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Abstract

In Belgium, an evaluation has been made on the actions and decisions to be taken after the
occurence of an earthquake which is felt in a nuclear power plant.
Initially, the procedures recommended to stop the plant if the earthquake was above a certain
level (OBE or S2 earthquake) or if some damage due to the earthquake were observed.
No more details were given on the level of damage and its influence on the safety of the plant,
as well as on the damaging potential of the earthquake. No indications were given to the
operator on the type and the most likely location of the damage that he could observe after an
earthquake.
No priorities were given to the operator on the specific immediate actions to be taken in case of
earthquake, in addition to the measures dictated by the safety rules.
Moreover, if the decision was taken to stop the plant, no instructions were given about a
verification of the readiness of the plant for a shut-down.
No criteria were given to the operator to allow him to restart the plant when it had been
stopped, in case of damage not affecting the safety of the plant.
To answer these questions, it was decided to adapt the EPRI recommendations to the Belgian
nuclear practice.
This paper describes the procedures that were recommended by the authors to the Belgian
utility for the immediate and restart actions after an earthquake, as well as the long term
evaluations to be made to give the assurance that the plant is ready again to sustain a SSE or
SI earthquake; the authors have supplemented these procedures by a walk-down and a
screening of the files of seismic evaluation of the equipment in order to set up a list of the most
earthquake sensitive representative equipment and the associated locations.
To enable the implementation of these procedures, it was necessary to replace the obsolete
seismic instrumentation as well as to propose more realistic criteria to decide whether the
observed earthquake was more severe than the reference earthquake (OBE or S2 earthquake).
One describes how the instrumentation has been already modified in Tihange and the proposed
criteria.

l. INTRODUCTION

If a large earthquake hits a nuclear power plant, it is most likely that process alarms and
safeguard systems will initiate a shut-down. However, when the earthquake is of a lower
amplitude, the decision to shut down the plant will not be taken by some automatic device but
by the operator of the plant.
To help him take a fast and correct decision, it is necessary to give him some tools and criteria
when he is facing an event that is very unusual in countries of low to moderate seismicity like
Belgium. Adequate seismic recording instruments and alarms must help him evaluate the level
of the earthquake.

Because of the precautions taken to design and build the nuclear power plants and because of
the margins used to define the site seismicity, the probability of observing important damage to
the plant due to the earthquake is very low.
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Even if the plant is shut down when the earthquake exceeds the OBE level or if some damage
occurred, it is very likely that the plant will be able to resume operations very quickly after the
earthquake.
The loss of the power after shut-down of a nuclear power plant can have important
consequences on the life of the population and on the economy of a country. It is thus very
important to describe how to evaluate the extent of the damage on the plant due to the
earthquake and to define some tests and inspections to be made as well as the criteria to be
satisfied in order to allow a fast and safe restart of the plant.

Finally, even if the plant has resumed operation, it is necessary to define how to check and
reassess the seismic adequacy of the equipment and components necessary for the safety of the
nuclear power plant, in order to confirm that the plant will safely sustain another earthquake.

2. CHARACTERISTICS OF THE NUCLEAR POWER PLANTS AND OF THE SEISMICITY
IN BELGIUM

Seven nuclear power plants have been commissioned in Belgium (fig 1.) on two separate sites :
• the site of Doel on the Scheldt river in the North West of Belgium. Four PWR units have

been built on this site; the first one started operation in 1973 and was not designed against
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Figure 1 - Nuclear Plants in Belgium
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earthquakes. The last ones started operation in 1983 andl985. They were designed against
OBE (0,05 g) and SSE (0,10 g).

• the site of Tihange on the Meuse river in the Eastern part of Belgium where three similar
PWR nuclear power plants were commissioned from 1975 to 1985. They too were designed
against OBE (0,05 g) and SSE (0,10 g).

Belgium is a country of low to moderate seismicity. The SSE was first evaluated for both sites
to a maximum horizontal acceleration of 0.10 g with an associated OBE of 0.05 g. Later on, at
the Tihange site, the maximum SSE horizontal reference acceleration was raised to 0.17 g with
an OBE kept to a maximum of 0.05g.

3. SITUATION BEFORE THE IMPLEMENTATION OF THE NEW PROCEDURES

3.1 Original seismic instrumentation

One unit per site has been instrumented according to the requirements of R.G. 1.12 [1] and
ANSI 18.5 [2] (see fig. 2):

• At the base of the reactor building : one 3D (three directional) triggering unit, one 3D peak
accelerometer and one 3D seismic spectrum recorder, which are connected to an alarm unit
located in the control room.

