turbine building as well as the diesel generator building (figure 2 [1]).
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Figure 2 – Transversal and longitudinal cross-sections of main building

The dynamic structural analysis will be carried out accounting for the soil-structure interaction effects. The
influence of property variation of soils will be taken into account, by assuming an appropriate variation
percentage band. According to the IAEA Technical Guidelines [1], SSI effects can be ignored if the
changes in the natural period of the system are less than 10%. Floor Response Spectra will be calculated as
a minimum on those locations where systems, and components required to ensure the safe shutdown
condition of the plant are positioned. These locations are derived by the SSEL.

The seismic capacity evaluation of buildings and structures will be carried out by using a deterministic
approach basing on permissible damping values and inelastic seismic demand of members developed in
during IAEA reviews of the Bohunice, Kozloduy and Paks NPP [1]. Material strength will be based, as far
as possible, on existing test data. The need for a characterisation survey to assess ageing of structures is
being presently evaluated by ANPP in order to rely on actual data of material properties. Which ever are
the reference material data, a very little probability that actual strengths are less than those used in the
seismic capacity evaluation will be considered. Strength capacity estimation should be based on the
ultimate strength approach in accordance with codes for the appropriate materials (ACI [5, 6, 7] / AISC [8]
or equivalent national or European codes).

The integrity of non structural elements (not explicitly modelled) and the evaluation of members capacity
to withstand loads transferred from relevant mounted-on equipment will be assessed in the scope of the
seismic capacity evaluation of safety related System and Components. Analyses methods and assessment



NEA/CSNI/R(2001)13/VOL4

46

criteria for seismic capacity evaluation of systems and components are outlined in the IAEA Technical
Guideline [1].

SAFE SHUTDOWN EQUIPMENT LIST (SSEL) AND PLANT WALKDOWN

A fundamental task of a seismic re-evaluation process of an existing NPP is the definition of the essential
Structures, mechanical, electrical, I&C and distribution Systems and Components (SSC) and their function
requirements during and after the occurrence of a RLE as well as Plant Walkdowns. Both the activities are
aimed at limiting the scope of the plant to be re-evaluated.

The development of SSEL should be based on the main assumption that the plant must be capable to reach
the safe shutdown condition and to maintain it in the first 72 hours after the occurrence of the seismic
event. This criterion, however has to be assessed specifically for the plant situation, taking into account the
specific conditions of systems and cooling requirements as well as availability at the site of equipment and
spare parts to repair the damaged systems and components.

The first draft of the SSEL was developed by the Russian Institutes (Gidopress and NIAEP) and reviewed
by IAEA in the course of the follow-up review mission performed in June 1999 [9]. Although the draft
SSEL is not yet optimised, the final version is expected to reduce up to 90% the selected group of SSCs.

Structures, Systems and Components listed in the SSEL were examined in the plant walkdowns carried out
by the plant technical experts in order to evaluate those systems and components that can be eliminated
from further analyses, taking into account up-grades carried out in the past years of operation.

The plant walkdowns were focused on:

- equipment characteristics and inherent seismic capabilities,

- anchorage of the equipment,

- load path form the anchorage through the equipment and

- spatial interactions.

The preliminary screening seismic walkdown was conducted in the year 2000 by U.S. DOE and NRC
representatives with the aim to screen out systems and components that are obviously robust and require no
additional evaluations (disposition category 3). Subsequently a detailed screening walkdown will be
performed with the objective to individuate in the final SSEL:

- components whose seismic capacity is uncertain, thus requiring further analysis to determine if a
modification is needed (disposition category 2)

- components for which a modification is required (disposition category 1).

In this second phase, limited analytical evaluations (including anchorage capacity, load path and potential
spatial interactions) are provided as well as judgements on the modification needed for safety up-grades.

PREPARATION OF THE TECHNICAL SPECIFICATION FOR STRUCTURE ANALYSIS

Technical Specifications for “Completion of Geotechnical Data Collection of the Site and Assistance to
NIAEP in Performing Floor Response Spectra (FRS) and Seismic Capacity Evaluation of Buildings and
Structures” were prepared in the year 2000 by SOGIN under EU/TACIS program (A1.01/96/I) and have
already been approved by ANRA and EU at the beginning of 2001.
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The site consists of a basalt matrix, within which layers of softer material–weathered basalt and/or residual
soil – are interspersed. According to IAEA recommendations [9] the only missing data are the strain
dependent properties of shear modulus and damping for soft residual soil layers and two ways were
indicated to derive them:

- to perform laboratory tests or

- by means of scaling of strain dependent parameters on the base of literature survey.

The assistance to NIAEP in evaluating the seismic response and capacity of the NPP Unit 2 will be carried
out by means of an independent analysis. Methods and criteria were specified in the Technical
Specifications in accordance to IAEA Technical Guidelines [1], also taking as reference the European
Utility Requirements (EUR) for LWR Nuclear Power Plant [10]. As part of the assistance task a strong
interaction with NIAEP is required in order to compare the results of the two different structural analyses,
highlighting the main differences and analysing the sources causing results deviations.

From this reconciliation process a unique set of FRS must be assessed to be used in all the further seismic
analyses of systems and components as well as the design of up-grades. Furthermore it must be taken into
account that safety improvements have already been performed (e.g. replacement of SG and PRZ safety
valves under EU/TACIS program and MSIVs under U.S. DOE assistance program) having considered in-
structure seismic inputs at that time available. Then a comparison and reconciliation process between the
new FRS and the ones adopted for the already implemented up-grades should also be foreseen.

CONCLUSIONS

The seismic re-evaluation of Medzamor NPP started in 1993 and since then different Organisations have
been involved to provide the best safety improvement to the plant. The IAEA Technical Guidelines
document, which was adopted by the Armenian Regulatory Body (ANRA) as regulatory document in
1999, provides the general framework, including analysis methods and assessment criteria, within which
the seismic re-evaluation program has to be carried out.

To date a complete seismic hazard of the site was carried out and it was finalised in the assessment of
Review Level Earthquake to be used in the re-evaluation process. The evaluation of the seismic response
of the NPP Unit 2 and consequently the capacity of buildings and structures is presently underway and its
completion is envisaged by the end of 2001.

The results of the seismic response analysis together with the final development of the SSEL and plant
walkdown evaluations will permit to carry out the seismic capacity assessment of systems and components
whose development is envisaged in 2002. It is worth to mention that the availability of the above
mentioned results will have an impact also on the implementation of safety related projects currently in
progress.

Potential modifications to SSCs will be prioritised for design and implementation, giving considerations to
risk/safety, but also to economic and ease of implementation. Detailed criteria on this issue as well as
design codes and quality assurance have still to be assessed, basing on an agreement between all involved
parties – regulator, operator and donor Institutions.
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John P McFarlane BSc CEng MICE MIMechE MINucE FIES
Group Head Civil Engineering, British Energy Generation (UK) Ltd, United Kingdom

ABSTRACT

British Energy owns and operates 8 Nuclear Power Stations in the United Kingdom.  These include seven
Advanced Gas-cooled Reactor (AGR) sites and one Pressurised Water Reactor (PWR) site at Sizewell B.

As part of the site licence conditions the structures, plant and systems have to be maintained throughout
their operational life in such a manner as to maintain their fitness for purpose and to carry out the role
allocated to them by the reference safety case. A review, referred to as the Periodic Safety Review of the
plant, is carried out every 10 years.  The original design intent, changes to codes of practices and the
effects of any ageing and/or deterioration are considered and any remedial action necessary is identified.
The effects of external hazards are considered as part of that review.

Many of the older stations were not designed for, and had never been assessed for the effects of
earthquakes.  As a consequence, major review work against site-specific seismic hazards has been carried
out. In general, the seismic assessment of the plant, systems and structures relies on "seismic walkdown"
techniques, seismic qualification databases, similarity arguments, mathematical models and code of
practice comparisons.  These techniques are applied to the "success paths" set out for the two lines of
protection required under British Energy’s “Nuclear Safety principles”. Where any of the above arguments
result in plant modifications, these are implemented on site.

The assessment process is described in this paper and some pragmatic solutions to the retrofitting of
restraints to, amongst others, electrical cabinets, pipework, masonry walls, and tanks are discussed.  Some
novel techniques such as the use of structural adhesives are described in detail.
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INTRODUCTION

British Energy owns and operates 8 Nuclear Power Stations in the United Kingdom.  These include seven
Advanced Gas-cooled Reactors (AGR) sites and one Pressurised Water Reactor (PWR) site at Sizewell B.

