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Le forum Eurosafe 2000 a été organisé autour de deux tables rondes pour le premier jour, et de
quatre conférences pour le second jour.
La première table ronde a traité des aspects généraux de la déréglementation, et notamment des
contraintes économiques et des défis particuliers survenant au cours de la transition entre des
structures réglementées et des structures déréglementées. La seconde table ronde s'est concentrée
sur les problèmes de sûreté techniques et organisationneis, directement ou indirectement liés aux
changements introduits par la déréglementation.
Les quatre conférences ont eu pour but de fournir des opportunités de comparaison des expériences
et de connaissance des activités récentes de l'Institut de Protection et de Sûreté Nucléaire (IPSN),
de la Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS), et de leurs partenaires dans l'Union
Européenne et en Europe de l'Est, ceci sur quatre thèmes :
•
•
•
•

Evaluation et analyse de sûreté des installations nucléaires
Recherche en sûreté nucléaire
Environnement et radioprotection
Gestion des déchets.

Vous trouverez ci-dessous tous les comptes-rendus en anglais, des conférences des intervenants,
que vous pouvez télécharger.

> Seminar 1
Nuclear/ Installation Safety / Assement and Analysis
Assessment of the flooding incident at the Blayais Nuclear Power Plant
M. Mattéi
> Télécharger
PSA data base, comparison of the French and German approach
A. Kreuser, J. Tirira
> Télécharger
Assessment of the Balakovo Fire Probabilistic Study and elaboration of a guide for reviewing Fire
PSA
F. Bonneval, R. Bertrand, P. Fernandez, G. Grozovsky, P. Pyy, M. Ro'wekamp
> Télécharger
Comprehensive technical assessment of an advanced German PWR by PSA - Objectives and main
results
K. Ko'berlein
> Télécharger
The PSA approach for the safety assessment of low-power and shutdown states
D. Mûller-Ecker
> Télécharger
Correlation of initiating events with the PSA Level-2 results
H. Loftier, M. Sonnenkalb
> Télécharger
Safety assessment for fission products tests in the Phebus reactor
H. Abou Yehia, J. Couturier, D. Rives, O. Baudrand, V. Teschendorff
> Télécharger
The use of NPP simulators for applied human factor studies
K. Haugset, J. Kvalem, F. Owre
> Télécharger
Assessment of the "Deterministic Realistic Method" applied to large LOCA analysis
N. Messer
> Télécharger
Assessment of the feasibility of an improvement programme enabling operation of units 3 and 4 of
Kozloduy Nuclear Power Plant
A. Amri, J. Aronov, F. Bonino, P. Cortes, A. Gorbatchev, K. Kanev, J. M. Mattéi, J. L. Milhem, V.
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Milyovski, F. Rollinger, L. Sabotinov, L Samier
> Télécharger

> Seminar 2
Nuclear/ Installation Safety/ Research
The PHEBUS 2K project on severe accidents
A. Mailliat, B. Clement
> Télécharger
Current status of the COCOSYS development
W. Klein-Hessling, S. Arndt, H.-J. Allelein
> Télécharger
Fission product modélisation in ASTEC
M. Kissane, K. Liger, H. Manenc, I. Drosik, B. Schmitz, K. Trambauer
> Télécharger
Euratom Framework Programme (FP) research in reactor safety : main achievements of FP- 4 (19941998), some preliminary results of FP-5 (1998-2002) and propects for beyond 2002
G. van Goethem, A. Zurita, J. M. Bermejo, P. Lemaître
> Télécharger 1 > Télécharger 2
Development of coupled systems of 3D neutronics and fluid-dynamic system codes and their
application for safety analyses
S. Langenbuch, K. Velkov, S. Kliem, U. Rohde, M. Lizorkin, G. Heggi, A. Kereszturi
> Télécharger

> Seminar 3
Environment and Radiation / Protection
(^

J

implementations of the variability in critical group doses for the control of radionuclides releases
S. Haywood
> Télécharger
Campaign of environmental radioactivity measurements in the vicinity of La Hague made by European
mobile laboratories - both a technical and sociological experience
C. Murith
> Télécharger 1 > Télécharger 2

ç( Contribution of some leading radioprotection societies to the current considerations with regard to the
possible improvement of the ICRP policy system
J. F. Lecomte
> Télécharger
jL Decommissioning and dismanting of Nuclear Power Plants : Radiation protection experience in
Germany
L Ackermann, W. Pfeffer
L

Epidemiology of French nuclear workers within the IARC study
M. A. Telle-Lamberton
> Télécharger

> Seminar 4
Waste Management
The Mont Terri Rock Laboratory, Switzerland
M. Thury
> Télécharger
Prediction of hydro-mechanical responses of a long-term pump test at the Sellafield site
A. Rejeb, D. Bruel
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> Télécharger 1 > Télécharger 2
Modelling of water-rock interactions in deep ground-waters : equilibrium and perturbations
C. Beaucaire, H. Pitsch
> Télécharger
Modelling of saturation and swelling effects in clays under different saline conditions
H-J. Herbert, H. Moog
> Télécharger
Qualification of clay barriers in underground repository systems
R. Miehe, N. Jockwer, T. Rothfuchs
> Télécharger
Integrating structural, hydraulic and geochemical evidence : A step towards understanding fluid flow
through clay-rich formations
M. Mazurek
> Télécharger
Application of geostatistical methods to long-term safety analyses for radioactive waste repositories
K.-J. Rôhlig
> Télécharger
Major results and lessons learned from performance assessments on spent fuel geological disposal :
the SPA project
P. Baudoin, C. Serres, D. Gay
> Télécharger
Repository incidents in Germany and abroad : What can be learnt ?
F. Peiffer, U. Oppermann, W. Mester
> Télécharger
Progress in the Chernobyl decommissioning and waste management strategy
D. Bachner, L. Bogdan, V. Bykov, G. Damette, A. Pavlenko
> Télécharger
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Report on flooding of Le Blayais power plant on 27 december 1999
A. Gorbatchev*, J.M. Mattéi*. V. Rebour*, E. Vial*
Institute for Protection and Nuclear Safety (IPSN), B.P. 6, 92265 Fontenay-aux-Roses cedex France

Abstract: A flooding occurred at "Le Blayais" Nuclear Power Plant on the 27th of December 1999, revealing a
potential mode by which the safety of all the units of a single plant could be jeopardized. This flooding has led
Electricité de France to define a study programme whose goal is both to draw the lessons of this event and to
improve the safety of the French Nuclear Power Plants regarding the flooding risks.
Firstly, the sequence of events and the management of the situation during the flooding will be presented. Then,
the Electricité de France study programme and the actions undertaken in order to ensure the protection of the
plants, especially those already implemented on "Le Blayais" site, will be detailed.
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1

INTRODUCTION

This report describes the flooding which occurred at « Le Blayais » Nuclear Power Plant
on 27 December 1999 and the consequences it had. It also describes the resulting action taken by
the Institute for Nuclear Safety and Protection and the preliminary lessons which can be learned
from the incident.

2

2.1

LAYOUT OF THE "LE BLAYAIS" SITE

Location of the site

The site of « Le Blayais » Nuclear Power Plant, which comprises four 900 MWe pressurised water
reactors, is located in the county of Gironde, 50 km north-west of Bordeaux. The installations are
located on the banks of the River Gironde in a swampy area. The position of the site on the estuary
of the River Gironde is shown in Illustration 1.
2.2

Site hydrology

Assessments made to estimate the high water levels of the Gironde have shown that at the site, the
effects of the sea are more important than those of the river. Therefore, the approach adopted for
quantifying these levels is that used for coastal sites.
The high water level depends on the tides and the local relief and meteorological conditions. The
level used for designing the site protection system is 5.02 m above the French national datum level.
It corresponds to the level reached by the highest tide (coefficient 120), increased by a certain value
to make allowance for local relief and meteorological conditions (winds, areas of low pressure etc.);
this value is obtained by extrapolation on the basis of water levels recorded over several decades.
The reference tide monitoring station for the « Le Blayais » site is located at Pauillac, 2.5 km
upstream. The positions of the sensors are shown in Illustration 1.
The site is surrounded by a dike (Illustration 2). The dike is made of earth and is protected on the
River Gironde side by a pile of stone blocks. Alongside the River Gironde, its height is 5.2 m above
the national datum, and its height is 4.75 m at the sides.
The levels of the site platform and the layout of the reactors are shown in Illustration 3.
Recent studies carried out by Electricité de France led to a reassessment of the water level to be
taken into account as regards protection of the site; the new level was set at 5.46 m above the
national datum. In these conditions, EDF had planned to increase the height of the dike to 5.70 m
above the national datum; work which had been due to begin in 2000 was postponed until 2002 by
EDF.
Some water levels recorded in the River Gironde can be given by way of example:
• maximum level measured at Pauillac prior to 27 December 1999: 4.12 m above the national
datum on 28 March 1979,
• maximum level measured at Pauillac on 27 December 1999: 4.46 m above the national datum (it
should be remembered that all the tide sensors were put out of service by the storm
of 27 December 1999).
Investigations carried out on the « Le Blayais » site after the storm of 27 December 1999 showed
that the water had jumped over obstacles from 5 to 5.30 m.
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DESCRIPTION OF THE FLOODING

3.1

Initial state of the units on 27 december 1999

Following the disruption caused during the night of 27 December 1999, the state of the units was as
follows:
• Units 1, 2 and 4: operating at 100% rated capacity,
• Unit 3: shut down after refuelling, with cooling by the decay heat removal system.
3.2

3.2.1

Sequence of events

Partial loss of off-site power supplies

According to the information obtained from the nuclear operator, loss of the 225 kV auxiliary power
supplies and loss of the 400 kV grid for Units 2 and 4 occurred as early as 19:30. Attempts to switch
the units to house load operation to enable them to continue powering their auxiliaries following
disconnection of the grid failed, causing these two units to shut down; the diesel generators of both
units started up and operated correctly pending reconnection of the 400 kV grid, which occurred at
around 22:20. The 400 kV line powering Units 1 and 3 continued to be unavailable.
Illustration 4 shows the site electricity network, as well as the points at which the power supplies
failed.
3.2.2

Flooding of the site

In the night of 27 to 28 December 1999, high waves, caused by a combination of tide and
exceptionally high winds, moved up the River Gironde and partly submerged the « Le Blayais » site.
According to the information provided by the nuclear operator, flooding began at around 19:30
on 27 December 1999, i.e. two hours before high tide (coefficient 77).
At 22:00, an alarm indicating the high level of the River Gironde at the Richard observation station
(see Illustration 1) was sent to Unit 4. The alarm caused operating procedure I CRF to be applied. It
would appear that the information on the high level of the River Gironde was not sent to Units 1, 2
and 3, contrary to what is stipulated in the corresponding alarm sheet. Furthermore, procedure
I CRF of the Le Blayais Nuclear Power Plant used by operators in the control room makes no
mention of the need to put the Level 2 On-site Emergency Plan into operation, whereas the
document describing the On-site Emergency Plan states that this procedure is one of the conditions
for putting the plan into operation.
Strong waves submerged the plant platform, with water entering mainly on the north-west side of the
dike. The waves moved the rocks, protecting the dike, and part of it was washed away alongside the
River Gironde (Illustration 5). The water reached a depth of around 30 cm in the north-west corner of
the site (this value was obtained by observing branches which were caught in the access gates
(Illustration 6).
Units 1 and 2 were severely affected by incoming water. Conversely, Units 3 and 4 were affected to
a far lesser degree.
The points at which the water entered Units 1 and 2 were identified by the presence beside the holes
of insulating panels from the administration building which was damaged during the storm
(Illustration 9). The water tended to run along the general site gallery through the panel handling
holes above the gallery and in the empty spaces where the metal plating was distorted (Illustrations
7 and 8). This general gallery is located outside the buildings and almost completely surrounds them

(Illustration 10). The rate at which the water entered the gallery and filled it to a depth of 30 cm can
be estimated at between 20,000 and 40,000 m3/h. This value is corroborated by the estimate of the
volume of water pumped from the facilities (around 90,000 m3 of water were pumped out between
27 December 1999 and 1 January 2000), and by the fact that water was observed on the site for
around two hours.
Of the facilities which were flooded in Units 1 and 2 (Illustrations 10 and 11), the following should be
noted:
• the rooms containing the essential service water pumps. The essential service water system of
each unit comprises four pumps on two independent trains (A and B); each pump is capable of
providing the entire throughput required. In Unit 1, the essential service water system pumps of
Train A were lost as a result of immersion of their motors;
• some utility galleries, particularly those running in the vicinity of the fuel building linking the pump
house to the platform;
• some rooms containing outgoing electrical feeders. The presence of water in these rooms
indirectly led to the unavailability of certain electrical switchboards;
• the bottom of the fuel building of Units 1 and 2 containing the cells of the two LHSI pumps and
the two containment spray system pumps. The nuclear operator considered that the pumps were
completely unavailable. The systems to which these pumps belong are the engineered safety
systems of the installation which are designed mainly to compensate for breaks in the primary
system.
Illustration 12 illustrates the roles of the aforementioned systems. The essential service water
system operates during normal operation of the units to cool the reactor auxiliaries and when the
reactor is shut down to cool the decay heat removal system during accident situations in order to
remove the decay heat by heat exchange in the containment spray system heat exchangers.
The route taken by the water in Unit 1 is shown in Illustration 13.
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4.1

MANAGEMENT OF THE SITUATION IN THE EMERGENCY REPONSE CENTRES

Setting up and action of the emergency réponse teams

From 22:40 onwards on 27 December, the Regional Directorate for Industry, Research and the
Environment, the préfecture through the Regional Directorate and the Nuclear Installations Safety
Directorate were regularly kept informed of the situation; at around midnight, the Regional
Directorate for Industry, Research and the Environment informed the engineer from the Institute for
Nuclear Safety and Protection who was on call of the power supply problems at « Le Blayais »
Nuclear Power Plant. At 3:00 on 28 December, the plant emergency response teams were called out
to assist those already in place. In parallel to this, the plant informed the headquarters of Electricité
de France and the Regional Directorate for Industry, Research and the Environment. At 3:15, the
national emergency response teams of Electricité de France were mobilised.
At 3:30, the Nuclear Installations Safety Directorate was informed by the headquarters of Electricité
de France.
At 6:30, the headquarters of Electricité de France directly informed the management of the Institute
for Nuclear Safety and Protection of the power supply problems at « Le Blayais » Nuclear Power
Plant and asked that a technical team be put together in its emergency response centre to
collaborate with Electricité de France emergency response teams. At 7:45 on 28 December 1999,
work began to put together a team of experts at the Institute for Nuclear Safety and Protection
Emergency Response Technical Centre in Fontenay-aux-Roses.
Given the situation, the Level 2 On-site Emergency Plan was put into operation at 9:00 at the
request of the Nuclear Installations Safety Directorate, and a complete emergency response team
(comprising 25 individuals) was set in place at the Emergency Response Technical Centre.

An emergency response team was present in this centre at all times from 9:00 on 28 December to
21:00 on 29 December; the team on duty during the day was replaced by another team during the
night of 28-29 December. On 30 December, a smaller team continued to observe the situation from
the emergency response technical centre and it was not until around 18:00 that the centre officially
ceased to operate. During this period, the Institute for Nuclear Safety and Protection sent around 30
messages to the Nuclear Installations Safety Directorate, including 12 on 28 December informing it
of the technical situation and the risks that would result from further failures.
Thus, on the morning of 28 December, which was the most critical phase of the flooding, the
Institute for Nuclear Safety and Protection estimated that Unit 1 would have had over 10 hours to
take action prior to core meltdown in the event of failure of the emergency feedwater system
(Illustration 12) which removes the decay heat caused by radioactive decay. This system, which
comprises two motor-driven pumps and one turbine-driven pump — only one pump is needed to
cool the reactor — showed no signs of failing during operation.
During the three days, the emergency response team had to give prognosis taking into account the
fact that a lot of equipment on two Units were not available and could therefore not be recovered in
the short term until it had been cleaned or repaired. Consequently, the situation was specific and
managed without using any computerised tool but only on the basis of the knowledge of the
members of the team. Only the information given by the Site Computer System was used for
identifying the damaged equipment. Among the team members, some had been involved in the
probabilistic studies performed by the Institute for Nuclear Safety and Protection and were familiar
with the different problems to be solved and that concerned : the time before core melt on the
morning of 28 December in the case of additional failure, the best state for the plants during the
short and medium terms taking into account the Y2K problem which can occur.
4.2

Management of the situation by the emergency response teams

The accident situation involving Units 1 and 2 was managed in four stages:
• shutdown: between 27 December and late morning on 28 December, the units, which had shut
down automatically at around 23:00 and 0:30 respectively, switched from operation at rated
capacity, when the reactor coolant has a pressure of 155 bar and a temperature of 280°C, to a
shutdown state in which the pressure had dropped to around 30 bar and the temperature
to 160°C; at the end of this stage, the decay heat to be removed amounted to no more than
15 MW;
• identification of all the paths by which water was entering the site and pumping out of flooded
rooms: these operations were completed in the evening of 29 December 1999;
• recovery of Train A of the essential service water system of Unit 1 : this work began once all the
water had been pumped out of the flooded rooms and was finally completed on 4 January 2000
when all the essential service water pumps had been restored to their original condition (one
pump was available as early as 30 December 1999);
• repair of one safety injection pump and one containment spray pump for each unit
on 4 January 2000 (with no exhaustive requalification).
To remove the water from the flooded rooms, the power plant used its own pumps and those of the
fire services in the vicinity. The water pumped out was released into the River Gironde through the
sewage system which flows into a tank with a capacity of several thousand cubic metres, meaning
that the plant laboratories could determine the activity of the water before releasing it into the river.
The nuclear operator put a figure on the activity per unit volume of the water released into the River
Gironde and the Office for Protection against Ionising Radiation also carried out its own
measurements. During this period, the values of activity per unit volume due to tritium remained
below the detection threshold (with the exception of one unconfirmed measurement of 180 Bq/I) and
were therefore lower that the limit for release water, i.e. 1000 Bq/I for tritium.
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ACTION TAKEN BY THE INSTITUTE FOR NUCLEAR SAFETY AND PROTECTION

5.1 Assessment by the Institute for nuclear safety and protection of safety at the units at
Blayais nuclear power plant after the flooding

The information which follows is the result of technical exchanges which have been underway with
Electricité de France since 27 December 1999. Experts from the Institute for Nuclear Safety and
Protection went to the plant several times.

5.1.1

The situation to end of January

5.1.1.1 Units 1 and 2: On 30 December 1999, Electricité de France asked the Nuclear Installations
Safety Directorate for permission to maintain Units 1 and 2 in what is known as the "normal
shutdown state with cooling by the steam generators", until all the plant electrical systems (off-site
supplies and electrical switchboards) had been completely recovered. In the light of a comparison of
how the accident sequences might develop in the different states possible, the Institute for Nuclear
Safety and Protection was of the opinion that keeping Units 1 and 2 in this state was preferable from
a nuclear safety point of view, and the Nuclear Installations Safety Directorate granted Electricité de
France its permission accordingly.
On 3 January 2000, Electricité de France indicated its intention to partially restore one train of the
low pressure safety injection system and one train of the containment spray system (Illustration 12),
to provide a sufficient degree of reliability to bring the units into the refuelling outage state so that the
state of the units could be thoroughly investigated and the aforementioned systems completely
overhauled. The Institute for Nuclear Safety and Protection thought it reasonable to aim for a state
where all the operations required for completely restoring the installations affected by the flooding
could be carried out (inspections, repair of structures and equipment, tests for checking that the
equipment challenged in the context of safety functions was operating satisfactorily).
On 7 January 2000, on receipt of a favorable answer from the Institute for Nuclear Safety and
Protection, the Nuclear Installations Safety Directorate gave the go-ahead for Units 1 and 2 to be
switched to the refuelling outage state.
5.1.1.2 Units 3 and 4: Unit 3 was kept in the normal cold shutdown state with cooling by the decay
heat removal system. Once the 225 kV auxiliary power supply had been restored on 29 December
1999, Unit 4 was reconnected to the grid on 30 December 1999.
5.1.2

The situation in the short term

The Institute for Nuclear Safety and Protection considered it necessary that Electricité de France
devise compensatory measures for the entire site as quickly as possible (installation of a reliable
flood alert system, implementation of a procedure, repair of the dike, elimination of paths which
could be taken by floodwater, for example by blocking penetrations and installing pressure-resistant
doors, prevention of flooding of the compartments containing the equipment needed to reach and to
maintain a safe state) and implement them.
Furthermore, the Institute for Nuclear Safety and Protection deemed it necessary that Electricité de
France devise a programme for the systematic and thorough inspection of the state of the
installations and systems of the units.

At the end of January 2000, Electricité de France has carried out all the inspections required to show
that all the damage to Units 3 and 4 had been repaired and that improvements were realised (new
alert system, repair of the dike, repair of openings).
On receipt of a favorable answer from the Institute for Nuclear Safety and Protection, the Nuclear
Installations Safety Directorate gave the go-ahead for Unit 3 to be switched to nominal power state.
The Units 1 and 2 have been maintained in cold shutdown state for refuelling. At the beginning of
May, the Unit 2 was restarted and it is foreseen to restart the Unit 1 at the end of May.
The different following works have been performed.
Alert system
• An improved alert system has been installed.
Procedure
• A procedure has been implemented to be able in case of possible flooding defined by the alert
system to bring and to maintain the plants in a safe state.

Dike
As far as the dike is concerned, Electricité de France has defined three stages:
• initial repair by 21 January 2000 (to a height of 5.2 m above the national datum),
• on May 2000, review of the water level to be considered making allowance for the flooding which
occurred on 27 December 1999 without allowance to the effect of the heavy wave and erection of
the corresponding dike,
• at the end of 2000, review of the water level to be considered for determining the final protections
of the site, making allowance for the flooding which occurred on 27 December 1999 and to the
effect of the heavy wave.
Flooding of rooms
A number of routes were taken by the floodwater. Flooding spread mainly through the general site
gallery, doors, pipe penetrations in masonry structures and hoppers. The following have been
assessed:
• the ways in which rooms are flooded through the general site gallery. In the wake of the flooding,
Electricité de France has investigated a certain number of sensitive points (hoppers in pumping
station pump rooms, for example),
• the initial installation, or installation as a result of modifications, of openings between trains
(Essential Service Water System galleries, for example) or between items of equipment in the
same train (cells of Essential Service Water System pump cells) calling into questions the original
arrangements made to protect against fire or flooding,
• door strength. At certain access points, the leaktightness of doors and their ability to withstand
pressure have been reviewed not only in terms of challenges corresponding to fire but also in
terms of leaktightness and strength at a certain depth of water in the event of flooding,
• the strength of the various hoppers, given the loads and constraints which may be applied to
them,
• the characteristics of the recirculation line penetrations leading to the fuel building on the sumps
in the containment of the safety injection system and the containment spray system.
Protection of the equipment needed to bring and to maintain the Units in a safe state
In case of possible flooding of the site detected by the alert system, provisions will be installed
against every door of the main buildings to avoid entrance of water inside.
Behaviour of structures
The following have been assessed:
• possible degradation of the structures, even though there was no obvious damage associated
with the flooding (apart from the dike),
• strength of joints between buildings,
• the consequences of flooding of the Containment Instrumentation System gallery under the
reactor building as regards the strength of the equipment it contains,
• the strength of the waterstop joint under the basemat.

Repair of systems
Following technical discussions with the Institute for Nuclear Safety and Protection, Electricité de
France used the exhaustive list of rooms affected in Units 1 , 2 , 3 and 4 and targeted all the
equipment to be covered for restoring completely the installations and to propose the corresponding
requalification programmes to be run.
Furthermore, the chlorine content in the water has been analysed. A content of 300 mg/l was
recorded, which corresponds to the characteristics of the River Gironde and makes the water slightly
corrosive. The Institute for Nuclear Safety and Protection considers it necessary to assess the
impact of this finding on equipment, particularly electrical equipment, on the sheaths protecting
cables from fire and on the strength of supports (anchoring plugs etc.).
Electricité de France has analysed each item of equipment in turn (cables, stops, sheaths, fire
detectors, heat lagging etc.) to be able to establish its expected resistance to flooding and a design
or modification programme intended to guarantee this resistance and, where appropriate, allow
lessons to be learned as regards the qualification of materials.
5.2

Investigations to be carried out

The partial flooding of « Le Blayais » Nuclear Power Plant raises a number of issues regarding the
state of the units but also calls into question the design bases used to reduce the consequences of
external flooding and, by extension, the consequences of any internal or external events in all
French plants equipped with pressurised water reactors.
Electricité de France is reviewing the design bases for all its units in the light of observations made
after the « Le Blayais » flooding and the lessons which can be learned from it, and will propose
modifications where appropriate (see Section 6).
The following sections deal with the issues which should be reviewed in the light of the flooding of
27 December 1999 and give the preoccupations highlighted by the Nuclear Installations Safety
Directorate on the basis of the assessment made by the Institute for Nuclear Safety and Protection.
5.2.1

Limiting the risk of external flooding at french nuclear power plants

The general principles for the protection of the Nuclear Power Plants against flooding of external
origin are defined in the french Basic Safety Rule (RFS 1.2.e) whose respect is considered as being
in conformity with the french technical regulations.
According to this Basic Safety Rule, protection is mainly provided by:
1. setting the platforms supporting buildings housing safety-related equipment at a design basis
flood (DBF), i.e. a level at least equal to the highest water level, plus a safety margin.
2. blocking of paths by which water could enter facilities housing equipment used to maintain the
installation in a safe state, when these paths are located below the platform level.
As regards the action to be taken at plants built before Basic Safety Rule 1.2.e came into force
on 12 April 1984, the rule stipulates that plants which do not comply with the first criterion should
nonetheless comply with the second, and that supplementary steps should be envisaged to ensure a
level of protection equivalent to that of Basic Safety Rule 1.2.e. Furthermore, in the case of certain
plants with special features, reviews will have to be made of the risk of flooding due to their proximity
to canals whose water levels are higher than the levels of the platforms.
The data used to position the platforms of all the Nuclear Power Plants in France, which have the
same type of reactors as those at « Le Blayais », will have to be reviewed, particularly as regards
application of Basic Safety Rule 1.2.e. The data considered are tide levels, the influence of the
natural phenomena taken into account, the levels reached when rivers burst their banks and the
extra margins to be used. The Institute for Nuclear Safety and Protection has studied the data used
to position the platforms of all the Nuclear Power Plants in France and suggests that certain issues
be examined in more depth.

The examination carried out by the Institute for Nuclear Safety and Protection on the risk of external
flooding at plants with pressurised water reactors consisted in:
• dividing the plants into categories obtained from the application of Basic Safety Rule 1.2.e,
• examining the elements corresponding to each site to determine which issues could be raised in
the context of a review of the steps taken to prevent flooding or limit the consequences should
flooding occur. This examination resulted in the identification of issues specific to each plant
which had to be investigated further to ensure that the installations would be effectively protected
from the risk of external flooding. The issues are as follows:
I. in the case of plants where protection is provided not by the position of the platform but by a
dike, the geometry and strength of the dike have to be reviewed,
II. in the case of plants where protection is provided not by the position of the platform but by
the implementation, in the event of an emergency, of special protective measures detailed in
Procedure H5 (activated by a high water level warning system), these protective measures
will have to be studied in more depth to determine whether or not they are adequate,
III. in the case of plants where protection is provided by the platform position but with a low
margin between the design basis flood (DBF) and the platform level, it has to be investigated
whether this margin is adequate, particularly as regards the possible settling of the ground
and/or the hypotheses used to calculate the design basis flood (DBF),
IV. the design basis flood (DBF) will have to be recalculated, particularly when there is a degree
of uncertainty surrounding natural phenomena,
V. the vulnerability of the pumping station will have to be looked at. In many plants, certain
points of access to the pumping station are located below the platform level,
VI. the risks corresponding to the presence of canals close to the plant whose water levels are
higher than those of the platform will have to be examined,
VII. the effectiveness of the flooding alert system will have to be studied,
VIII.the risk of the plant becoming isolated in the event of flooding round about it will have to be
investigated.
Finally, the following conclusions can be drawn from the division of the plants into four categories
according to the two criteria described above which result from the Basic Safety Rule 1.2.e:
• Chooz, Civaux and Cattenom Nuclear Power Plants comply with Criteria 1 and 2 above, with
margins.
This is confirmed by examination of the characteristics of these plants. However, it remains to be
confirmed that the pumping stations of the three plants are not vulnerable,
• at Buqev, Cruas. Flamanville, Golfech, Nogent, Paluel, Penlv and Saint Alban Nuclear Power
Plants, the platform of the nuclear island is above the design basis flood (DBF).
It has been observed that the current margins between the design basis flood (DBF) and the
platform level are very low in certain cases. Consequently, additional studies will have to be
carried out to confirm that there is an adequate margin, despite the uncertainty which may exist
concerning certain parameters, especially the current level of the plant buildings, making
allowance for any settling which might affect them. For these plants, special investigation should
be carried out into the alert systems. Furthermore, it would be useful in the medium term to
review the safety levels of coastal sites by making allowance for swell effects. Review of the
flooding risks at these plants could be useful at times.
As regards compliance with the second criterion, the examination carried out reveals that checks
should be made to ensure that there is no risk of flooding in the pumping station.
• At Belleville, Chinon, Dampierre. Gravelines, Le Blavais and Saint-Laurent NPP, the nuclear
island platform is below the design basis flood (DBF).
The hypotheses used to calculate the design basis flood (DBF) of the plant involved should be reassessed so that the values can be confirmed or updated. The current levels of the plant
buildings should also be examined, bearing in mind that they may have been affected by settling.
Furthermore, all the special arrangements taken, including alert and access systems and the
protection of equipment in the event of flooding (particularly in the pumping station), should be

assessed, making allowance for the results of the review mentioned above, either to show that
the current arrangements are perfectly adequate or to improve them.
Studies of equipment protection should focus on flooding as a result of an increase in the level of
the water table.
It would also be useful to review the design basis flood (DBF) values at coastal sites by making
allowance for swell effects and, if need be, to identify improvements to be made to the pumping
station.
• Fessenheim and Tricastin Nuclear Power Plants are located near canals whose water levels are
higher than the platform levels.
In the case of these plants, it should be confirmed that the dike is earthquake resistant and its
vulnerability to percolation should be examined. The percolation rate should be reassessed given
the review of the hydrogeological characteristics and whenever countermeasures have to be
taken.
5.2.2

5.2.2.1

Generic lessons to prevent and mitigate external flooding at french nuclear power plants

Alarm system:

The effectiveness of the entire alarm system should be analysed, particularly its ability to detect the
risk of flooding of the plant. It would seem particularly appropriate to examine the equipment used
(tide sensors, wind measurements etc.), the reliability of the information provided by the
organisations contacted (Météo France), the parameters monitored and the criteria triggering the
alarm, as well as the way in which the alarm was managed and the strategy adopted as regards unit
operation.
Furthermore, the consistency between the various documents dealing with emergency situations will
have to be analysed.
This analysis should cover all plants with alarm systems, to determine whether or not they are
suitable.
5.2.2.2

Safety systems:

5.2.2.2.1 Leak collection and drainage system:

Detecting the presence of water in rooms
During the flooding, many of the outgoing feeders of the leak collection system which powered the
level sensors had to be disconnected to keep the electrical switchboards available, even though the
availability of this system is particularly important in the context of flood management. As a result,
the design approach should be reconsidered and the need for improvements should be assessed by
means of a safety analysis focusing on the equipment affected.
Design of draining devices
The flooding at « Le Blayais » NPP showed that :
• flooding and loss of the off-site power supplies could occur simultaneously, whereas very few of
the drainage pumps are emergency-supplied,
• some inconsistencies can exist both between the redundant design of safety systems and the
provisions implemented to protect them against the internal hazards (as it is the case at "Le
Blayais" site for the Essential Service Wtaer System) and between the provisions implemented
to deal with different internal hazards.
These points should therefore be investigated.