• Two triaxial accelerometers, one at the base of the containment, the second at the top of the
cylinder of the containment; a third set of accelerometers has been placed in the free field
for the site of DOEL only.

• Peak acceleration and peak response spectrum recorders on the internal structures of the
reactor building and on some primary equipment or piping support of the reactor building.

TIHANGE AND DOEL
OLD SEISMIC INSTRUMENTATION

© ©

©

©

Reactor building

A : 3D accelerometer
P : Peak Acceleration rec.
S : Peak Response spectrum rec.
W : Peak Acceleration switch
T : Seismic Trigger

(AlamT): Sound & visual alarm

p 1 : Printing device

u : Recording device

: Screen and computing

Figure 2 - Tihange and Doel - Old Seismic Instrumentation
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• Peak acceleration and peak response spectrum recorders on some primary equipment or
piping support in one of the auxiliary buildings.

The analogue recording of the accelerometers starts when the trigger at the base of the reactor
building is activated in any of the three directions (acceleration of the earthquake > 0.01 g).
An alarm is activated in the control room when any of the three devices at the base of the
reactor building is activated :
• the trigger acceleration exceeds 0.02 g;
• the peak acceleration exceeds the OBE acceleration;
• the peaks recorded on the response spectrum recorder exceed the OBE response spectrum.

3.2 Original OBE exceedance criteria

The OBE is considered to have been exceeded when two of the three possible alarms in the
control room have been activated by the earthquake.

In case of exceedance, the operator initiates the shut-down procedures of the plant.

3.3 Original procedures to be applied after an earthquake

These procedures were written according to SRP 3.7.4 [3]:

The operator organises a walk down to identify any significant damage due to the earthquake
that has occurred in the plant.

The records of the accelerometers are corrected and digitised. Their response spectra are
calculated and compared to the design response spectra.
The records on the peak acceleration and the peak response spectrum recorders are collected
and interpreted.
The measured answers are compared to the results of the seismic design.

If the results of the analyses using the real earthquake as input are lower than or equal to the
results of the analyses with the OBE and if no damage or anomalies have been discovered
during the walk down, the plant can be restarted, provided acceptance by the Safety
Authorities.
If the results of the OBE analyses are exceeded or if damage or anomalies due to the
earthquake are observed, more in depth analyses and inspections are performed to evaluate the
restart possibilities and to fix the conditions for this eventual restart.

Before any restart after an earthquake, the operator proceeds to a functional check of the
seismic instrumentation.

3.4 Experience from the Roermond earthquake

An earthquake with a maximum epicentral intensity of MSK VII and a Richter Magnitude
of 5.7 occurred near Roermond in April 1992. This earthquake was felt within a radius of
400 km.
No triggering occurred in Tihange (epicentral distance 85 km) or Doel (epicentral distance 100
km). After inspection of the safety indicators in the control room, walk downs were performed
in all units of both sites. Some equipment and supports of class 1 structures like the
containment, the steam generators or primary pumps supports or basic structures like the
turbine supports or the cooling tower were also inspected. No damage nor anomalies due to the
earthquake were detected.

The recording system was not triggered. In Doel, the passive recorders outside of the
containment were inspected. The peak accelerometers and peak response spectra recorders with
scratch plates showed very high accelerations ( from 0.2 g at 10 Hz to more than 1.0 g in some
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cases at frequencies above 20 Hz). These values were judged by specialists to be more likely
the traces of shocks near or on the recording device than the results of an earthquake.

This real test showed that the operator of the plant reacted correctly by ordering an inspection
of the plant in spite of no alarm having been activated. However, this inspection did take place
the next day after the event and addressed mainly structures and supports rather than
components and functional aspects. The operator observed no anomalies, in spite of the fact
that he had no detailed instructions on what to observe and where to observe it.

This demonstrated also that the instrumentation system was not adequate or not correctly used.
The passive instruments were not reliable and the interpretation took too much time: it was
only one week after the event, that a specialist was asked to interpret the scratches on the
plates. If records of the accelerograms had been taken, three days would have been necessary to
interpret and correct the records.