Because of the potential risks involved, modern nuclear power stations are among the few structures in
Britain that are specifically designed or assessed against the effects of earthquakes.  The newer power
stations are designed for a postulated seismic event with a return period of 10,000 years, the older stations
are assessed as part of the Periodic Safety Review (PSR) required by Site License Condition 15. The PSR
considers the assessment of hazards and, in particular, risks presented to the station from a seismic event.
As many of the existing safety cases for the older stations did not include a statement on seismic capability,
the PSR required that an assessment of all essential plant, systems and structures be carried out and any
necessary modifications to improve the seismic capability be implemented. This essentially meant that the
functions of Reactor Trip, Shutdown and Post Trip Cooling could be demonstrated to be capable of
surviving the defined seismic event and that two lines of reactor protection would be available. It is worth
noting here that, although not specifically included in some of the early designs, hazard loadings such as
seismic have to be considered. There are inherent and significant margins available to resist the seismic
loads due to the substantial construction of modern nuclear power plant structures, plant and systems.

STRATEGY

The strategy adopted for seismic assessment under the PSR required that appropriate plant be designated in
two categories:

• Bottom Line Plant and Structures: These are plant and structures required to provide a single line of
protection during infrequent, more onerous, seismic events and to provide one of the two lines of
protection against lesser frequent events. A full listing of Bottom Line Plant and Structures is set down
at the start of the PSR.

• Second Line Plant and Structures: These are plant and structures that provide the second line of
protection to ensure an adequate level of redundancy in safety related plant during the more frequent,
less onerous, seismic events. A full listing of the Second Line Plant and Structures is also prepared at
the start of the PSR.

The 'Second Line' plant is normally assessed against the Principia Mechanica Ltd (PML) design response
spectrum appropriate to the ground conditions at the site factored such that the zero period acceleration is
0.1g. The response spectrum representing the 0.1g (PML) input motion is shown in Figure 1.
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GENERAL APPROACH

For a typical UK Nuclear Power Plant, the typical assessment approach would be as follows:-

• Determine the probabilistic hazard level and get agreement with the Regulator.

• Investigate the various techniques (time history, response spectrum, static equivalent etc.) for applying
the hazard to typical nuclear station structures and establish the most appropriate methods.

• Utilise realistic criteria (stress/strain levels, ductility) that would normally be utilised in assessing the
effects of the seismic hazard on typical structures rather than the more onerous new design approach.
In particular, the use of internationally agreed ‘best practice’ in walking down the plant and using the
database listing examples of plant’s capability to survive real earthquakes would be the main pragmatic
approach to minimum qualification.

• Apply the above techniques to a list of essential plant, systems and structures and assess individual
seismic capability of each item in turn.

• Only consider modifications if ALARP to do so. (Nuclear Power Stations are legally bound to
demonstrate that they have reduced the risk to As Low As Reasonably Practicable (ALARP).  The
ALARP principle states that unless the expense is in gross disproportion to the risk, the nuclear station
must undertake the expense to reduce the risk.)

• Finalise safety case.

SEISMIC DESIGN AND ASSESSMENT STANDARDS

The design philosophy adopted for assessment of the seismic capability of existing plant is based upon the
guidance of the SQUG Generic Implementation Procedure (GIP) [1] which utilises experience data
available from plant and equipment which has been subjected to actual earthquakes.   This approach is
supplemented by the Seismic Design Guidelines [2], which provide a guide to the design of retrofit seismic
restraints and modifications necessary to achieve formal qualification.

A number of conservative parameters exist within the seismic design methodology and these are sensibly
reduced where intrusive and/or large modifications are generated by the analytical process. These may be
summarised as follows:

Natural frequency of response for plant items is assumed to coincide with the peak acceleration values
from the secondary response spectra.  This conservative assumption generally provides upper bound
seismic demand values for the item of plant to be assessed/modified.  Further calculations may be
performed to calculate the lowest frequency of response that can be expected and hence lower acceleration
values adopted.

The GIP provides estimates of mass for different classes of nuclear power plant and equipment that
constitute the maximum values recorded from inspection and surveys of actual equipment.  Based upon
experience of internal inspection of electrical cabinets, these values can be shown to overestimate the



NEA/CSNI/R(2001)13/VOL4

52

actual mass values by a margin of 2 to 3.  Actual mass values may be derived from internal inspection,
lifting records or identification plates attached to the plant.

A factor of conservatism fcon=1.25 is applied to the secondary response acceleration values for the
assessment of anchors.  This factor is deemed to allow for assumptions inherent within the dynamic
modelling techniques.  Scope exists to reduce this factor to unity where its application can clearly be
shown to be conservative e.g. (1) adoption of a peak acceleration value which is formed by a localised
peak within the secondary response spectra or (2) conservatism within the derivation of the secondary
response spectra which can be highlighted and quantified.

The Seismic Design Guidelines apply further design load factors to the seismic demand values depending
on the design code being considered e.g. steel bracket restraints would invoke a further load factor of 1.20
for BS5950 design implementation.  This additional load factor is judged to introduce unnecessary
additional margin into the design process and is sensibly reduced to unity to avoid excessive steelwork
modifications.

The above areas of conservatism within the design process are investigated where non-standard solutions
or extensive/intrusive modifications would otherwise be generated.  Furthermore, any inherent seismic
withstand capability and robustness of the existing unmodified plant/equipment is generally ignored during
the qualification process, i.e. (1) existing anchorage is generally ignored and (2) start-up loads / operational
design loads may bound seismic effects for some plant items.  Generally, a pragmatic engineering
approach is adopted to produce restraints that are practical and safe to install on site.

The GIP provides the most comprehensive guide to the seismic capability of nuclear power plant currently
available.  The design philosophy adopted is aligned to the guidance provided therein and applies sound
engineering judgement based upon standard structural and mechanical principles.  Further reference is
made to applicable design standards [3] during the design/assessment process and the most appropriate
methods of analysis are adopted to produce safe and conservative solutions whilst satisfying the practical
resolution of identified shortfalls.

Although a number of plant items on the stations had shortfalls, it was considered that these could be
readily addressed through simple modification, or in special cases, through time at risk arguments.  Most of
the items identified as requiring some modification involved strengthening of structural steelwork and
brick walls, improving anchorages to electrical cabinets, and removing excessive movement of pipes, etc.,
which could result in overstressing or physical damage.

PIPEWORK

The following approach was used to qualify pipework. to resist the input motions resulting from a seismic
event. The assessments were carried out for the defined infrequent earthquake hazard level.  The infrequent
(10-4 per annum) seismic input motion was defined as the Uniform Risk Spectra (URS) for a hard site
anchored to 0.23g peak freefield ground acceleration (PFFGA) or the URS for a soft site anchored to 0.17g
PFFGA.

The assessments utilised a combination of techniques involving analytical and design calculations plus
walkdown techniques.  The procedures were as follows:

• Appendix B of Nuclear Electric Memorandum TEM/MEM/0096/94,  Training Guidelines for New
Users of Seismic Walkdown Procedure [4]
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• Seismic Design Guidelines ,  Report Number EPD/AGR/REP/0072/96 (Issue 2) [2]

These were used to carry out the seismic integrity assessment of essential pipework.  The assessment
methods,  as set out in [2] (based around simple structural models of the pipework) and stress acceptance
criteria are set out in BS 806 [3],  and are known to be overly conservative.  All the seismic experience
data that is available suggests that smallbore pipework is very robust against seismic displacements and
inertial forces.   EQE have produced two reports [5] and [6], which detail more realistic screening and
acceptance criteria to allow the seismic qualification of a larger proportion of the identified smallbore lines
with imposed displacement concerns (seismic anchor movement, SAM) without modification.  The
approach developed is for smallbore lines specifically (up to 3 inch nominal bore).  The EQE reports were
subjected to an independent peer review that endorsed the use of the EQE work and deemed it to be a
reliable methodology to be used in conjunction with other screening criteria when assessing the adequacy
of smallbore pipework.

The following procedure was used for assessing the seismic adequacy of smallbore pipework:

• A list of all essential smallbore pipework that required assessment as part of the seismic safety case
was generated.

• Suitably experienced persons carried out a detailed walkdown and seismic review of the essential
pipework arrangements and associated equipment.  This review recorded if there were any outliers
(items that did not meet the screening criteria).  Screening guidelines were based upon the USDOE 545
[7] and the SQUG GIP, [1] for pumps, nozzle loads etc.

• Calculations and detailed assessment of pipe arrangements where carried out in accordance with the
Seismic Design Guidelines.  Associated equipment was assessed using the SQUG GIP.

• The EQE methodology [5,6] was used to address any smallbore lines with imposed displacement
concerns.

The findings of the above (including seismic spatial interaction hazards) were summarised in tabular form.
Any outstanding shortfalls were listed along with suggested remedial actions for their resolution following
which modifications arising were implemented on site.

To calculate a level of reliability it is necessary to consider the loading and resistance functions.  The
loading and resistance functions are represented by two normal distribution curves and this technique is
effectively classical structural reliability theory.  As the earthquake loading function was not considered as
part of the original design of the stations, the effort was concentrated on the resistance functions and
whether or not these were code compliant or had to be modified (e.g. by additional restraints).