5.2.2.2.2 Auxiliary feedwater supply of steam generators:

The incident once again revealed the importance of the steam generator water supply. In this
respect, the two following points should be particularly reviewed :
• the provisions taken to protect the Auxiliary Feedwater System against a flooding, as far as the
system cables were flooded at "Le Blayais" site,
• the reliability of the Auxiliary Feewater System and the one of its deionised water supply,
especially when all the Auxiliary Feewater System tanks have to be simultaneously refilled.
5.2.2.2.3 Effect on electrical equipment:

During the incident, some of the Power System switchboards had insulation resistance problems.

5.2.2.3

Effect on operation:

Detailed assessment of the way in which Units 1 and 2 were operated in the night of 27 December
1999 could provide valuable information on management of the situation by the operators and the
emergency response structures at local and national level, with particular emphasis on the human
factor, procedures and organisational structure. This assessment will then have to be completed.
Consideration will have, also, to be given to the appropriateness of the technical specification for
operation to the cases of unavailability actually observed, particularly the safe state recommended in
the event of total unavailability of the Safety Injection System.
5.2.3

Lessons learned as regards internal flooding

The flooding at « Le Blayais » NPP revealed a potential link with what is known as internal flooding.
Therefore, for all the plants where there is a risk of external flooding, including « Le Blayais », the
Institute for Nuclear Safety and Protection considers that, in addition to the action suggested in
Section 5.2.1 and in order to show that safety-related systems are not vulnerable, there should be
an assessment of the margins introduced by the protection devices implemented in the nuclear
island to prevent internal events. Should these margins prove to be inadequate, protective devices
correctly designed to handle the loadings likely to be introduced by the spread of external flooding to
the nuclear island should be implemented.
Moreover, for all the plants, there should be a re-examination of the state of the files on the
prevention of the risk of internal flooding, the corresponding analyses carried out and the current
state of compliance of the units with the safety requirements.
5.2.4

Lessons learned as regards other external events

By extension, the flooding at « Le Blayais » Nuclear Power Plant could lead to consideration of the
appropriateness of the methods commonly used to determine the gravity of what are known as
external events (earthquakes, extreme cold etc.). Consequently, the appropriateness and
consistency of the measures adopted for the entire range of external events should be examined
and modifications proposed where required.
The problems associated with operating team shift turnover and the mustering of emergency
response teams at the « Le Blayais » plant during the flooding of 27 December 1999 should be

examined in the context of any external event at a Nuclear Power Plant liable to disrupt the
surrounding area.
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ELECTRICITE DE FRANCE STUDY PROGRAMME

Electricité de France has launched a design review covering all its Nuclear Power Plants; this should
result in action programmes and specially scheduled independent modifications:
• in October 2000 for plants considered to be a priority,
• during the first half of 2001 for the other plants.
Discussions are currently being held to determine which plants should take priority.
The design review focuses on the following issues:
• Issue 1 : listing and review of design hypotheses.
The aim is to list all the design data and suggest modifications based on methodological study in
the following areas:
• hydrological studies and design basis flood (DBF) calculation,
• arrangements taken to protect the platform and the units,
• alarm process,
• operating procedures and systems required for bringing the units to a safe state and
maintaining them there after a flood.
• Issue 2: examination of routes taken by water.
The aim is to make on-site enquiries as to the various routes taken by water in the event of
immersion of the platform and to suggest additional provisions where required.
• Issue 3: control of the structures.
The aim is to improve the maintenance programme and to include additional examination of the
structures.
• Issue 4: H5 procedure.
The aim is to review all the H5 procedures or their equivalents and suggest modifications where
required.
• Issue 5: other lessons from the experience feedback from the incident at « Le Blayais ».
The aim is to study the observations made during the incident which occurred at « Le Blayais »
NPP on 27 December 1999, focusing on the availability of alarms, power supplies, pumping
equipment and possible releases.
The study programme proposed by Electricité de France addresses the preoccupations highlighted
by the Nuclear Installations Safety Directorate on the basis of the assessment made by the Institute
for Nuclear Safety and Protection (see Section 5.2).
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CONCLUSION

The flooding which occurred at « Le Blayais » Nuclear Power Plant revealed a potential mode by
which the safety of all the units of a single plant could be jeopardised.
The Institute for Nuclear Safety and Protection has therefore begun a short and medium term
programme to determine the lessons to be learned from the flooding for all plants in France with
pressurised water reactors. The study programme proposed by Electricité de France addresses the
preoccupations highlighted by the Nuclear Installations Safety Directorate on the basis of the
assessment made by the Institute for Nuclear Safety and Protection. The first results of the
investigations will be available on October 2000.
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Abstract: The results of probabilistic safety assessments (PSA) of nuclear power plants strongly depend on
the reliability data used. This report describes coarsely the general process to generate reliability data for
components and resumes the differences between the German and French approaches. As has been shown
in former studies which compared international PSA data, PSA data are closely related to the model definitions
of the PSA. Therefore single PSA data cannot be compared directly without regard e.g. to the corresponding
fault trees. These findings are confirmed by this study. The comparison of German and French methods shows
a lot of differences concerning various details of the data generation process. Some differences between
single reliability data should be eliminated when taking into account the complete fault tree analysis. But there
are some other differences which have a direct impact on the obtained results of a PSA. In view of the all
differences between both approaches concerning the definition of data and the data collection process, it is not
possible to compare directly German and French PSA data. However, the database differences give no
indication on the influence on the PSA results. Therefore, it is a need to perform a common IPSN/GRS
assessment on how the different databases impact the PSA results.

1. INTRODUCTION

The results of probabilistic safety assessments (PSA) of nuclear power plants strongly depend on
the input data used. Therefore, the generation of reliability data plays an important role. This report
describes coarsely the general process to generate reliability data for components and resumes the
differences between the German and French approaches.
Regarded are the reliability data for independent failures of components, for common cause failures
and the frequencies of initiating events. Outside of the scope of this report are the reliability data for
pipes and human actions.
This report should be considered as a basis for further discussion about the comparability of German
and French methods to generate reliability data.
Chapter 2 describes the general data generation process common to both approaches. In chapter 3
the differences between the German and the French approaches are pointed out. In chapter 4 some
conclusions are drawn.
2. REQUIREMENTS FOR THE RELIABILITY DATA GENERATION PROCESS
In order to achieve realistic results of probabilistic safety assessments, the input data used have to
be as realistic as possible. It is generally accepted, that the most realistic approach consists in
evaluating the operation experience of nuclear power plants and to extrapolate this past experience
to the future.
The reliability data discussed in this report are:
•

reliability data for components (independent failures)

• common cause failures
• frequencies of initiating events.
In the following paragraphs, the main steps of this data generation process are summarised. A more
detailed presentation of the German and French methods is given in [ref].

2.1 Reliability Data for Components
Reliability data for components are generated either for specific plants or for series of identical plants
depending on the structure of the park of plants and on statistical needs. The generation of reliability
data for a PSA can be structured in three tasks:
• Selection of the components, which are considered to be a homogeneous population of
components with the same reliability characteristic
• Selection of the failure events depending on the required failure mode
• Calculation of reliability data from the selected failure events and related operation data.

2.1.1 Selection of Populations of Components

PSA fault tree analysis defines the components for which reliability data are needed. This includes a
clear definition of the component boundaries. The selection of a population of components serves to
put together those components for which common reliability data are generated. The selection is
depending on the technical and operational comparability of the components and on the time period
under observation. In general, a population is formed so that a sufficient statistical basis exists to
generate representative reliability data.

2.1.2 Selection of Failure Events

The fundamental information to evaluate failure events comes from plant reports like maintenance
or test reports. Large database systems are used in Germany and in France either to store the
reports themselves and adding detailed coded information and assessment to allow for selection of
relevant events or to store pre-selected potentially relevant events and adding less coded
information.
Engineering judgement always plays an important role in assessing events. The assessment of each
selected event is always discussed between plant operator and analyst.

2.1.3 Mathematical Evaluation

Failure rates and failure probabilities are always needed as input data for fault tree analysis.
Depending on fault tree models and data definition, repair times and rates of unavailability can also
be separate input data. Depending on the homogeneity of the selected populations of components
Bayesian or frequentistic approaches are used to calculate the needed data.
The operation data needed for these calculations contain the operation times and cycles of the
considered components. Depending on the regarded demand, different time intervals or numbers of
demands are taken into account, such as calendar time (observation period), operation time of the
generator, time during which circuit is filled with medium or hold under pressure, time of plant
connection of electrical equipment, operation time of the component (e.g. pumps, fans, emergency
diesel generators) or number of cycles (demands of the component).

2.2 Common Cause Failures
The fault tree analysis identifies groups of identical or nearly identical components which in most
cases are redundant components performing the same functions in different trains of a system. For
these components probabilities or rates of common cause failures (CCF) for different combinations
of failures are needed.
Due to the low number of observed CCF events, reliability data for CCF generally are generic data.
Even for these generic data, the populations for the evaluation of CCF data in many cases are
broader, and thus less homogeneous, than the populations of components for the generation of
independent data. Primary basis for these generic data is the entire national operation experience. If
necessary, this information is supplemented by international experience.
Once the populations are defined and the therein observed CCF events are assessed, the
quantification of the needed CCF reliability data is done by using a suitable model.

2.3 Frequency of Initiating Events
Fault tree analysis starts with defining a set of initiating events. Depending on the definition of the
initiating events, failure events from operation experience are counted to determine the frequencies
of occurrence of the corresponding initiating events or to determine the reliability of the
corresponding safety functions. For rare initiators, generic data or estimated theoretical values are
used.

3. DIFFERENCES BETWEEN GERMAN AND FRENCH APPROACH
In tables 1 to 3 steps of the data evaluation process where differences exist between the German
and the French approach are listed. For each step the differing features are mentioned.

Table 1: Component reliability data
Step of data evaluation process German approach

French approach

•Scope of data

Plant specific reliability data combined with
information from other comparable German plants

prior Reliability data for standardised series of plants

•Operating profiles

No profiles elaborated, but regarding of plant state at Elaboration of a generic reference profile for each series
event assessment
of plants, indicating the medium duration per standard
state.

•Unavailability data

Generally not collected, except some special components Collected

•Population of components

Both approaches use the same principles for forming populations, like technical and operational comparability of the
components and sufficient statistical basis, but for some types of components different classifications are chosen.
E.g. for motor operated valves the following classification is used :
- Globe valves

- Borated water valves

- Gate valves

- Condensed water valves

- Butterfly valves

- Intermediate cooling water valves

For these sub-types of valves there can be a further - Primary coolant valves
subdivision of populations per system or per other
- Steam valves
technological features.
•Component boundaries

Both approaches have well defined boundaries, but some definitions differ, e.g.

- motor operated valves

control unit and electrical connection included

control unit and electrical connection not included

- pumps

drive, control unit and electrical connection included

drive, control unit and electrical connection not included

- emergency diesel generators

circuit breaker included

circuit breaker not included
Remark : For the data analysis in the frame of the reliability based on the optimisation of maintenance, the
component boundaries equal the ones used in German
PSA.

•Operating conditions

For some components, the operating conditions in German and French plants are different. This may lead to
different stresses to the components and thus to different failure rates. One example are the emergency feedwater
pumps which are purely stand-by pumps for incident situations in the newer German PWR whereas they are also
used as operational start-up and shut-down pumps in French PWR.

National database of anomalies. Each plant reports to
this database using an EdF-guideline defining reporting
criteria. This procedure is initiated by the plant preselection which could be completed by the maintenance
report.

•Failure events : source of Maintenance reports of plant
information evaluated by PSA
experts

•Codification of events

Expanded codification
applications including

in

- affected part of component
- failure mode and

view

of

different

PSA- PSA aspects have been taken into account at the
creation of the national database. This database
contains a general codification to allow pre-selection of
events, but no additional PSA-specific codes which
would allow an automatic evaluation of the database.

- assessment of criticality of failure based on engineering
judgement
Common decision of plant operator and analyst about
codification
•Selection of failure events

Computerised evaluation of completely coded events for Computerised request to select the event in national
each population of components and for each failure mode database
requested by PSA fault tree
Set up of failure criteria for each population of
components
Individual analysis of criticality of failures by EdF and
verified by IPSN

•Event boundaries

Failures due to human errors taken into account for failure Failures where the direct cause is a human error are not
rates if these failures lead to maintenance reports or if taken into account for failure rates but are modelled
they were detected during a test.
separately.
Failures which were detected in shutdown state of the Failures which were detected during preventive
plant can be taken into account if there is an indication maintenance in shutdown state of the plant are not
that there would have been a failure if the component had systematic considered.
been demanded after the last successful test in power
state

•Observation period

Generally large (e.g. 10 years)

Recent period (e.g. 3 to 5 years)

•Mathematical evaluation

Bayesian approach combining plant specific data with Frequentistic approach
prior distributions of data from other German plants

•Determination of probabilities of Calculation of a distribution of a failure rate by a Bayesian Division of « number of observed failures » by
approach with the parameters « number of observed « accumulated number of demands of the components
failures per demand
failures » and « accumulated observation time of the in the population ».
components in the population ». Multiplication of half of
test interval with failure rate.

•Repair times

In general not determined. Recently, for single Determined. Used for some components to split up the
components, failure rates split up in rates for component failure rate in rates for failures with long and short repair
parts and associating individual repair times to each times, e.g. emergency diesel generators.
component part

•Uncertainties

Determination results implicitly from Bayesian approach

Determined by «chi-square» law

Table 2: Common Cause Failures

•Scope of evaluated operation Nearly all common cause data are based on operation The majority of common cause data are based on
operation experience, some are based on engineering
experience
experience
judgement e.g. emergency diesel generators
•Exhaustivity
in
regard
of Reporting criteria demand explicitly reporting of events No explicit criteria demanding to report systematic or
common cause failures : potential common cause
potential common cause failures with indication of a systematic failure
failures with one failed component and additional
indications on comparable components may not be
identified in national database because observations
during maintenance are not reported as long as the
availability of the component is not in doubt.

•Populations
groups

of

component There are some types of components where the German approach is more detailed and some types of components
where the French approach is more detailed. Examples are :
- motor operated gate valves

- motor operated valves

- motor operated globe valves
- motor operated butterfly valves
- measured value transducers for flow rate

- measured value transducers

- measured value transducers for level
- measured value transducers for pressure
- circulating pumps

- emergency feed water pumps
- other circulating pumps

•Type of applied model

Generation of common cause failure data without Generation of common cause failure data relatively to
referring to independent reliability data results in absolute independent reliability data results in relative CCF
factors
CCF data

•Uncertainties

Determination results implicitly from Bayesian approach

Uncertainties on CCF are related to independent
reliability data and not to CCF factors

Table 3: Initiating Events (including leakages)
•Source of information

Plant specific for initiators with frequencies of about 0.1 Experience of all French plants for initiators having
per year
occurred at least once in French plants
Experience of similar plants for initiators with frequencies Experience of PWR plants world-wide for initiators
of about 0.01 to 0.001 per year
having never occurred in French plants but occurred
elsewhere

•Degree of detail

Initiating events grouped to about 30 initiators including Initiating events grouped to about 70 initiators. Internal
and external events not regarded in PSA. Initiator
internal and external events
« fire » examined at the moment

•Example for different modelling

Loss of suction for essential service water pumps taken Loss of suction for essential service water pumps taken
into account in common cause failure data for essential into account in frequency of initiating event « loss of
essential service water ».
service water pumps
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4. CONCLUSION
As has been shown in former studies which compared international PSA data, PSA data are closely
related to the model definitions of the PSA. Therefore single PSA data cannot be compared directly
without regard e.g. to the corresponding fault trees. These findings are confirmed by this study.
The comparison of German and French methods in Chapter 3 of this report shows a lot of
differences concerning various details of the data generation process. Some important examples
are :
• the different component boundaries for numerous important components, like emergency diesel
generators, pumps and motor operated valves,
• the separate modelling of failures, which are directly due to human errors, in French PSA,
whereas such events are taken into account for the component reliability data in German PSA,
• the different grouping of initiating events, which influences the assignment of observed failures
either to the reliability data for components or to the frequencies of initiators.
These three differences between the single reliability data should be eliminated when taking into
account the complete fault tree analysis. But there are some other differences which have a direct
impact on the obtained results of a PSA.
One difference in the component failure event analysis process seems to be the non systematic
consideration of failures detected during preventive maintenance in shutdown state of a plant in
France. In Germany a case by case decision is made whether a finding during preventive
maintenance in shutdown state of a plant is considered as failure or not.
Besides, there is one remarkable difference in the mathematical evaluation of reliability data for
independent failures. In the German « failure rate approach » the unavailability of a component due
to a failure on demand is calculated by the number of observed failures on demand, the
accumulated observation time and the test interval (half of the test interval). The French failure rate
per demand is calculated by the number of observed failures on demand and the number of
demands. This methodological difference leads to different reliability data even if the same raw data
are used (larger values of nearly a factor 2 with the French model).
The cause of this difference are the different model assumptions about the kind of mechanisms
leading to failures of components : based on German operation experience the German model
assumes that failures depend on the stand by time of a component and not on the number of
demands of a component. The French model more cautiously assumes that the occurrence of
failures depends on the demand of the component. This would correspond to the German model if
the full test interval would be taken for the calculation of the German data for failures on demand.
An advantage of the French approach is the standardisation of equipment. This leads to a broad
database which results in a reduction of the statistical uncertainty compared to the German
situation. Further, the larger operation experience of the standardised French plants allows
sometimes to model more precisely and thus reducing conservatism.
The most important of the above described differences of German and French PSA data are
summarised in table 4.
In view of the totality of differences between both approaches concerning the definition of data and
the data collection process, it is not possible to compare directly German and French PSA data.
However, the database differences give no indications on the influence on the PSA results. This can
only be analysed by evaluating the whole process to generate PSA results beginning with the
collection of information about operation experience in the plants up to the analysis of whole fault
trees. Therefore, it is a need to perform a common IPSN/GRS assessment on how the different
databases effect the PSA results.

Reference
A. Kreuser, PSA Data Base Approaches in Germany and France, Report IPSN/GRS N° 77,
24.09.1999
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Table 4: Most important differences of German and French PSA data
Step of data evaluation process

German approach

French approach

•Component boundaries, e.g.

drive, control unit and electrical connection included

drive, control unit and electrical connection not included

- pumps

control unit and electrical connection included

control unit and electrical connection not included

- motor operated valves

circuit breaker included

circuit breaker not included
Remark : For the data analysis in the frame of the reliability based optimisation of maintenance the component boundaries equal the ones used in German PSA

- emergency diesel generators

•Failure events : source of infor- Maintenance reports of plant - therefore the exhaustivity National database of anomalies. Each plant reports to
this database using an EdF-guideline defining reporting
mation evaluated by PSA experts of data is under the control of the PSA expert
criteria. This procedure is initiated by a plant preselection which could be completed by the maintenance
report
•Event boundaries

Failures due to human errors taken into account for Failures where the direct cause is a human error are not
failure rates if these failures lead to maintenance reports taken into account for failure rates but are modelled
or if they were detected during a test.
separately.
Failures detected in shutdown state of the plant can be Failures which were detected during preventive
taken into account if there is an indication that there maintenance in shutdown state of the plant generally are
would have been a failure if the component had been not systematic considered.
demanded after the last successful test in power state.

•Determination of probabilities of Calculation of a distribution of a failure rate by a
Bayesian approach with the parameters « number of
failures per demand
observed failures » and « accumulated observation time
of the components in the population ». Multiplication of
half of test interval with failure rate

Division of « number of observed failures » by
« accumulated number of demands of the components
in the population ». This leads to larger values of nearly
a factor 2 with the French model even if the same raw
data are used

•Differences in modelling failures as Loss of suction for essential service water pumps taken Loss of suction for essential service water pumps taken
Common Cause failures or as into account in common cause failure data for essential into account in frequency of initiating event « loss of
service water pumps
essential service water »
initiating events, e.g.
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Abstract: The importance of an effective review approach to obtain realistic and applicable fire risk assessment
results is well known. The needs for independent reviews with the intent of identifying errors and weaknesses of a
Probabilistic Safety Analysis (PSA) has been demonstrated several times. Many studies by different international
organisations have been published. A review process covers the major aspects of fire PSA as well as of deterministic fire hazard analysis (FHA).
In this field, the report on the assessment of the fire influence and its consequences on fulfilling the nuclear power
plant (NPP) safety functions performed by the Russian industry in the frame of a PSA study for the NPP Balakovo,
Unit 4 has been reviewed by the Scientific Centre of Nuclear Radiation and Safety (SEC-NRS) of Gosatomnadzor of
Russian Federation (GAN RF) under Western Experts leadership.
In the presentation given here, the objectives of this co-operation, the organisation of the respective TACIS project,
the main results, and the insights gained from the project are shown.

1. INTRODUCTION
At the beginning of 1998, the European Community (EC) represented by the European Commission and
a consortium lead by RISKAUDIT IPSN/GRS International (GEIE), named the contractor, decided to
conclude a contract related to the support to Gosatomnadzor of Russian Federation (GAN RF) in the
review of the nuclear power plant (NPP) fire risk assessment. This work has been performed within the
context of the European Communities' TACIS Programme (TACIS RF/TS/15).
The expert consortium was formed by experts from RISKAUDIT IPSN/GRS, IPSN (French Institute for
Nuclear Safety and Protection), CIEMAT (Spanish Research Centre for Energy, Environment and Technology) and VTT (Technical Research Centre of Finland). All four companies are members of the European Technical Safety Organisations Group (TSOG).

2. GOALS OF THE CONTRACT
The importance of an effective review approach to obtain realistic and applicable fire risk assessment
results is well known. The needs for independent reviews with the intent of identifying errors and weaknesses of a Probabilistic Safety Analysis (PSA) has been demonstrated several times. Many studies by
different international organisations have been published. A review process covers the major aspects of
the fire PSA as well as of the deterministic fire hazard analysis.

Paying specific attention to the aspect of reviewing a fire PSA would permit to better appreciate the
safety relevance of ongoing modifications, the identification of potential weak points as well as the corresponding requirements for further improvements.
Thus, the report on the assessment of the fire influence and its consequences on fulfilling the nuclear
power plant (NPP) safety functions performed by the Russian industry in the frame of a PSA study for
the NPP Balakovo, Unit 4 has been reviewed by the Scientific Centre of Nuclear Radiation and Safety
(SEC-NRS) of Gosatomnadzor of Russian Federation (GAN RF) under Western Experts leadership.

3. OBJECTIVES OF THE PROJECT
The main objectives of the TACIS RF/TS/15 project were:
• to provide GAN RF with a technical assessment of a fire risk analysis performed for a selected
VVER 1000-320 reactor type unit by the Russian industry,
• to take benefit from the lessons learnt from this assessment in order to develop guidance documents
for the fire PSA review, taking into consideration Western practice.

4. PROJECT DESCRIPTION
The main tasks of the project were the following:
•

Review of the report on assessing the fire influence and its consequences on fulfilling of NPP safety
functions performed by the industry company "Rosenergoatom" for the NPP Balakovo, Unit 4. This
review has been performed on:
-

Review of collected data [1],
Analysis of initiating events,
Analysis of selection of critical zones (deterministic as well as probabilistic approach)[2],
Review of fire event trees and deterministic analysis [3],
Analysis of event tree quantification [4],
Analysis of core damage frequencies (CDF) [4],
Analysis of uncertainties [5].

• This work additionally covered the development of a Guide for Gosatomnadzor of Russian Federation for reviewing fire PSA: "Guide for review of material on assessment of fire influence and its consequences on fulfilling of NPP safety functions" [6). The review approach for the above mentioned
fire PSA as well as Western experience feedback have been used as basis for this Guide.
• A Quality Manual [7] for the review process has been developed and included in the Guide.

5. PROJECT ORGANISATION

One important aspect of this project was to perform a know-how transfer from the Western contractor to
the organisations concerned in the beneficiary state (Gosatomnadzor (GAN) and SEC-NRS) in order to
allow them to perform similar work on their own in the future, integrating the feedback of Western experience. For this know-how transfer, the project has been performed in close relation of the Western experts to the specialists of the beneficiary state. For the exchange of information and expertise on the
technical subject, time periods of one week per two months were necessary. In addition, a specific
training of Russian experts on fire simulation codes in Western TSOs was foreseen within the contract,

in order to verify assumptions for the fire modelling and to get a better understanding of the performance
of this type of simulation tools. The contract was limited from July 1998 to February 2000.
For the consistency of this type of project, the European Commission required that the project had to
follow a technical reporting program specifying the work undertaken and the results achieved during
each review period. An inception report had to be submitted at the beginning of the project containing a
final schedule of work required for all parts of the project. A few progress reports (quarterly reports)
have been submitted, presenting the progress with regard to all aspects of the work and to specify work
schedules for the next period. All the project was directed towards the beneficiary organisations, and the
technical reporting schedule was structured in a manner providing the Beneficiary with a maximum of
information and benefit. A few technical reports have been performed at the end of each of the major
tasks. At the end of the project, a final report has been performed, summarising the main results of the
project.

6. MAIN RESULTS OF THE PROJECT
6.1 Review of Collected Data and Information

For this task, a review has been performed on the selection of initiating events caused by fire, compartments, systems and equipment including electrical cables inside a fire compartment, the fire load from
permanently available equipment and cables as well as from transient combustibles, fire occurrence
frequencies, fire barriers, openings between compartments, etc.
All the above mentioned items have been analysed under the following aspects:
- to find out whether the data were exhaustive and sufficient to perform the review,
- to estimate the level of confidence of the data presented (estimation by studies, information
from factories and/or manufacturers, use of foreign/internationally available data),
- to verify the data by a sample verification and/or NPP unit walk-downs.

6.2 Review of the Selection of Critical Zones

The approach used for the selection of critical zones has been analysed. But the data and the assumptions applied on fire propagation, justification of fire barrier rating, estimation of the fire duration in the
compartment, etc. were not sufficiently detailed for a high level of confidence on the results presented.

6.3 Review of Fire Event Trees and Deterministic Analysis
The damage of all equipment inside a fire compartment in case of fire has been conservatively assumed. Furthermore, for the most significant fire zones, a fire simulation has been performed in the
probabilistic study to confirm that a fire propagation is not to be assumed. Therefore, numerical calculations for modelling the fire effects have been performed with the FLAMME-S fire simulation code from
IPSN during the mission of Russian experts from SEC-NRS (Moscow) to Cadarache, France where the
code is developed, to verify fire related deterministic results obtained.
A general results is that all the deterministic analysis results obtained in the Balakovo fire PSA study
have been confirmed by FLAMME-S simulations. Nevertheless, to obtain more specific and detailed
results and conclusions, more detailed information on the data used within the Balakovo study and more
analyses are required.
A plant walk-down of the NPP Balakovo, Unit 4 has been performed by GAN RF in July 1999. This walkdown was particularly performed for two compartments considered as the most critical compartments
within the study. This first walk-down performed by GAN RF was very useful to increase the level of
confidence of the information included in the Balakovo report. The approach to perform a plant walk-

down and the manner to take into account the results from such a walk-down in the fire PSA has been
included in the review on fire event trees.