Belgium is a small country and this medium earthquake was felt on both sites. This means that
a bigger earthquake would have triggered the alarms on both sites, requiring probably to stop
all the nuclear plants in the country.
Even without significant damage or if the earthquake had a low energy content, the plants
would be shut-down. Because there were no detailed instructions on how to evaluate in a fast
and efficient way the possible damage and the capability of resuming operations and because of
the long delay to interpret the records, the consequences of the loss of power would have been
dramatic.

3.5 Benefits of the SQUG inspections

All three units of the Tihange plant had to show seismic adequacy of both the structures and
equipment for earthquakes more severe than those considered during the design stage [17]. To
demonstrate seismic adequacy of the required equipment, the Belgian utility became member of
SQUG (Seismic Qualification Utilities Group) right in 1985. The SQUG program has been
applied to the three units (1989 to 1992, see [11] to [17]) and it allowed to accept most of the
equipment with slight or no reinforcements.

Application of the SQUG approach requires the following ([11], [12]) :

• The list of required equipment must be set up : the SSEL (Safe Shut-down Equipment List).
This list defines all the equipment that is needed to bring the plant to a "safe state" after a
SSE has occurred. Safe state was defined in agreement with the Belgian Safety Authorities
as any state between hot and cold shut-down. The list needs include all supporting
equipment, be it for power supply (Air, electricity,...) or instrumentation and control. It
should be noted that equipment on the SSEL is not necessarily part of the originally Seismic
Class I equipment set. The SSEL is set up by the systems engineer, who determines the
equipment needed to perform the four so called "vital function" to bring the plant to the
"safe state". These "vital functions" are defined in the SQUG methodology.

• The equipment on the SSEL needs be classified in the 22 SQUG classes of equipment (See
table 1). These are the classes on which experience exist about the seismic behaviour.
References [11] and [12] define the classes and give the restrictions ("Caveat") that apply in
order to include a given component as member of a class.

• All the available information on the equipment needs be gathered and organised. This
amounts to set up a real data base on the plant equipment. The following examples of
documentation type can be mentioned: equipment drawings, anchorage data, catalogues,
calculations notes, nozzle loads reports (forces, moments, displacements for all kinds of
loadings, ...). As part of this documentation, all seismic floor response spectra had to be
made available to the project.
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Table 1 - The 22 SQUG Equipment Classes

N°

[!]•

[2]

[3]

(41

[5]

[61

[7]

[8]

[9]

[10]

til]

[12]

113}

[14]

{15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

CLASS

MOTOR CONTROL CENTERS

LOW VOLTAGE SWITCHGEAR

MEDIUM VOLTAGE SWITCHGEAR

TRANSFORMERS

HORIZONTAL PUMPS

VERTICAL PUMPS

FLUID-OPERATED VALVES

MOTOR OPERATED VALVES

FANS

AIR-HANDLERS

CHILLERS

COMPRESSORS

MOTOR-GENERATORS

DISTRIBUTION PANELS

BATTERY RACKS

BATTERY CHARGERS & INVERTERS

ENGINE-GENERATORS

INSTRUMENT RACKS

TEMPERATURE SENSORS

CONTROL & INSTRUMENTATION
CABINETS

TANKS & HEAT EXCHANGERS

CABLE AND CONDUIT RACEWAYS

EXAMPLES

Motor control centres
Wall- or rack-mounted motor controllers
Low voltage draw-out switchgear (480 Volt)
Low voltage disconnect switches (480 Volt)
Unit substations
Automatic transfer switches
Medium voltage draw-out switchgear (4160 Volt)
Low voltage disconnect switches (4160 Volt)
Unit substations
Automatic transfer switches
Liquid-filled medium/low voltage transformers (typically 4160/480
Volt)
Dry-type medium/low voltage transformers
Low voltage transformers (typically 480/120 Volt)
Motor-driven horizontal centrifugal pumps
Engine-driven horizontal centrifugal pumps
Turbine-driven horizontal centrifugal pumps
Motor-driven reciprocating pumps
Vertical single-stage centrifugal pumps
Vertical multi-stage deep-well pumps
Diaphragm-operated pneumatic valves
Piston-operated pneumatic valves
Piston-operated hydraulic valves
Spring-operated pressure relief valves
Motor-operated valves
Solenoid-operated valves
Blowers
Axial fans
Centrifugal fans
Louvers
Cooling coils
Water-cooled air handlers
Refrigerant-cooled air handlers (including enclosed chiller)
Heaters
Water chillers
Refrigerant chillers
Reciprocating-piston compressors