In the case of the smallbore pipework, the system was initially code of practice designed for a whole series
of loadings e.g. pressure, temperature, self weight, live load, dynamic loads, corrosion and stresses induced
by working the metal amongst others.  The reliability of such a well designed system constructed to code
gives a reliability of around 10-5 per demand.  Referring to the walkdown process set out above, the first
pass used the SDG [2], which is predominately a design code approach, and the parts of the system passing
this criteria gave at least 10-5 per demand.  The next approach was the use of calculations using software
such as ADLPIPE and PSA5. As the systems were assessed to be code compliant,  then a reliability of at
least 10-4 per demand could be claimed.  This allows for the additional “seismic” stress to be included in
the overall resistance functions.  On the parts of the system falling outside these two approaches, the
screening criteria in References [1] and [7] were used to give more realistic assessment criteria.  In
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addition, References [5] and [6] were used to address seismic anchor motions.  Notwithstanding these
assessments, any required modifications were designed to codes of practice and easily give 10-5 per
demand.

Thus, as the system was rigorously examined on site by experienced walkdown engineers under the
procedure set out above, is subject to a maintenance and test regime and has been modified to ensure code
compliance, an overall reliability of 10-4 per demand can be claimed.

MASONRY WALLS

Masonry walls can pose two types of threat to an essential system:

• Loss of stability and collapse onto essential plant;
• Loss of support for wall-mounted equipment.

Therefore if a wall is considered to have potential to fall onto essential plant an assessment is undertaken
on its seismic stability. If the wall is noted as providing support to an essential item of plant, an assessment
is undertaken to determine the propensity of the walls to suffer seismically induced cracking. The results of
the onset-of-cracking calculations are used to determine whether there may be deleterious effects on the
anchorage of wall-mounted plant as a result of the seismic behaviour of the wall.

The BS 5628 [8] flexural assessment method is used to establish the onset of cracking and either the
Reserve Energy Method (REM) or the BS 5628 arching assessment can be adopted as a check on the
seismic stability of the walls.

The three available assessment techniques can be summarised as follows:

• Flexural Assessment

This assessment determines the onset of seismically induced cracking. It is based on the standard BS5628
flexural assessment.

• Reserve Energy Method Assessment

The REM has been adopted as a stability check for masonry walls. The restoring moment due to the self-
weight of the wall resists the seismic lateral motion on the wall. However, if the seismic displacement is
sufficient to move the centre-of-mass a distance of half of the thickness of the wall, then the restoring
moment is lost and the wall is said to have lost its stability. Within the assessment it is assumed that the
wall has a response frequency coinciding with the peak spectral displacement at the floor level. Therefore
the peak spectral displacement is compared to the thickness of the wall. A margin of 2 is required to ensure
that the restoring moment is not lost, and conventionally an additional stability margin of 1.75 is also
required.

If the peak spectral displacement is greater than that allowed, then a more accurate prediction of the
seismic displacement is made from the displacement spectra by assuming the wall behaviour is similar to
that of an inverted pendulum using the response frequency calculated in the normal way.
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• Arching Capacity Assessment

It is recognised that a masonry wall exhibits additional lateral load carrying capacity if it can be shown that
it arches within its support frame. An additional stability check is available in accordance with the arching
methodology detailed in BS 5628 (Clauses 36.4.4 and 36.8) [8] by calculating the resistance to seismic
loads due to the arching of a wall within its frame and an assessment of the arching behaviour of masonry
was calculated on this basis. It is imperative, if it is intended to utilise this method, that the walls are
inspected in detail to ensure the adequacy of the top-edge mortar joint and to ensure that the structural
frame is sufficiently robust to accommodate the arching loads.

ELECTRICAL CABINETS

The principles given below were used for designing seismic restraints to electrical cabinets at our AGR
Power Stations taking account of the recommendations of EPRI report NP-5228-SL [9]. Prior to
commencing any design work, the designer should review the anchorage assessment calculations, or the
SQUG Screening Evaluation Work Sheets (SEWS), to determine the nature of the seismic shortfall. In
some instances, the tightening of existing bolts may be all that is required.  However, care should be taken
when checking the tightness of shell-type expansion anchors, to ensure the check is not simply tightening
the shell against the bottom of the equipment base (Ref. GIP Figure 4-4 [7]).

If there is insufficient information detailed on the SEWS then it will be necessary to inspect the cabinet on
site to:

• take dimensions and photographs.
• note the space and access restrictions.
• note any special factors e.g. large cables; other fixings.
• note the existing base fixings.
• note any interconnecting bolts.
• determine the best connection points to the cabinet.  Base restraint is the preferred option, 

however if this is not possible, head restraint can be provided via eye-bolts on top of the cabinet, 
or in certain circumstances by the use of structural adhesive.

• consider the restraint options

The general methodology for the calculation of design forces is given in EPRI report NP-5228-SL, Vol. 1,
Section 3 [9].

The stability of the cabinet should be checked in both directions and if the stability of the cabinet is
marginal then due cognisance can be taken of existing anchor bolts and attachments in an attempt to
resolve the shortfall.

In cases where base restraint only is being considered the tensile loads developed in the equipment base
should be calculated and compared with anchor capacity, noting that no uplift of the cabinet base is
permitted.  If head restraint is being considered, the reaction force required at the head of the cabinet to
ensure that no tension is developed under the equipment base should be calculated.  In addition a check
should be carried out to ensure that there is sufficient resistance provided at the base to prevent sliding.
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If a restraint is deemed necessary then the best seismic restraint option must be determined.  For a floor
mounted cabinet, the best solutions in order of preference generally are:

• Type A Base Restraint: If the access doors/panels permit, a base restraint (designed to resist
overturning and sliding) composed of external angle brackets secured with adhesive to the cabinet and
bolted to the floor may be used.  If the cabinets are sitting on base frames, it must be ensured that the
connection from the base to the cabinet is strong enough if the brackets are only attached to the base
frames, otherwise extended brackets may be required.

• Type B Head Restraint: This option comprises a raking strut bolted to the cabinet head (utilising an
existing lifting eye-bolt) and bolted to the soffit of the floor slab or beams above.  In all cases the
proposed head restraint must avoid existing services.  In addition floor plates bolted to the floor should
be provided to carry sliding loads, if the existing cabinet anchorage bolts are insufficient to take the
shear load.  If the slenderness ratio of the proposed struts is too large then the use of opposing ties
should be considered instead.

• Type C Head Restraint: This option comprises struts bolted to the cabinet head (utilising an existing
lifting eye-bolt) and to existing structural columns.  In all cases the proposed head restraint must avoid
existing services.  In addition floor plates bolted to the floor should be provided to carry sliding loads,
if the existing cabinet anchorage bolts are insufficient to take the shear load.  It should be noted that if
the existing lifting eye-bolt is inaccessible then structural adhesives may be utilised to connect the strut
to the cabinet head providing that the strut is horizontal.

• Type D Head Restraint: This option is comprises struts bolted to the cabinet head and to new or
existing secondary members spanning between main structural columns.  In all cases the proposed
head restraint must avoid existing services.  In addition floor plates bolted to floor should be provided
to carry sliding loads if existing cabinet anchorage bolts are insufficient to take the shear load.  It
should be noted that if the existing lifting eye-bolt is inaccessible then structural adhesives may be
utilised in the connection of the strut to the cabinet head providing that the strut is horizontal.

The appropriate seismic input accelerations are determined for the item of equipment in each of the three
directions of motion.  For the base restraint option, it is assumed that the cabinet is flexible (GIP Appendix
C.1[1]) and responds at the peak of the appropriate response spectra.  For head restraint options the support
frame will inevitably increase the natural frequency.  This revised frequency can be calculated and used to
obtain the appropriate acceleration level for the system or alternatively it can be conservatively assumed
that the system continues to respond at the peak of the response spectra.

The seismic restraint of electrical cabinets was designed to resist the peak of the SQUG GIP Reference
Spectrum (1.2g [1]).  However, in cases where detailing difficulties arose as a consequence of adopting the
GIP spectrum, the anchorages and/or restraints were designed to resist the peak of the appropriate
secondary response spectra derived for the floor level under consideration.  The secondary response spectra
were derived from the 0.14g peak free field horizontal ground acceleration Principia Mechanica Ltd.
(PML) hard site response spectrum, which essentially enveloped the 10-4 per annum uniform risk spectra.

The seismic inertia loads were calculated for each of the three directions of motion using the equivalent
static technique:

Inertia Load  = factor of conservatism × equivalent static factor ×  acceleration ×  mass of equipment
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The GIP Table 4-3 [1] shows that a factor of conservatism should be applied to take account of the type of
in-structure secondary response spectra used. A factor of 1.25 was considered to be appropriate but it
should be noted that if the GIP Reference Spectrum is adopted then a factor of conservatism of 1.0 should
be used. The EPRI report [9] shows that an equivalent static factor of 1.0 is adequately conservative for
determining the base shear and overturning moment of base-supported equipment.  For cabinets with top
supports, an equivalent static factor of 1.5 should be used to account for forces from higher order modes.
The mass of the equipment is derived from the densities of various equipment types given in the GIP, Rev
2A, Table C.1-1 [1].