6.4 Review of Event Tree Quantification and Assessment of Core Damage Frequency

The supporting documentation of the study is incomplete. Not all of the results obtained were available
for the review. Therefore, for a considerable number of cases, the reviewers were not able to come up
with a certain judgement on the adequacy of the quantification approaches and results.
There is a concern on the adequacy of approaches and assumptions implemented in the study under
review for the event trees modelling and quantification, which could lead to a not justified optimism in the
quantitative estimations.
The event trees from the Level 1 Internal Events PSA were modified to take into account the fire-induced equipment failures. However, there are no comprehensive information / listings on equipment
including the respective electrical cables located in the affected fire zones. This was also a source of the
reviewers' concern.
In principle, the fire PSA study under review demonstrated a comprehensive work on the identification of
plant vulnerabilities towards internal fires and identification of most hazardous fire scenarios. However,
to make the results more consistent, additional justification is required for the confirmation of the optimistic assumptions and approaches implemented in the study (or the elimination of optimistic assumptions not confirmed). In addition, the documentation on the analysis performed should be essentially
improved.

6.5 Review of Uncertainty Analysis
An uncertainty analysis has not been performed in the Balakovo fire PSA study. Due to this fact, the
review of the Balakovo report only included the list of the main sources of uncertainties with indications
on their potential effects on the results. Based on the review performed, the general conclusion can be
given that the uncertainties related to the Balakovo study are considerable. In order to make the fire risk
results more consistent with the state-of-the-art, additional analyses would be helpful.

6.6 Guide for Reviewing A Fire Risk Analysis

The recommendations in the Guide [6] are designed for the use by experts performing a review of a fire
PSA.
This Guide has been developed in accordance with the Russian «Statement on the organisation and
performance of review of nuclear plant safety, radiation sources and storage places (RD-03-13-97)» [8].
The recommendations of this Guide should be taken into consideration by central machinery administrations, SEC-NRS and district administrations of GAN RF in case of contracts with foreign expert organisations to perform such a review.
This Guide consists of two parts:
• Part 1 : Recommendations for performing a review of the fire influence analysis and the fire consequences on the safe NPP shutdown.
• Part 2: Guide on the quality of performing a review of the fire influence analysis and the fire consequences on the safe NPP shutdown.

6.7 Quality Manual
The present Quality Manual [7] for reviewing the documents on fire PSA regulates principles, administrative provisions and procedures of quality assurance (QA) in the review of the documents on fire PSA
based on fundamental principles of quality assurance, specified in international standards, such as IAEA

Safety Guides of the IAEA Safety Series 50-C/SG-Q, taking into account provisions of ISO standards
series 9000.
The Quality Manual takes into account international recommendations of the IAEA, requirements of the
Russian national guidance document RD-03-13-98 [8], standards and regulations of Gosatomnadzor of
Russia PNAE G-1 -028-91 [9], PNAE G-01-036-95 [10] and requirements of regulatory documents of
Gosatomnadzor of Russia, and provisions of the ISO standards series 9000.
The Quality Manual is the basic document regulating principles, organisation, planning, performance
and control of works, carried out by SEC-NRS to provide the required quality of review.

7. INSIGHTS FROM THIS PROJECT
During the project meetings, there were several discussions between Russian and Western experts on
the information exchanged. In the following, only the major aspects of the technical discussions are
summarised.
• To improve the exchange of information between all the participants of the project, it was necessary
to develop a glossary defining the technical terms, added to the Guide for review.
• To assist SEC-NRS in performing the review of the Balakovo fire PSA study, the Western experts
have provided information to perform the review of all the tasks foreseen in the contract.
•

For further know-how transfer, a few copies of internationally available documents on fire hazard
analysis and fire PSA have been provided to SEC-NRS, such as documents from the IAEA Safety
Report Series as well as the OECD/NEA CSNI report "Fire Risk Analysis, Fire Simulation, Fire
Spreading and Impact of Smoke and Heat on Instrumentation Electronics" [11].

• The Western experts pointed out that plant walk-downs by the analysts are necessary to verify and to
complete the actual state of the plant for the analysis. A plant walk-down by the reviewers is recommended for a meaningful assessment of the analysis, in particular for cross-checks of the analysis
assumptions and, especially, if the results of the data obtained.from plant walk-downs have been
found to be sensitive for the analysis.
•

In case of a lack of data from Russian NPP to apply equivalent data from foreign NPP carefully and
with proper consideration, notably for the determination of the fire occurrence frequencies, the fire
load by permanent equipment and cables as well as by transient combustibles, the behaviour of
electrical equipment and cabinets in case of fire, and functional consequences of the loss of electrical
cabinets. All these data are strongly dependent of the management policy of the NPP and of the design of the equipment.

• Western experts have established a list of those items within a critical zone being important to be
controlled/examined during inspections.

8. CONCLUSIONS
In the opinion of all participants in this TACIS project, Western experts as well as the specialists from
the beneficiary organisations, the project has principally been very fruitful and mutually profitable.
Information exchanges between the Western TSOs and the beneficiary organisations are in progress to
define further opportunities for mutual activities, notably on the possibility to extend the co-operation in
the field of fire analysis (state-of-the art knowledge, skills in fire safety analysis including calculational
methods and the use of simplified as well as highly sophisticated fire simulation codes, such as
FLAMME-S by IPSN, COCOSYS by GRS, etc.
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Comprehensive technical evaluation
of an advanced German PWR by PSA Objectives and main results
K. Kôberlein
Gesellschaft fûrAnlagen- und Reaktorsicherheit (GRS) mbH, 85748 Garching, Germany

Abstract: In November 1998 at the Eurosafe meeting in Berlin the concept of a Probabilistic
Safety Analysis (PSA), level 2, for an advanced German PWR has been presented. This paper
is summarising the results produced over the last two years and it is discussing the insights into
PSA methodology and also into the safety features of the reference plant. Based on the experience from the current work the important role of PSA in the safety evaluation of nuclear power
plants is confirmed.

1. OBJECTIVES
It was not the objective of the present PSA, to gain insights into the safety features of a
specific plant. The aim was rather to evaluate the currently available PSA methods by
applying them to an advanced PWR and performing - within about 3 years - a comprehensive level 2 PSA. A leveli PSA calculates the expected frequency of a core
damage, the main results of a level 2 PSA are the expected frequencies and the core
inventory fractions of radionuclide releases to the environment after containment failure. "Comprehensive" in this context is to be interpreted not in an absolute sense, but
as relative to the available methods.
As reference plant for the PSA we could use unit 2 of "Gemeinschaftskernkraftwerk
Neckar" (GKN-II). GKN-II is a 1365 MWe PWR of the "Konvoi" (convoy) - design. The
plant went into commercial operation in April 1989 and, with an average availability of
97 %, it is in the top performance ranks. The utility has supported our work by providing
us with the very detailed information on plant design and operation required for a PSA.
Furthermore, we could take advantage of a PSA performed on behalf of the utility by
Siemens-KWU [1] for the periodical safety review according to the German PSA procedures guide [2]. We have used this PSA as a basis for our work.
It was not by chance that a plant with one of the highest safety standards has been
used as a reference for the PSA. This type of plant is in full compliance with the current
German nuclear safety regulations, in particular with the safety standards of the KTA
(Kerntechnischer Ausschuss / Nuclear Safety Standards Commission). Therefore from
the PSA results it may be concluded which level of safety can be reached by implementing the (nearly completely deterministic) requirements of nuclear safety regulations. Furthermore, the challenges for the PSA methods are increasing with increasing
safety standards.

2. APPROACH
We have modified the basis-PSA provided by the utility according to our own PSA requirements mainly in the following features:
•

First of all, we have replaced the model used in the basis-PSA for the evaluation of
common cause failures (CCF) by a model developed by GRS. The GRS model is
an extension of the modified binomial failure rate (BFR) model which has been applied already in the German Risk Study, Phase B [3]. The new "coupling model" [4],
[5] applies expert judgement of the degree of functional degradation of each component within the group of components affected by a (potential) common cause
failure instead of using fixed coupling parameters like the former model. The cfegree of degradation is evaluated according to a scale developed by the "International Common Cause Data Exchange" group respectively by the USNRC. For the
application of the "coupling model" all common cause events, which are the basis
of the GRS CCF data set, have been newly evaluated according to the requirements of the new model.

•

We have replaced the set of generic reliability data used in the basis-PSA by plant
specific reliability data based on the evaluation of four years of operation (1994 1997) of the reference plant. For components with too few events in this relatively
short period of observation generic data had to be included into the data base generation. Dependant on the available information two different mathematical approaches have been applied. If sufficient information was available for a component the non-informative approach of Bayes has been applied. In other cases the
generic data have been used as priors and updated with the available specific data
using the superpopulation approach of Bayes [6], [7].

•

The event tree and fault tree analyses have been modified and completed in many
instances. In some cases additional thermohydraulic analyses have been performed and minimum system requirements have been modified. We have considered additional system functions especially in situations where the updating of the
CCF model and data resulted in high system function unavailabilities.

•

In the systems analysis also operator actions planned in the protection goal oriented part of the operating manual have been considered, while the basis-PSA
took account only of the event oriented part of the manual.

•

In former projects GRS has developed improved methods for the probabilistic
evaluation of accident management measures [8]. These methods have been applied for the evaluation of secondary side bleed and feed and of primary side bleed
and feed initiated after failure of design basis safety functions. The basis-PSA considers only secondary side bleed and feed.

•

We tested the possibility to take into account the repair of failed components after
accident initiation. For this purpose, we investigated - as an example - the probability that components required for steam generator feeding can be repaired after
a loss of main feedwater, prior to the onset of criteria for AM measures. According
to the German PSA procedures guide repair is not considered in the basis-PSA.

•

We investigated the possible risk contribution from fires. As a representative example cable fire scenarios within the reactor building have been - in part quantitatively - considered.

•

Contributions from external impacts (seismic, air-plane crash, chemical explosion,
floods, extreme weather conditions including lightning stroke) and from the failure

of large passive components have been qualitatively - and in part quantitatively estimated.
Completely new analyses have been performed for
•

a level 1 PSA for non full power states

•

the level 2 part of a PSA for accidents during power operation .

Since these parts of the PSA are presented in separate papers [9], [10], this paper is
concentrated on the results of the full power level 1 PSA.
3. MAIN RESULTS OF THE FULL POWER LEVEL 1 PSA
•

Initiating events

In the full power part of the PSA altogether 22 initiating events have been considered,
representing the full spectrum of plant internal initiating events possibly relevant for the
expected frequency of damages states. Nine of the 22 initiators could be excluded from
a detailed analysis since significant contributions to the results were not to be expected. For 13 initiators event tree and fault tree analyses have been performed. In this
way possible system damage states have been identified and their expected frequencies have been calculated.
The plant is - by definition - in a "system damage state" (another word for the same
condition is: hazard state), if after an initiating event the design basis system functions
required to cope with this event are not available and core damage can be prevented
only by means of accident management measures (including the repair of failed components). The expected frequency of system damage states can be seen as a measure
for the level of safety reached by all safety functions within the design basis. In other
countries the system damage state frequency is normally not explicitly displayed as a
PSA result.
•

System damage states

The total expected frequency of system damage states is 5.4 • 10"6 per year. The main
contributors are the loss of main feedwater (24 %), the very small primary leak (22 %),
the loss of preferred power (16 %), the loss of main heat sink (15 %) and the pressuriser leak via a stuck-open safety valve (6 %). For the transients the loss of feedwater
supply is the mainly responsible system function failure, for the LOCAs low pressure
injection and high pressure injection failure are the main contributors. In all cases the
common cause failures of redundant components play an important role (importance:
7 2 - 1 0 0 %). For the five dominating initiating events common cause failures are nvolved to 9 4 - 1 0 0 %. The influence of human failures is very low in most cases, for the
very small LOCA human failures are involved to 18 %. The overall importance of common cause failures is 96 %, the overall importance of human failures is 6 %.

•

Core damage states

In the next step of the PSA the potential of accident management (AM) measures (including repair) to prevent the progression from system damage states into core damage has been investigated. The conditional failure probabilities of AM measures depend on the specific circumstances of the various system damage states. The AM failure probabilities range from 100 % for LOCAs over 30 % for the loss of preferred power
down to 2 % for the loss of main feedwater. This means that AM measures have a high

probability of success for transients and - for the current situation in the reference plant
- no potential at all for LOCAs.
The average AM failure probability over all quantified initiating events is 0.43, resulting
in a core damage frequency of 2.3 • 10"6 per year. Since AM measure are not effective
for LOCAs the ranking of contributions to the core damage frequency is different from
system damage states. The main contributions now come from the very small leak (52
%), the pressuriser leak via a stuck-open safety valve (15 %), the loss of preferred
power (10 %) and the steam generator tube rupture (9 %).
Main parameters influencing accident progression after core meltdown are the point of
time of reactor pressure vessel (RPV) failure and the primary system pressure at this
point of time. For the display of the level 1 PSA results core damage states are
grouped into 7 categories, distinguishing the primary system pressure (low, medium,
high) and the point of time of onset of core meltdown (between 1 hour and > 10 hours).
For the accident progression analysis in the level 2 part of the PSA a more detailed
differentiation considering further parameters is necessary. For this purpose 66 core
damage states have been distinguished.

•

Limitations of scope

The influences from external impacts and from the rupture of large passive components with high energy content have not been quantified. Although we do not expect
significant contributions to the frequency of damage states, this judgement should be
further examined mainly with respect to seismic events and extreme weather conditions. In table 1 the current results of engineering judgement are compiled.
Table 1: Judgement of influences from external impacts and structure failures
Event

Expected
frequency of risk
relevant events
(1 / year)

Frequency of
Expected contribuevents considered
tion to the frein plant design
quency of plant
(1 / year)

damage states
(1 / year)

Earthquake
Air-plane crash
Chemical explosion
Extreme floods
Extreme weather
conditions
Rupture of passive
components

<10"

4

5

not evaluated
9

not evaluated

8

<10" 8

5-10"7-5-10"8

>io-8

< 10~8

<io-2

>10" 4

low

2

3

-icr -io-

>10"

< 10"

>10"

not quantified

not quantified

low
partly unknown
low

Furthermore the consequences of a boron dilution in the primary coolant after a small
leak has not been finally analysed, since the simulation of such an event is not feasible
with the currently available computer codes. A significant boron dilution could occur, if
the decay heat is transferred from the primary to the secondary system in the "refluxcondenser mode" after a small leak and failure of additional system functions. Similar

situations play a role mainly in the non full power PSA, therefore this topic is discussed
in more detail in the following paper [9].
We do not expect significant risk contributions from such events, but the problem
should be further investigated first of all because credit is given to the reflux-condenser
mode of heat transfer to cope with design basis accidents.
•

Main contributors to core damage frequency

For the small leak in the primary system (2 - 25 cm2), which is contributing 52 % to the
frequency of core damage states, the failure of low pressure injection is responsible to
more than 70 % for the unavailability of system functions required to cope with the initiator. The importance of common cause failures is 94 % and the importance of human
failures 18 %.
The situation is similar for other leaks in the primary system and for pressurise leaks.
For a steam generator tube rupture (< 6 err?) mainiy the unavailability of the steam
generator isolation and of the long term decay heat removal are responsible for the
core damage frequency. In this case CCF are involved to 99 %.
For a loss of preferred power, contributing 10 % to core damage frequency, loss of
feedwater and unavailability of secondary and primary bleed and feed are causing 96
% of the contribution to the core damage frequency. CCFs are involved to 100 % in
system function unavailabilities. The importance of human failures in this case is 11 %.
Altogether system function unavailabilities are very strongly influenced by common
cause failures. This fact is not surprising for highly redundant systems using very reliable components. The only way to reduce the influence of CCF - should this be considered necessary - would be by implementing component and/or system diversity.
Summarising, it can be stated that the reference plant - as to be expected - has a very
high level of safety. Nevertheless, even for the highest safety level design features can
be identified which are dominating the expected frequency of damage states and,
hence, can be considered as (relative) "weak points". With other words: even the
strongest chain has its weakest link. These are the most important examples:
> Significant contributions to the unavailability of systems functions to cope with
the small primary leak come from the CCF of the three-way-valves of the decay
heat removal system, which are required for switching from injection to recirculation
mode
>

The CCF of steam relief valves (failure to open) is a significant contributor

> Important contributions to system function unavailabilities result from failures of
high pressure injection pumps and water level measurement of the cell-type cooling
towers of the decay heat removal system. There are no recurring tests of the high
pressure injection pumps in the sump recirculation mode. The water level measurement of the cooling towers which is required for the decay heat removal has no
redundancy and the test interval of one year is too long.
> The CCF of the 48 V accumulators of the emergency power grid 2 prevent the
automatic switchover to the diesel generators of both emergency power grids.
•

Uncertainty analysis

An important part of a PSA is the uncertainty analysis, propagating the uncertainty of
input parameters to the uncertainty of results.

f(X)

ï>»0.05

ho
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Fig. 1 : Schematics of a probability density function

The input parameters of the PSA, like the failure rates of components are, or at least
can be considered as, fixed values which are not exactly known. The uncertainty about
the true value can be described quantitatively by a probability density function (fig. 1).
From this function the probability can be derived that the true, but not exactly known
value (of X) lies within a certain interval, e.g. within the "90 % uncertainty range". Dependent on the characteristic of the parameter, different types of density functions can
be used. In the PSA the most common type of density function used for component
reliability data is the lognormal distribution, which is a normal (Gaussian) distribution
applied to the logarithm of the uncertain value. A lognormal distribution can be defined
- like a Gaussian distribution - by two values, e.g. the median (50 % fractile) and the 95
% fractile. A fractile gives the (subjective) probability that the true value does not exceed the parameter value at this fractile. Another important point in a probability distribution is its mean value. The mean value is equivalent to the centre of gravity of the
distribution. For a lognormal distribution the mean value is always higher than the rredian value. The distance between mean and median will increase with increasing uncertainty. If the result of the uncertainty analysis is to be described by one single figure,
in our view the mean is the most appropriate choice, because it reflects to some cfegree also the uncertainty range of the distribution.

Table 2: Results of the uncertainty analysis for the expected frequencies of system
damage states and core damage states
Expected frequency of Expected frequency of
system damage states core damage states
( 1 / year)

(1 / year)

50 % fractile (median value)

4.5- 10"6

1.5- 10"6

,,point value"

5.4- 10~6

2.3- 10"6

mean value

1.1 • 1 0 - 5

7.0- 10"6

95 % fractile

2.2 • 10'5

1.1 • 1 0 " 5

Table 2 shows the results of the uncertainty analysis of the PSA for the system damage state frequency and the core damage frequency. Additionally to the characteristic
values of the distributions "point values" are shown. In the PSA the quantitative évalua-

tion of fault and event trees is first performed using the mean values of the distributions
of the input parameters, since a calculation applying the distribution itself would be
much more time consuming. The results, gained with the mean values of the input parameters, are called "point values". If the modelling of the PSA is completed, the probability distribution of the results (including the mean values) is calculated applying an
approximate approach.
Ideally the point value should be very near to the mean value. In this PSA we found
high factors between point values and mean values, a factor of 2 for the system damage state frequency and a factor of 3 for the core damage frequency (see table 2). The
underlying reason for the difference between point and mean values is the "coupling" of
reliability data. For the uncertainty analysis the distributions are considered as dependent - and therefore coupled - as far as the data for the same type of component are
derived from the same pool of experience. For the point value calculation the distributions implicitly are considered as independent.
The relatively high factors between point values and means in this PSA are caused by
such failure combinations for which the reliability data for several components have to
be "coupled" for the uncertainty analysis. Especially important are components with
relatively high failure rates (or failure probabilities) connected with high uncertainties.
This is the case mainly for the high pressure injection pumps in the function of sump
recirculation (p50 = 0.15 / kgS = 7,2), because no empirical evidence from functional
tests is available. High pressure recirculation is requested by the protection oriented
operators manual, if after a small LOCA steam relief via the turbine by-pass and the
relief valves are not available. The failure combinations containing the operational failure of the high pressure injection pumps in the sump recirculation mode are responsible for a factor of about 2 between point value and mean of the core damage frequency. This means, that these failure combinations are much more important than it is
concluded from the point values. The situation is similar for the water level measurement of the cell-type cooling towers required for the decay heat removal.

4. INSIGHTS FROM THE LEVEL 2 PART OF THE PSA
Starting from the results of the level 1 PSA for accidents during power operation the
plant response to a core damage has been investigated in the level 2 part of the PSA.
Methods and main results of the level 2 part are presented in [10].
The accident progression analysis has shown that even after a core meltdown there is
a potential to prevent the failure of the containment and thus to mitigate the consequences of the accident considerably. This goal, however, can only be reached if the
molten core can be retained in the reactor pressure vessel. If the pressure vessel fails,
it has to be assumed - according to present knowledge - that the core debris in the
long run will melt through the containment foundation and get into contact with the soil.
The conditional probability for a large early release is about 10 %. 3 % come from a
reactor pressure vessel failure under high primary system pressure, which leads to the
highest release, 7 % come from a containment by-pass via a steam generator tube
rupture. In this case the release is considerably lower, if the damaged steam generator
is filled with water.
From the analysis it can be concluded, that at least for plants with current design it will
not be possible to completely exclude scenarios with large early releases. As a consequence, the safety evaluation should concentrate on the prevention of core damage
also under changing conditions concerning the operation of nuclear power plants. In
this way, the overall accidental risk can be minimised. The consequences of a core
melt accident would be extremely serious even with an intact containment.

5. COMPARISON WITH THE LEVEL 1 PSA FOR NON FULL POWER
STATES
The level 1 PSA for non full power operation comes up with a system damage state
probability of 3.5 • 10"6 per refuelling phase. This probability is equivalent to an expected frequency of 3.5 • 10"6 per year under the realistic assumption of one plant shutdown for refuelling per year, comparable to - and in the same order of magnitude as the expected frequency of 5.4 • 10'6 per year for system damage states from accidents
during full power operation. Because accident management measures and repair have
not been considered in the non full power PSA, core damage frequency was not calculated.
6. INSIGHTS CONCERNING PSA METHODS
Main insights concerning PSA methods are the following:
•

The evaluation of (internal and external) area events is still - and will remain - a
difficult task for the PSA. Methods to evaluate potentially important events, mainly
seismic events and fire, are available. The application of these methods is very
costly, if it is not possible to restrict the analysis to the essential aspects and plant
areas.

•

The potential consequences of a boron dilution have to be further analysed. The
necessary accident simulation tools have still to be developed.

•

PSA results should be interpreted and discussed on the basis of mean values. This
requires that PSA computer codes are able to calculate importance measure on
this basis. Up to now point values are used for this purpose.

•

Contributions from low-power/shutdown states to the expected frequency of system
damage states are not negligible. Methods should be developed to extent the
scope of non-full power PSA.

7. INSIGHTS CONCERNING PLANT SAFETY
Although the objective of the PSA was not the safety assessment of the reference
plant, insights concerning plant safety can be derived. The PSA results allow the
following conclusions:
•

The PSA has shown a high safety level of the reference plant.

•

The dominating influence of common cause failure could reduced by means of
component or system diversity.

•

In some cases independent failures of components with high failure rates, connected with large uncertainties, contribute significantly to the unavailability of system functions.

•

The operation of the high pressure injection pumps in sump recirculation mode as
a design basis safety function (as planned in the protection goal oriented operator
manual) is problematic.

•

Accident management measure have the potential to reduce the expected frequency of core damage states also for LOCAs, provided the emergency response
manuals is extended accordingly.

8. CONCLUSIONS RELATED TO THE REGULATORY APPLICATION OF
PSA
For a discussion of the regulatory application of PSAs the uncertainty of PSA results is
an important issue. With this respect the following conclusions can be drawn:
•

The uncertainties quantified in this PSA are not unusual for situations in which low
probability events have to be considered.

•

There are, however, uncertainties which have not been quantified or which cannot
be quantified (modelling uncertainty, completeness uncertainty).

•

From the PSA results it can be concluded that - in spite of full compliance of the
reference plant design with the valid nuclear regulation - there exist system deficiencies, which have not been identified - or even cannot be identified - by a
purely deterministic safety evaluation. The uncertainties of bottom line results are
less important with respect to such - relative - insights.

•

The uncertainties of the PSA results are not caused by the probabilistic approach,
but by knowledge limitations concerning the analysed system.

•

The probabilistic approach makes such knowledge limitations evident and provides
insights into their relative importance.

•

When applying deterministic methods, the knowledge limitations also exist, but
they are not made evident.

•

At the current state of the art PSA is an essential supplement to the deterministic
safety evaluation, even if there are no absolute probabilistic safety criteria.

•

Risk-informed decision making is more sophisticated than decision making on the
basis of deterministic criteria alone. However, it is also more difficult and requires
additional efforts from the decision maker.

•

The problems to apply PSA results originate not only from the uncertainty of these
results. Even if the PSA could provide exact figures, risk-informed decision making
would not be a straightforward task.
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The PSA Approach for the Safety Assessment of
Low-Power and Shutdown States
D. Muller-Ecker
(GRS)

Abstract: By order of the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU),
GRS carried out an investigation into the safety relevance of low-power and shutdown operating conditions. The
analyses were performed on the example of a reference plant (GKN-2) for a modern PWR-1300 of the Konvoi type.
They are based on a typical two-week refuelling outage of the reference plant and concentrate on initiating events
that are typical of low-power and shutdown operation and which are relevant with regard to their contribution to the
system damage states. According to current knowledge, these are mainly those initiating events which are followed
by a loss of residual-heat removal (transients and leaks), and here it is especially those which occur during %- loop
operation after plant shutdown. Generally, it was possible to apply the available PSA methods - with some specific
adaptations - to the operating conditions during low-power and shutdown operation. The analyses led to new
insights with regard to boron dilution in the primary system due to condensation processes with reflux-condensermode at passive residual-heat removal via a steam generator. For a modern plant with a high level of safety and
correspondingly low frequencies of system damage states from power operation it is therefore possible that the
contribution to the system damage states from low-power and shutdown operation may well lie at the same order of
magnitude. Furthermore it was possible to derive technical findings that can also be of generic relevance for other
PWR plants.

1. INTRODUCTION
The performance of a PSA according to the international state of the art requires the consideration of
low-power and shutdown (LP&S) operation in the safety-related assessment of a plant. For an evaluation
of LP&S operating states, the existing methods to carry out a PSA for power operation were adapted as
far as possible to the plant operation states (POS) during LP&S and, where necessary, supplemented by
specific procedures.
The supplementing by specific procedures concern in particular
-

the analysis of the refuelling outage sequence and the delimitation of POS,

-

the investigation of outage-specific triggering and initiating events,

-

the adaptation of data for common-cause failures,

-

the analysis and assessment of operator actions on the basis of operational practice and plantspecific knowledge,

-

the performance of time-dependent analyses for the determination of the highest-possible nonavailabilities of technical systems during the outage.

The methodology is restricted to a Level-1 PSA without consideration of repair measures and preventive
accident management (AM) measures. At present no corresponding methods are available for a
consideration of these measures nor for the methodical procedure of a Level-2 PSA for LP&S operation
that would meet the requirements of such a PSA.
As regards the scope of the PSA, there are the following restrictions:
-

the effects of deborated condensate due to reflux-condenser mode on the criticality behaviour of the
reactor core are not considered.

-

internal and external common-cause initiators are not considered, either.

The objects of the analyses are the shutdown, standstill and restart of the reference plant in connection
with a typical two-week refuelling outage. During this plant outage, almost all operating states are run
through that can occur during LP&S operation.
The relevant problems of the safety-related assessment result from the differences and the varying
boundary conditions of the different plant operation states compared to power operation. Essential
parameters that change from one operation state to another are e. g.:
-

the thermal-hydraulic condition of the primary and secondary systems,

-

the level of coolant covering the reactor core,

-

the number of effective barriers,

-

the operating mode of operational systems,

-

the availability of the safety systems.

In order to cover the varying boundary conditions of the outage, the latter is divided into plant operation
states (POS) with boundary conditions that are as constant as possible from the point of view of an event
sequence and fault tree analysis. If possible, there should be no change in the number of electrically
disconnected operational and safety-related equipment within the boundaries of one specific plant
operation state. The division worked out for the reference plant is shown in Table 1. Here, the time
interval of the two-week outage was divided into 13 individual plant operation states, beginning with the
start of power reduction up until completed power increase. This division is plant-specific and cannot be
adapted offhand to other plants. "%-Loop operation", which is also referred to as "mid-loop operation", is
defined as the operating mode during start-up and shutdown at which the coolant level is lowered to % of
the diameter of the main coolant line.
The individual POS specify the boundary conditions for the further event sequence analyses and require
information about:
-

the physical parameters of the primary system,

-

the operating mode and the scope of disconnected operational and safety-related equipment,

-

the effectiveness of operational limitation systems and actuation criteria of the reactor protection
system,

-

special administrative provisions,

-

specified mandatory activities, and

-

the duration of the condition.