Motor-generators

Distribution panelboards (120-420 Volt, AC & DC)
Distribution switchboards (120-420 Volt, AC & DC)
Batteries
Battery racks
Battery chargers
Rectifiers
Static inverters
Piston engine-generators
Gas turbine-generators
Wall-mounted transmitters
Rack-mounted transmitters
Supporting racks
Thermocouples

- RTD's
Wall-mounted & rack-mounted control panels
Wall-mounted & rack-mounted control CABINETS
Dual switchboard control cabinets
Duplex switchboard & benchboard (walk-in) control boards

426



• As part of the SQUG program, a thorough walk-down was performed on the entirety of the
equipment of the SSEL. This allowed to ascertain the state of the equipment (at the time of
the walk-down or at the time of the reinforcements).

At the Doel plant (Four units) a cursory walk-down was performed, the purpose of which was
to verify that generic problems encountered in Tihange were not present in Doel. No data base
was set up for this site.

4. IMPROVEMENT OF THIS SITUATION : THE WORK OF EPRI

In the late eighties, EPRI started a reflection on the subjects of the responses to be given in case
of an earthquake [4] based on the experience gained in the observation of the consequences of
real earthquakes on industrial plants and the fact that nuclear power plans are more robust by
design.

The damaging character of one earthquake versus another was also considered by EPRI to
elaborate more realistic criteria of OBE exceedance [5].

This work has been confirmed by the NRC in several projects of regulatory guides devoted to
seismic instrumentation (DG 1033 [6]), pre-earthquake planning and immediate actions after
earthquake (DG1034 [7]) and restart of a nuclear power plant after an earthquake (DG 1035
[8]). These documents are endorsed by the project of a new federal document, 10 CFR 50
appendix S, which will be applicable for all US nuclear power plant applying for a licence in
the future.

This work can be summarised as follows:
When an earthquake strikes a nuclear power plant, three set of actions have to be taken in a
timely order (see fig. 3):
1. Immediately after the earthquake it is necessary to :

- stabilise the plant;
- evaluate the immediate effects of the earthquake on the physical state of the plant;
- determine whether shut-down is necessary because the plant has been damaged or

because the earthquake exceeded the reference earthquake used for design;
- evaluate whether the plant can be shut down safely, if shut-down has been decided.

2. In order to help the decision to restart the plant after a shut-down due to an earthquake,
make planned and organised inspections and tests so that:
- the plant can be restarted if the damage is less than a minimum level and if no damage

occurred to safety related equipment;
- if not, expanded inspections are made on safety related equipment or non safety related

balance of the plant equipment necessary for normal operation. According to the level of
the damage observed, the plant is restarted after repairs, or after satisfactory leak tests
and repairs.

- in case of severe damage, all the safety equipment is checked to establish its
acceptability and, if satisfactory, the plant can the be restarted after repairs and leak
tests of the containment that give satisfactory results.

3. After restart of the plant, or before restart in case of important damage, check the
consequences of the earthquake on the safety equipment by comparing the effects of the
earthquake calculated from the records to the design values for the SSE. In case of
exceedance, the equipment is qualified by functional tests or detailed analysis.
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Figure 3 - Summary of Actions

5. DESCRIPTION OF THE PROCEDURES RECOMMENDED IN BELGIUM

The new Belgian post earthquake procedures have been written in 1995 and implemented in
1996 from the work of EPRI adapted to the situation of the Belgian practice and regulations.
The three levels of actions are detailed as follows:

5.1 Immediate post earthquake actions

These are the necessary actions to determine and control the physical condition of the plant
immediately after an earthquake and to evaluate the gravity of this earthquake. The sequence of
these actions is given on the logical chart (See fig. 4).
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Figure 4 - Post earthquake immediate Actions

This procedure is started if a seismic alarm is triggered, if an earthquake was felt on the site, or
if an earthquake of a certain magnitude was signalled at a certain distance from the plant:

1. The operator immediate actions are to bring the plant into the closer safe and stable state
during the period necessary to decide of the shut-down of the plant and initiate it if required.
These actions are taken in accordance with the approved procedures in response to
operational symptoms observed in the control room.

2. The operator or the specialised personnel available on the plant performs a visual inspection
of the plant in a similar way to the daily rounds. During this walk-down, he will identify any
significant damage that has occurred in the plant.