The seismic inertia load is applied at the centre of gravity of the equipment and are distributed to each of
the anchors by calculating the following force components from each direction of motion:

• Anchor shear due to horizontal seismic inertia loads
• Anchor shear due to torsional seismic inertia loads
• Anchor pullout due to seismic overturning moment (with an appropriately assumed location of
the overturning axis).
• Anchor pullout due to vertical seismic inertia loads

The anchor shear due to seismic motion is the vector sum of the direct shear and the shear due to torsion.

Sections 6 to 16 of the EPRI report [9] provide recommendations for the location of the overturning axis
for various classes of equipment.  The general approach is to locate the axis conservatively at the
equipment base centreline when the base framing is judged to be flexible.  Otherwise the overturning axis
is located at the edge of the equipment base.  Guidance on base flexibility is given in the GIP - Section
4.4.1[1].  (It should be noted that all electrical cabinets are deemed, by the GIP [1], to have a flexible base
when considering overturning.)

Once the location of the overturning axis is determined, the anchors located in the tension zone of the
equipment base are identified and their centroid calculated. The centroid of the compression zone is
calculated from the perimeter length of the equipment item in the compression zone and a linear
distribution of the compression stresses in the equipment base as a function of the distance from the
overturning axis.

The pullout load is calculated for each anchor located in the tension zone so as to balance the imposed
overturning moment between the tension and compression zones.  Since the anchors may not be
symmetrically located relative to equipment centrelines, each of the two directions of motion parallel to the
plane of the anchor group is evaluated in both its positive and its negative direction.

The analysis method described above calculates anchor loads due to each of the three directions of
earthquake motion.  The co-linear load components on each anchor due to each input motion are then
combined using the SRSS method. The maximum net tension on each anchor is determined for each
directional combination by subtracting the compression due to dead load of the equipment from the seismic
tension value. Frictional resistance is excluded from the analysis as an unquantifiable conservatism.

Expansion anchors are generally used to fix into structural concrete.  It is important to ensure that the
anchors are of sufficient length to guarantee that the load is transferred through the floor screed and into
the structural concrete below and that the chosen anchor type should be of a comparable type to those
listed in Appendix C of the GIP[1].
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The design of the anchors should be carried out using the method laid out in the GIP Appendix C.  This
method includes reduction factors that take cognisance of anchor type, anchor edge distance, anchor
spacing, embedment length, concrete strength, cracked concrete and the presence of essential relays.  All of
these factors must be used in the design of the anchors. A further check on the shear / tension interaction in
an anchor is made using the Bilinear formulation (refer to GIP clause C.2.11 for expansion anchors).

USE OF STRUCTURAL ADHESIVES

Structural adhesives may be used when fixing steel brackets to the cabinets providing that the joint is
designed such that the adhesive is required to resist only shear forces between the two steel surfaces.
Tensile loading should be avoided in all cases, as any deformation of the adherents would result in
undesirable peeling forces being set up around the edges of the joint.

Large factors of safety are adopted for the design of adhesive connections (a margin of 5 is applied against
the ultimate shear resistance of the material to allow for creep and fatigue effects). It is widely accepted
that the adhesive/adherent combination does not transmit the applied loading to the central area of the joint
and to account for this, an effective design area of bond equal to 50% of the actual bonded area is adopted
resulting in an effective margin of 10.  The bonded surfaces are designed to withstand shear action only
and the significant tensile capability is conservatively ignored within the design procedure.

The strength of adhesively bonded joints is largely dependent on both the quality of surface preparation
and the method adopted when applying the adhesive.  Guidance on these matters is given below:

Surface Preparation

Although the adhesive is generally tolerant of surface contamination, its final strength can be adversely
affected by type and amount of contamination present.  Contamination can take the form of paint work,
galvanising, oil or dust.  In order to achieve a satisfactory level of confidence in the bonded joint, it is
therefore important that both adherents are free of contamination prior to making the joint. The following
steps should be undertaken in order to ensure that the level of contaminants remaining on the adherents is
limited to acceptable levels:

• Prepare both surfaces to be bonded using a portable grit blaster complete with vacuum hood
to ensure grit particles are not deposited throughout the working area (a hand grinder or hand
abrasion may be considered at locations where the use of a portable grit blaster is not
appropriate).  When completed, the grit blasting should expose the bare steel of both
adherents with all paint, galvanising etc. removed.

• Following grit blasting both surfaces should be carefully cleaned to remove contamination.
All solvent should be allowed to evaporate completely prior to the application of the
adhesive.

Following the completion of the surface preparation it is important that the joint is made in a timely
manner to ensure that no contamination is allowed to come into contact with the surfaces to be bonded (eg.
by human touch).
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Application of Adhesive

The adhesive should be applied to the full contact area between the cabinet and the restraint.  All adhesives
should be applied in strict accordance with the manufacturer’s recommendations and safety data sheets.
Following dispensing the adhesive through the mixing nozzle, the two bonded surfaces must be brought
together within the specified time.  After adhesive application and joint assembly, a consistent clamping or
propping force should be applied immediately after the joint is made and this force must not be removed
until a minimum specified time (from closure of the joint) has elapsed.

It is recommended that the adhesive is applied in the following manner:

• Prepare the contact surfaces as described under Surface Preparation above.

• Apply adhesive to the cabinet contact surface of the angle bracket as a bead using the supplied mixing
nozzle.  The bead of adhesive should be applied in a wave form ensuring that, when compressed, as the
joint is made, no air is entrapped and that the adhesive is spread over the full contact area.  This will be
demonstrated if a small amount of adhesive is exuded from all sides.  Care should be taken to avoid the
adhesive being applied in closed loops thus trapping air within the joint.

• Ensure that the joint is effectively clamped or propped for a minimum specified time. Do not apply a
working load to the adhesive joint until 24 hours have elapsed.

• In the case of base restraint brackets it is also necessary to provide an effective horizontal bed of
adhesive to guarantee that no gaps are present between the bracket and the floor slab leading to
additional forces being induced into the adhesive joint when tightening up the anchor bolts into the
floor slab.  Care should be taken to ensure that adhesive is applied over the full base of the bracket,
especially around the bolts, and not just around the perimeter.

Quality Control

In order to the ensure that each adhesively bonded joint is of a sufficient standard, the following
procedures should be put in place to guarantee the quality of the joint:

• All prepared surfaces must be examined by an Approved Person, who will then supervise the final
cleaning and the complete application of the adhesive.

• The Approved Person must then sign a pro forma check sheet to indicate their satisfaction or
otherwise with the work carried out in terms of surface preparation and adhesive application.

The Approved Person should be a named individual possessing adequate training and experience in the use
of structural adhesives and whose appointment  has been approved in writing.
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Testing

At suitable intervals, sample joints must be prepared using the adhesive used on site and steel plates with a
specified overlap. The procedures used for the site installation should be strictly adhered to when bonding
the two test plates.  A standard timber jig should be prepared to ensure that the two test strips are correctly
aligned and overlapped, and that a standard compression is applied as the joint sets.  The test pieces should
then be marked with a unique numbering system, enabling the location where the particular batch of
adhesive was applied to be easily identified.  One of the samples should then be sent, as soon as is
practicable, to an approved laboratory and tested in accordance with the American Society of Testing and
Materials (ASTM), test No.D 1002-72, to establish the shear capacity of the joint.  The test results should
be carefully examined and the other sample should be stored, under in-service conditions, for future
testing.

CONSIDERATIONS FOR RESTRAINT DETAILING

Connection to the Cabinet

The load path from the centre of gravity of the equipment to the restraint or anchorage must be strong and
not excessively flexible.  Restraints should be located as close as possible to the main structural path so
that prying actions are avoided.  In general:

• It must be ensured that any adhesively fixed base restraint brackets are provided with an effective
horizontal bed of adhesive to guarantee that no gaps are present between the bracket and the floor
slab which could lead to additional forces being induced into the joint when tightening up the
anchor bolts into the floor slab.

• Base restraint brackets must be stiff enough that forces are transferred from the cabinet frame to
the anchor without excessive bending deformation in the bracket.

• Where the cabinets are adequately fixed to each other, the restraints should be detailed on either
every second or third cubicle as appropriate.  If the cubicles are currently not adequately fixed to
each other, the required interconnection, if practicable, should be achieved using a flat plate and
adhesive on top of the cabinet.

• If possible head restraints should be connected to the existing lifting points.  If this is not possible
then an adhesive fixing to the corner of the cabinet, on the top surface, should be adopted.

• Restraints (both head & base) that are to be fixed to the cabinet using a structural adhesive should
be located on cabinet corners at intersections of cabinet framing members such that the adhesive is
required to resist only shear forces.

• Bolted connections with serrated washers should be used to connect restraints to cabinet 
frames.

• All steelwork should be designed to a relevant design code (i.e. design to yield stress of the steel
with a load factor of 1.0 for seismic loading and appropriate deflection limits).