Table 1

Division into plant operation states (POS) during LP&S operation for a two-week outage of
the reference plant

Description / Features
Identification
Power reduction to the condition subcritical hot /
(1)A0
Reactor protection signals and availability of the safety systems as during power operation
(1)A

Subcritical hot; shutdown via the steam generators down to primary system
pressure 31 bar and primary system temperature 120 °C /
All reactor protection systems available

(1)B1

Primary system cooldown to the condition depressurised cold /
Start-up of the residual-heat removal (RHR) system at 120 °C; accumulators and highpressure pumps are disconnected

(1)B2

Level lowering to %-loop with steam generator drainage (primary-side), %-loop
operation /
Core within the reactor pressure vessel, primary system pressure-tight closed

(1)C

Opening the reactor pressure vessel head, %-loop operation /
Core within the reactor pressure vessel, primary system not pressure-tight closed,
refuelling hatch between setdown pool and fuel pool closed

(1)D

Flooding of the reactor cavity, unloading of the fuel elements /
Core wholly or in part within the reactor pressure vessel, refuelling hatch between
setdown pool and fuel pool open

E

Emptying of reactor cavity and reactor pressure vessel, work performed at loweredge loop level /
Core fully unloaded, refuelling hatch between setdown pool and fuel pool closed

(2)D

Refilling of the reactor cavity, loading of the fuel elements /
Core wholly or in part within the reactor pressure vessel, refuelling hatch between
setdown pool and fuel pool open

(2)C

Level lowering to %-loop, closing of the reactor pressure vessel head /
Core within the reactor pressure vessel, primary system not pressure-tight closed,
refuelling hatch between setdown pool and fuel pool closed

(2)B

Evacuation and refilling of the primary system /
Core within the reactor pressure vessel, primary system pressure-tight closed

(2)A2

Primary system heat-up with the main coolant pumps, leak test /
All reactor protection systems available

(2)A1

Deborating of the coolant and taking the reactor to critical condition /
Withdrawal of control rods

(2)A0

Power increase up to specified level /
Reactor protection signals and availability of the safety systems as during power operation

(1) = Operating conditions during shutdown
(2) = Operating conditions during restart

During the POS in connection with the shutdown and the restart of the plant, the same initiating events
can occur as during power operation. Due to the changed boundary conditions of these POS compared
with power operation, it is, however, possible that there may be other demands on the system functions
in order to control the events. Although on the one hand decay heat generation may be lower and the
sequence of the events may thus be more moderate, it has to be checked on the other hand whether the
actuation criteria for the automatic start-up of the systems to control the events are reached in the same
way as during power operation.
However, initiating events may occur in connection with the POS during plant standstill which differ
fundamentally from those of power operation. One such example is the loss of residual-heat removal

during %-loop operation. The possible triggering events, such as faults in the level measurement system
or unintended reactor protection signals, can be put down to the special operating mode during this
POS. The control of the initiating event can only be effected by manual actions of the operating
personnel as there is no automatic actuation of safety systems. An exception is the loss of off-site power
because the emergency diesels are also automatically actuated in the case of LP&S operation.
Due to the limited time-window for the performance of the current investigation, however, not all initiating
events were analysed in detail but only those which on the one hand are typical of LP&S operation and
which on the other hand - according to current knowledge - are expected to contribute essentially to the
system damage states.
In analogy to the procedure in connection with power operation, system damage states prevail if the
existing operational and safety-related equipment for core cooling are not available. However, to better
embrace the special characteristics of LP&S operation as well as the possibilities of current PSA
methods, a distinction is made between those systems needed directly for core cooling and those which
ensure reactivity control as a prerequisite for core cooling. In the latter case, an unexpected boron
dilution in the primary system is of particular interest during LP&S operation. Events which challenge the
operational or safety-related equipment for core cooling or for reactivity control in the case of a boron
dilution in the primary system and thus for the prevention of fuel element damage are referred to as
initiating events. Events which lead with a certain probability to an initiating event are referred to as
triggering events.
In all other investigations which have been performed so far concerning the LP&S operation of PWRs it
has been shown that the initiating events that lead to a loss of residual-heat removal or to an unexpected
boron dilution are highly relevant. However, it also has to be taken into account in this context that
unexpected boron dilution events may also occur as a consequence of a loss of residual-heat removal
due to condensation of boiled coolant in the steam generator tubes in reflux condenser mode. This,
though, is taken into account in connection with the event sequences for the initiating events due to a
loss of residual-heat removal.
Initiating events involving a loss of residual-heat removal can be caused by the following triggering
events:
unexpected drop in the coolant level due to:
•

malfunction in the level measurement system

•

leak in the primary system

•

leak in an affiliated system

•

leak into an affiliated system

-

start-up failure or operational failure of the residual-heat removal chains

-

loss of preferred power

-

faulty reactor protection signal.

Here, different leak mechanisms have to be assumed as causes of leaks during LP&S operation than in
the case of power operation. Important in connection with the former POS are leaks due to vibrations,
changing temperature loads and maintenance faults.
The minimum requirements for the system functions for the control of the initiating events due to loss of
residual-heat removal are most stringent for decay heat generation and lowered coolant level. These
conditions prevail during %-loop operation at shutdown. The primary system level is lowered to % of the
diameter of the reactor coolant line for the purpose of lifting the reactor pressure vessel head, and decay
heat generation is about 24 MW. During the outage considered, %-loop operation lasts for about 20 h at
closed primary system and a further 20 h at open primary system.
Initiating events with unwanted boron dilution in the primary system from outside were also examined.
This paper, however, shall not go into any detail in this respect as the corresponding analyses have not
yet been finished. The status of the investigations is indicated in the PSA summary [1].

During the course of the investigations, the outage sequences as well as the planned procedure
following a loss of residual-heat removal including the availability of the systems to control the initiating
event were revised by the utility and already implemented in part (e. g. timing of inspections, availability
of systems) as well as provided as draft supplement to the operating manual. These modified
procedures were included in the assessment.
In the following, the method to determine the spectrum of possible initiating events during LP&S
operation as well as the determination of the probabilities per outage are described. The description of
the transition from the initiating events to the system damage states follows in Chapter 3. This contains a
description of the essential event sequences as well as the probabilities determined for the dominating
system damage states. Here, a distinction is made between system damage states with non-availability
of the existing systems provided for core cooling and those system damage states during which larger
amounts of deborated coolant has formed in the primary system due to reflux-condenser mode. Owing to
insufficiently reliable methods, the influence on the reactivity behaviour has, however, not yet been
analysed or quantified. A summary of the findings is given in Chapter 4.
2. INITIATING EVENTS
2.1 Initiating events analysed
An initiating event in connection with LP&S operation is an event as a consequence of which the existing
operational and safety-related equipment for core cooling are challenged. During LP&S operation, the
challenges do not only comprise automatic activations of the safety systems but generally also measures
to be taken by the operating personnel. The causes of initiating events may be different triggering events
which with a conditional probability can lead to an initiator.
The following sources were used for the determination of the events:
-

operating experience of the reference plant during LP&S operation,

-

the reported events of comparable German plants,
international operating experience,

-

findings from other analyses, and

-

engineering considerations regarding possible events which operating experience has shown to be
due to triggering events.

The most relevant sources for the determination of initiating events for LP&S operation are the evaluated
reported events and the evaluation of international operating experience. The reported events classified
as initiating events were allocated to the corresponding event groups. As each single initiating event
cannot occur during each POS, the initiating events were allocated to those POS during which their
occurrence is in principle possible. Table 2 shows a spectrum of possible initiating events. The spectrum
also includes the initiating events of power operation as far as these can occur during POS at shutdown
and restart. Apart from the designation of the initiating event, the second column of the Table shows
abbreviated references to the event. For the events shaded light grey, the probabilities per outage were
determined within the framework of the analyses. The columns that follow indicate the POS in line with
their identification in Table 1. A cross in a field indicates an initiating event that is principally possible.
The cells shaded dark grey show POS during which, according to engineering judgement, the events are
of comparatively high relevance.
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Table 2

2.2 Probabilities of the initiating events per outage
The probabilities for the initiating events in the POS concerned or per outage are determined either
directly on the basis of operating experience (OE) or by analysis of all possible triggering events with the
help of a fault tree analysis (FT). Table 3 shows a summary of the probabilities that were determined.
The probabilities, which were determined on the basis of operating experience, are based on an
evaluation of German operating experience of PWR plants with respect to shutdown, standstill and
restart for the period between 1986 and 1996. For the initiating events - for which this evaluation period
was too short - e. g. for leaks, world-wide PWR operating experience was considered in addition. The
probabilities of occurrence determined with this generic method are therefore generally applicable to
German PWR plants.
In connection with the evaluation of the event sequences, the generic probabilities of occurrence are
partly adapted to the plant-specific conditions. This applies e. g. to the initiating event "Unintended
activation of ECCS signals (T8)". In the reference plant, the reactor protection system was decoupled
during the relevant POS in nine out of eleven refuelling outages, so that during those outages the event
could not occur. The conditional probability of the occurrence of the event is therefore p=0,21 assuming
that the reactor protection system is available.
As for the probability of leaks, the different boundary conditions, depending on the location and the time
of the leak, furthermore have to be considered. The leak in the RHR train (S8) can occur either within the
containment (S8.1) or in the reactor building annulus (S8.2), with the reactor pressure vessel being
closed (POS B2) or already open (POS C). the leak probability was subdivided correspondingly.
Event sequence analyses were performed for the events shaded dark grey.
As for those initiating events which were not observed during plant operation, the triggering events that
can lead to an initiator and for which data are available from operating experience are determined by a
fault tree analysis. Contrary to power operation, a large number of combinations of triggering events is
analysed here, which in addition can be subject to the system functions challenged to control the event.
To consider possible systems-related dependencies between the triggering event and system functions it
is necessary in these cases that the fault tree of the triggering event be included in the overall fault tree
for the determination of the system damage states. The probabilities for initiating events determined this
way reflect the systems engineering of the reference plant and are only applicable to plants with identical
technical systems. The values that were determined are based on the following assumptions:
-

In the group of the transients, a loss of residual-heat removal (T7) can be caused by two different
initiating events. The loss of residual-heat removal due to "Faulty level lowering (T7.1)" comprises a
failure of the %-loop measuring system in upward direction OR the failure to close of the LP reducing
station AND the failure of automatic isolation AND the failure of manual isolation by the operating
personnel.

-

The "Operational failure of the RHR chains (T7.2)" comprises the loss of all operational RHR chains
due to CCF or CCF and independent failure.
In the case of the "Leak in the reactor cavity / setdown pool (S10)" a crash of a fuel element onto the
transition area between the flange connection of the reactor pressure vessel and the reactor cavity is
assumed to occur during the transport of the fuel element from the reactor pressure vessel to the
fuel pool. The probability of occurrence comprises the relation between the transport distance and
the crash area as well as German operating experience in connection with the transport of fuel
elements.

-

To determine the probability of a "Leak into an affiliated system (S11)", all systems connecting to the
primary system were systematically analysed for possibilities of an inadvertent extraction of coolant
at a rate of more than 1 Mg/h as a result of maintenance faults and/or component failure. The cases
singled out as relevant were erroneous actions in connection with the draining of the volume control
system.

Table 3

Probabilities for the initiating events in connection with POS at LP&S operation during the
two-week outage
Initiating event

p/out.

P

Transients
Loss of preferred power-external (20 h %-loop operation)

T1.1

4.8E-4

OE

Loss of preferred power-internal

T1.2

2.5E-2

OE

Loss of main heat sink

T3

1.6E-2

OE

Loss of residual-heat removal due to

T7

- faulty level lowering

T7.1

4.8E-6

FT

- operational failure of RHR chains

T7.2

5.5E-5

FT

T8

3.6E-2

OE

Unintended activation of ECCS signals
- Probability of T8 in the reference plant

7.6E-3

Loss of coolant accidents
Inadvertently open pressuriser blow down valve due to
maintenance fault

S6

6.7E-3

OE

Steam generator tube leak < 2 A

S7

5.0E-4

OE

S8

5.0E-4

OE

- S8 in the containment, RPV closed

S8.1.B2

1.25E-4

- S8 in the containment, RPV open

S8.1,C

1.25E-4

- S8 in the annulus, RPV closed

S8.2, B2

1.25E-4

- S8 in the annulus, RPV open

S8.2, C

1.25E-4

Leak in the volume control system < 25 cm2

S9

5.0E-5

OE

Leak in the reactor cavity / setdown pool

S10

4.0E-5

FT

Leak into an affiliated system

S11

1.3E-3

FT

2

Leak in the residual-heat removal train < 25 cm

p/out. = probability per outage
P = probability determination
OE = operating experience
FT = fault tree analysis

2.3 Event sequence analysis
While during power operation the initiating events are controlled by design with automatically activated
safety systems, manual actions by the operating personnel are usually required in this case during LP&S
operation. One exception in this regard is the loss of preferred power; here, as in the case of power
operation, the required emergency diesels are actuated and started up automatically.
The systems available during the various different POS are specified in the phase-specific operating
manual, but criteria and procedures for the performance of the required manual actions are not usually
described. This is due to the general assumption that the time available will be sufficient to react in time
to the demands of the event by taking existing experience and knowledge into account. However, the
analyses have shown that the special physical boundary conditions call for adapted methods, in analogy
to the way they are described in the operating manual for power operation. The utility has already
prepared a corresponding draft operating manual in this respect and modified it during the course of the
investigations. This draft contains the procedure for the control of a loss of residual-heat removal at
subcritical cold conditions. In the description below, the necessary safety functions for the control of the
initiating event are outlined on the basis of this draft.

2.3.1 Necessary safety functions to control the events

Due to the estimated high relevance, the investigations focused on initiating events that lead to a loss of
residual-heat removal at %-loop operation (T1.1, T7.1, T7.2, T8, S8.1 and S8.2).
Residual-heat removal at %-loop operation is carried out in the plant by two RHR trains that are operated
at restricted massflow. %-Loop operation after shutdown is performed for about 20 h with the RPV
closed pressure-tight and for about another 20 h with the RPV not pressure-tight closed. In the phasespecific part of the operating manual, the admissible variants of the minimum availability of the RHR
trains at reduced coolant level and "RPV closed, pressure-tight" or "RPV open" are specified in the form
of a matrix. These are either three or four RHR trains plus one emergency RHR train. One of the RHR
trains has to be connected ready for flooding. Furthermore, six accumulators are on stand-by for feeding,
and one steam generator is ready for passive residual-heat removal at closed RPV.
After a loss of residual-heat removal due to a too low coolant level (T7.1) it is sufficient if after the cause
of the coolant level lowering has been eliminated, the pressure-tight primary system is refilled with the
help of the train in stand-by until a pressuriser level of Lp > 3 m has been reached and the flooding train
is then switched over to residual-heat removal with sufficient coolant massflow. The raising of the
primary system level can alternatively also be performed with the help of the accumulators. If the
flooding train cannot be switched over to the RHR function, either the RHR train on stand-by has to be
activated or the trains that were in operation before have to be de-aerated and made operational again.
In case of a total loss of active residual-heat removal, one steam generator including the secondary-side
emergency injection is in stand by for passive residual-heat removal at pressure-tight closed RPV. If
steam generator feeding and pressure limitation function normally, the event sequence is controlled.
Uncontrolled system damage states result either from faults in connection with the elimination of the
cause of the level lowering or from the loss of active and passive residual-heat removal. With the RPV
open, the times until the start of core uncovery range - subject to the initial coolant level - from about
80 min (lower loop edge level) to 3 h 75 min (%-loop and injection from two accumulators). With the RPV
closed, the times are longer due to the evaporable inventory of a steam generator. Starting from %-loop,
core uncovery begins after about 7 h 30 min; at a pressuriser level of Lp > 3 m, it sets in after about
9 h 30 min. These times are reduced to 3 h 20 min and 4 h 45 min, respectively, if no steam generator is
available due to a fault.
Fuel element cooling may under certain circumstances be at risk after a loss of residual-heat removal
due to a violation of the protection goal "subcriticality" as a result of an inadvertent boron dilution in the
primary system. If the primary system is not flooded to above %-loop after a complete loss of residualheat removal, there will be an inadvertent boron dilution due to the condensation of steam in the steam
generator. Reflux-condenser conditions prevents the almost boron-free condensate from flowing back
from the steam generator, and - on the other hand - the compressed nitrogen in the U-tubes prevents
natural circulation. The analyses with the thermal-hydraulics code ATHLET [2] show that an overflow of
the pent-up condensate into the cold legs via the U-tubes of the steam generator only sets in after about
3 h. After about 4 h, approximately 5 - 6 Mg of largely boron-free condensate have accumulated in the
pump suction line of the cold leg. If the condensate is mobilised by later natural circulation or injection,
there is only slight mixing as the condensate is warmer that the coolant in the downcomer and thus
stratifies. At present, no sufficiently reliable statements can be made on the passage of the plug through
the core. The formation of an unborated-water plug can be prevented if the primary system is flooded in
time (within about 2h). In this case, natural circulation will establish itself at passive residual-heat
removal.
With the RPV open, passive residual-heat removal via steam generator is not possible. If after a
complete loss of residual-heat removal the primary system is flooded to above the RPV flange and
residual-heat removal is ensured with the stand-by train or an emergency residual-heat removal chain,
the event is controlled. If these system functions fail, time can be gained by evaporation cooling through
refilling from accumulators or from the flooding tank, and this time can be used for repair measures to
restore residual-heat removal.
In case of a loss of preferred power (T1.1) after restoration of the voltage supply or in the event of an
operational failure of the RHR chains (T7.2) there are comparable demands on the system functions. If

after flooding of the primary system residual-heat removal can be ensured with the stand-by train or an
RHR chain, the event is controlled.
In the case of the unintended activation of ECCS signals (T8), flooding of the primary system takes place
as a result of the initiating event. To control the initiating event it is necessary that the emergency core
cooling signals are reset and residual-heat removal is resumed. If the emergency core cooling signals
cannot be reset, primary system pressure limitation and passive residual-heat removal become
necessary.
To be able to control a leak in an RHR train (S8.1, reactor pressure vessel closed or open), location of
the leak, flooding the primary system with the flooding train and switch-over of the flooding train to
residual-heat removal is necessary. Alternatively, flooding can also be performed with the accumulators,
and residual-heat removal can be carried out passively via the steam generator with the RPV closed.
2.3.2 System damage states

2.3.2.1 Reliability parameters
In the following, the methods to determine the reliability parameters for independent as well as for
common-cause failures of components and for human actions are described. In this context, the main
emphasis is placed on the special characteristics of LP&S operation.
•

Independent failures

The reliability parameters for independent failures during LP&S operation were mainly determined on the
basis of the data record of the reliability data for power operation. As far as there were the same
components and same failure modes, the reliability parameters were adopted from the data records. For
similar components, reliability parameters were derived from the data record by way of similarity
analyses of the type of component parts, operating modes and maintenance concepts.
Reliability parameters for components which during power operation were not needed for controlling
initiating events or which failed for other reasons were determined either by a plant-specific or - if not
possible - by a generic evaluation of operating experience.
•

Common-cause failures

The data record from power operation was also used to determine the reliability parameters for commoncause failures (CCF). Requirements for components or failure modes that had so far not been
considered did, however, lead to new requirements. This concerned in particular the following
components
-

flow meter of the boric-acid and unborated-water injection system,

-

level measurement at %-loop operation,
operational failure of the RHR chains during %-loop operation.

For the flow measuring system of the boric-acid and unborated-water injection system, the CCF
probabilities were calculated according to the monthly staggered test interval of the flow measurement.
Following a modified procedure, the measuring circuits of the %-loop measuring are tested ten days prior
to plant shutdown at the most, and the pressure lines are purged shortly before the coolant level is
lowered at already reduced primary system pressure. On the basis of this modified procedure, a CCF
detection time of 240 hours was determined for the measuring transducers and limit signal transmitters
and of 24 hours for the instrument lines.
To consider the simultaneous failure of several RHR trains during %-loop operation, the CCF events for
centrifugal pumps with regard to the failure mode "no massflow" were newly assessed and compiled in a
special data record. To determine the observation times, the annual operating times of the RHR pumps,
component cooling pumps and service water pumps were singled out from the operating experience of
one representative PWR and BWR plant each. For all other plants that were considered in the evaluation
10

of CCF events, the operating times of the pumps were calculated on the basis of these representative
times according to the reactor types and operating times of the respective plants.
As the operating times of the component cooling and service water pumps differed very much from the
RHR pumps, a differentiated method was chosen for the definition of the reference times. For the
component cooling and service water pumps, the overall operating time of all three pump groups was
specified as observation period. For the RHR pumps, the operating time of the RHR chain was defined
as observation period, i. e. the operating period during which all three component groups were in
operation at the same time. The Mission Time for the RHR chain in the case of this event sequence was
chosen as CCF detection time. For these cases, the calculations of the CCF probabilities were
performed with the new coupling model of GRS.

•

Human actions

The assessment of personnel actions was carried out in analogy to power operation by using the THERP
method according to Swain and Guttmann [4] recommended in the PSA Guideline [3]. The method
allows the determination of the reliability of personnel actions in concurrence with systems, operating
instructions and other factors influencing the reliability of personnel action. The scope of application and
the limit range of the method depend mainly on the kind of cognitive processes involved and the
resulting cognitive stress. In an order of decreasing cognitive stress, a distinction is made between
actions of mainly
-

manufacturing-based,

-

rule-base and

-

knowledge-based character.

Manufacturing- and rule-based actions can be analysed and assessed with the THERP method.
Knowledge-based actions can only be assessed in those cases where the probability has to be
determined at which the diagnostic tasks are not brought to a successful conclusion within the specified
time period.
In connection with the analyses concerning the control of initiating events, personnel actions often have
to be assessed which - compared with power operation - have been pre-planned only to a very low
degree. This is expressed in particular by the fact that there are no written information regarding which
measures are to be taken if a certain criterion is fulfilled, how these measures would have to be
performed, and when they should be discontinued.
To assess the reliability of such actions it was analysed initially how far the method can be allocated to
the area of the regulations (partial aspect of internalised rules) as a result of operational practices or
training. Here, it was also taken into account that the boundary conditions under which the measures
have to be performed for each individual event sequences are comparable with the boundary conditions
which correspond to the state of knowledge of the acting personnel.
During the course of these investigations the utility prepared a draft on the procedure to be followed
following a loss of residual-heat removal applying to POS (1)B1 to (2)B (all POS with the primary system
"subcritical cold"). This draft is included in the operating manual, covering on one hand those measures
which so far would have been taken on knowledge-based level and, on the other hand, additional
measures which turned out during the investigations as relevant for the control of the initiating events.
The measures and the associated personnel actions are integrated in the programme of power plant
personnel training. The method according to the draft now serves as assessment basis for the
determination of the reliability of personnel actions.

2.3.2.2 Probabilities of system damage states
Using event- and fault tree analysis methods, the conditional probabilities were determined of the
inability to control an initiating event and the subsequent development of an event sequence into a
system damage state.
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In connection with the determination of the reliability of the system functions, modifications in the plant
were taken into account which the utility had either already implemented during the course of the
investigations or which it had planned in a draft supplement to the operating manual. The modified
procedures were included in the assessment. Individually, these modifications concern:
-

periodical test of %-loop measuring during shutdown

-

availability of an additional RHR train on stand-by for flooding during %-loop operation with the RPV
pressure-tight closed

-

availability of six accumulators for feeding during %-loop operation with the RPV pressure-tight
closed

-

flooding of primary system up to pressuriser level > 3 m (if RPV closed) or up to above the RPV
flange (if RPV open) after a complete loss of residual-heat removal

-

specific de-aeration procedure for the restart of an RHR train
residual-heat removal (after flooding) with the RHR train previously on standby for injection in the
case of a leak in the RHR train
use of the emergency RHR chain for residual-heat removal.

The system damage states determined with consideration of these modifications contribute as follows to
the result. With the RPV closed, system damage states affecting core cooling due to transients,
especially as a result of a "Unintended activation of ECCS signals (T8)" form the major contribution with
p=1E-6/outage. The sum of system damage states for POS B2 is about p=1.3E-6/outage.
With the RPV open, the system damage states due to leaks contribute about 20% to the result. The sum
of the system damage states for POS C is about 2.2E-6/outage.
The system damage states due to boron dilution as a result of reflux condenser mode, which have a
probability of p=1E-7/outage, are dominated to approximately 90 % by the operational failure of the
residual-heat removal system. This can be put down to the complete loss of feeding and thus the loss of
flooding to prevent boron dilution.
2.3.3 Summarising explanations concerning the system damage states

To evaluate the methods for performing a PSA for LP&S operation, initiating events were investigated
which on one hand are typical of LP&S operation and of which on the other hand the major contributions
to the system damage states of a plant in LP&S operation are expected in the light of current knowledge.
These are initiating events (transients and leaks) that lead to a loss of residual-heat removal.
•

Initiating events

The initiating events with a loss of residual-heat removal were analysed for %-loop operation with the
RPV closed and open. Under these POS (B2 and C), the demands on the safety functions are highest.
According to the latest analysis results relating to LP&S operation, these initiating events are essential
contributors to the result. As regards their probability, the transients that were analysed are more
probable to occur by about one order of magnitude than the analysed leaks. The dominant transient is
the "Unintended activation of ECCS signals" owing to the comparatively frequent occurrence of this
event in the operating experience of German PWR plants. With the primary system depressurised,
initiating events due to leaks are only assumed to occur in the affiliated systems, e. g. due to vibrations.
The probability of such leaks is comparatively low due to the low number of events that have occurred.
•

System damage states

At 3.5E-6/outage, the probability of system damage states affecting core cooling during LP&S operation assuming one outage per year - lies within the same order of magnitude as the frequency of system
damage states during power operation. For the system damage states with boron dilution due to passive
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residual-heat removal in reflux condenser mode following a loss of the residual-heat removal system, a
probability of 1 E-7/outage has been determined.
As regards the distribution of system damage states, there are the following coherences. The system
damage states occur in about 1/3 of the cases with the RPV closed and in about 2/3 of the cases with
the RPV open. This can be largely put down to the available option of passive residual-heat removal via
a steam generator with the RPV closed. As for the kind of initiating event, the system damage states
occur in about 7/8 of the cases in connection with the transients and in about 1/8 of the cases in
connection with leak accidents, mainly with the RPV open.
With regard to the kind of system damage states, those that are characterised by a loss of feeding or
inadmissibly high pressure in the RPV are negligible compared with system damage states following a
loss of residual-heat removal. The minimum periods after which core heat-up can begin lie between
about 1 h and approximately 6 h. If one takes credit of further residual-heat removal options, core heatup sets in after about 10 h. Further injections can then even prolong the period available for repairs.
Concerning the transients, the initiating event "Operational failure of the RHR chains" makes the
dominating contribution for the condition "RPV open". This can be mainly put down to the loss of
residual-heat removal as a result of a common-cause failure and the lack of passive residual-heat
removal. For the condition "RPV closed", the initiating event "Unintended activation of ECCS signals"
represents the dominating contribution among the transients to the system damage states. Here, the
system damage states are mainly characterised by the failure of pressure limitation at 31 bar in
combination with a loss of passive residual-heat removal.
Only in the case of an open RPV do the leak accidents represent significant contributions to the system
damage states. Leaks with the RPV closed only contribute with a low percentage to the system damage
states. This can be put down to the fact that with the RPV closed, passive residual-heat removal via the
steam generator is possible once the leak has been isolated.
The probability of system damage states due to boron dilution at passive residual-heat removal in reflux
condenser mode following a loss of residual-heat removal is dominated to about 90% by the initiating
event "Operational failure of the RHR chains" because in this case, flooding with the RHR train in
standby also fails due to the common cause failure.
There were further essential findings from the modified procedures which the utility implemented during
the course of the investigations or which are still planned; these were considered in the assessment.
These modifications provide for the use of existing systems only, which improves the control of initiating
events considerably. Apart from the provision of the system, this also includes the definition of criteria
defining when and for how long the system is to be used as well as the procedure for application if it
differs from the usual procedure. The investigations have shown that with this procedure the probability
of system damage states per outage can be clearly reduced, in some cases even by up to two orders of
magnitude.
This partly very high reduction can i. a. be put down to the fact that the measures, which would have
been performed knowledge-based on the basis of the physical and system-specific knowledge, were not
included in the assessment. However, it has to be considered here that on the other hand that it is just
the knowledge-based actions which at unchanged physical boundary conditions can lead to a worsening
of the damage. For example, in the event of a loss of preferred power at %-loop together with a loss of
residual-heat removal, a failure to carry out flooding due to an apparently sufficient coolant level would
lead to a system damage state due to boron dilution at passive residual-heat removal in reflux condenser
mode.
2.3.4 Uncertainties of the reliability analysis

With the RALLY code package, probabilistic uncertainties were developed, taking the probabilities of the
initiating events and the reliability data for the system components and manual actions into account. The
results of the uncertainty analysis are compiled in Table 4.
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Table 4:

Results of the uncertainty analysis regarding the probabilities of the system damage states
resulting from initiating events
Probability of
system damage states
core cooling

Probability of
system damage states
boron dilution

Median value (50-% fractiles)

2.3E-6/outage

4.4E-8/outage

Point value

3.5E-6/outage

1.0E-7/outage

Expected value

3.8E-6/outage

3.1E-7/outage

95-% fractiles

1.1E-5/outage

1.2E-6/outage

As shown in Table 4, the expected values of the probabilities of system damage states affecting core
cooling deviate only little from the point value that has been determined. This can be mainly put down to
the fact that the failure combinations only contain a small share of components with knowledge-baseddependent ("coupled") reliability data. The result is characterised by a CCF contribution with an
importance of 60 %. This is put down to the high contribution of the initiating event "Operational failure of
RHR chains" with open RPV to the system damage states; here, the CCF is already included in the
triggering event. Caused by this high proportion of common-cause failures and also by the generally
shorter minimal cut sets, the knowledge-base-dependent reliability data play only a minor role here and
influence the expected value only slightly. With a contribution of 40 % to the overall result, the
importance of human errors is relatively low for the system damage states affecting core cooling. As the
initiating events can almost exclusively only be controlled by manual actions, a higher contribution would
be expected. This is also to be put down to the dominance of the CCF in the triggering event leading to
the "Operational failure o RHR chains".
The probabilities of the boron dilution system damage states show a considerably stronger deviation by about a factor of three - between the point value and the expected value. With these system damage
states, CCFs and personnel actions have an importance of about 90 % each. In the minimal cut sets,
there is a large number of knowledge-dependent reliability data which influence the result in this way.
These have to do with personnel actions and component failures in connection with the loss of feeding to
prevent formation of an unborated-water plug.