3. Simultaneously, the ground motion records and the earthquake parameters from the site
seismic instrumentation are collected and interpreted. The values are evaluated against the
OBE exceedance criteria.
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4. If the OBE has been exceeded or if significant damage has been found during the walk-
down, the plant should be shut down in an orderly manner to allow further inspections and
tests. If the plant has tripped due to the earthquake under conditions of shut-down, it would
remain shut down for the inspections and tests.

5. If the OBE has not been exceeded, or if no significant damage were observed, the plant can
resume operations or restart if it was stopped, following the verifications and tests of the
restarting procedures.

6. After the decision to shut down the plant, the operator or specialised personnel will inspect
visually the essential safe shut-down equipment to establish its readiness (particularly the
essential safe shut-down equipment which is not normally in use during power operation) so
that any repair can be performed or alternate equipment can be readied. The availability of
the off site power sources is checked and if it is recognised as uncertain, the availability of
the on site emergency power sources should be determined.

7. Operate the shut down when the plant capability to shut down safely has been verified.

All the actions necessary to decide the shut-down of the plant must be performed within the
next 4 hours after the earthquake. The checking of the shut-down capabilities must be
performed within 4 hours following the decision to shut down. All these actions must be
performed by the operator and trained personnel of the plant.

5.2 Pre-restart actions

These are the necessary tests and inspections to determine, in details, the physical condition of
the plant and its capacity to restart it, if it was shut down due to the immediate post earthquake
actions or due to a trip caused by the earthquake.

The planned pre-restart tests and inspections must allow a fast and reliable restart of the plan,
distinguishing between the immediate and necessary actions (tests, inspections and repairs)
necessary to let the plant work normally, and the long term actions, which can be taken after
restart, to check and, if necessary, restore the full integrity and the long term reliability of the
plant.

In general, for equipment, the inspections consists of a visual observation of the condition of
the equipment anchorage or of the condition of the attached piping and conduits or a check for
other evidence of physical or functional damage.
Any damage that has the potential to impair the operability, the functionality or the reliability
of structures or components necessary for the safe operation of the nuclear power plant is
considered as a significant damage.

The sequence of these actions are given on the logical chart of fig. 5

These actions consist of:

1. Focused inspections : these are the detailed and visual inspections of a pre-selected sample
of structures and components. This sample represents all types of structures and equipment
which are safety related in a nuclear power plant (including the 22 classes of equipment of
the SQUG necessary for a safe shut-down, low and high pressure storage tanks, piping,
electrical raceways, air handling ducts) as well as typical structures and equipment non
safety related. The latter are selected as indicators because the damage that they may suffer
in case of earthquake are representative on a seismic severity scale.
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2. Determine an intensity of damage by comparison of the results of the tests and inspection
with a seismic damage scale that has been developed by EPRI from the experience gained
after real earthquakes.
This scale contains four levels, which can be classified as follows:
• Level 0 : No damage and no alarms for safety related structures and equipment

seismically designed. Some light damage and alarms on vibration sensitive components
non seismically designed. This level corresponds to earthquakes slightly below the OBE
exceedance criterion.

• Level 1 : Similar to level 0 for safety related structures and equipment. Light generalised
damage and alarms in structures and equipment non seismically designed. Level 1
corresponds to earthquakes that are slightly above the OBE exceedance criterion.

• Level 2 : First signs of damage, leaks or cracks on safety related structures and
equipment which have been designed for earthquake. Widespread significant damage on
non seismically designed structures and equipment.

• Level 3 : Clear and evident signs of damage, cracks and permanent deformations on
safety related structures and equipment. Severe damage to non seismically designed
structures.

Figure 5 - Post shut-down Inspections and Tests
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3. If there is no significant damage to safety related equipment or structures or if the damage
to the equipment selected as damage indicators is smaller than level 1 on the EPRI scale,
operation can be resumed after the tests and inspections required before start-up of the
plant.

4. Expanded inspections : if there is significant functional or physical damage to safety
related equipment or structures or if the damage to the equipment selected as damage
indicators is equal to or greater than level 1 on the EPRI scale, expanded inspections are
necessary. All safety related equipment and structures and all non safety related balance of
plant related equipment and structures required for the normal operation of the plant must
be inspected and tested. The damage, if any, is reported and an EPRI level of damage
determined.