NEA/CSNI/R(2001)13/VOL4

61

Connection to the Structure

The following general principles should be used when connecting to concrete:

• Floor Slab Connections

Individual fixings are preferred but before determining the exact position of the restraint on the
cabinet and the measurement from the cabinet to the bolt centre a cover meter survey is to be done
on the concrete surface to map the position of the reinforcement in the fixing area.  The type of
restraint and it's position is to be adjusted to miss all reinforcement bars along the face of the
cabinet.  Should this not be possible, clearance must be obtained to cut reinforcement. If the anchor
bolt position is forced to move out from the face of the cabinet in order to miss all reinforcement
bars, the designer should ensure that the stiffness of the restraint angle is increased accordingly.  In
addition it is important to ensure that the anchors are of sufficient length to guarantee that the load
is transferred through the floor screed and into the structural concrete below.

• Column & Beam Connections

Before determining the exact position of the restraints, a cover meter survey should be carried out
on the concrete surface to map the position of reinforcement bars in the restraint fixing area.  The
restraint position is then adjusted to miss all reinforcement bars.

The design of expansion anchors applies a factor of safety of 3 over the characteristic loads stated within
the manufacturer’s guidance.  This margin typically exceeds the level of reduction applied to the anchors to
derive a safe working load value.

CONCLUSIONS

The above outlines the process of seismic qualification adopted by British Energy for Nuclear Power
Plants and sets out how unnecessary onerous criteria can be eliminated or reduced to provide a more
pragmatic solution to modifications, without compromising overall safety.  The key message here is that
there are inherent and significant margins available to resist the seismic loads due to the substantial
construction of modern nuclear power plant structures, plant and systems.

The use of structural adhesives is recommended for restraining electrical cabinets as this reduces intrusive
working and is relatively easy and cheap to install.

A series of photographs of modifications carried out on British Energy’s Power stations is attached to the
slide presentation accompanying this paper.
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1.  INTRODUCTION

The International Atomic Energy Agency have sponsored a Co-ordinated Research Programme
aimed at establishing the reliability of analytical methods applied to predicting the behaviour of
individual isolation devices and the response of base-isolated structures to earthquake inputs.  The
Programme was set up following the good performance of base-isolated buildings in the
Northridge, California and Kobe earthquakes. The application of this technology to nuclear plants
and other related facilities would offer the advantage that standard designs may be safely used in
areas with a seismic risk.  The technology may also provide a means of seismically upgrading
nuclear facilities.  Design analyses applied to such critical structures need to be firmly established,
and the Programme provided a valuable tool in assessing their reliability.

The paper outlines the scope of the Programme, and then summarises the two main aspects of the
work. First the use of finite element analysis (FEA) to predict the force-deformation
characteristics of laminated rubber-steel isolators is described and the predictions compared with
measured behaviour.  Both high-damping rubber and lead-core rubber bearings are considered.
The second aspect is the prediction of the response to earthquake ground motions of structures
isolated by elastomeric bearings.  The structures considered are a rigid mass, a steel frame and a
storage pool. The accuracy of the predicted behaviours are discussed, and cases highlighted where
further development or evaluation of analytical methods is desirable.  The results of individual
partners contributions to the programme have been reported elsewhere [1,2].

2. Seismic Isolation and Elastomeric Isolators

Isolation of structures from horizontal ground motions is gradually becoming a more common method of
providing protection from earthquake damage. In contrast to conventional technology, seismic isolation not
only upgrades the earthquake resistance of a structure, but also offers the possibility of protecting the
contents and secondary structural features of a building or plant because seismic forces transmitted to the
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structure are reduced. The operability and safety of plant can thus be enhanced. The isolation system
functions principally not by absorbing the energy of the ground motion but by providing an interface able
to reflect the earthquake energy back into the ground.  The natural frequency of the structure mounted on
the isolators (typically 0.5Hz) is made below the frequencies of strong ground shaking.  Damping is
needed to limit the displacement of the isolators and control any response at the isolation frequency.
During the Northridge earthquake in California (January 17, 1994) and the earthquake which struck the
Kobe region of Japan (January 17, 1995) seismically-isolated buildings performed well. For instance, a
three-storey laboratory building owned by Matsumuri-Gumi Corporation and mounted on high damping
rubber bearings was subjected to a peak ground acceleration of 0.278g during the Kobe earthquake.
Immediately above the isolators the peak acceleration in the structure was only 0.151g, and at the roof
0.202g. The corresponding acceleration at the roof of an adjacent office block was 0.985g, almost five
times higher.

High damping rubber bearings (HDRB) or lead rubber bearings (LRB) provide a simple and economical
isolation system They possess the low horizontal stiffness needed and are capable of safely withstanding
the large horizontal displacements imposed on them during an earthquake. The need for additional dampers
is avoided.  In the HDRBs damping is incorporated into the rubber compound. For the LRBs the damping
is provided by a cylinder of lead within the rubber bearing. A diagrammatic section of an HDRB is seen in
figure 1.  Examples of the use of elastomeric isolators to protect nuclear-related facilities from earthquakes
exist within the UK.  One such is a day-docking facility for nuclear submarines in Scotland.

Figure 1: Sketch of the 1:8 scale prototype of the ALMR high damping isolation bearing
manufactured by ALGA and tested by EERC

Figure 2:  Deformed FEM of a bolted ALMR HDRB during a compression (44kN) and 150% shear
strain test
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3. SCOPE OF RESEARCH PROGRAMME

3.1 Isolators Behaviour

The proper functioning of isolation systems requires bearings with certain characteristics.  The
principal ones are:

• horizontal stiffness, KH

• vertical load capacity
• horizontal displacement capacity, dmax

• damping
The isolation frequency is determined by the horizontal stiffness and the gravity load supported.  The
ability to predict KH and dmax reliably by FEA would mean that the isolator design could be verified with a
reasonable degree of confidence before the isolators are submitted to a prototype test programme.

Several isolators were analysed within the Programme by finite element methods to see how well the FEA
predicted their force-deformation.  The predictions were compared with tests on prototype isolators.  Those
analysed included:

LRB manufactured and tested in Japan
HDRB manufactured and tested in Italy
HDRB manufactured in Italy and tested in Japan
HDRB manufactured in Korea

In addition to bearing test results, characterisation data for the rubber used in the manufacture was
provided; the latter is required by the FE programmes.

Within the Programme, two other types of isolator:
• low-damping rubber bearing
• pneumatic 3D isolation device

were also analysed, but are not considered here.  As an adjunct to the FEA of isolators, a benchmark
problem – the torsion of a rubber cylinder – was chosen to assess how well the results obtained by the FE
solvers compared with those based on an exact analytical solution.

3.2   Response of structures
The design of isolation systems for critical structures obviously requires confidence in the
methods used to predict the responses of the structure and isolation system to earthquake inputs.
Factors involved include the adequacy of:

• model of dynamic behaviours of isolators
• model of structure

By effectively reducing the seismic input to the structure, and, indeed, allowing the possibility
that the response can be kept within the elastic range, the use of isolation may be expected to lead
to more reliable analyses.

Within the Programme the response of the following seismically isolated structures was
investigated:

• rigid mass
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• steel-frame structure (MISS)
• spent fuel pool
• full-scale section of VVER-640 reactor building

The last structure, analysed with the 3-D pneumatic isolation system will not be discussed here.

4.  Finite Element prediction of isolator behaviour

The FEA concentrated on prediction of:
• vertical force-deflection behaviour
• horizontal force-deflection behaviour combined with gravity load

Aspects investigated included:
• accuracy of axisymmetric model versus fully 3-D analysis
• accuracy of analysis based on single rubber layer
• influence of mesh density
• effect of different types of material model for rubber
• influence of finite compressibility of rubber

High Damping Rubber Bearings
The FEA predictions were concerned with the quasi-static force-deflection behaviour and did not
attempt to predict the dynamic characteristics.  The material models used to characterise the
rubber stress-strain behaviour were:

• Rivlin polynomial series based on strain invariants
• Ogden model
• Seki model

Overall the predicted behaviour agreed reasonably well with the test results. As an example, results from a
3-D analysis of the HDRB bearing shown in Figure 1 is considered.  The deformed mesh is illustrated in
Figure 2. The predicted horizontal force-deflection behaviour whilst the bearing is also subjected to
vertical load is given in Figure 3 along with the force-deflection hysteresis loop for the maximum shear
strain analysed (150%).  As stated before the FEA is aimed only at predicting the quasi-static stiffness.
The close agreement between the maximum load in the hysteresis loop and the load calculated for the
maximum strain within the loop establish the capability of the FEA.
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For analysis up to moderate shear strains, it was found that the results from an axisymmetric model or a
single rubber layer give reasonable results with consequent substantial savings in computing time.  For
prediction of the vertical stiffness, it is necessary to include the finite compressibility of rubber in the
material characterization.  Modelling each rubber lamination with a single layer of element was acceptable
in predicting the horizontal stiffness, but at least two layers were needed for the vertical stiffness.  Provided
the rubber material properties data covered a sufficient range of strains and accounted for compressibility,
none of the material models chosen to fit the data gave better results overall.  The agreement at large
rubber shear strains (>200%) even with 3D models was less satisfactory.  Moreover, the vertical force-
deflection behaviour under imposed shear strains was not well predicted, being sensitive to terms in the
material model that are not fitted robustly by the normal characterisation data.