3. FINDINGS RELATING TO THE PSA METHODS AND SYSTEMS ENGINEERING
3.1 PSA Methods
With regard to the methods of a Level-1 PSA for LP&S operation, the work in connection with the
present PSA has yielded new insights:
-

-

Generally, it is possible to use the existing methods for performing a PSA for LP&S operation if
specific adaptations are made:
-

the analysis of the outage sequence and the delimitation of POS,

-

the determination of outage-specific triggering and initiating events,

-

the analysis and assessment of personnel actions performed on the basis of operational practice
and knowledge of systems engineering

-

the performance of time-dependent analyses for the determination of the maximum nonavailabilities of technical systems during the outage.

The investigations that have been carried out are based on a typical two-week refuelling outage of
the reference plant and concentrate on initiating events that are typical of LP&S operation. To
complete the investigations and back up the results it is therefore necessary - and planned - to
review the POS and the work performed for other plant outages as well. Such an outage may e. g.
be a week-long short outage to shuffle fuel without unloading the core or a four-week outage with
RPV pressure test. In this context it will have to be checked whether during this outage any initiating
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events can occur which are not covered by the existing spectrum. There is a need for further
examination of the validity of the assumption that the analysed initiating events from the existing
spectrum represent the essential contributions to the system damage states. For this purpose,
further thermal-hydraulic analyses concerning plant behaviour during shut-down or restart as well as
estimations of the contributions to the system damage states are required.
-

Apart from the completion of the event spectrum, another task is the analysis of the event sequences
leading up to core damage states. Further steps are also necessary with regard to the analysis of
initiating events with an influx of unborated water into the primary system. These events require a
probabilistic assessment of those measures which can limit boron dilution because of indications
from the primary system. To assess these events with regard to their potential for fuel element
damage, the thermal-hydraulic and neutron-kinetic models first need to be developed further.

-

A need for further methodical development is also seen for the assessment of personnel actions.
This applies in particular to the methodical procedure and the database relating to actions with little
pre-planning (actions with dominating cognitive proportions). Such actions will always play a role in
the control of initiating events, even if the most important procedures are laid down in a specific part
of the operating manual. In connection with method development it is essential that also the
damage-increasing possibilities of these actions be considered and that apart from the assessment
methodology, the database be developed as well. A further potential for development is seen in the
assessment of personnel actions in the case of long time periods and the associated correction
options as well as with regard to the modelling of organisational influencing factors. The creation of a
database for the assessment of such influencing factors should be closely linked to operating
experience. In analogy to the component database, it would be desirable for the purpose of a
realistic assessment to back up the entire personnel actions database with the help of current
operating experience. GRS is presently pursuing first steps in this direction.
Independent of the work yet to be done to complete and back up the methodology, the investigations
of LP&S operation should be integrated in the periodic safety reviews. This is advisable simply due
to the contribution of the initiating events to the system damage states which, compared to the
system damage states of power operation, cannot be neglected. A further important argument,
however, is the systematic method with which the procedure to control the initiating events under the
different boundary conditions of the event sequences is analysed.

3.2 Technical findings
The PSA of LP&S operation has led to significant technical findings which could also have generic
relevance for other plants.
-

As to plants with a very high level of safety and correspondingly low frequencies of system damage
states during power operation, the result of the investigations has shown that the contribution to the
system damage states during LP&S operation may well lie at the same order of magnitude and can
therefore not be neglected.

-

The time of periodical inspection for important components had been chosen not appropriate, which
resulted in a high degree of non-availability.

-

The measures provided for the control of initiating events could be improved - especially while the
RPV is closed - by improving the reliability of systems, by e. g. the provision of a further RHR train
on stand-by for flooding.

-

By creating a specific part of the operating manual it could be specified which criterion calls for which
measures, how the latter are to be performed, and when they are to be ended. Measures and
personnel actions are described which are needed for controlling losses of residual-heat removal
during subcritical cold condition. The specification in writing of the procedure furthermore prevents
damage-increasing actions carried out on the basis of misinterpretations of the prevailing boundary
conditions.

-

The thermal-hydraulic analyses have shown the need of raising the coolant level to above %-loop
operation in order to prevent a boron dilution due to reflux condenser mode during the passive
residual heat removal via the steam generator following a failure of the RHR chains.
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Correlation of initiating events with the PSA Level-2 results
H. Loftier, M. Sonnenkalb
Gesellschaft fur Reaktor- und Anlagensicherheit (GRS) mbH, 50667 Kôln, Germany

Abstract:
A large event tree was set up to perform a probabilistic analysis of core melt accidents (PSA Level2) for a German Konvoi PWR. Uncertain data and assumptions were taken into account in Monte Carlo
simulations. The core damage states which are the starting point of the event tree were transferred consistently
from a PSA Level-1. The study is limited to internal initiating events at full power. The most severe accident
progression is a failure of the reactor vessel under high pressure in about 3% of all core melt accidents. The main
contributions come from steam generator leaks and transients with loss of power. Other significant consequences
are bypass through steam generators (7%), or late leak in the containment (7%). In about 80% of all core melt
accidents the release to the environment is limited by filters. .Classical' containment threats (steam explosion,
hydrogen burns, direct containment heating) do not contribute significantly to containment failures. The frequencies
of release categories for radionuclides are calculated, including an uncertainty analysis. There still remain
significant uncertainties for the evaluation of severe accidents.

1. INTRODUCTION

Since the German Risk Study for nuclear power plants [1] additional and new knowledge has become
available for many aspects of the progression of core melt accidents. Better thermodynamic and
structural mechanic codes have been developed and the progress in computing allows more simulations
in greater detail. In addition, a certain international state of the art has evolved with regard to the
probabilistic evaluation of significant accident phenomena. This progress now enables to perform a well
founded accident progression event tree analysis (Level-2 PSA), although a considerable need for
further investigation of specific questions still remains.
For the first time in Germany GRS has evaluated the methodology of a Level-2 PSA, including a
consistent transfer of results from a Level-1 PSA, development of a large event tree and binning the
results into plant damage states. The plant being investigated is the pressurized water reactor GKN-II of
the Konvoi type. The active support of the plant personnel to this work is thankfully acknowledged.
This study is limited to internal initiating events at full power, partly due to a lack of adequate knowledge
and methodology beyond that scope, and partly due to time and budget restraints. The work was
performed within 3 years, including a great amount of computer code analysis of accident progressions.
It was funded by the federal ministry for environment, nature conservation and reactor safety (BMU).

2. METHODOLOGY FOR LEVEL-2 PSA
The methodology for the event tree analysis which is basically applied for this study is similar to the
methodology developed within the US for the NUREG-1150 report [2]. It consists of a large event tree
(more than 80 branching points), including several simple computer models for the evaluation of certain
branching probabilities. For more than 100 uncertain input data of the event tree the distributions of the
uncertain values were defined and taken into account in 500 Monte Carlo simulations. The probabilities,
including their uncertainties, for different kinds of results (e.g. final state of the containment or release of
radionuclides) were evaluated.
The state of the probabilistic methodology is sufficient to create meaningful results which cannot be

obtained otherwise. In particular, the representation of the complete accident progression including
uncertain phenomena and human actions is far beyond the capabilities of other present-day computer
codes. It allows to identify dependencies and quantitative comparisons of the influence of different
phenomena.
Considerable effort was devoted to develop and apply a methodology for a consistent transfer of the
Level-1 results to the Level-2 analysis. The link between these levels is accomplished by a set of
different core damage states. These core damage states contain all the information which is necessary
to perform the accident progression analysis. In addition, each core damage state can be characterized
by additional information, e.g. about those system failures which produce the respective event. This
additional information can be used to trace relevant Level-2 results back to their underlying causes in the
Level-1 domain.
There are inherent drawbacks of the event tree analysis which have stimulated a research project at
GRS, integrating probabilistic aspects into deterministic computer models. But these developments are
still far from being a practicable substitute for the event tree analysis.
An adequate setup of the event tree and a well founded probabilistic quantification of phenomena can
only be done when sufficient knowledge is available about the accident progression. The main source of
information are calculations with the US computer code MELCOR 1.8.4 [3]. Investigations in more detail
have been done for specific questions, e.g. for the hydrogen issue in the containment or the structural
mechanics of structures of the primary system.
3. DEFINITION OF INITIATING EVENTS AND CORE DAMAGE STATES
A companion paper at EUROSAFE 2000 [4] informs about methods and results of the Level-1 PSA,
which has generated a set of 66 different core damage states for the Level-2 analysis. Each core
damage state is defined by about 10 different properties, including information about the primary system
(e.g. pressure and availability of emergency core cooling systems), about the secondary system
(availability of steam generators) and the containment system (status of containment isolation and
availability of ventilation systems in the reactor building annulus). Further information is given about the
probability to depressurize the primary system in high pressure events after the beginning of the core
melt process and before the failure of the reactor pressure vessel.
The point value of the total frequency of all core damage states, delivered by the Level-1 analysis is
2.2E-6/a. For each of the core damage states the point value of its frequency was transferred to the
Level-2 analysis. These data are not fully consistent with [4], because the Level-1 analysis has been
continued after transferring the data to Level-2 To take into account uncertainties, transfer of frequency
distributions is desirable and feasible in principle, but this could not be achieved in due time.
To identify meaningful correlations between Level-1 and Level-2, the initiating events are binned into six
groups. The numbers indicate their fraction of all core damage states:
1.
L<25: Leak with less than 25 cm2 at a main coolant line
56%
2.
L>25: Leak with 25-200 cm2 at a main coolant line
5%
3.
LPR: Leak at the pressurizer
15%
4.
LSG: Leak at a steam generator tube
9%
5.
TLP: Transient after loss of offsite power
11 %
6.
TWP: Transient with offsite power available
4%
Tables 1 to 3 show the distribution of three important core damage state properties for each of the
groups of initiating events.

Tab. 1

Time period between initiating event and core damage state
Fractions of the core damage states

Time period between initiating
event and core damage state

Initiatir ig events i înd fractions
L<25
0.56

L>25
0.05

LPR
0.15

LSG
0.09

TLP
0.11

TWP
0.04

All
1.0

Less than 2 hours

0.08

0.01

0.05

-

0.01

0.015

0.165

2 to 4 hours

0.04

0.035

0.10

0.01

0.10

0.025

0.315

4 to 12 hours

0.43

0.0

-

0.04

-

-

0.465

More than 12 hours

0.01

0.005

-

0.04

-

-

0.055

Tab. 2

Availability of emergency core cooling systems at the core damage state

Availability of emergency core
cooling systems at the core
damage state

Fractions of the core damage states
Initiating e\ten\s and 1 ractions
L<25
0.56

L>25
0.05

LPR
0.15

LSG
0.09

TLP
0.11

TWP
0.04

All
1.0

No high pressure and no low
pressure systems available

0.39

0.02

0.10

0.08

0.10

-

0.69

Low pressure systems only
available

0.10

0.03

0.05

0.01

-

-

0.19

High pressure systems
available long-term. LP
systems irrelevant

0.07

-

-

-

0.01

0.04

0.12

Tab. 3

Pressure in the primary system at the core damage state
Fractions of the core damage states

Pressure in the primary
system at the core damage
state

Initiatir ig events i and fractions
L<25
0.56

L>25
0.05

LPR
0.15

LSG
0.09

High pressure(>8 MPa)

0.07

-

-

-

Medium pressure (2 to 8 MPa)

0.09

0.03

0.05

0.09

Low pressure (<2 MPa)

0.40

0.02

0.10

-

TLP
0.11
0.11

-

TWP
0.04

All
1.0

0.04

0.22

-

0.26

-

0.52

The following general conclusions can be drawn:
1. Transients almost always have early core damage states at high pressure. If there is no loss of offsite
power, emergency core cooling systems are available.
2. Small leaks are the most frequent initiating event for core damage states. Mostly the pressure is low,
and emergency core cooling systems are not available.
3. Only after significant time periods steam generator tube leaks will lead to a core damage state. There
is medium pressure, emergency core cooling systems are not available in most cases.

4. ACCIDENT PROGRESSION ANALYSIS
Many accident progression calculations for various initiating events and with different assumptions about
uncertain phenomena were performed with MELCOR 1.8.4. Some of these calculations are summarized
in [5]. To give an impression of the variety of results, two accident progressions are presented in the
following sections:
1. slow core melt accident after a core damage state with low pressure
2. fast core melt accident after a core damage state with high pressure

4.1 Slow accident progression after low pressure core damage state
The initiating event is a small (10cm2) leak in the hot leg. High pressure emergency core cooling systems
will feed the primary system until the flooding tanks are empty (at about 5 h). Then the low pressure
systems are assumed to fail, and gradually the coolant level falls, until core melt begins at about 22 h.
Fig. 1 shows the evolution of the pressure in the containment. The first pressure peak due to the leak is
not high (about 0.18 MPa at 1 h). Condensation of steam reduces the pressure, until the beginning of
core melt at 22 h. The hot gases from the core, including hydrogen, increase the pressure up to about 2
MPa at 26 h, when the reactor pressure vessel fails. The pressure remains limited until the core melt
reaches sump water in the ventilation ducts below the cavity at about 34 h, producing a sudden increase
to 0.24 MPa. Thereafter a continuous pressure increase follows. The calculation was terminated at about
60 h. It can be assumed that the pressure would continue to rise, probably reaching the setpoint for
depressurization of the containment.
Although hydrogen recombiners are taken into account, there are some hydrogen burns before and at
reactor pressure vessel failure. But these burns are limited to the equipment rooms so that there is no
significant contribution to the pressure.

2 6 O
2 4 O
2 2 O
2O

Leak
Flooding tanks empty
Core melt
RPV failure
Sump water contact

0:00 h
5:03h
22:00 h
25:54 h
34:07 h

O

1 8 O
1 6 O
1 4 O
1 2 O
1 O O
SO
1 O
GRS

2O

4 O

3 O
Zeit

(h)

Fig. 1 Containment pressure for core melt accident initiated by small leak
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4.2 Fast accident progression after high pressure core damage state
The initiating event is a station black out. The steam generators loose their inventory due to vaporization
within about 1 h. Shortly after, the primary side pressure rises, limited by the valves on the pressurizer.
At about 2:35 h core melting begins, releasing very hot gases through the hot leg and the surge line. At
2:55h the surge line reaches 800°C. At this temperature it is assumed to fail.
When this calculation was done, only a preliminary estimate was available for the failure of hot pipes.
Meanwhile detailed structural mechanic analysis has been done, indicating failure temperatures of the
main coolant line at 16 MPa between 820°C and 845°C [6]. The surge line fails at higher temperatures.
These new data would not significantly change the calculated accident progression.
The pressure falls immediately after the pipe failure, the accumulators inject their water inventory and
delay the further core degradation. At about 5 h the core relocates into the lower plenum, and the reactor
pressure vessel fails at about 6:22 h.
Fig. 2 shows the evolution of the pressure in the containment. The first pressure peak due to coolant
release to the containment, followed by the second at the failure of the surge line produce 0.42 MPa at
2:55 h. Then a decrease begins, interrupted by another small spike at reactor pressure vessel failure at
6:22 h. The pressure continues to decrease until the core melt reaches sump water in the ventilation
ducts below the cavity at about 10 h, producing a sudden increase to 0.3 MPa. Thereafter a continuous
pressure rise follows. At 38 h the increase is accelerated because at this time the spent fuel pool, which
has no cooling due to the power loss, begins to boil. At 44:15 h the manual depressurization of the
containment is assumed to begin. As can be seen from the pressure curve, the assumed capacity of the
venting system (3 kg/s) is almost not sufficient to limit the pressure under these conditions.
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Fig. 2 Containment pressure for core melt accident initiated by station black out

5 EVALUATION OF CONTAINMENT THREATS
5.1 Containment performance
The containment has been tested against a pressure of 0.774 MPa. Structural mechanics assessment
produced the following logarithmic distributions for the failure pressure of the containment:
For a slow pressure rise, the pressure will be limited by an increasing leak at the joint between
equipment air lock and steel shell. The lowest failure pressure is 0.774 MPa, 5%-fractile is 1.04 MPa,
and 50%-fractile is 1.53 MPa.
For a fast pressure rise, the leak size at the joint is not sufficient. In addition, a limited crack will develop

at a weld between the plates of the containment shell. For this failure mode, the lowest failure pressure is
0.774 MPa, the 5%-fractile is 1.12 MPa, the 50%-fractile is 1.70 MPa.
5.2 Steam explosion inside the reactor pressure vessel
The mechanical energy release of a steam explosion was estimated by a simple computer model, which
is implemented into the event tree. This model has input parameters which depend on the accident
progression (e.g. rate of molten fuel entering the lower plenum) and which are directly transferred to the
model from previous branching points in the event tree. There are other parameters which characterize
the interaction (e.g. particle size, conversion factor) which were estimated with the support of an expert
from Forschungszentrum Karlsruhe.
The performance of the reactor pressure vessel head was derived from experiments [7]. The mechanical
behavior of the vessel bottom was evaluated at GRS.
Although considerable uncertainties had been assigned to almost all input parameters of the model,
there was not a single Monte Carlo simulation with failure of the vessel head (alpha mode failure).
Consequently zero probability was assigned to this event. There was, however, a small probability for a
failure of the vessel bottom. But this failure mode was not assumed to change significantly the accident
progression, since the vessel bottom would fail due to melt attack anyway.
5.3 Hydrogen inside the containment
Hydrogen is produced during the core melt process due to the oxidation of zirconium, and later during
the core-concrete interaction, when various metals are oxidized. In addition, depending on the concrete
composition, carbon monoxide is produced, which is ignitable as well.
GKN-2 is equipped with a set of passive autocatalytic recombiners which are installed in most of the
compartments inside the containment. They recombine hydrogen or carbon monoxide with oxygen.
Under the conditions prevailing inside the containment, there is a short period of time during the core
melt process, when the capacity of the recombiners cannot cope with the rate of hydrogen production.
Therefore, some hydrogen burns are possible even when recombiners are present. Late in the accident,
all the oxygen is used up, thus preventing any ignition, while there still is a considerable rate of hydrogen
and carbon monoxide production.
The recombiners have been simulated by a computer model in the MELCOR-calculations, and a
simplified model was integrated into the event tree analysis. This model considers the uncertainty of the
hydrogen production rate, and the distribution of the hydrogen into different containment volumes. It
calculates the composition of the atmosphere, including hydrogen, oxygen, nitrogen and steam. There is
a check whether the mixture is ignitable, and probabilities for the ignition are assumed.
The pressure of a hydrogen burn is calculated, and compared to the containment performance. If a
detonation develops, an effective pressure is estimated according to [8].
The evaluation of the event tree shows that in about 50% of all core melt accidents at least one hydrogen
burn develops until failure of the reactor pressure vessel. Most burns occur in the equipment rooms,
even detonations must be expected there. But these rooms are located far from the containment shell,
so that the burn cannot directly threaten the containment. The service compartments near the
containment shell have a significant probability for deflagrations as well, but practically no detonations
have been calculated there.
The influence of hydrogen burns on the containment integrity is negligible. There is a very small probably
(less than 1% of all core melt accidents, but with considerable uncertainty) that detonations produce a
limited containment leak due to indirect mechanical impact at cable penetrations. It can be concluded
that the threat due to hydrogen is insignificant for this plant which is equipped with recombiners.
5.4 Direct containment heating
If the reactor pressure vessel bottom fails at an internal pressure of more than 8 MPa, an immediate
damage to the containment is assumed to occur due to the upward movement of the vessel [1]. For
failure pressures below 8 MPa a simple model has been set up in the event tree to calculate the
containment pressure, when hot core material, hydrogen and water is released from the reactor pressure
vessel bottom. This model calculates that in a very limited number of cases (about 1% of all core melt
accidents) pressures above 1 MPa develop. If these pressures are combined with a comparatively poor
and unlikely containment performance, containment failure is calculated in less than 1% of all core melt

accidents.
The uncertainty of this value is considerable. Therefore, additional work is underway, including analysis
with advanced computer codes.
5.5 Melt attack at the bottom of the containment
The spread of the melt after failure of the reactor pressure vessel bottom is shown in Fig. 3. At the
bottom of the biological support shield there are 8 flaps (.Druckausgleichsklappen' in Fig. 3) which can
be assumed to be open at least partly after the core melt has left the reactor pressure vessel. Sump
water flows through these flaps, flooding ventilation ducts (.Lùftungskanâle' in Fig. 3) below the reactor
cavity. When the core melt has penetrated about 0.7 m of concrete, it enters the ventilation ducts.
Analysis of the melt properties and the geometrical situation led to the conclusion that the melt will
spread further and cover the bottom of the sump almost completely. The melt will come into contact with
the sump suction lines (.Sumpfansaugrohre' in fig. 3) which lead through the containment shell into the
reactor building annulus. The melt level will, however, not be sufficient to flow into the sump suction
through their top openings.
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Fig. 3 Spread of core melt at the bottom of the containment
Two mechanisms could contribute to a specific containment failure mode:
1.
The melt penetrates the lower part of the sump suction line
2.
Corium particles which are continuously produced by melt-water-interactions settle inside the
sump suction line.
In both cases corium enters the line, settling inside the horizontal part of the line outside the
containment. It is estimated that such a corium slug would not be coolable and that eventually the sump
suction line would fail outside the containment. Then corium, water and the containment atmosphere
would be released into the reactor building annulus.
It was assumed that there is a probability between 0% and 10% for such a containment failure mode if
melt is released from the reactor pressure vessel.
5.6 Threats connected with containment depressurization
There will be a continuous pressure rise in the containment due to the core-concrete-water interaction,
until the depressurization is necessary. The mean unavailability of the depressurization procedure was
estimated to be about 4%. Human errors as well as equipment failure contribute to this unavailability in
comparable fractions. In these cases the event tree analysis assumes a late containment failure with a

limited leak size.
The depressurization will be actuated late in the accident, when all oxygen has been used up inside the
containment by the recombination of hydrogen and carbon monoxide. Typically the containment
atmosphere volume consists of about 75% steam and more than 10% of hydrogen and carbon monoxide
at the time of depressurization. The gases from the containment are lead through a water pool, where
the steam condenses, increasing the volume fraction of ignitable gases to more than 40%. This gas then
is discharged into a ventilation duct on the roof of the auxiliary building. The mixture with air almost
inevitably produces an ignitable atmosphere. Large uncertainties exist regarding ignition sources in those
ventilation ducts and the potential damage due to burns.
The event tree analysis showed that in about 9% of all core melt accidents the venting filter would be
damaged, so that the containment depressurization would essentially be unfiltered. 12 % of all core melt
accidents have burns which produce leaks at the venting ducts without affecting the filter. In these cases
the filtered release is at roof height instead at stack level.

6. CORRELATION OF INITIATING EVENTS WITH PLANT DAMAGE STATES
The plant damage state describes the consequences of the core melt accident for the containment and
for the release of radionuclides. As with core damage states, plant damage states are defined by a set
of different properties. For the evaluation of results, the following properties have been selected:
1.
Final location of core material
2.
Pressure of primary system immediately before failure of the reactor pressure vessel
3.
Final condition of the containment
4.
Release paths and release fractions of significant radionuclides to the environment (release
categories)
Tables 4 to 7 show the distribution of these properties for each of the groups of initiating events.
6.1 Final location of core material
If emergency core cooling systems begin to inject coolant into the core early, the core material can be
cooled and retained in the core area or in the lower plenum of the rector pressure vessel without failure
of the vessel. This sequence is typical for transients with electrical power available and high pressure in
the primary system. In these cases the pressure decreases due to a leak in the hot leg, and the pumps
begin to inject as soon as the pressure is low enough. In most other initiating events the emergency core
cooling systems are not available, or the pressure is not high enough to cause a leakage.
The conditions under which a partly molten core can be retained within the reactor pressure vessel have
been derived from MELCOR-results and from interpretations of the accident at TMI. Considerable
uncertainty is involved in these evaluations.

Tab. 4

Probabilities for the final location of core material

Final location of core material

Fractions of the core damage states (CDS)
Initiating events and fractions
L<25 L>25 LPR LSG TLP
TWP
0.56 0.05
0.11
0.04
0.15 0.09

Retention in core region, no
failure of reactor pressure
vessel

0.07

0.015

0.03

0.005

Retention in lower plenum, no
failure of reactor pressure
vessel

0.05

0.001

0.02

0.004

0.01

0.036

Mean
over all
CDS
1.0

0.166

0.075

Fractions of the core damage states (CDS)
Initiating events and fractions

Final location of core material

Failure of reactor pressure
vessel, core concrete
interaction

Mean
over all
CDS

L<25
0.56

L>25
0.05

LPR
0.15

LSG
0.09

TLP
0.11

TWP
0.04

0.44

0.024

0.10

0.081

0.10

0.004

1.0
0.759

6.2 Pressure in primary system before reactor pressure vessel failure

Pressure relief before the failure of the reactor pressure vessel is possible due to actively
initiated depressurization by the operators, due to leaks at hot coolant lines, or due to stuck
open safety valves. The most significant depressurization process is the failure of a hot line in
transients, before the relocation of core material into the lower plenum. Important as well is the
active depressurization and the stuck open failure of valves during and after the core relocation
into the lower plenum.
The plenum still contains water at this time so that the pressure increases due to the
vaporization, demanding action of the safety valves. If the safety valves act properly and close
again, the pressure may be elevated for a certain time. If there is only a small leak in the
primary system (initiating events L<25 and LSG) the pressure could remain high until failure of
the reactor pressure vessel. In these cases there is low or medium pressure at the core damage
state, but high pressure short before and at the reactor pressure vessel failure.
The failure temperature of hot coolant lines was investigated by appropriate structural
mechanics analysis [6]. The pressure history inside the primary system as well as the
temperatures of the components and the potential actions of operators under these
circumstances are very uncertain. Since the consequences of a high pressure failure are
severe, future investigations into these phenomena are recommended.