5. If after this expanded inspection, the evaluated EPRI level is smaller than 2, the plant can be
restarted after all reported damage has been repaired or corrected as required. Surveillance
tests, as required by the plant technical specifications should also be performed. During
surveillance testing, the vibration of rotating equipment should be closely monitored.

6. If the evaluated EPRI level is equal to or higher than 2, a leak rate test of the containment
buildings must be performed in addition to the requirements of repairs and corrections as
well as the surveillance tests required for the lower level (see [5]). The plant can be restarted
after the repairs, the corrective actions and satisfactory results of the surveillance and leak
rate tests.

7. If the evaluated EPRI level is equal to or higher than 3, it is necessary to inspect the reactor
vessel internals and the fuel elements in addition to the containment leak rate tests and the
necessary repairs and corrective actions detailed in point 6. Moreover, the plant will not be
restarted before performance of the long term evaluations of the safety related equipment
and structures.

In all circumstances, when a nuclear power plant has been shut down because of OBE
exceedance or because seismic damage has been found, long term evaluations must be
performed. The plant can be restarted before the results of this long term evaluation, except if
the EPRI damage level is equal or higher than 3.

The inspections and tests are performed by the plant operation personnel assisted by a group of
utility and contractor specialists experienced in civil/structural, mechanical and electricity
engineering and trained in observation of earthquake induced damage.
The focused inspection must be prepared in order to complete it within 24 hours after shut-
down. The expanded inspections, if necessary, should be completed within two weeks after
shut-down, except if it is necessary to remove the reactor vessel head.

5.3 Long term actions

These actions aim at evaluating the possible hidden damage to structures or equipment and
which could impair their long term reliability. When completed they assure that the plant can
safely operate for a long period and that it is able to sustain another earthquake (See fig. 6).

These actions are only required if shut-down was due to OBE exceedance or if earthquake
induced damage was sustained by the plant. If the plant had been shut down and if damage was
found to be below level 2 on EPRI scale, it is not required that they are completed to restart the
plant.

1. If the "design parameters" (Floor response spectra, seismic forces and moments,...) are
below their allowable values (Design or upgraded values), no further action is required.
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Calculate or evaluate the seismic forces and
the floor response spectra from the

earthquake records

Equipment or structure
acceptable

Check a group of structures or
equipment for the recorded earthquak

Equipment qualification by
analytical methods

Equipment qualification by testing
or non analytical methods

Acceptability based on:
- visual inspections
- operability tests
• non destructive testing

Acceptability based on:
- visual inspections
- oporabilrty tests
- functional test

Acceptability based on:
- visual inspections
- operabilrty tests
- non destructive testing
- functionl evaluations,
• repair or replacement

Acceptance of the
equipment

Acceptance of the
equipment

(*) Conditions :

1. the real floor response spectrum is
lower than the test response spectra
2. The real floor response spectrum is
lower than the equipment generic
spectrum divided by 1.3
3. The equipment is qualified on the basis
of data recorded during real rarthquakes

Figure 6 - Long Term Evaluation Procedure

2. If it is not the case, a representative sample of the equipment needs be assessed.

a. If assessment is done by analysis, a first step is to compare calculated values to
allowables corresponding to emergency conditions (ASME Level C).

If this condition is not met, faulted conditions criteria (ASME Level D) can be used,
provided some precautions are taken (Inspections, tests, ...)- Eventually if faulted
criteria are not satisfied, expanded, in depth inspections or tests may lead to accept it,
otherwise reinforcement, modification or replacement must be considered.

b. Assessment may be based on tests. Real floor (in-cabinet?) response spectra are
compared to the test response spectra. In case "Generic Response Spectra" (GERS) are
used, a margin of 30% is required.
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c. Assessment may be based on real earthquakes experience. The method is well
documented in specialised reports [12]. Its description is beyond the scope of this paper.

6 NECESSARY PRE-EARTHQUAKE ACTIONS

To make these procedures work effectively, it is necessary to improve the tools used for seismic
detection as well as the criteria used to determine the seismic exceedance.
In a country of low to moderate seismicity, where people cannot imagine the consequences of
earthquakes, it is recommended to familiarise the personnel of the plant with what they can
expect in case of earthquake and to give them a reminder of what and where the damage is most
likely to occur.