Lead Rubber Bearings
In addition to the factors that need to be taken into account for HDRB, the LRB also require
consideration of the behaviour of the lead and how to treat the lead-rubber interface.  The
horizontal force-deflection behaviour was predicted quite well up to large (400%) rubber shear
strains.  The vertical force-deflection analysis (for zero shear) also agreed well with test data.  A
comparison between FEA calculations and observations for the horizontal behaviour is shown for
an LRB in Figure 4. Because the hysteresis derives from the yield of the lead, the quasi-static
force-deflection curve should be close to the hysteresis loop except at very small strain; this is
seen to be the case.

Figure 3: Comparison between measured and calculated horizontal stiffness of an ALMR
HDR bearing (1:8 scale, diameter=146 mm, H=61 mm,  G=1.4 MPa, bolts attachment

system) during a combined compression (44 kN) and 150% shear strain test performed at
EERC
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With the analyses of the LRB, it was concluded that:
• the lead may be modelled as elastic – perfectly plastic
• friction between lead plug and rubber may be ignored
• axisymmetric FE models work well
• single rubber layer models predict horizontal stiffness reliably

Benchmark Problem

Before the analysis of critical components it is desirable that the FE solvers are validated by benchmark
problems.  Within the Programme one has been identified and the results from two FE programmes,
MARC and ABAQUS compared with analytical solutions.  The problem is the torsion of a cylinder for
which Rivlin [3] has given a solution.

The FEA determined the couple to deform the cylinder and the axial load required to keep the length
constant during torsion.  Results for the couple within 5% of the analytical solution, and for the axial load
within 10% could be obtained without resort to a very fine mesh provided certain types of element were
avoided. The reduced integration solid element in MARC gave relatively poor results.

Figure 4: Comparison between the measured and FEA calculated shear force-
displacement behaviour for  LRB. Diameter 280mm. Lead Plug diameter 70mm.

Total Rubber thickness 46mm
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5.  Response of isolated structures

5.1 Simplified model of HDRB and LRB
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Figure 5: The hysteresis loop of HDRB fitted by MEP simplified model with a single elasto-
plastic element

The determination of the response of isolated structures requires a simplified model of the
dynamic horizontal force-deformation characteristics of the isolators.  The aim here is not to
predict the isolator behaviour as with the FEA, but simply to fit the test data. The model has to
take account of the damping provided by the isolator, and ideally its non-linear deformation
behaviour. One type consists of an elastic spring (linear or multi-linear) in combination with a
dashpot element. A more realistic model is provided by an elastic spring,  in parallel with one or
more elasto-plastic elements to model the damping. The ability of such a Multi-linear Elasto-
plastic Model (MEP) with a single elasto-plastic element to fit large shear strain hysteresis loops
for an HDRB is shown in Figure 5.  It is apparent that the hysteresis at large strain is
underestimated.  More elasto-plastic elements would improve the fit; such a model has been
developed and implemented within the ABAQUS code by ENEL.  It has been further refined to
take account of the stiffening of HDRBs seen at large shear strains.  The good fit obtained, even
into the region of stiffening behaviour, to observed shear deformation hysteresis loops for an
HDRB (rubber shear modulus, G = 0.8MPa) is seen in Figure 6.  The model is equally well
applied to LRBs.
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Figure 6: Experimental and numerical hysteresis loops for a HDRB

(G = 0.8 MPa).

5.2  Rigid Mass
This was tested at CRIEPI in 1989.  The structure consisted of a concrete frame of 178kN weight and size
3x2.1x2.8 (height)m.  It was isolated by 8 LRBs.

Prediction of an acceleration time-history using the refined multi-element elasto-plastic model is compared
in Figure 7 with the observed history.  The fit is seen to be very good.  The predictions generally agreed
well with observed parameters.  The exception was the response to beyond design level earthquakes for
which the large rotational motion of the mock-up places isolators in tension; the predictions became
sensitive to the vertical stiffness chosen for the isolators.
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5.3  Steel frame structure (MISS)
MISS is a steel frame structure mock-up with a rectangular base of 2.1 m x 3.3 m, and four
storeys, with an interstorey distance either of 0.9 m or of 1.1 m. It can support up to 20 concrete
masses, each weighting 13 kN. The frequency of the structure can be chosen over quite a large
range, depending on the interstorey distance and the number of masses used and their disposition.
It has been tested on the shaking-table isolated by 6 HDRB (125 mm diameter, 30 mm total
rubber height) fabricated with a soft rubber compound (G = 0.4 MPa) and attached by bolts and
dowel.

The observations of bearing displacement whilst MISS was subjected to the 1981 Calitri ground-
motion record are compared (Figure 8) with predictions using the refined model mentioned above.
The agreement is seen to be good.

Generally the response of the isolated structure was predicted well except for the high frequency
content.  The calculation of the response of the fixed-base structure showed more significant
discrepancies.

5.4  Spent fuel pool
the pool mock-up as tested on the shaking-table was of size 2.2x1.15x0.9m and was mounted on 4
isolators.  During excitation with the 3 components of the El Centro record, sloshing amplitude
hydrodynamic pressure and accelerations were recorded.  Modelling of the non-linear sloshing

Figure 7: Experimental and calculated acceleration-time histories for rigid mass
isolated by LRBs subjected to the design earthquake record.
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behaviour of the liquid with either ABAQUS/Standard or ABAQUS Explicit has not so far
provided satisfactory results.
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6. Conclusions

The Co-operative Research Programme has shown that predicting the force-deflection
characteristics of isolators, and calculating the response of isolated structures can often be done
with good results.  Areas requiring further work have been identified.
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mock-up isolated on HDRBs and subjected to the 1981 Calitri record
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Seismic reevaluation of PHENIX reactor.

P. Sollogoub  CEA/SACLAY/EMSI, D. Goux  Centrale Phenix, C. Duval  EDF/Septen, E. Gallitre  EDF/
CLI

1 INTRODUCTION

PHENIX is a 250MWe fast breeder reactor located in Marcoule center along the Rhone river.
The plant was built in the beginning of 70’s, and got critical in 1973. It has been designed
according to applicable seismic codes at that time.

Due to the need to continue the operation of the plant for research programs, Safety Authorities
required the verification with present methods, that the essential safety functions are fulfilled for the level
of earthquake defined according to the present methodologies .

The paper presents the different steps of the re-evaluation process for structures which started in
1996: general organization, methodology, general principles taken for the seismic assessment and re-
evaluation, definition of the upgrades and works performed.

All the seismic upgrades are under completion and the plant is planned to re-start next year.

2 Brief description of the Plant

2.1 General

PHENIX is an experimental fast breeder reactor of pool type designed during the 60’s, installed in
the CEA center of MARCOULE along the Rhone river in the south part of France and is operated jointly
by CEA (80%) and EDF (20%). The electric power is 250MW. The construction started in 1968 and the
reactor got critical in 1973. From seismic point of view, the plant has been initially designed according to
the existing codes for an earthquake level defined by the intensity level of 8 for the “Safe Shutdown
Earthquake”. Later on, following a modification of the operation of the plant, Safety Authority required to
verify, with present methods, that the essential safety functions are fulfilled for an earthquake level defined
by two response spectra. One, with a ZPA of 0.15g represents the far field sources and the second , with
0.2g, the near field.

2.2 Building description

All the buildings are on a north-south line; the ground level is 0m (figure 1). Main structures are:
The Reactor Building (RB), with main dimensions, 42m length, 26m width and 49m height, with

14m embedment (figures 5 and 6). The infrastructure, from the raft to the 8.5m elevation is a wall and floor
reinforced concrete structure; common with the North Handling Building infrastructure. It supports the
reactor vessel and associated systems. The superstructure is made of concrete column and steel beams for
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the roof. Columns are linked by horizontally prestressed concrete plates. The columns and the plates are
prestressed by vertical tendons for confinement.

The Steam Generator (SG) Building ( L=42.7m, l=41m, H=43m) is founded on an independent
raft with reinforced concrete wall and slab infrastructures and steel superstructures with light boarding
(figure 2). It contains steam generators and secondary loops in its south part and a handling space for SG
in the north.

The Turbine Building – TB - ( L=52.m, l=42m, H=42m) is located in the north. It is a reinforced
concrete frame, with walls and steel superstructure (figure 3). It has a turbine on a separate foundation.
One row of superstructures of the SG building is founded on TB infrastructure.

The North Handling Building (NHB), which dimensions are comparable to the Reactor Building
ones (figure 4), is a steel frame above the infrastructure enclosed with concrete panels with horizontal
mortar slice between two panels.

Other buildings are present on the site: along the RB on the west side, auxiliary building, in the
south, handling buildings. Parallel, the control room and office building and at the north east, the pump
building.

All the structures are founded on a stratified alluvial soil with a slight slope to the North; the
mean Young modulus is 1600Mpa.