Tab. 5

Probabilities for the pressure inside the primary system short before reactor pressure vessel failure
Fractions of the core damage states (CDS)

Pressure inside the primary
system short before reactor
pressure vessel failure

TWP
0.04

Mean
over all
CDS
1.0

«

0.03

Initiatitig even ts and f ractions
L<25
0.56

L>25
0.05

High pressure (>8 MPa)

0.005

-

Medium pressure (2 to 8 MPa)

0.345

Low pressure (< 2 MPa)

0.21

LPR
0.15

LSG
0.09

TLP
0.11

-

0.015

0.01

0.003

«

0.027

-

-

0.37

0.047

0.15

0.048

0.10

0.04

0.60

6.3 Final condition of the containment
If there is a high pressure failure of the reactor pressure vessel (3% of all core melt accidents, highest
contribution from steam generator tube leaks and transients after loss of offsite power), then the
containment will be damaged as well immediately, because of the upward relocation of the vessel. This
judgement has been taken from the German risk Study [1].
System analysis shows that failure to close the containment isolation is insignificant. Containment failure
due to pressure increase at reactor pressure vessel failure (direct containment heating, DCH) was
evaluated by a simple model within the event tree analysis. Additional work is underway in this field.
Presently, the analysis identifies DCH as an insignificant contribution to containment failure (0.4% of all
core melt accidents).
Melt through of the sump suction line (3.8% of all core melt accidents) contributes to containment failure
equally in all cases with reactor pressure vessel failure.
Failure to depressurize the containment takes into account wrong or missing human actions and failure
of the necessary equipment. If depressurization fails, the containment pressure will continue to rise due
to the core concrete interaction, and finally the containment develops a leak (3.4% of all core melt
accidents). The failure mode is most probably a limited leak at the joint between the equipment air lock
and the containment shell. According to structural mechanics analysis, a catastrophic failure can be ruled
out.
In most core melt accidents (67.9%) the containment is depressurized according to the accident
management directives.
All cases up to this point (77.2% of all core melt accidents) have a failure of the reactor vessel and a core
concrete interaction. There is no evidence that this interaction could come to rest, not even under water.
Therefore in the long run (one week or more) the core melt will penetrate the bottom concrete of the
containment and reach the underground.
In the remaining 22.8% of all core melt accidents, the partly molten core can be retained within the
reactor pressure vessel. There is only a minor containment load. Containment leaks into the reactor
building annulus are directed to the filtered ventilation system.
Steam explosions and hydrogen burns do not contribute to containment failures. Consequently these
phenomena are not included in table 6.
Tab. 6 Containment failure modes and probabilities for final states of the containment
Fractions of the core damage states (CDS)
Final state of the containment
Initiati ng events and f ractions
Note: in all cases except the last one, the
melt penetrates the concrete foundation and L<25 L>25 LPR LSG TLP
TWP
reaches the underground
0.09 0.11
.56
0.04
0.05 0.15
0.005

-

-

<<

«

«

Failure due to overpressure at reactor
pressure vessel failure (DCH)

0.003

«

<<

Meltthrough of sump suction line

Damage due to high pressure failure of
reactor pressure vessel

0.014 0.009

Mean
over all
CDS
1.0

0.002

0.030

<<

«

«

<<

0.001

-

«

0.004

0.024 0.001 0.005 0.004 0.004

«

0.038

Leak due to overpressure after failure to
depressurize

0.021 0.001 0.005 0.003 0.004

«

0.034

Intact with depressurization

0.434 0.020 0.095 0.050 0.078 0.002

0.679

Intact without depressurization (no
reactor pressure vessel failure)

0.073 0.028 0.045 0.032 0.014 0.036

0.228

Failure to isolate containment ventilation

6.4 Release paths and release fractions of radionuclides to the atmosphere
In addition to the final condition of the containment, the further release path to the atmosphere
determines the magnitude of the radioactive release as well. The following discussion concentrates on
releases of Cs and J. The evaluation of the behavior and the final location of the radionuclides is based
on an interpretation and extrapolation of MELCOR results. The fractions of core inventory released to the
atmosphere which are given in table 7, are uncertain to a considerable extent.
When the reactor pressure vessel fails under high pressure, some damage at the containment and the
reactor building annulus as well has to be assumed. Therefore the release from the containment to the
atmosphere is almost direct. This release is called category FKA (3% of core melt accidents).
If the containment is not isolated properly or if there is an early failure due to overpressure, no credit has
been given to mitigating mechanisms in the annulus. The release is called FKB (0.5% of core melt
accidents).
If the release bypasses the containment and the annulus through a steam generator tube leak, there is
some retention of radionuclides in the primary system and in the water of the steam generators. The
quantity of this retention is very uncertain. The release is called FKC (7% of core melt accidents).
When there is a non energetic containment failure (slow overpressurization or meltthrough of sump
suction line) the release enters the annulus. Aerosol particles settle there, while the pressure slowly
rises. Under increasing pressure in the annulus, the flaps of the ventilation system will fail first, giving
way to an unfiltered release through the ventilation ducts. This is release category FKE (6% of core melt
accidents).
If the containment is depressurized according to emergency procedures, the venting filters may be
destroyed due to hydrogen burns. Nevertheless, the long time available for aerosol removal processes
inside the containment leads to limited releases (category FKF, 9% of core melt accidents).
If a hydrogen burn in the venting system does not affect the filter, but only results in leaks at ventilation
ducts, then the release is filtered at roof level (category FKH, 12 % of core melt accidents)
If the depressurization of the containment proceeds as specified, the filtered release enters the
atmosphere at stack height (category RCI, 38% of core melt accidents).
If there is no need for a depressurization, there is only an insignificant release through minor leaks and
through the filtered emergency ventilation system of the annulus (category RCJ, 24% of core melt
accidents).
Tab. 7

Correlation of initiating events with release categories
Definition of release category

Name; path to atmosphere
(all release categories except FKJ have
additional melt penetration of foundation)
FKA: Containment-> damaged annulus
->atmosphere
FKB: Cont.->ventilation->atmosphere or
Cont.->annulus early->ventilation
->atmosphere
FKC: Bypass through steam generator
->steam relief valves->atmosphere
FKE: Cont.->annulus late->ventilation
->atmosphere
FKF: Cont. depressurization->filter failure
-> release at roof
FKH: Cont. depressurization->filter OK
-> release at roof height
FKI: Cont. depressurization->filter OK
->release at stack height
FKJ: Small cont. leak->annulus
-> filtered ventilation

Fractions of the core damage states
Initiating events and fractions

Fractions released

L<25
0.56

L>25
0.05

LPR LSG
0.15 0.09

TLP TWP
0.11 0.04

Cs

J

>0.5

>0.5

.005

0.0

0.0

.016

0.13...
0.24

0.14...
0.23

.004

«

«

.001

0.025..
0.15
2e-4...
6e-3
6e-6...
1.2e-4
2e-7...
1e-5
2e-7...
1e-5
3e-10...
2e-8

.025...
0.15
.055

-

-

-

.07

.04

«

.01

-

.008

«

.0275

.012

«

«

-

.074

«

.0001

.092

.004

.024

-

«

«

.0001

.29

.014

.076

-

«

«

.0001

.12

.026

.045

-

.009
«

.013

«
«

.033

The summary values for the release categories which are given above, are broken down in table 7 to the
six initiating events. The following general tendencies can be observed:
1. Small and medium size leaks at the primary system (56% + 5% + 15% of core damage states) have
a particularly large fraction of cases with a depressurization of the containment, including releases
with and without damage at the venting system.
2. Leaks in steam generator tubes (9% of core damage states) always have a large release through the
secondary system. A significant fraction shows an even increased release due to high pressure
failure of the reactor pressure vessel.
3. Transients with loss of offsite power will end up in a depressurization of the containment. But due to
loss of power the conditions in the venting system favor hydrogen burns damaging the venting filter.
4. Transients with offsite power available lead to benign consequences, because the core material can
almost always be contained inside the reactor pressure vessel.
6.5 Uncertainty analysis
The distribution of about 120 uncertain input parameters for the event tree analysis was estimated. 500
Monte Carlo simulations have been done, and each individual simulation produces the frequencies of the
various plant damage states. The aggregated result of the complete set of simulations can be transferred
into a graph, where the y-axis is the frequency, and the x-axis is the number of simulations. Fig. 4 shows
this type of visualization for the release categories. The lines indicate for each release category that
fraction of Monte Carlo simulations, for which the respective frequency is exceeded. For example in 40%
of all Monte Carlo simulations release category FKI has a frequency of less then 7.5E-7/a. This result
can as well be interpreted as a degree of confidence: There is a confidence level of 40% that the
frequency of category FKI will not exceed 7.5E-7/a.
For the severe release categories FKA and FKB the figure shows that FKA (or FBK) do not occur at all
(frequency zero) with confidence levels of 70% (or 95%). If, however, confidence levels above 95% are
taken into account, the frequencies of these categories exceed ôr5E-7/a. The main reasons for the
uncertainties were evaluated by a sensitivity analysis. For the particularly important category FKA the
main contribution comes from the uncertain temperature of the hot main coolant lines. These
temperatures determine the probability for a failure of the pipes prior to the reactor pressure vessel
failure.
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7. SUMMARY
The methodology for the event tree analysis which is applied for this study basically is similar to the
methodology developed within the US for the NUREG-1150 report. It consists of a large event tree (more
than 80 branching points), including several simple computer models for the evaluation of certain
branching probabilities. Distributions of uncertain input values were defined and taken into account in
500 Monte Carlo simulations.
The state of the probabilistic methodology is sufficient to create meaningful results which cannot be
obtained otherwise. In particular, the representation of the complete accident progression including
uncertain phenomena and human actions is far beyond the capabilities of other present-day computer
codes. It allows to identify dependencies and quantitative comparisons of the influence of different
phenomena.
A Level-1 PSA has generated a set of 66 different core damage states for the Level-2 analysis. Each
core damage state is defined by about 10 different properties. The point value of the total frequency of all
core damage states, delivered by the Level-1 analysis is 2.2E-6/a. For each of the core damage states
the point value of its frequency was transferred to the Level-2 analysis. There are six groups of initiating
events. The following general conclusions can be drawn:
1. Transients almost always have early core damage states at high pressure. If there is no loss of offsite
power, emergency core cooling system are available.
2. Small leaks are the most frequent initiating event for core damage states. The pressure mostly is low,
emergency core cooling systems are not available in general.
3. Steam generator tube leaks develop core damage states only after significant time periods. There is
medium pressure, emergency core cooling systems are not available in most cases.
Containment threats were evaluated as follows:
If there is a failure of the reactor vessel bottom at pressures above 8 MPa, a subsequent damage at the
containment and the annulus of the reactor building is assumed.
A parametric model for steam explosions inside reactor pressure vessel taking into account large
uncertainties shows no failure of the reactor pressure vessel head (alpha mode failure). There is a small
probability for pressure vessel bottom failure.
Passive autocatalytic recombiners limit hydrogen volume fractions in the containment atmosphere.
Hydrogen burns are frequent, but almost never causing failures. The late containment atmosphere is
almost free of oxygen, but with large quantities of hydrogen and carbon monoxide.
A parametric model calculates less than 1% of core melt accidents with containment failure due to direct
containment heating at reactor pressure vessel failure. Uncertainty is large, however, and additional work
is in progress.
After penetration of 0.7 m of concrete, melt released from the reactor vessel bottom enters ventilation
ducts. Eventually a bed of frozen core material particles can develop inside the sump suction line,
beyond the containment boundary. About 4% of core melt accidents have containment failure due to
meltthrough of sump suction line.
During containment depressurization the gas from the containment enters ventilation ducts on the top of
the service building. Assumptions about ignition sources and effects of fire lead to defects at the venting
filter (9% of accidents) or at the ventilation ducts (12% of accidents).
The final results of the PSA Level-2 can be summarized as follows (numbers indicate mean
probabilities for all plant damage states):
The most likely final location of core material is determined by the core-concrete interaction which
eventually will reach the underground below the foundation. A probability of about 23% is assigned to the
retention inside the reactor vessel.

Significant final containment modes are as follows:
3% containment damage due to high pressure failure of reactor vessel
4% meltthrough of sump suction line
3 % overpressure failure due to unavailability of containment depressurization
67% depressurization, partly with failures at the venting system due to hydrogen burns
23% insignificant leak of containment, reactor vessel intact.
The amount of radionuclides released to the atmosphere has been evaluated, taking into account the
final containment states and the release path to the environment. The releases have been grouped into a
set of release categories.
Uncertainties of the results have been evaluated. If a high degree of confidence is desired, the
probabilities given above for severe damage increase significantly.
As a general summary one can conclude that the method of event tree analysis has been applied
successfully. Meaningful results have been obtained which could not be acquired by other methods. The
PSA level-2 event tree analysis is a valuable tool for safety evaluation.
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Safety assessments relating to the tests on fission products carried out
in the PHEBUS reactor
H. Abou Yehia, J. Couturier, D. Rive, O. Baudrand, J. Bestele*, V. Teschendorff*
Institut de protection et de sûreté nucléaire (IPSN), B.P. 6, 92265 Fontenay aux-Roses, France
*Gesellschaft fur Anlagen-und Reaktorsicherheit (GRS), Postfach 13 28, 85739 G arching

Abstract: This paper describes the safety assessments, made by the French nuclear safety organisation IPSN for
the benefit of the Safety Authority DSIN and independently by the German nuclear safety organisation GRS, of Tests
FPT4 and FPT2 of the PHEBUS-FP programme.
After a short description of the PHEBUS installation and the PHEBUS-FP experimental programme, we present the
safety issues associated with the various tests making up the programme. We then give the main conclusions
reached on the basis of the assessments made by IPSN and GRS as well as the results of investigations carried out
to explain the differences discovered, in the case of the Test FPT2, between the results of the calculations made by
GRS with the ATHLET-CD code and those carried out by the licensee using the ICARE code.

1. SHORT DESCRIPTION OF THE PHEBUS INSTALLATION
PHEBUS is a loop-type reactor, moderated and cooled with light water. Its authorised nominal power is 38
MW and its core contains 1816 rods of UO2 enriched to 2.78% in 2 3 5 U. An in-pile test cell containing the
test fuel runs through the centre of the reactor core and has a pressurised coolant system which is
independent from the cooling system of the reactor (see Figures 1 and 2).
The facility, started up in 1980, was used until 1989 to carry out LOCA and PHEBUS-CSD tests, to study
fuel degradation at temperatures below the melting point of uranium oxide.
Between 1990 and 1992, major modifications were made to adapt the facility to the PHEBUS-FP
programme. These modifications consisted mainly in reinforcing the facility against earthquakes, and in
constructing a new building which contains the experimental systems. Protection against hazards
associated with fire has benefited from several improvements providing adequate defence in depth against
them.
The reactor is used to supply the desired power to
concentric tubes, an inner tube of inconel providing
outer tube of zircaloy. A vacuum is maintained in
insulation and enable the integrity of the inner tube to

the test fuel in the in-pile cell. This consists of two
pressurised water cooling system continuity and an
the space between the two tubes to provide heat
be monitored.

The fuel to be tested (20 pins containing UO2) is placed inside a test device, itself contained inside the inpile cell. This device is removable and is used for only one experiment; it contains thermal insulation
consisting of zirconia and thoria (see Figure 3) to provide protection against molten material flow-off.

Depending on the phase of operation of the installation, the test device is either open at the bottom, thus
enabling the test fuel and the external part of this device to be cooled by the water of the pressurised loop
(25 bar, 165°C), or closed, in which case the device is only cooled on its outer surface.
The experimental fission product systems are designed to receive fission products released during melting
of the fuel tested. They are located in a sealed metal chamber in the above-mentioned new building.
The installation is provided with sophisticated instrumentation for the control and safety of the reactor and
the in-pile test cell. For instance, the Test FPT2 device comprises 46 thermocouples, two ultrasonic
thermometers, four pressure sensors and four fission chambers.

2. BRIEF DESCRIPTION OF PHEBUS-FP PROGRAMME
The PHEBUS-FP tests simulate the degradation of a PWR core, including the release of fission products
and aerosols, their transport and behaviour in the primary circuit components and a model containment.
The objectives of the test programme are to acquire further knowledge about the phenomena occurring
during a severe PWR accident, to extend the database and to contribute to the validation of computer
codes.
The experimental programme consists of one test with 20 fresh fuel rods (FPTO) and five other tests with
irradiated fuel (FPT1 to FPT5). Three tests were performed (FPTO in December 1993, FPT1 in July 1996
and FPT4 in July 1999). FPT1 was a repetition of FPTO with irradiated fuel. Contrary to the first two tests
of the PHEBUS-FP programme (FPTO and FPT1), which used a fuel rod bundle, Test FPT4 starts from a
prefabricated debris bed composed of a mixture of irradiated fuel and oxidized cladding particles. The test
FPT2 (performed in October 2000) is similar to FPTO and FPT1 concerning the start from bundle geometry
and the general conduct of the test. In this test, the steam mass flow through the bundle was reduced
(0.5 g/s instead of 2.2 g/s in Test FPT1), leading to less oxidizing conditions in the bundle and steam
starvation period during the oxidation escalation.
The fission product test goals require a number of different operating phases of the installation:
• the first phase (re-irradiation) consists in forming fission products in fresh test fuel (in Test FPTO) or in
test fuel that has already been irradiated in a power reactor but cooled for more than 18 months, and
consequently having lost its short-lived fission products (in Tests FPT1 and FPT2). This phase lasts
approximately 10 days, during which the reactor operates at approximately 20 MW;
• the second phase (transient) consists in isolating the test fuel from the pressurised water loop of the
cooling system to make it subsequently melt, and to place the experimental systems in the required
configuration for carrying out the next phase of the experiment. These operations are carried out with
the reactor shut down for approximately 36 hours to re-establish the xenon equilibrium level;
• the third phase (experiment) is carried out to melt approximately 20% of the test fuel (40% in Test FPT4)
to study the behaviour of the fuel, as well as the release and the transfer of fission products, which are
collected in the experimental systems. This phase lasts approximately 5 hours, during which the reactor
power is gradually increased up to around 10 MW, followed by dropping of the control rods of the
reactor;
• after the reactor is shut down, a phase to study fission product behaviour in the simulated reactor
coolant system and containment.
The Test FPT4 only consisted of the experimental phase, as the fuel studied was already in the form of a
bed of debris.

3. COMMON SAFETY ISSUES OF THE DIFFERENT PHEBUS-FP PROGRAMME TESTS
During the experimental phase, the main safety concern relates to the presence of molten fuel which could
interact with the water cooling the reactor cell (steam explosion) if tube integrity were to be lost in the test
device.
Consequences of such an event could be:
• failure of the test device followed by ejection of its upper part, which, in turn, would lead to the ejection
of the six control rods and a reactivity accident (in the absence of sufficiently rapid means of shutting
down the reactor) and could result in loss of containment building integrity,
• the displacement of the lower part of the in-pile cell, which could result in loss of leaktightness of the
vault located under the reactor pool which may cause uncovering of the reactor core as a result of
emptying of the pool,
• deformation, and possibly failure, of the in-pile cell, which could prevent dropping of the control rods and
lead to damage to the reactor core.
The test device thus plays an essential role in defence in depth, as its leaktightness (containment of melted
material during and after the test) constitutes a major line of defence. This means that:
• test conditions must be such that leaktightness is not compromised, even in incident situations,
• the test device is carefully designed and engineered to ensure substantial safety margins.
During licensing of the PHEBUS-FP programme and following the evaluations carried out by the IPSN, the
applicant was asked by the Safety Authority to improve defence in depth, which consists of three lines of
defence with the following objectives:
• to guarantee the integrity of the test device tube. The relevant issues are: test pre-calculations using the
ICARE2 code, qualification of the insulating material (ZrO2 for FPTO, ZrO2+ThO2 for FPT1 and FPT2),
experiment instrumentation and procedures dealing with different possible situations depending on
instrumentation availability during the test and including the criteria for interrupting the experiment;
• to cope with the consequences of loss of integrity of the test device tube. In response to a safety
authority request, a safety hold-down device was added on the top of the experimental cell, in case the
water and the molten fuel interact, leading to an approximate pressure of 720 bar;
• to reduce the consequences of failure of the hold-down device.
It should be noted that, under the conditions prevailing in the experimental phase of the PHEBUS-FP tests
when the temperatures are very high (approximately 2600°C), the thermal instrumentation inside the fuel
bundle becomes substantially degraded and unusable. This being the case, monitoring of degradation of
the fuel bundle can only be carried out indirectly by means of the thermocouples located at different levels
in the zirconia heat insulation. This means that it is necessary to carry out predictive calculations based on
validated data (particularly as concerns the thermal conductivity of the insulating material), considering
different possible scenarios of fuel degradation and setting criteria for interrupting the test when the
amount of molten fuel reaches the limit set for the experiment or when the integrity of the test device is
liable to be compromised.

4. ARRANGEMENTS MADE BY THE LICENSEE TO ADDRESS THE ABOVE ISSUES
The main arrangements made by the licensee after the evaluations made by the IPSN and the requests of
the Safety Authority are described below.

4.1 Arrangements intended to guarantee leaktightness of the test device
The licensee carried out predictive calculations for different possible fuel bundle degradation scenarios in
order to establish a series of shutdown criteria (control criteria and safety criteria) associated with carrying
out the test in order to achieve the goal of the experiment and to guarantee the integrity of the test device.
These shutdown criteria are given below (see §4.3).
After Test FPTO, the test device was equipped with a hot point detector in order to protect it against local
damage by molten material. This detector consists of two thermocouples and two thermoelectric cables
arranged, outside the zirconia insulating material, in the form of a coil (8 vertical profiles 45° apart between
levels 100 mm and 360 mm for the FPT1 device, 12 vertical profiles 30° apart between levels 0 mm and
560 mm for the FPT2 device). It should be noted that, during Test FPTO, the protection criterion of the
device, which was based on only 7 thermocouples at three different levels, did not enable detection of local
erosion of the insulating material which occurred at an angle of approximately 45° and a depth of 10 mm
opposite the melt.
Furthermore, the licensee verified the behaviour of the thoria and zirconia heat insulation material was
good at high temperatures, allowing for the risk of dissolution by molten material from the bundle,
embrittlement due to the presence of oxides of iron in the test device, and the injection of boric acid
planned to take place in the device. It demonstrated that, when the safety criterion for the maximum outside
wall temperature of the zirconia insulating material is met (1380°C), there is still sufficient non-embrittled
thickness of the insulating material (approximately 2 mm). This demonstration allowed for uncertainties
associated with the conductivity of the zirconia and the positions of the thermocouples in the grooves in the
outer wall of the insulating material.
As concerns the possible dissolution of the zirconia by molten material from the bundle, the licensee
showed that the presence of iron oxides in the test device and the injection of boric acid that is planned to
take place in the device would not have any consequences for the behaviour of the fuel bundle and the
resistance of the insulating material.
4.2 Arrangements intended to limit the consequences of interaction between molten fuel and
water
These arrangements consisted in reinforcing the resistance of the top of the device by installing, before the
Test FPTO, hold-down device (see Figure 4) capable of withstanding, with a substantial safety margin, the
effects of interaction of the molten fuel, contained in the device, and cooling water in the event of
accidental loss of its leaktightness. This interaction would result in a maximum pressure of approximately
720 bar (the weakest point of the hold-down device is where it is secured to the support beams of the cell,
for which the safety coefficient relative to failure is only 1.34). The licensee also verified that deformation of
the in-pile cell tubes would not prevent dropping of the control rods and would not damage the reactor
core; dropping of the control rods could be compromised by radial deformation of the outer tube of the inpile cell of more than 3 mm, which would be reached at an overpressure in the interaction zone of 950 bar.
The breaking strain of the tube would be reached at a pressure of 1020 bar. Furthermore, a reinforcing
structure was installed in order to limit movement of the bottom of the in-pile cell in the event of breaking of
its link with its extension, during interaction which the cell could not withstand. It should be borne in mind
that excessive displacement of the bottom of the in-pile cell could result in leakage at the bottom of the pool
and uncovering of the reactor core.
After Test FPTO, a safety function was added to trigger an automatic reactor trip on exceeding a pressure
threshold in the fission product outlet tube, in order to ensure that the rods are dropped and, above all,
disconnected from their mechanisms in the event of violent interaction combined with ejection of the top of
the test device.

Finally, to strengthen the defence in depth, the licensee was requested to limit the reactivity that could be
introduced by control rod ejection with the reactor operating under conditions corresponding to the
experimental phase of the fission product tests. To carry out Tests FPT4 and FPT2, the licensee selected
a configuration with two control rods retained in the down position. Under these conditions, it was possible
to reduce the potential reactivity reserve of the reactor core from 3.85% to 1.5%.
4.3 Shutdown criteria
To establish shutdown criteria for carrying out the tests, the licensee divided the possible fuel bundle
degradation scenarios into three categories, according to the probability of occurrence, from the highest to
the lowest (reference scenario, alternative scenarios and improbable scenarios).
The reference scenario was determined on the basis of the experience feedback acquired during previous
tests (FPTO and FPT1); it is characterised by early degradation of the fuel bundle as the materials of the
bundle interact with the fuel and dissolve it at a temperature considerably lower than the melting point of
uranium oxide (2840°C). This phenomenon leads to progressive relocation of material at the lower grid of
the bundle.
The alternative scenarios include the formation of a bed of solid debris at the bottom of the fuel bundle,
swelling of the fuel or formation of fuel foam, and sudden fuel bundle collapse.
The improbable scenarios include the formation of molten material above the upper grid, the late
degradation of the fuel bundle when the rod temperature reaches the melting point of uranium dioxide and
total obstruction of the test section.
These different scenarios were studied, for the different tests, using the ICARE code. In particular, for Test
FPT2, the version used is that derived from the validation carried out for optimal replication of the
phenomena observed in Test FPT1.
The first type of shutdown criteria (referred to as control criteria) is based on the deformation of the axial
temperature profile measured with the thermocouples arrayed at different axial and angular positions in the
zirconia insulating material of the test device. This allows for the state of the fuel bundle throughout the test
and should result in shutdown of the reactor when the experiment goal of the melting of 2 kg of fuel is met.
The licensee has verified that these criteria are valid for the reference scenario and the alternative
scenarios.
The safety criteria are intended to provide protection of the test device in particular and the installation in
general; they include temperature and pressure criteria. These shutdown criteria are intended to protect
against loss of containment of the radioactive substances provided by the test device in the improbable
scenarios which are characterised by more severe experimental conditions than those relating to the
reference and alternative scenarios (failure of insulating sleeves, ingress of water into the test section).
The shutdown criteria associated with deformation of the axial temperature profile also participate in
ensuring safety of the installation, as they are designed to limit the quantity of molten fuel to an amount
significantly less than that taken into consideration in the design basis of the device with regard to possible
interaction between molten fuel and water (6 kg).
The above two types of shutdown criteria (control criteria and safety criteria) are intended to ensure that
the test device is maintained within normal operating conditions, essentially by limiting the temperature of
the test device and monitoring its internal pressure.

5. ASSESSMENTS CARRIED OUT BY GRS FOR TESTS FPT2 AND FPT4
At the request of IPSN, GRS carried out a detailed independent assessments of the programmes for Tests
FPT2 and FPT4 and the associated technical documents. These assessments notably included
comprehensiveness, the validity of the safety case submitted by the licensee, and the validity of its
conclusions.
GRS also made a calculation for the reference scenario adopted by the licensee for describing bundle
degradation. This calculation, carried out with the ATHLET-CD code, indicated that when the amount of
molten material reaches 2 kg, the axial temperature profile is substantially less distorted than was indicated
by the ICARE code. This results that, on the basis of the calculations carried out with ATHLET-CD, in
reaching the control criterion thresholds when the mass of molten material reaches approximately 2.8 kg,
whereas these thresholds were determined by the licensee for obtaining 2 kg of molten material.
The conclusions of the above assessments, and the results of investigations conducted by IPSN and GRS
to explain the reason for the differences found between the results of the calculations made with the
ATHLET-CD and ICARE codes are given below.
5.1 GRS's main conclusions
The main conclusions of the assessments made by GRS and presented to the French Standing Expert
Group for Nuclear Reactors during the latter's examination of the conditions of performing Tests FPT2 and
FPT4 in 1999 were the following:
• the shutdown criteria associated with control and safety of the installation are consistent and provide
adequate protection of the test device;
• the signals from the fission chambers located around the test device could represent a means, in
addition to the thermal instrumentation, of early detection of the relocation of materials and the forming
of a pool of molten material. Indeed, these signals have the advantage of instantaneous reaction (unlike
the thermal signals) to neutron disturbances associated with movements of fuel. However, the
preliminary results of analysis by the licensee of signals from the fission chambers during Test FPT4
have indicated that the signals cannot be reliably correlated with movements of fuel. However, the
licensee has undertaken to analyse the signals recorded during Test FPT2 and to inform the Safety
Authority of the conclusions reached with the analysis;
• the integrity of the test device is not compromised by the sudden arrival of molten material at the
zirconia coating protecting the device (thermal shock). The results of the study carried out by GRS are
in close agreement with the IPSN's conclusions concerning the study carried out by the licensee;
• the behaviour of the thoria and zirconia insulating material needs to be checked with allowance for
injection of boric acid into the test device, and the effect of oxides of iron and the uncertainty concerning
the radial positioning of the thermocouples in the zirconia insulating material. This point was also raised
by IPSN.
The conclusions of GRS's assessments are basically consistent with those of iPSN concerning the
acceptability in terms of safety of the planned conditions for conducting Tests FPT2 and FPT4.
5.2 Differences between the results of calculations made with the ATHLET-CD and ICARE codes
The results of fuel bundle degradation calculations for Test FPT2 carried out by GRS with the
ATHLET-CD code were different from those obtained by the licensee with the ICARE code.

The parameter calculated, which reveals the differences, is the axial temperature profile in the insulating
material during the fuel degradation phase. In this case, the ICARE calculations indicate a temperature
peak at 0.25 m whereas the axial temperature profile given by the ATHLET-CD calculation is flat. The axial
profiles, calculated with the two codes, under conditions corresponding to the end of the test, are shown in
the Figure 5A.
Investigations were carried out by IPSN and GRS to identify the reasons for the differences between the
results of the ATHLET-CD and the ICARE codes, covering the modelling, the input data, the calculation
hypotheses and the physical models used. From these investigations, and from examination of the results
of calculations relating to Test FPT1, for which the results of the experiment are available, it would appear
that the disparity can be explained by the differences between the relocalisation models used in the two
codes. Depending on which code is used, a given mass of relocated material is shown to be relocated in a
different axial and radial pattern, which results in different axial temperature profiles.
In the case of the ICARE code, the pool of molten material extends axially and radially over a smaller height
(0.105-0.15 m). With the ATHLET-CD code, the molten material is shown to extend mainly axially and be
located radially in the central part of the experimental bundle.
In order to confirm this hypothesis concerning the origin of the differences found, GRS adjusted the
relocation model used in the ATHLET-CD code. The change essentially related to the speed of flow of the
molten materials, which was increased from 5 to 60 cm/s to force relocation in a crucible of which the form
was imposed on the basis of experience feedback from Test FPT1. The calculations carried out after these
modifications indicated:
• better agreement in terms of axial distribution of the masses of molten materials as calculated and as
observed in Test FPT1,
• more pronounced axial temperature profile deformation than previously calculated; the temperature
profiles calculated with the ATHLET-CD code for Test FPT2, before and after adjustment of the
relocation model, are shown in the Figure 5B.
The new calculations carried out with the ATHLET-CD code indicate that Test FPT2 would be interrupted
not as a result of reaching the maximum reactor power criterion but as a result of reaching the axial
temperature profile deformation criteria. However, these criteria are reached later than indicated by the
calculations made with the ICARE code, and therefore correspond to a higher mass of molten fuel on
interruption of the test (2.8 kg instead of 2.1 kg). This mass remains, however, well below the molten mass
safety limit (6 kg).