6.1 Realistic criteria of OBE exceedance

It is known that earthquakes having a spectrum with a higher frequency content and a lower
duration are less destructive than the earthquakes used for the design, even if their spectral
accelerations may exceed the design accelerations [4]. Similarly, in United States, peak
accelerations higher than the OBE accelerations have been observed on some non
commissioned plants with no significant damage to the plant or the equipment [5].
The old criterion based on the activation of two out of three alarms in the control room
(triggering (1), exceedance of the OBE acceleration (2) and of the response spectrum (3) at the
base of the reactor building) is not realistic. In some instances, shut-down might be required
with no damage at all to the plant, causing unnecessary loss of power during the period
necessary to check the plant.

EPRI has proposed a new criterion [5], completed by the NRC [7], based on the correlation
between the damage observed during real earthquakes and the records of the earthquakes. It
takes also into account the low frequency content and the duration of the earthquake.

The OBE is considered to have been exceeded if the two following conditions are met
simultaneously for one of the three components of the earthquake:

1. one of the three components of the 5% damped response spectrum of the natural earthquake,
recorded in the free field :
- at frequencies between 2 and 10 Hz, exceeds the corresponding OBE design response

spectrum or 0.2 g, whichever is greater;
at frequencies between 1 and 2 Hz, exceeds the corresponding velocity spectrum or
15 cm/s, whichever is greater.

2. the Cumulative Absolute Velocity (CAV) is greater than 0.16 g.s. The CAV is the absolute
area under the accelerogram, calculated for consecutive steps of 1 seconds where the peak
acceleration exceeds 0.025g.

It should be noted that the criterion for determining whether the OBE has been exceeded is
independent of the plant's design OBE and SSE ground response spectrum.

To use this criterion for European nuclear power plants, it is necessary to :

• correlate the damaging characteristics of significant European earthquakes with a CAV
threshold level similar to the one fixed by EPRI;

• compare the characteristics of the safety equipment of the European plants with the US data
base and particularly the design limits for the seismic loading [11], [12];

• compare the design seismic criteria for piping, supports and anchorage of equipment;
• compare the design seismic criteria of the structures and their foundations.
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A recent paper published by Cabanas, Benito and Herraiz [9], based on recent recording of
Italian earthquakes and on damage observed in the vicinity of the seismic instrumentation,
showed that there was a good correlation between the CAV (based on 0.2 g.s) and the
macroseismic information.

Since the Belgian nuclear power plants have been designed or reassessed using the US
regulations and data base, it is the intent of the Belgian utilities to use the same OBE criteria.
The evaluation of the CAV criterion for the site of Tihange is underway, based on the natural
earthquakes accelerograms used for the site specific spectrum generation. During the
evaluation period, the old criteria are still valid.

6.2 Improvement of the seismic instrumentation

As described in a paper presented by the first author at the SMIRT conference [10], the
Belgian utilities have renewed the seismic instrumentation.
This was due mainly to the obsolescence of the sensors which are not any more made and to the
cost of maintenance.
This instrumentation had to be completed by a computing system to respect the new
procedures, because it is necessary to interpret the earthquake records on the site and to reduce
the time delay from 48 hours to 4 hours which is not possible with the old analogue system.
It was decided to place a new instrumentation not using anymore the passive recording devices
which were not reliable and cost much money in maintenance and training.

The new seismic instrumentation consists of a digital recording station and a computer in the
control room linked to three 3D acceleration sensors in the free field, at the base and at the top
of the containment of the reactor building (See fig. 7).
The recording system provides a pre-event memory and is able to record continuously for at
least 25 min.
The measured acceleration on any of the sensors is continuously compared to the triggering
levels. When it is exceeded, the system gives an alarm which initiates the post earthquake
procedure, it starts the recording and calculate the spectra and the CAV from the free field
records and it gives an alarm in the control room in case of OBE exceedance.

The operator can visualise the accelerograms and the spectra and where the exceedance
occurred at each location of the sensors.

The computer examines also the type of the triggering acceleration and signals the operator
which events are not of seismic origin; the operator must however always acknowledge an
alarm when triggering occurs.

In case of problems on the computing system or on the transmission lines, the free field station
can be battery operated and the records saved and processed on a laptop computer.
This instrumentation is considered as a minimum and it can be completed by other recorders
linked to 3D acceleration sensors placed on the internal structures within the containment or in
an auxiliary building.