3 Methodology of seismic reevaluation.

For this task, which is not standardized, the owner asked a Group of Experts to assist it in order
to propose methodology and hypotheses of the reevaluation. FRAMATOME/NOVATOME was in charge
of the general coordination and Sechaud & Metz was the Civil Engineering consultant and EDF-CLI
(Engineering group in Lyon) was in charge of the control.
The different steps of the work where:

3.1 Definition of the safety function of each building and associated behavior requirements.

The earthquake is considered as an “accidental” situation and only safe shutdown, decay heat
removal and limitation of radioactive release is required.

The building functions are then Capacity of Supporting safety related equipment and
components ( RB and NHB infrastructures, SG building, some auxiliary buildings), support of potential
missiles (RB superstructure) and Stability (non collapse) for almost all the other structures.

3.2 Assessment of the “as-is” situation

This is required in order to identify the characteristics of the as-built installation, to appreciate its
ageing, to check the conformity of drawings with the actual status of the plant, and to be sure of the
compatibility between analysis hypotheses and the actual situation of  structures. To illustrate this latter
point, we may mention the detailing of concrete reinforcement in order to accept some inelastic behavior,
the lap splices and  the behavior of steel and concrete connections.

This task has been performed by analyzing the drawings, by walkdowns , by non destructive and
destructive tests … As examples, we can mention: gaps cleaning and measurement between the different
structures, friction coefficient measurement in the mortar between panels, prestressing tendons heads
radiography and so on.

3.2 Seismic assessment and reevaluation general principles
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Seismic assessment of an existing structure is different from the design of a new structure. In the
latter situation, the design principles, based on analysis and detailing practices, induce margins in almost
all the steps, due to uncertainties in the design, construction and life of the structure and to absolutely
necessary simplifications in the overall process. For assessment, there is no fixed engineering practice and
it is necessary to perform a critical evaluation of the analysis methods, detailing practices and criteria, in
order to have an as realistic as possible situation. For this, examination of post earthquake and seismic test
data was intensively used in order to help the decision making, as well as the use of conventional seismic
codes such as PS92 and the Recommendations AFPS90, edited by the French Earthquake Engineering
Association (AFPS). This was the main task of the Group of Experts.

Examples of critical evaluation of methods of analysis and criteria are given below.
For definition of loads, it has been suggested to consider differently far field and near field (shallow focus)
earthquakes because the elastic spectrum is not a sufficient representative of the damage induced by the
earthquake: duration and number of cycles play an important role. For the near field case, it has been
proposed to have a reduction coefficient which modulates the elastic response.
In the load combinations, thermal loads have been excluded because they are an applied displacement
which does not modify the limit load of the structure. As a complementary margin, they have been
considered for the SG building.
One usual way of analysis is to have a simplified beam model for dynamic spectral analysis and, in a
second step, to apply accelerations deduced from the spectral analysis where they are combined from each
mode, to a 3D finite element model. This approach is not realistic and always conservative; it has been
suggested to define loads in the 3D model starting from acceleration calculated by dividing forces by
masses.
For structures for which only stability is required, the Group considered that some limited plastic
deformation is acceptable. Conditions for this and ways to apply in verification was proposed and achieved
in Turbine and Control buildings. In relation with this, some code requirements concerning the minimum
longitudinal steel ratio and the lap splices was extended.

The seismic analysis is based mainly on linear models with spectral analysis on beam type
models and code verification on 3D finite element models. The configuration of structures is such that
“local” panels (walls or slabs) vibration modes may be excited by earthquake input signal. The Group
proposed a procedure to introduce the first few local modes in the beam model in order to have a
comprehensive modal behavior of structures. Limited non linear analyses with friction between panels, was
used to enhance the assessment. Soil structure interaction was considered; the stratigraphy of the site make
necessary to adapt the conventional impedance value, mainly for damping which is decreased compared to
homogeneous soil.

4 DEFINITION OF UPGRADES

They are the result of the assessment and they can be grouped in the following manner:
Opening of joints between structures in order to avoid impact during earthquake, for RB NHB and

TB.
Separation of buildings: the roof of SG building has been separated from the TB one in horizontal

directions in order to avoid distortions of the steel frame.
Reinforcement or repair in order to achieve the needed resistance or to avoid fragile parts (figures

5 and 6): tying of the upper part of the RB, strengthening of lap splices with steel jackets in RB and TB,
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longitudinal reinforcement in RB columns, fixing of the panels in RB and NHB, upgrading of steel
structures (in NHB, SG, TB) by adding braces and improving connections, and reinforcement of anchors;
in the TB, reinforcement steel has been added in order to improve the local resistance.

5 CONCLUSION

The seismic re-evaluation of PHENIX plant is a very important task which needed a dedicated
organization, which includes an Expert Group to define the overall methodology, which has been
successfully applied. It is based on the fact that re–evaluation of an existing structure is different from the
design of a new one; all the methods and criteria must be critically examined.

The methodology was approved by Safety Authorities. Works took place essentially during 1999
and 2000 as part of an overall upgrade program. Today, they are almost completed. The overall cost of the
seismic project is about 30 millions Euros.
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Figure 1 : General view

Figure 2 : Steam generator superstructure
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Figure 3 : Turbine building
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Figure 4 : North handling building superstructure
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Figure 5 : Reactor building external upgrade

Figure 6 : Reactor building internal upgrade
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D. SESSION SUMMARIES

SESSION 1:    Methods and Acceptance criteria
Chairman:  Mr. J.D Renard - Tractebel(B)

The following papers have been presented
− The IAEA Safety Report of seismic re-evaluation of existing NPPs by Pierre Labbé , IAEA
− Individual Plant Examination of External Events (IPEEE):Seismic Analyses Methods and Insights by

Charles Hofmayer, BNL (USA)
− Seismic Re-evaluation of Kolzoduy NPP: Criteria, Methodology, Implementation by Dr. Marin Kostov

- Risk Eng Ltd,  (Bulgaria)

Intent of this introductory session was to present some of the methodologies used worldwide for seismic
reassessment. Others are available or under development and some have been presented during the
workshop.

The main purpose of the IAEA Safety Report under preparation is to provide guidance for conducting a seismic safety
evaluation programme for an existing nuclear power plant in a manner consistent with current criteria and internationally
recognized practice.
The NRC paper  focuses on the seismic portion of the IPEEE analyses.  It discusses acceptable methods for
performing the seismic evaluation, enhancements to these methods that reflected the state-of-the-art
improvements.
The last paper presents criteria and methodology used for the reassessment of Kozloduy’s NPPs. It
presents guidelines used and how they have been developed from those of western nuclear countries.

SESSION 1:    Methods and Acceptance criteria
Chairman:  Mr. K. Ohtani - NIED (Japan)

The following papers have been presented:

− Seismic Re-evaluation in the UK - A Regulators Perspective by Mr. John Donald - HSE (UK)

− Benefits of choosing the GIP methodology for seismic verification of equipment - The Santa Maria de

Garona NPP experience  by Dora Llanos - NUCLENOR, S. A. (SP)

− Seismic Margin Assessment of Spanish Nuclear Power Plants:  a Perspective from Industry and

Regulators by Francisco Beltrán - IDOM (SP)
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SESSION 2:  Countermeasures/Strengthening
                       Chairman: Mr. J.D. Renard - Tractebel (BE)

Four papers have been presented with different ideas which can be summarized as follows:

− A paper by Dr. Combescure about the importance of the non-linear analysis of reinforced
concrete structures structures. This paper focused on differences in responses that can be
observed between a classical elastic analysis using behaviour coefficients and full non-linear
approaches. Dr. Combescure insisted also on the need to define correctly the accepted
damage level (definition of failure, failure criterion) and on the influence of constructive
details (as-built) on the ultimate behaviour of structures. Questions were asked (a) is a non-
linear simulation sufficient to quantify damages to a structure when the analysis signal is
different from the real one, (b) how can one take into account a second earthquake (replicas
or  after restart).

− The second presentation was made by Dr. Wenzel and showed  how it is possible to detect
damages in non easily accessible components by monitoring vibration. All information that is
available by non destructive means and on in-place structures is useful in the sense that it
increases safety. Monitoring methods used for non-nuclear important structures and
components can also be implemented into NPPs to identify changes of signature which are
evidence of some potential problems.  This can also be used as a damage indicator after
earthquake.

− The third paper was presented by Dr. Lee from Korea.  This very interesting paper showed
efforts and research of Korean authorities and utilities to create new techniques and adapt
existing methods of reassessment to their specific seismic environment. Among others main
information were results of  work on anchorage design, efforts made to justify the CAV
criterion for the Korean environment and the original and simple tool that has been developed
to serve as damage indicator in case of earthquake.

− The following paper by Mr. Konno was devoted to the efforts of the Japanese nuclear
authorities to improve their regulations according to lessons learned from recent earthquakes
and incidents in Japan. The important information is that human factor is a big contributor to
potential consequences of an earthquake.  The human factor is not only the loosened
capabilities of decision of operators during an earthquake, but mainly the progressive
reduction of safety concern of people forgetting about the seismic threat. This raises once
again the question of an automatic hardware and software protection and of a regular training
of operators and safety people in charge.  The second question also raised by other speakers
relates to efficient housekeeping.