6. CONCLUSION
The safety assessments made independently by GRS confirm the conclusions based on the IPSN's
assessments.
On the basis of the different assessments and the recommendations issued by the Standing Expert Group
for Nuclear Reactors, the Safety Authority requested the licensee to strengthen the lines of defence
intended to guarantee the integrity of the test device and mitigate the consequences of accident situations.
Due allowance having been made by the licensee for these requests, and for experience feedback
obtained during the tests, ensured that the initial tests of the PHEBUS-FP programme were carried out
under conditions that were satisfactory in terms of safety.
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Figure 4 : Hold-down device

Figure 5A : ATHLET-CD and ICARE calculation results relating to the axial temperature profile in
insulating material
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Figure 5B : Axial temperature profile calculated with ATHLET-CD before and after the adjustment
of the relocation model
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THE USE OF NPP SIMULATORS FOR APPLIED HUMAN FACTOR STUDIES
Jon Kvalem, Kjell Haugset, Fridtjov 0 w r e
Institute for Energy Technology, OECD Halden Reactor Project
P.O.Box 173, N-1751 Halden, Norway

Abstract: The simulator-based Halden Man-Machine Laboratory (HAMMLAB) has, since its establishment in 1983,
been the main vehicle for the human-machine systems research at the OECD Halden Reactor Project. The human
factors programme relies upon HAMMLAB for performing experimental studies, but the laboratory is also utilised
when evaluating computerised operator support systems, and for experimentation with advanced control room
prototypes. The increased focus on experimentation as part of the research programme at the Halden Project, has,
over the last few years, resulted in an upgrade programme with extended simulation capabilities.
This paper describes the main features of the HAMMLAB laboratory, the type of human factors studies performed
in the laboratory, and which requirements this brings upon the laboratory infrastructure and simulation capabilities.
The aim of the human factors research at the Halden Project is to provide knowledge about the capabilities and
limitations of the human operator in a control room environment. These results can later be used by member
organisations to enhance safety and efficiency in the operation of nuclear power plants.

1. INTRODUCTION
The Halden Man-Machine Laboratory, HAMMLAB, was established in 1983 in order to serve as the main
environment for performing realistic experiments within the Man-Machine Systems Research of the
OECD Halden Reactor Project (HRP). Since its establishment, HAMMLAB has been the experimental
focal point of the research within Human Factors, as well as the main test bed for computerised operator
support systems being developed both at the Halden Project and at members organisations.
The NORS full-scope simulator has since the establishment of HAMMLAB been the laboratory's
simulator basis. NORS is based on the Loviisa nuclear power plant in Finland (1).
HAMMLAB has undergone several upgrades and improvements since 1983, a major one was performed
in 1996 with the introduction of a new unified human-machine interface and a new control room set-up
(2,3).
2. HAMMLAB
The studies being performed in HAMMLAB are of different size and complexity, ranging from large scale
human factors experiments to small scale studies and tests. Due to this, the requirements to the
laboratory vary a lot, and a flexible infrastructure is a necessity. The current control room is equipped
with two operator stations and one supervisor station, as indicated in Fig. 1. All stations are situated on
desks having wheels in order to ease shuffling around and varying the degree of compactness of the
control room. In this way it is extremely easy to restructure the control room for one or more operators.
Another key issue is that all information is available on all screens, thus allowing for tests using single
operators and few screens.

Fig. 1

The HAMMLAB Experimental Control Room

To carry out a large human factors experiment requires careful preparation prior to the actual execution
of the experiment, and a large period for data analysis after the experimental execution. The data
collection phase, i.e. the actual execution of the experiment, requires the availability of advanced data
recording equipment. Audio and video recorders, eye movement trackers, computerised data logs of
various kinds, are heavily used in addition to questionnaires and on-line expert commenting. HAMMLAB
of today provides the experimenters with advanced data recording equipment and everything is
configured and operated from a specially designed experimenters' gallery. Fig. 2 shows a picture of the
experimenters' gallery where the human factors experts carefully follow what is going on in the
HAMMLAB control room, while Fig. 4 shows a block diagram indicating the various parts, functions and
systems involved in the experiments in HAMMLAB.

Fig. 2

The Experimenter's Gallery of HAMMLAB

3. THE RESEARCH AGENDA
When discussing advances in human-machine systems research, the technological development is fast
and to some extent unpredictable. On the other hand, the main characteristics of the human being does
not change in the time scale of interest. The human capacity for perceiving, thinking, and acting
develops so slowly that it for all practical purposes may be considered constant. This makes the
prediction of future research needs for controlling complex processes a little bit easier, because it must
concentrate on development and adaptation of new technology, starting out from the characteristics of
the human being.
In order to make any predictions, it is necessary to make some basic assumptions, and the following
assumptions are considered pertinent (4):
•

People (humans) will remain an essential part of the control of complex dynamic processes. In other
words, there will not be full automation. Sub-systems may become fully automated, but they will
always be embedded in a larger system.

• The scope of control will increase in terms of the system boundaries and the time horizon. The
system boundaries will grow and technology will enable processes to be coupled over significant
distances. The control will be of the coupled process rather than of the local process which may be
highly automated and control need no longer be confined to a central control room. The time horizon
must be extended to ensure a sufficient economy. It is necessary to plan not only for the current
situation, but also for the future, e.g. after a change of process parameters. Down-time must be
reduced and availability increased, involving aspects of preventive and state-based maintenance.
Safety will, however, still be in focus both on the short-term and the long-term scale.
• There will be a greater need for predictions as part of control, hence a need for modelling and
simulation. This follows partly from the extension of the system boundaries and time horizon, but also
from the increased speed and complexity of processes. Prediction is an essential function both for
theprocess control operator and for managers, and for operation as well as e.g. maintenance
(outages), procurement, decommissioning, design, safety assessment, etc.
• The design of MMI has on the whole been driven by technological innovation rather than by sound
human factors principles or user needs. Despite a growing awareness of the importance of human
factors, it is probably safe to assume that the development of MMI will to a large extent continue to be
driven by technology. Since people will be the same with their recognised strengths and weaknesses,
this will perpetuate the known problems and probably even create some new ones.
3.1 Research Themes for the Future
Based on the issues and trends discussed in various organisations, one can argue for a human-machine
systems research agenda which includes at least the following items.
Developing A Joint Situation Understanding
Developing a joint situation understanding among people who are in the same room is not
straightforward. This has led to considerable research for e.g. training and large overview displays.
When the scope of the system grows larger, particularly when the boundaries of the system extend to
other locations, the problem of establishing, supporting, and maintaining a common situation
understanding becomes very much larger.

Information Integration
There will be a significant need to be able to integrate information from various sources, regardless of
the original formats or protocols. As the system boundaries expand in space and time, it is necessary to
include data within the new boundaries. For the operator, there will be a requirement or a need to look at
a particular combination of data in order to assess the situation. The system technology should be able
to provide this within a reasonable time limit and with a minimal effort from the operators' side.
High-Level Automation
The effects of high-level automation in the system design should be studied in an experimental
environment. The software of the high level automation will use input from the process, the normal
automatic systems, the protection systems, the computerised operator support systems and the
operators. The automation can either execute the resulting high-level control commands directly on the
process and the normal automatic circuits, or present them as suggestions/ recommendations to the
operator, who will then take the final decision whether to execute the control commands or not.
Accident/Emergency Management
There is an increased interest for research in the field of Accident or Emergency Management. This work
aims at utilising the capabilities of computerised tools to support various users such as the control room
staff, people in the technical support centre, and safety bodies providing advice to national authorities.
The use of experimentation in a simulator environment should be very interesting in order to improve the
management of emergencies (5).
- ,

Integration Of Maintenance Activities And Process Surveillance

There is a strong trend towards increased integration of maintenance tasks and process operation tasks.
This obviously has consequences for several aspects such as:
• integration of maintenance staff and operation staff
• the ability to prepare, train and even perform several maintenance tasks during power
operation
• integration of computerised tools for maintenance with systems used during normal
operation.

4. THE HAMMLAB 2000 PROJECT
The predictions of future areas of research, some of them mentioned in the previous chapter, imposed
requirements to the experimental environment. In addition, direct transferability of results, i.e. to make
studies with the use of a process similar to an organisation's real process, whether it is a nuclear power
plant of BWR, PWR or VVER or the petroleum industry's oil & gas production process, is given more
emphasis from member organisations of the Halden Project. Some studies are, however, generic in
nature and the results are likewise applicable across industries, therefore synergy is also an interesting
aspect being focused upon by several organisations.
This discussions led to the start-up of the HAMMLAB 2000 project in 1997 with the goal of establishing a
new HAMMLAB meeting tomorrow's demands. The HAMMLAB 2000 project had the goal of establishing
a flexible infrastructure regarding the physical laboratories and the hardware and software, as well as
making sure tomorrow's HAMMLAB has a broad pool of simulators. The latter will be described
somewhat in more detail below.

4.1 The HAMMLAB 2000 Simulators
As part of the HAMMLAB 2000 pre-project, requirements to process simulators to be included in the new
HAMMLAB was identified. The requirements are briefly summarised below. In addition, this section gives
an overview of the simulators for HAMMLAB 2000, see Fig. 3.
4.1.1 Simulator Requirements
The process models are the heart of the simulator facility, and its quality determines to a large extent the
applicability of the results obtained in human factors and systems research. In this context quality refers
to various properties of the plant model. The main items of importance for determining the quality and
applicability of a process simulator are listed below.
Scope
The simulator shall be full-scope, i.e. all systems in the process relevant for control room operators shall
be simulated.
Simulation Range
The simulator must be able to simulate the process realistically for a large set of normal, disturbance and
accidental states.

New Situation
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"westernised
VVER
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"westernised
VVER
ForsmarkBWR

Oseberg
Petro

HAMMLAB 2000

Fig. 3

Process

The HAMMLAB 2000 Simulators

Realism

The simulator shall simulate in detail a given process. This is very important with respect to:
documentation, verification and validation of process behaviour, and training/ use of experienced
operators in human-machine interaction experiments.

Malfunctions
A wide range of malfunctions shall be available for use in experiments and tests. This includes
malfunctions for all types of components and systems. In addition, it must be easy to make new
malfunctions. It is also required that the simulator and its environment shall be able to handle
instrumentation errors and inaccuracies.
Process Control System
The overall process surveillance and control system shall be designed to or somewhat beyond the stateof-the-art for modern industrial plants. The implementation solution shall resemble modern plants as
much as possible, with potential for significant improvements.
Automation Systems
It must be possible to include all types of automation systems in use in industry today and planned for
the next 5-10 years. This includes modern distributed control through utilisation of PLCs. In the
simulator, the process and automatics shall be clearly separated, making it easy to implement
independent changes in process and automatics.
Real Time Performance
The simulator shall be able to run in real time over the whole simulation range with realistic process
behaviour.
Integration Of Operation And Maintenance
The plant simulator shall be prepared for being coupled to something like a maintenance planning
simulator. The latter will be used to plan the maintenance work in detail, in order to minimise shutdown
time and costs. Furthermore, a version of the plant simulator may in the future be extended to become a
life cycle simulator for preventive maintenance. This tracking simulator will run in parallel with the real
process and generate automatically on-line updated maintenance parameters.
4.1.2 The NORS Simulator
The NORS simulator is a "westernised" VVER simulator of the Loviisa nuclear power plant in Finland.
NORS was manufactured in 1983 by Nokia Electronics, and has since then been the nucleus of
HAMMLAB. Several modifications and additions have taken place of the NORS simulator models, and
NORS is now considered to be a very good simulator for the purpose of being "the process" when
performing experimental studies.
4.1.3 The CPO Fessenheim Simulator
The CPO Fessenheim simulator is a full-scope simulator of the French Fessenheim-1 PWR plant.
Fessenheim-1 is a Westinghouse-like 900 MW 3-loop plant built by Framatome.The simulator was
manufactured by Thomson, Training and Simulation, and installed in HAMMLAB in 1998. Currently,
development of a new mimics-based operator interface and an advanced alarm system is taking place,
in order to turn the CPO Fessenheim simulator into a full experimental simulator.
4.1.4 The Forsmark-3 BWR Simulator
The HAMMLAB facility is also equipped with a full-scope modern BWR simulator of the Swedish
Forsmark 3 plant. Forsmark 3 is an ABB-constructed 1160 MW BWR located close to Stockholm in

Sweden. The development of the BWR simulator was made jointly by VTT Energy in Finland and The
Halden Project, and the simulator was installed in Halden in the summer of 2000.
4.1.5 The Oseberg Simulator
The Oseberg training simulator is a full-scope simulator of the Oseberg A oil production platform located
in the North Sea (6). The simulator was originally manufactured for Norsk Hydro in the middle 80's by
Norcontrol Simulation and Institute for Energy Technology, to play a central role in the training
programme for the operators of the Oseberg A platform. The Oseberg simulator is currently used as "the
process" when performing human factors studies related to the oil and gas industry.

HAMMLAB 2000
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Fig. 4 Block diagram of Hammlab functioning

5. THE HALDEN PROJECT APPROACH TO CONTROL ROOM STUDIES
Improvement of control rooms requires expertise in a wide spectrum of disciplines. In the control room,
the human meets with the technology (computerised) to control a complex process. To reach the goal of
improved operator performance in both normal and disturbance situations, deep insight in to human
behaviour and control room experience must be combined with process expertise and knowledge of
computer technology. This integrated approach is considered necessary to reach reliable results, and is
reflected in the multitude of disciplines represented in the Halden organisation. As an example, 16
human factors experts are presently working in this field at Institute for Energy Technology which
operates the Halden Project.
Another aspect of the human-machine research connected to control room development, is the
emphasis put on an experimental approach. Only through realistic experimental evaluation of the whole
control room, or its individual elements can concrete conclusions be drawn on the quality of the system.
In order to improve the knowledge of the human behaviour in the control room environment, extensive

experimental research is required to support development of models of operator behaviour. Due to the
need for an experimental approach, HAMMLAB has come increasingly into focus in the research
programme at Halden.
The emphasis put on research products for practical use, motivates a strong coupling between the
research programme and potential user organisations. The trend in Halden is to combine the work on the
research
programme with bilateral projects with individual organisations. This results in an efficient synergy
between research and industry use: research products are taken into practical use; and experience from
industry project helps identifying essential research issues.
Finally, human factors studies motivated by needs in the nuclear community give results that are also
applicable in other industries. This has resulted in extensive activity, especially towards the petroleum
production industry in Norway.

6. CURRENT RESEARCH TOPICS
The aim of the human factors research programme is to provide knowledge about the capabilities and
limitations of the human operator in a control room environment. Understanding the impact of new
technology on the roles of performance of operating personnel, is crucial in decision making concerning
safety and efficiency of nuclear power plants. Halden has a wide ranging research programme covering
many aspects of human performance, the main elements of this programme are briefly described below.
6.1 Human Error
The aim of the activities on the human error analysis project (HEAP), is to provide improved
understanding of how operators diagnose disturbances and to identify potential errors or inefficiencies
which may occur in the diagnostic process. The long term goals are to produce practical knowledge for
system and human interface design and to achieve better modelling of cognitive errors for representation
in probabilistic safety analysis.
A series of pilot studies and one major experiment have been performed to find a reliable and valid
methodology to investigate human error in a control room setting. The practical insights from these
studies can be found in Green (7).
6.2 Complexity Profiling
The main goal is to identify dimensions of complexity and to study the relation between complexity and
operator behaviour. The analysis of data from previous experiments indicated that the four main areas
that influence the complexity of the work situation in a control room are: the process; the interface; the
operator / team; and the operator's tasks. The preliminary results also indicate that further developments
of the measures have potential for enhancing the understanding of complexity and how it is related to
operator performance.
6.3 Error Recovery
One of the issues addressed by the current set of experiments is the question of detection and recovery
of erroneous actions in the situation where they actually take place. Since detection clearly is a
prerequisite for recovery, the experiments will, in the first instance, consider how well people are able to
detect the erroneous actions they make and how the level of detection depends on the circumstances or

conditions, such as, interface, team, workload, etc. This also suggests that a possible objective for the
next experiment is to study the conditions for recovery, as well as in more detail, the specific
circumstances that can facilitate detection.
6.4 Error Mode Prediction
The main purpose of the first main HEAP experiment (autumn 1996) was to develop a method for
predicting performance failures, specifically the error modes that can be expected for a specific task.
This used CREAM (Cognitive Reliability and Error Analysis Method) developed by Hollnagel (8).
6.5 Human-Centred Automation
At Halden it is acknowledged that the role of the operating crew is either intentionally or unintentionally
created by the system design process. However, there is very little empirical data about the effects of
different trade-offs of function and task allocation on the performance of control room crews. In 1998
Halden has studied the effect of different task allocation methods in particular with respect to analysing
and presenting plant automatics. In autumn 2000 a major new experiment will be performed on the effect
of automation system failure on operator performance.
6.6 Methodological Development
An important area, central to both the use of HAMMLAB and the research programme, is the
development and use of methods to allow the investigation of sophisticated aspects of operator
behaviour and performance. Halden has developed a wide range of measures and methods which have
been applied both within HAMMLAB and within existing industrial control centres. Examples of the
methods developed include:
-

Eye-movement Tracking Measurements

-

Situation Awareness

-

Workload
Operator Performance Assessment System (OPAS)
Plant Performance Assessment System (PPAS).

7. CONCLUSIONS
Institute for Energy technology is currently performing advanced experimental human factors studies in
the Halden Man-Machine Laboratory, mainly within the Halden Project research programme. With the
HAMMLAB 2000 project the goal is to broaden the scope and domain of studies, by introducing nonnuclear process simulators, first within the petroleum area, and different kinds of nuclear process
simulators. In addition, studies related to severe accidents will be possible to perform, due to the
extended operational domain of the new simulators.
HAMMLAB will be expanded with new laboratory areas making it possible to perform experiments in
parallel, without interfering each other. The laboratories will be flexible with regards to physical size, in
order to adapt to small and large studies. A software and hardware infrastructure is being developed,
allowing for integration of software systems developed at the Halden Project or in member organisations.
Such systems can then be tested in a realistic environment, prior to installation in real-life plants. Based

on the above, the Halden Project aims to further develop the new HAMMLAB into a global centre of
excellence for performing human-machine interaction studies for the management and control of
industrial processes.
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Assessment of the "Deterministic Realistic Method"
Applied to Large break LOCA Analysis

N. MESSER, M. CHAMP

Institut de Protection et de Sûreté Nucléaire (IPSN), France

Abstract: Electricité de France (French Electrical Utility) presented a new method, called
"Deterministic Realistic Method" (DRM) for the safety analysis of Large Break Loss Of
Coolant Accident (LB LOCA). In principle, the method relies on the use of the CATHARE GB
code, in association with the statistical evaluation of the peak clad temperature with a high
probability level (95 %) for the verification of the safety criterion. However, in order to have a
simpler methodology, Electricité de France defines the « DRM evaluation model »: this model
consists in applying penalties on initial conditions and boundary conditions as well as on
certain CATHARE GB code models, in such a manner as to obtain, by a single calculation,
an evaluation of the peak clad temperature covering the peak clad temperature resulting
from statisitcal method. Some insufficiencies concerning the statistical approach, both in its
elaboration and its justification were identified by the assessment of the method. As far as
the « DRM evaluation model » is concerned, the Institut de Protection et de Sûreté Nucléaire
has concluded that this model provides a conservative evaluation of peak clad temperature,
independently of the proposed stastistical method.

Introduction
Electricité de France (EDF, the French Electrical Utility) presented a new method, called
"Deterministic Realistic Method" (DRM) for the safety analysis of Large Break Loss Of
Coolant Accident (LB LOCA). This methodological development, which suggests, in
particular, the use of the "best-estimate" CATHARE code, falls within the framework of the
development of an American regulation, which authorises the use of methods called "best
estimate" for the LB LOCA safety demonstration.
The aim of this document is to present:
•
•
•

first, the main methodological developments proposed by the USNRC,
the description of the method suggested by EDF,
finally, the analysis of this method carried out by the Institut de Protection et de Sûreté
Nucléaire (IPSN).

LB LOCA Evaluation Methods
In France, until now, LB LOCA safety demonstration has been carried out based on
methodologies conforming to the regulations given in the 10 CFR 50 document produced by
the USNRC in January 1974. Paragraph 50.46 of this document describes the criteria which
must be met in order to estimate the safety injection efficiency. The required and acceptable
features of models to evaluate the clad temperature and the oxidation rate are given in its
appendix K:
•

•

the peak clad temperatures are calculated for a reactor state corresponding to
operating conditions of the reactor, envelope in terms of consequences for safety
(100 % NP, FQ limit, residual power...). The initial plant state parameters are fixed at
the penalised values (initial power fixed at 102 % NP, conservative residual power
curve, maximised pressure, maximised temperature...);
the initial and the boundary conditions being fixed, appendix K defines some
recommendations (acceptable models) in order to evaluate peak clad temperature and
oxidation rate, the aim of this being to obtain a conservative estimate of these
parameters so as to compare them to the associated safety criteria. By the word
conservative, we mean that the peak clad temperatures thus calculated are higher than
the expected values in the case of a LB LOCA for these fixed reactor operating
conditions.

Since the publication of 10 CFR 50 in 1974, several research and development programmes
in accidental thermal hydraulics have been carried out in several countries and have led to
an improvement in the understanding of the physical phenomena as well as in the LOCA
transient simulation. Upon acquired knowledge from these research and development
programmes, the specified recommendations given in appendixK appear very conservative.
From a regulation point of view, this evolution has led to an amendment of the regulations
given in paragraph 50.46 of the 10 CFR 50 in 1988. The new regulation authorises the use of
"best estimate" evaluation models, introducing major evolutions with regards to old
methodologies for the following subjects:
•

•

the treatment of the uncertainties on the initial conditions and boundary conditions: The
study is still carried out for envelope operating conditions of the reactor in terms of
consequences for safety (100 % NP, FQ limit...). However, plant state parameters are
not fixed at the penalizing value of their variation range. The uncertainties affecting the
initial and boundary conditions are statistically combined in such a manner as to
estimate the scattering of possible peak clad temperature values resulting from these
uncertainties,
the peak clad temperature evaluation method: The regulation authorises the peak clad
temperatures to be evaluated on the basis of a "best estimate" code. This implies that
the code must provide results that are qualitatively correct and quantitatively
representative of the average of the plotted points (and not necessarily the envelope
values), where the code results are compared with representative test results. The
evaluation method is therefore not intended to supply conservative results with respect
to values which would be actually observed in the case of a LB LOCA. The
uncertainties affecting the code models are statistically combined in such a manner as

•

to estimate the code response uncertainty,
uncertainty of the calculation result, taking into account uncertainties referring to initial
and boundary conditions and code models, must be considered and the maximum clad
temperature must respect the criterion with a high probability level.

The new LB LOCA evaluation method developed by EDF and called the "Deterministic
Realistic Method" (DRM) applied to LB LOCA, falls within the scope of this amendment of the
American regulation.

Description of the DRM
EDF has defined, in collaboration with FRAMATOME, a generic approach for the use of a
"best estimate" code for design basis accident studies, called "Deterministic Realistic
Method" (DRM). This general procedure comprises the following stages:
1. physical analysis of the transient conditions and identification of dominant phenomena,
2. assessment of the code's ability to simulate these phenomena,
3. identification of key calculation parameters,
4. determination of uncertainty linked to key parameters,
5. combination of uncertainty linked to key parameters in such a manner as to estimate the
uncertainty of the code's response: in the case of the LB LOCA, the aim is to estimate
peak clad temperature covering 95 % of the peak clad temperature values (written as
PCT95) taking into account the different sources of uncertainty, in such a manner as to
compare the PCT95 to the associated safety criterion,
6. in practice, EDF does not directly compare the "code's response with a high level of
probability" to the safety criterion: assumptions are defined in such a manner as to
penalise initial conditions and boundary conditions. Some models of the CATHARE code
are also penalized in order to obtain by a single calculation an envelope estimate of the
"code's response at 95 %" calculated at the end of stage 5,
The first five stages of the procedure lead to evaluate qualitatively the several sources of
uncertainty with regard to the code's response. Within the scope of a purely statistical
procedure, the calculated "code's response with a high probability level", stemming from
these stages, would be compared with the safety critérium.
The aim of stage 6 is to provide a deterministic methodology producing results covering
those obtained by the statistical method. The deterministic evaluation model is aimed at
providing a practical and industrial tool available for the application's studies. The
statistical method needed to estimate the "code's response with a high probability level" is

indeed the result of numerous and lengthy calculations whereas in a deterministic
calculation with relevant penalties, only one CATHARE calculation may be carried out.

Application of the DRM to the LB LOCA
The procedure suggested by EDF for the LB LOCA analysis combines the statistical
approach with a determinist approach:
•
•

the PCT95 are estimated by the statistical approach,
a penalising mode, called the « DRM evaluation model » enabling a CATHARE
calculation enveloping the PCT95, is put forward.

The application of this procedure to the LB LOCA case presents the following main
characteristics:
•

•

•

•

EDF uses the CATHARE GB code, comprising version V1.3L_1 of the CATHARE 2
code, completed by some developments in the aim of improving the LB LOCA transient
simulation,
The key parameters taken into account in the statistical analysis are chosen according
to their potential importance on the dominant physical phenomena of the transient, then
their uncertainty ranges and their probability density functions are determined,
The evaluation method for the peak clad temperature at 95 % (PCT95) relies upon the
use of a response surface: this response surface makes up an approximation of the
peak clad temperature as a function of the key parameters, and is used as a substitute
for the CATHARE calculation to estimate of PCT95,
The penalised parameters in the 'DRM evaluation model " are chosen according to
their relative importance with regards to global uncertainty, and without modification of
main physical phenomena.

Analysis by the IPSN
The IPSN was requested by the French Safety Authority to assess the DRM method. The
IPSN analysis has focused on the following points:
•
•

•

verification of the "best estimate" nature of the CATHARE GB code for the LB LOCA
transient (i.e. the code's ability to simulate this transient condition),
the method for the peak clad temperature evaluation with a high probability level
(PCT95) suggested by EDF, including identification of the transient key parameters,
determination of their ranges of uncertainty and the method of spreading of this
uncertainty in order to evaluate the global uncertainty of the peak clad temperature,
the "DRM evaluation model".

5.1

The CATHARE GB Code

The USNRC defines, in the "Regulatory Guide 1.157", the nature of a "best estimate" code: a
"best estimate" code must provide results that are qualitatively correct and quantitatively
representative of the average of the experimental values (and not necessarily envelope
values), where results are compared with representative test results. The first stage of any
"best estimate" method is thus to check the code's ability to simulate the dominant
phenomena of the transient under consideration. In particular, the implementation of the
statistical method is not aimed at compensating for the code deficiencies, but at estimating
the uncertainty of the code's response.
After a description of the CATHARE 2 code, the verification process of the "best estimate"
nature of the CATHARE GB code is presented, in particular with regards to EDF's motives
for suggesting an amended version of the code.

5.1.1

General Presentation of the CATHARE 2 Code

The CATHARE code (Code for Analysis of Thermalhydraulics during Accident and for
Reactor safety Evaluation) is aimed at simulating the thermal hydraulic behaviour of a
pressurised water reactor under accident conditions. The physical phenomena simulated by
the code are roughly of two types:
•
•

hydraulic: the code enables simulation of several two phase (liquid and steam) flow
conditions with the dynamic exchange between the two phases,
thermal: the code takes into account the heat exchange between the two phases,
between the fluid and the walls (especially in the reactor core) and the primary secondary heat exchange in the steam generators.

In order to do this, the primary and secondary circuits are described in CATHARE by a
succession of « modules » (axial elements, tees, volumes) and « sub-modules » (pumps,
exchangers, accumulators...).
Two modules are connected by a junction. A module has internal variables and junction
variables: the internal variables satisfy conservation equations (mass, momentum and
energy quantity balance) which are solved according to the junction variables, ensuring
continuity of physical phenomena produced in the different components which constitute the
reactor.
The sub-modules enable the description of heat exchange (e.g. in the steam generators),
fuel rod thermal mechanics, primary fluid transport by the pumps, boundary conditions as
containment pressure.... The sub-modules are linked to modules, the internal equations of
which they modify by means of source or sink terms on mass, energy or momentum quantity.
The simplified nature of the conservation equations constructed on the basis of physical
assumptions has led to complete them by constitutive relationships. These constitutive
relationships are developed in order to represent the mass, impulse and energy transfer, on

one hand between each phase and the walls, and on the other hand at the interface between
the two phases.
The validation of these constitutive relationships is carried out in two stages:
•
•

5.1.2

analytical tests qualification calculations in order to validate each of the constitutive
relationships,
test verification calculation carried out on the system loops in order to check the
general consistency of the constitutive relationships of the revision under consideration.