6.3 Data base of components and equipment

In order to validly assess the damage caused by the earthquake, a "snapshot" of the pre-
existing state should be known. The information needs cover representative equipment and
structures, safety related as well as non-safety related. The SSEL (Safe Shut-down Equipment
List) set up to perform the SQUG walk-down's is a good starting point to pick a sample of
representative, safety related equipment. For non-safety related equipment the following may be
considered : large tanks, supporting columns of cooling towers, equipment in turbine hall, joints
between buildings, ...
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For both types, choice should be guided to maximise damage detection, i. e. equipment with
components known to be earthquake sensitive (e. g. isolators on electrical equipment) and
located in high amplification area's (e. g. upper floors of tall buildings). An initial inspection,
including pictures or any other means of recording should be performed to assess the initial
state of the equipment and structures. The documentation gathered on the SQUG equipment
can ease this task, as the state of that equipment is known and documentation filing is
organised. To take care of any possible "drift" due to maintenance, engineered modifications,
ageing, etc. periodic cursory walk-down's should be performed to check that the information is
kept up-to-date.

6.4 Practical implementation and training of the personnel

Implementation of the approach is done in several steps. A first step ("Conceptual phase")
consists in analysis of the existing documentation from various origins (USA, France,
Germany,..., synthesise it and prepare a series of recommendations and guidelines for practical
implementation. These recommendations and guidelines are subsequently analysed, commented
and eventually accepted by the Safety Authorities.

Before the approach can be implemented in a practical case, the guidelines need be translated in
actual technical procedures defining the work down to the last detail. These procedures have to
define who will accomplish each task and describe this task, such as what equipment or
structure to look at, in which building area, distinguishing among the various types of
inspections (General, focused, ...). Acceptance criteria should be included as well as
subsequent actions in case of meeting / failing the criteria. Detailed knowledge of the plant is
therefore needed and these procedures should consequently be written by plant personnel, with
the assistance of a consultant familiar with seismic problems. Familiarity with the SQUG
approach is obviously an asset.

Focused inspections have to be carried out within 24 hours of the earthquake. These
inspections need consequently be executed by the available plant personnel. In order to get
meaningful results in such a reduced time span, the inspection need be rigorously organised
(Inspection spots well identified) and prepared (Pre-earthquake state well documented). The
inspecting personnel need also to be trained in what to look at.

Expanded inspections need be completed within two weeks after the earthquake. As more time
is available and more inspection spots are involved, these inspections may be carried out with
the assistance of specialised consultants who can then exercise their engineering judgement in
evaluating the importance of the damage that might be discovered.

7. STATUS OF PREPAREDNESS

• The generic procedures for al seven Belgian units are written and accepted by the Safety
Authorities.

• The new instrumentation is defined, accepted by the Safety Authorities and is (or will soon
be) operational: Tihange site since December 1996, Doel site in December 1997.

• Concerning the OBE exceedance criteria, the "old" criteria are still applied. The "new"
criteria have been proposed and are under discussion with the Safety Authorities.

• The new Technical Specifications for immediate action and for restart are written and
submitted to the Safety Authorities.

• For the "long term actions", no Technical Specifications are needed. The documentation to
perform the work is available, as well for civil structures as for equipment.

• For the Tihange site, lists of equipment for "focused" and "expanded" inspections have been
prepared. The preparatory walk-down to ascertain the "pre-earthquake" state of the
equipment has been carried out.
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8. CONCLUSIONS

It is well understood that these new rules are mandatory for new plants only and may be
applied on a voluntary basis for existing plants. The new rules seem to be more demanding, but
they present the advantage of clarity, especially in the conditions for restarting the plant. As a
matter of fact, under the old rules, whereas plant shut-down is not legally mandatory in case of
OBE exceedance, restart after a shut-down induced by indirect consequences of earthquake
entirely depends on the approval of the Safety Authorities. They might require extended
inspections and evaluations, sensibly delaying the plant restart. At the contrary, under the new
rules, conditions for shut-down and restart are clearly set beforehand and the plant can be
restarted without undue delay. This is an obvious advantage, for after an earthquake, electrical
power is most needed.

Preparation of the new rules implementation required an in-depth knowledge of the plant design
bases (Systems, Civil structures, Equipment characteristics and capacity, ...). This detailed
knowledge is not available within the plant personel of the Belgian NPP's. The fact that the
engineering office was involved as well in the design, construction and subsequent engineering
activities (such as SQUG programs) greatly helped in achieving the implementation in a
rigorous yet efficient manner.
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