− The last presentation was made by R. Masopust from the Czech Republic.  His paper gave an
exhaustive description of tasks, methods and criteria that have been used to seismically reevaluate the
components and equipments of VVER plants.  Mr. Masopust showed the process used to adapt the
HCLPF and GIP procedures to VVER-type equipment and components. One of the valuable
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information given is the list of criteria used to identify similarities and differences between VVER’s
equipments and components  versus those existing in the SQUG database for Western type reactors.

SESSION 2:  Countermeasures/Strengthening
                       Chairman: Dr. T. Katona - Paks NPP (HU)

Five papers have been presented in the Session, which cover all possible aspects of the seismic re-
evaluation:
− research reactors re-evaluation (HFR Petten)
− re-evaluation of prototype reactors power plants (Sollogoub)
− re-evaluation of prototype reactors power plants, regulator’s point of view (Bouchon)
− methodical aspects of re-evaluation (Beliaev)
− large scale shaking table tests (Sasaki, Hattori)
The paper "Methods and practice of seismic re-evaluation for nuclear power plant structures" presented at
the meeting gives some insights into the research work related to the assessment of capacity of structures
and an application for the capacity evaluation of one safety related building of the Leningrad NPP. The
paper shows a different practice and approach compared to usual western countries’ ones. Communication
between the Russian experts and experts from OECD/NEA Member States is very important for exchange
of information and for obtaining a common understanding. This communication between experts is
important also because the seismic re-evaluation may get more application at several Russian NPPs in the
future.
The seismic re-evaluation and upgrade of Phenix reactor structures show an example of an engineering
approach different from SMA and other methods developed in the USA and widely adopted worldwide.
The method of re-evaluation and upgrade of the Phenix reactor building structures is based on design
procedures, rational assumptions and good engineering practices. This approach could limit the amount of
upgrades and lead to a rational technical solution.
Large-scale shaking table tests are extremely important for validation of design and re-evaluation
techniques and to demonstrate NPP’s seismic margin. Large scale shaking tables will also be the ultimate
tool for confirmation of design methodologies in the future.
An essential number of research reactors have to be re-evaluated and upgraded for seismic loads. Selection
of methodologies in case of research reactor re-evaluation shall follow the graded approach according to
risk represented by particular reactor. IAEA guidelines and also the US DoE standards and procedures are
very useful and applicable to research reactor seismic re-evaluation.

SESSION 1/2: Methods and Acceptance criteria / Countermeasures/Strengthening
                         Chairman: Dr. Vito Renda - JRC ISPRA (EC)

Six papers have been presented which main purpose was to summarize innovation in methodologies and
tools for Seismic Hazard Assessment and/or Verification of Upgrading Measures.
− The first paper, presented by L. Pechinka, discussed the experimental verification of seismic upgrading

of the coolant loop of a WWER reactor by using GERB viscous dampers. The tests proved the
effectiveness of such a solution for the seismic upgrading of complex circuits.

− The second paper, presented by S. Balassanian, showed that the in-site earthquake signal should
account not only for the existing seismo-tectonic and geo-technical characteristics, but also for the
expected strong earthquake able to change the seismo-tectonic characteristics.

− The third paper, presented by S.K. Lee, listed recent innovation in R&D for the assessment of the
seismic hazard for Korean NPP sites. R&D is focused on the improvement of earthquake catalog,
seimicity, tectonic studies, ground motion and Probabilistic Safety Assessment.
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− The fourth paper, presented by S. Chang, discussed the implication of Fault-Slip Rate and Earthquake
Recurrence Model in the Probabilistic Seismic Hazard Assessment in the case of seismic re-evaluation
of nuclear facilities.

− The fifth paper, presented by S. Vallat, showed the French operating NPP design floor response
spectra, discussing in particular the relevance of soil-structure interaction and seismic re-evaluation
associated margin.

− The sixth paper, presented by K. Ohtani, focused of the significant contribution of large testing
facilities for Seismic Safety Assessment and Verification of Structures. In particular the new Shaking
Table under construction in Japan (the largest in the world) can allow full scale testing avoiding the
problems related to scaling effect.

SESSION 1/2: Methods and Acceptance criteria /Countermeasures/Strengthening
                         Chairman: Mr. J. Donald - HSE (UK)

Papers:

− Probabilistic seismic analysis of safety related structures of Kozloduy NPP.  Dr Marin Kostov – Risk
Eng Ltd (Bulgaria)

− Seismic safety re-evaluation and enhancement at Paks NPP.  Dr Tamas Katona – Paks NPP (Hungaria)

− Seismic Re-evaluation program of the Armenia NPP – Results from an international co-operation
project.  Dr Lamberto d’Andrea – SOGIN (Italy)

− The seismic assessment of British Energy’s nuclear power stations and some pragmatic solutions to
seismic modifications.  John MacFarlane – British Energy (UK)

− Intercomparison of analysis methods for seismically qualified isolated nuclear structures.  K.N.G
Fuller – TARRC (UK)

The final session was part of the countermeasures/strengthening session and considered improvements to
NPP’s following seismic re-evaluation.  The topics included both innovative methods of improvement and
more pragmatic solutions.

The NPP’s which were the subject of the papers were varied including Gas Cooled Reactors, and VVER
designs.
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The projects which were described were in varied stages of completion.  The least developed project was
from Armenia where seismic hazard re-evaluations have been completed and the project is now in the
process of developing the SSEL prior to the walkdowns in 2002 and any subsequent modifications.  The
Hungarian and Bulgarian power plants are much further along the path to seismic upgrading with all of the
initial evaluations complete and many strengthening measures installed or in design.  The routes by which
they have got to this position varied with Kozloduy applying seismic PSA as a tool to define weaknesses
and with Paks using a more deterministic approach. The results presented from Paks also included a set of
procedures for post-earthquake activities.

Some of the papers detailed potential strengthening measures or other methods of providing
countermeasures.  The potential use of base isolation methods was described showing how they can
significantly reduce design forces whilst performing in a well defined manner.  Other strengthening
measures described included the use of structural adhesives to significantly reduce the time and
invasiveness of electrical cabinet anchorage upgrades.
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CONCLUSIONS AND RECOMMENDATIONS
Chairman of the panel group: Mr. P. Sollogoub - CEA (F)

1. SEISMIC RE-EVALUATION CONCLUSIONS

1. Seismic re-evaluation is not the same as design.  The allowable limits and acceptance
criteria can go beyond design criteria, provided the safety is not compromised.

2. Displacement based and some non-linear analysis methods are encouraged for seismic re-
evaluation.

3. Users of experience based methods, such as SQUG, should make sure the data is
applicable to their specific case. Implementers of the re-evaluation should have suitable
knowledge and experience.  They must be trained and qualified to perform the tasks.

4. Test results and post earthquake field investigations are of great importance for seismic re-
evaluation.  They provide much of the information which underlies the processes used.

5. Seismic re-evaluation should make full use of as-built information and data should be
verified on site as far as possible.

6. A peer review is strongly recommended as part of seismic re-evaluation.  To deliver
maximum benefit, it should be concurrent with the re-evaluation.

7. To improve the seismic input from reviewed earthquakes, it is necessary to fully capture
the existing uncertainties and these need to be incorporated into the state of the art of the
knowledge to characterize the sources, attenuation and site effects.

8. Following re-evaluation, any changes or modifications should take into account safety
benefits and potential detriments.

2. GENERAL RECOMMENDATIONS ON SEISMIC DESIGN AND RE-EVALUATION

1. Human factors, housekeeping and training are important throughout the life of the facility.
The seismic safety case needs to be maintained to ensure interaction hazards (eg unlocked
cranes, unsecured containers,..) are not introduced between periodic walkdowns and
inspections.

2. Pre-earthquake preparations need more attention, particularly the selection and recording
of damage indicators which aid post earthquake decision making.  A database of
information collected from walkdowns (related to the condition of the plant) to compare
pre and post earthquake conditions appears necessary.
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3. RECOMMENDATIONS

3. There should be an improved definition of acceptance criteria for nuclear facilities which
are being re-evaluated.  These criteria should consider the safety consequences of
acceptable damage levels, and could be risk informed rather than solely deterministic.

4. For nuclear facilities which are being re-evaluated, there should be an improved
description of site specific data (input motion, geotechnical data, etc …) that reflects the
knowledge and understanding of the site as appropriate. These data should be documented
by an appropriate investigation program and/or monitoring system.

5. Guidelines for strengthening following re-evaluation need to be developed.  These should
address design and performance criteria together with practicability measures.

6. Discussion and information transfer regarding seismic re-evaluation should be pursued
within the nuclear community.  Cooperation with other industries with similar concerns
would be of benefit.

7. The output from the seismic re-evaluation should include a review or development of the
data, procedures and associated criteria which help in post earthquake decision making.
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