Verification of the "Best Estimate" Nature of the CATHARE GB

The "best estimate" nature verification process for the code is similar to the validation
procedure for code physical grid revision:
•

•

first of all, all the elementary models of the CATHARE code used in the simulation of a
LB LOCA transient have been identified. This list of elementary models is in
accordance with the list set up by the OECD committee CSNI (Committee on the Safety
of Nuclear Installations). These elementary models have been compared with the
CATHARE 2 code qualification matrix, in order to check that the qualification covers all
the elementary physical phenomena which may be encountered in LB LOCA,
the global behaviour of the code for the LB LOCA has then been checked on the basis
of representative tests of dominant physical phenomena of the transient from system
experimental
programmes
LOFT,
UPTF, BETHSY
and
ROSCO: the
calculation/measurement comparisons show that the code simulates satisfactorily the
entire dominant physical phenomena of the transient.

However, some limits of the code were well known, which led EDF to suggest additional
developments for the LB LOCA transient The CATHARE 2 V3L_1 code, completed by these
particular developments, makes up the CATHARE GB code. The question of validation of the
CATHARE GB code now arises: validation of the constitutive relationships of the CATHARE
2 V1.3L_1 code having been carried out for a fixed version of the code, it is now necessary
to ensure that the implementation of new models or functionalities will not question the initial
validation conclusions carried out by the CATHARE code development team. The analysis
done by the IPSN of the additional developments shows that these developments should not
impair the initial validation of CATHARE 2, in so far as they are aimed at specific conditions
which are not covered by the CATHARE 2 V1.3LJ code validation basis. The CATHARE 2
V1.3L_1 validation document thus completed by validation documents concerning particular
developments suggested by EDF enables the CATHARE GB code validation to be justified.
In the light of these validation documents, the IPSN has considered that the justification of
the "best estimate" nature of the CATHARE GB code for the transient of the LB LOCA was
acceptable.

5.2

Assessment of the PCT95 in the DRM Applied to LB LOCA

In principle, the method relies on the use of the CATHARE GB code, in association with the
statistical evaluation of the peak clad temperature with a high probability level (95 %) for the
verification of the safety criterion. This requires the prior identification of the different sources
of uncertainty (initial conditions and boundary conditions, code models).

5.2.1

Determination of Sources of Uncertainty

EDF is limiting its analysis to the transient dominant parameters, in particular where the code
models are concerned.
Upon examination of the list put forward by EDF, the IPSN considered that:
•
•

the code models of CATHARE that EDF has chosen as being key parameters indeed
play a major part in the simulation of a LB LOCA,
with respect to the code models not chosen by EDF, the variation of each model within
its range of uncertainty, when considered independently of the others, has a limited
impact on the peak clad temperature calculation by CATHARE (a few degrees).

However, there was no demonstration concerning the impact of the parameters (code
models) excluded for the PCT evaluation. Consequently, the IPSN has carried out a study in
order to quantify the effect of the set of the parameters not considered by EDF upon the
PCT95 evaluation.
This study was carried out to evaluate the uncertainty on the PCT calculation using a method
developed by the IPSN. This method relies on Wilk's theorem and allows, given a limited
number of calculations and for a given number of input parameters, to determine a PCT95
envelope value: 100 CATHARE calculations lead to a PCT95 envelope value with a level of
confidence of 99 %. Furthermore, statistical treatment of the results enables the dominant
input parameters with respect to the peak clad temperature evaluation to be determined.
The effect of the parameters not considered by EDF has been analysed on the basis of two
statistical studies:
•

•

an initial 'PCT95 envelope" evaluation was carried out for a cold leg longitudinal split
break of 1.2 times the cross sectional area of the cold legs of a CPY type reactor. This
evaluation takes into account 30 input parameters, 27 of which are code models. At the
end of this initial evaluation, a statistical treatment of the results has pointed out 8
dominant input parameters, 5 of which are code models,
a second "PCT95 envelope" evaluation was carried out, for the same break,
considering only the 8 identified dominant parameters from the previous stage as being
input parameters.

The comparison of the obtained results for these two evaluations of the PCT95 envelope
shows that the impact of parameters of "second importance" on the PCT95 evaluation may
be considered as significant (25 % of the sum of the effect of the whole of the parameters).

The IPSN therefore considers that it is necessary for EDF to estimate the bias to apply to the
determined PCT95 during the statistical analysis in order to take into account the effect of the
parameters of "second importance".
On the condition that such a bias is determined, the IPSN has considered that the procedure
proposed by Electricité de France, which consists in considering only the dominant code
models in the statistical analysis to evaluate peak clad temperature, is acceptable.
Uncertainty affecting LB LOCA transient key parameters was then quantified.
For the code models, the uncertainties are estimated using the measurement/calculation
comparison. In this respect, work carried out both at the IPSN and within the CATHARE code
development team has highlighted the problems linked with the determination of ranges of
uncertainty, in particular when several code models together participate in a significant
manner in the test simulation, an infinite combination of ranges of uncertainty thus exist
enabling the experimental results to be framed without the objective possibility of giving
preference to one rather than another.
For the initial conditions and limiting conditions, uncertainty is evaluated using plant data and
fuel data specified by the manufacturer.

5.2.2

PCT95 Assessment

The aim of this stage is to evaluate the impact of the uncertainties of key parameters on peak
clad temperature results, this in order to determine the peak clad temperature values
encompassing 95 % of the possible values (PCT95). This can be shown in the following
manner:

key parameters
and their uncertainty

CATHARE
;
•

PCT
value at 95 %

The IPSN considers that, supposing that all the sources of uncertainty are known for the
peak clad temperature calculation, the only method which enables the distribution function of
the peak clad temperature to be closely estimated is the direct Monte-Carlo method. Given N
random samples on the transient key parameters in their variation range, N peak clad
temperature calculations are carried out with the "best estimate" code. By ordering the N
values of the PCT obtained in ascending order, the envelope value of 95 % of the obtained
results is determined. This value may then be compared with the criterion. Taking into
account the time necessary to calculate a LB LOCA with an advanced thermal hydraulic
calculation code such as CATHARE (around 6 hours on a PC) and the number of
calculations required in order to obtain an acceptable estimation of the envelope value of
95 % (around 4,000 calculations), this method appears to be difficult to implement.

The PCT95 evaluation method suggested by EDF relies upon the use of a response surface,
which approximates the function linking the peak clad temperature with the key parameters.
The PCT95 is then determined using a Monte-Carlo method on the response surface: given
N random samples on the key parameters in their variation ranges, N peak clad temperature
values are calculated, no longer with the CATHARE code but using the response surface.
The function linking the peak clad temperature with the key parameters is using a 1st degree
polynomial of each of its variables, using CATHARE calculations carried out for the extreme
values of the variation range of each key parameters. The construction of this function thus
requires 2M CATHARE calculations, with M being the number of key parameters being
studied.
In order to limit the number of CATHARE calculations required for the construction of this
response surface, the method consists of the categorisation of certain key parameters into
"macro-parameters", each "macro-parameter" being characteristic of a dominant physical
phenomenon. For example let {xi} be a sub-assembly of key parameters contributing to the
same physical phenomenon. EDF then defines the « macro-parameter » X (thermal transfers
in the core, for example). The aim of the categorisation into "macro-parameters" is to reduce
the space of the {xi} down to one dimension only, in such a manner as to define the peak
clad temperature as the function of one variable only.
As the response surface is used as a substitute for the CATHARE code, it is essential to
check the capability of the surface response to be a "good" or a conservative approximation
of the code:
•

•

the response surface is a "good" approximation if the differences between PCT
calculated by the response surface and CATHARE GB remain small for any value of
key parameters,
the response surface is a conservative approximation if PCT calculated by the
response surface are envelope of those calculated by CATHARE GB.

This can be illustrated by the following figure.
PCT

Response surface
CATHARE GB
Macro-parameter
The response surface is a good
approximation of CATHARE GB

Macro-parameter
The response surface is not a good
approximation of CATHARE GB

PCT

—Response surface
CATHARE GB
Macro-parameter
The response surface is conservative
approximation of CATHARE GB

Macro-parameter
The response surface is not a conservative
approximation of CATHARE GB

But as the function linking "macro-parameters" to key parameters is not explicitly known, it is
not possible to associate to intermediate values of key parameters an intermediate value of
the corresponding "macro-parameter". Therefore, it is not possible to associate to a PCT
calculated with CATHARE GB for intermediate values of key parameters the corresponding
PCT calculated by the response surface. This can be illustrated by the following figure.
•
•

CATHARE GB PCT
Response surface PCT

PCT calculated with
CATHARE GB
(intermediate values of key
parameter)

The response surface is
not conservative

The response surface
is conservative

As it is not possible to check the quality of the response surface, the IPSN concluded that the
response surface quality used for the PCT95 evaluation was not reliable and that the
conservatism of the statistical evaluation method was not demonstrated. As a consequence,
the IPSN considers that peak clad temperature statistical evaluation as proposed is not
applicable as it is for safety demonstration.

5.3

The « DRM evaluation model »

The statistical method based on the CATHARE GB code constitutes, for Electricité de
France, the LB LOCA study reference tool for the calculation of the peak clad temperature.
However, in order to have of a simpler methodology, EDF defines the "DRM evaluation
model". This model consists on applying penalties on initial conditions and boundary
conditions as well as on certain CATHARE GB code models, in such a manner as to obtain
an envelope calculation of the peak clad temperature with respect to PCT95.
Therefore, the 'DRM evaluation model" suggested by EDF is only valid on the basis of its
PCT95 envelope nature. The lack of justification of the PCT95 evaluation has led EDF to
justify, on the basis of representative tests (BETHSY, ROSCO, LOFT, PERICLES, FLECHT
SEASET), that the CATHARE GB code with penalised models, called « penalised CATHARE
GB " and which is used for the LB LOCA safety demonstration, provides conservative results
in terms of maximum peak clad temperature.
Furthermore, the initial conditions and boundary conditions chosen for the LB LOCA safety
demonstration are fixed at their penalised values. The applied values mostly conform to the
previous practice, the changes observed being consistent with the enhancement of physical
knowledge.
Therefore, the IPSN considers the safety demonstration relying upon use of the "penalised
CATHARE GB" code and the initial conditions and boundary conditions of the « DRM
evaluation model" to be acceptable for the LB LOCA transient on a three-loop reactor.

Conclusion
The IPSN has analysed the procedure put forward by Electricité de France, which combines
a statistic approach with a deterministic approach.
•

The PCT95 are estimated using the statistic approach based on the CATHARE GB
code. The IPSN has considered the "best estimate" nature justification of the
CATHARE GB code for the LB LOCA transient to be acceptable. Where the PCT95
statistical evaluation method is concerned, the IPSN has concluded that the method
suggested by the Electricité de France for PCT95 evaluation should be completed in
validation and justification,

•

A penalising mode, called 'DRM evaluation model" enabling a CATHARE calculation
enveloping the PCT95 is suggested. The analysis of this penalising mode has shown
that this relies upon a study that associates the penalising assumptions on the initial
conditions and the boundary conditions with the use of the penalised version of the
CATHARE GB code. EDF has completed its justification document by giving a test
simulation representative of a LB LOCA through the "penalised CATHARE GB" code
and demonstrated the "penalised CATHARE GB" code conservatism Therefore, the
IPSN considers that the "DRM evaluation model" provides a conservative evaluation of
peak clad temperature, independently of the PCT95.
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Abstract:.

Since ten years, different western assessments have been made of the safety of VVER 440/230
units, including those of the KOZLODUY Nuclear Power Plant located in Bulgaria. Concerning the
latter, reference can be made to the work of an European Consortium (GRS/Germany,
IPSN/France, AEA/England, AVN/ Belgium), in 1992 and 1993, during examination of restart
conditions for Units 1 and 2. The objective of these assessments was the improvement of the overall
level of safety with a view to maintain these units in service with satisfactory safety level for a limited
period. The work identified their main deficiencies.
At the present time, all the modifications decided upon for Units 1 and 2 of the KOZLODUY Nuclear
Power Plant in 1992 and 1993 have been adopted and implemented for Units 3 and 4.
In 1999, considering that these units would probably not be definitively shutdown before about ten
years, IPSN decided to perform an internal assessment of the feasibility of an improvement
programme enabling continued operation of units 3 and 4 of KOZLODUY Nuclear Power Plant
during this delay.

1

INTRODUCTION

The assessment of the existing VVER/440/230 reactors has shown that the current safety level is
not sufficient. Thus, large improvements are necessary to ensure an acceptable safety level. The
submitted report describes the assessment of Kozloduy 3 and 4 Nuclear Power Plants by identifying
the main lacks in their design. The scope of requirements is established, keeping in mind that these
NPP might not be stopped in the next few years. A dedicated assessment of the feasibility of an
improvement programme has been undertaken by IPSN in this scope. This assessment is
performed on the basis of Kozloduy 3 and 4 but can be extended to other plants of VVER/440/230.
However, this document makes no allowance for any financial considerations associated with the
accomplishment of an improvement programme.

2

SAFETY GOALS

The safety level achieved by the units after implementation of a contingent modernisation
programme should be close to the internationally recognized INSAG 3 principles. Consequently, a
large amount of studies have to be performed using generic and recognised approaches. At the end,
using the results of these studies, the objectives of the article 25 of the INSAG 3 should be met:
"The target for existing nuclear power plants consistent with the technical safety objective is a
likelihood of occurrence of severe core damage that is below about 10-4 events per plant operating
year. Severe accident management and mitigation measures should reduce by a factor of at least
ten the probability of large off-site releases requiring short term off-site response."
These objectives constitute a target to define the main requirements of the safety approach to be
fulfilled to define a convenient modernisation programme.
3

3.1

SCOPE OF THE ASSESSMENT

Extension of reference accident

In order to verify the sufficiency of the systems to fulfil the safety functions it was necessary to
establish a new list of accidents considered to be probable and then to integrate them in the Design
basis accidents list.
The first requirement is to cope with the largest diameter primary circuit pipe (500 mm). It is however
reasonable to accept that conservative margins are required only for the breaks up to 200 mm which
are representing the largest diameter pipe excluding the primary loops. Thus, no excessive
conservatism is required for the assumptions to be used for the LOCA 500 mm study. It is,
nevertheless, necessary to verify that core damage is avoided for this accident and that the
confinement integrity is maintained as well. In addition, a low likelihood of the 500 mm break has to
be substantiated by the demonstration of high quality of the piping, the extensive in-service control
and the leak detection.
Furthermore, when updating the list of design basis accidents, particular care needs to be paid for:
• dilution accidents,
• accidents occurring during the different phases of outages,
• accidents which can lead to bypassing of the containment.
It is obvious that the major efforts have to be done regarding the core melt prevention. Nevertheless,
different types of scenarios with regard to the containment integrity and eventual deterioration of
tightness have to be studied and eliminated as far as possible.
They concern:
• 1 s t category : core meltdown with bypassing of the containment,
• 2nd category : core meltdown at high pressure (risk of Direct Containment Heating),
• 3rd category : core meltdown with hydrogen explosion inside the containment,
• 4th category : core meltdown with slow rise of pressure and temperature in the containment.
The allowance for accident scenarios involving core meltdown requires a pragmatic approach
combined with the probabilities (PSA1&2) of the scenarios. A judgement will be made accounting the
associated uncertainties in the PSA results and in the potential radiological consequences of the
scenarios.

It is important to recall the objective of INSAG 3: "The target for existing nuclear power plants
consistent with the technical safety objective is a likelihood of occurrence of severe core damage
that is below about 10-4 events per plant operating year. Severe accident management and
mitigation measures should reduce by a factor of at least ten the probability of large off-site releases
requiring short term off-site response."
The impact on the overall risk of the measures which would be proposed in a modernisation
program must be assessed. To do so, it would be helpful to obtain a Level 1 probabilistic
quantification classifying the sequences leading to core meltdown according to the Level 2
consequences which could be envisaged (at low pressure, at high pressure and with bypassing of
the containment).
Consequently, using the results of the probabilistic study, it is necessary:
- firstly, using the scope of potential sequences to demonstrate the sufficient elimination of release
in the short term,
- secondly, to re-examine the compatibility of severe accidents with possible measures taken in the
context of an off-site emergency plan.
The scenarios involving release in the short term (1 s t and 2nd categories of scenarios) need to be
examined in depth to assess the sufficiency of the measures to prevent them (design measures as
well as accident management measures).
To be able to judge the sufficiency of the preventive measures, it would be useful to examine all the
corresponding sequences with an individual core melt probability higher than 10"7 per plant operating
year. This value allows in particular to take margins in the examination of the corresponding very
important sequences.
For the 4th category of sequences, studies have to be performed to define the needed mitigation
measures. Obviously, the current leak rate (approximately 300% per day at a pressure of 1.3 bar
absolute, i.e. approximately 1800 Nm3/h) is too high. It is absolutely necessary to reduce the leakage
of the containment to a reasonable value, and it must be possible to recover the remainder by
dynamic containment systems (ventilation and filtration).
Moreover, for all the types of scenarios leading to deflagration or detonation of hydrogen, studies
need to be carried out and adequate measures need to be proposed when necessary.
3.2

Reactor pressurised vessel

The possible service life of Units 3 and 4 of Kozloduy Nuclear Power Plant depends mainly on
embrittlement of the pressure vessels, which must be the subject of meticulous overall assessment.
It is necessary to confirm the trends observed in the results of tests on specimens and to ascertain
that no major problems are revealed concerning the pressure vessels of Units 3 and 4 of Kozloduy
Nuclear Power Plant. A detailed situation report on the pressure vessels must be submitted. The
pressurised thermal shocks must be considered in the analysis.
3.3

Confinement (tightness and integrity)

It is important to reduce the existing leaks from the hermetic zones of Units 3 and 4 of Kozloduy
Nuclear Power Plant. It requires to examine the compatibility between severe accidents and the
measures taken in the context of an off-site emergency plan drawn up for Kozloduy Nuclear Power
Plant.

The following functions have to be fulfilled:
• to maintain dynamic containment in the rooms adjoining the hermetic compartment,
• to filter out a sufficient amount of the radioactive elements present in the gases that leak out.
It is also necessary to maintain the integrity of the containment and to limit the value of the maximum
pressure peak corresponding to the integrity maximum pressure for the entire range of primary and
secondary breaks considered in the Design Basis Accident list.
3.4

Protection against internal and external hazards

The following has been assessed:
• fires,
• internal flooding,
• effects of high-energy pipe breaks,
• internal missiles, particularly in the event of disintegration of a turbine generator, and falling
objects,
• earthquake,
• severe climatic conditions (extreme cold and extreme heat),
• aircraft crashes,
• flooding by the Danube River,
• external explosions and the risks resulting from the industrial environment.
For the internal hazards, the approach is to find the common points in the existing layout of the
safety related items. An appropriate separation or if needed, adequate solutions are to be proposed.
3.5

Large «primary to secondary» leaks (collector break)

Experience has shown that the design of the VVER-440/230 steam generators is vulnerable. The
problem is relative to the tops of the primary headers and of the manifold. Their rupture would result
in a leak of water from the primary to the secondary side, with an estimated equivalent diameter of
100 mm. For some types of VVER 440/213 reactors, solutions have been proposed to reduce the
leak cross-section to make it possible to manage such an accident. The application of these
solutions on VVER-440/230 NPP has to be examined.
3.6

Qualification and ageing

For the equipment whose qualification is not substantiated, there are two possible approaches:
• establishing and carrying out a programme of qualification,
• replacement by qualified equipment.
Furthermore, additional equipment which might be installed to cope with Beyond Design Basis
Accidents must be the subject of requirements established on a case-by-case basis.
A dedicated study should be done in order to establish an anticipating replacement of obsolete
equipment (I&C, cables, ...) with regards to its life duration.
3.7

Safety Analysis Report

It is necessary to establish a comprehensive safety analysis and to formalise it in the SAR.

4

CONCLUSION

The NPP has not presented a modernisation programme. IPSN experts consider that, if such a
programme would be achieved, the main topics presented above should be highlighted. In particular,
in such a case, some items would need in depth investigations. They are related to:
• the present status of the vessels specifically for unit 3,
• the residual life time of important equipment such as I&C,
• the means to ensure the containment integrity under maximal pressure for the envelop case of
DBA or BDBA,
• the effects of the uncertainties on calculated radioactive releases with respect to the
corresponding objectives,
• the classification of the 200 mm primary break and the set of assumptions to be applied to study
this accident,
• the value of leaktighness of the containment reasonably achievable taking into consideration the
filtered leaks partition,
• the preventive measures taken to fulfil the objectives of the INSAG 3,
• the approach to be followed for severe accidents,
• the level of priority of the studies concerning treatment of internal and external hazards.
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Abstract: The main issues for reactor safety in case of severe accident sequences are the containment integrity
and the characteristics of the Source Term. Since the TMI2 accident, in March 79, the progress of research has
made it possible to estimate the potential consequences of a rather large spectrum of severe accidents
sequences. Nevertheless, there are still issues about containment integrity and Source Term which remain
unaddressed and which impact on the reliability of the present estimates. Regarding the containment, large
uncertainties subsist about the influence of MOX or high burn-up fuel on the amount and properties of the corium
which can be involved in various phenomena, e.g. interaction with water. Considering hydrogen production during
core quenching, there is practically no information available for severe accidents representative conditions.
Regarding Source Term, the uncertainties are related to the release rates from MOX and high burn-up fuel and the
associated large amount of fission gases. Furthermore, no information is available about the additional new
releases induced by temperature escalation, the possible re-entrainment of previously deposited materials in and
above the core by large steam/hydrogen flow. This analysis leads IPSN to promote a new programme, Phébus
2000, to be conducted in its Phébus facility after completion of the present Phébus-FP programme. An overview of
this new project is given hereafter.

1. PHEBUS 2000 CONTEXT
In France and in other countries, a permanent evolution of the light water reactors (LWR) is observed
since the seventies. The evolution deals with the reactor designs (900 MWe/3 loops, 1300MWe/4
loops, N4, future EPR). It is also related to the fuel management and burnup increase (3 cycles, 4
cycles, 391 MWd/tU, 47, 52, 60 MWd/tU in the next future). This evolution affects the fuel itself (UO2,
MOX, Gd fuel), the cladding (Zircaloy, Zirlo, M5) and the control rods (Ag-ln-Cd, B4C). As a
consequence of these modifications, there is a permanent necessity for reassessing the reactor safety
studies which implies improving the associated knowledge and upgrading the corresponding
calculation tools. Such a need is not specific to the French situation. An OECD study [1] brought
forward the same conclusion for the international nuclear safety community. This report underlines
needs both in terms of data bases having sufficient reactor representativeness and validated computer
codes.
For the studies associated with the continuous evolution of the reactor operation, the safety authorities
requirements are both related to the design basis accidents and the severe accidents. They have to
appreciate to which extent their analyses and criteria might be modified by the burnup increase and the
type of fuel. In addition to the design and operating modes assessment, the continuous improvement of
accident management also raises questions. In this field, a rather intensive effort has been made
regarding the design basis accident within the last few decades. Nevertheless, if the accident
conditions go beyond the LOCA ones, there is an obvious lack of pertinent data bases for appreciating
the core reflooding consequences on the integrity of both the primary vessel and the reactor building
(large production of steam and hydrogen) and on the source term (resuspension of deposited
radioactive materials).

1

Mean value per assembly

For many years, IPSN and several other safety organisations have applied a three-tier method for their
reactor safety researches. The first step consists of computer code developments from the existing
data bases. The second step involves small-scale, out-of-pile experiments, which provide the additional
data bases requested by the code developments and their preliminary assessments. But, as the
reactor phenomenology cannot be totally reproduced in such small scale experiments, a third step
consisting of integral in-pile experiments using real materials is essential for comprehensive accident
analysis. Their results allow the final code assessment in terms of reactor applicability and simulation
completeness. This in-pile part of a programme assures that the investments done for code
developments and small scale experiments will produce profits in terms of reactor safety.
This three-tier method is applied by IPSN for the various research programmes devoted to reactor
safety, specifically for RIA and severe accidents programmes. The in-pile part of the LOCA
programme, with the collaboration of Japan (JAERI), consisted of 20 LOCA tests run from 74 to 84 [3,
9]. It provided a large spectrum of results for the assessment of codes like CATHARE, FRETA (J),
RELAP (US), etc. The studies devoted to the early phase of core degradation during a severe accident,
made with the collaboration of Germany (GRS, IKE) and Spain (CSN, CIEMAT), included the CSD
programme in the Phébus facility : six experiments where run from 78 to 89, see [10, 13]. The results
were used to validate the ICARE (F), KESS (G) and SCDAP (US) codes. Since 93, the Phébus-FP
programme [14, 17] is underway in collaboration with the European Commission, the US (NRC),
Canada (COG, AECL), Japan (NUPEC, JAERI), Korea (KAERI) and Switzerland (PSI, HSK). The
results of the first three tests are used to validate the codes in the field of core degradation, FP and
structure materials transport and chemistry in the primary circuit and the reactor containment. The
outcome of the programme demonstrates the importance of such in-pile experiments. Actually, the
results of Phébus-PF lead to change or improve several models in most of the codes used by the
nuclear safety community to get more realistic estimates of core degradation, hydrogen production and
iodine chemistry.
Phébus 2000, so called Phébus-2K, is an in pile programme devoted to the safety needs [2] identified
by IPSN, together with the experts from various safety authorities and utilities. It should provide code
assessments in terms of reactor applicability and simulation completeness, in a coherent way with the
present international efforts, especially the European ones through the 5th Framework Programme.
These efforts, which demonstrate the need for relevant data bases, consist of both code developments
and validation (EVITA programme for ASTEC code validation, improvements of specific models in
ICARE/CATHARE, VULCAIN, SCDAP/RELAP and MELCOR) and several separate effects
experiments (CIT, COBE, OPSA, COLOSS, QUENCH, MADRAGUE).

2. OBJECTIVES FOR THE PHEBUS 2000 PROGRAMME

The main concerns for reactor safety in case of severe accident sequences are core coolability and
characteristics of the Source Term, as determined by FP and containment behaviour. Since the TMI2
accident, in March 79, intensive efforts, both in terms of experiments and model developments, were
made for acquiring knowledge on severe accident phenomenology. Today, the progress of research
has made it possible to estimate the potential consequences of a rather large spectrum of severe
accidents sequences, and to judge about the efficiency or the necessity of certain mitigating
equipments or measures to limit their consequences. Nevertheless, both national and international
experts (e.g. [2]) agree that there are still uncertainties about containment integrity and FP behaviour
issues which remain un-addressed and may impact the reliability of the previous estimates or
judgements.
•

Regarding the containment, the main points are the input conditions from which estimates of the
containment integrity will be calculated. One needed input is the amount and the properties of the
corium which can be involved in phenomena such as interaction with water, interaction with
concrete, direct containment heating. A second one is the quantity and the rate of hydrogen
produced during core degradation and core quenching, which can be involved in case of burning or
explosions. Some information exist for these points but large uncertainties subsist concerning the
effect of MOX fuel or high burnup fuel on the degradation processes and the amount of corium

produced. Furthermore, for the hydrogen and steam productions during core quenching, there is
only few or no information available for conditions representative of a severe accident.
•

Regarding Fission Products, the main question is the amount, the nature and the chronology of
fission products and actinides released from the fuel or re-entrained from previously deposited
materials. Here, the uncertainties are obviously related to the release rates from the fuel which
depend of its characteristics - MOX, UO2 - and of its burnup level. Possibly, the release rates can
also be affected by an unmodelled degradation process, like the so-called fuel foaming which might
take place especially with high burn-up fuel. Furthermore, again regarding the quenching phase,
there is no information available about additional new releases induced by temperature escalation
or fuel fragmentation, possible re-entrainment of previously deposited materials in and above the
core by large steam/hydrogen flow, and soluble species partition between steam and water.

To reduce these uncertainties which affect the reliability of severe accident management, it is
necessary to upgrade the codes and to develop realistic models for the previously mentioned
processes. As a large part of the knowledge required for code developments does not exist,
experimental programmes are necessary to build it. A first fraction of the needed information still exists
or can be obtained from separate effects experiments. But, keeping in mind that the uncertainties are
mainly associated with the specific responses of high burn up UO2 or MOX fuels, their chemical
transformations and degradation processes at high temperature or during quenching, the strong
coupling existing between degradation and releases, it can be understood that separate effect
experiments will not provide the largest part of the data requested for code developments and
validation. The main part of the information will be obtained from experiments which will have to
reproduce with enough correctness the physical mechanisms implied in the degradation and release
processes. Three points are essential to obtain such a correctness and valuable data :
•

Firstly, actual irradiated fuel, with appropriate burn-up, is necessary.

•

Secondly, the heat source to the fuel has to be maintained despite its movements and its
metallurgical transformations.

•

Finally, release rates and degradation mechanisms being so strongly related, they cannot be
tackled separately.

Therefore, a straightforward solution to these requests is an in-pile test programme which will provide
the necessary representativeness of the data. An additional advantage of an in-pile experimental
programme with realistic materials and representative conditions is to provide some garanties that no
important phenomena are missing, and by this way some certitude about the completeness of the data
bases which are used for code validations. Three examples, among several others, of such a role of inpile programmes are provided by the Phébus-FP results. They reveal the importance of the fuel burnup on the extent of its interaction with molten zircaloy and control rod material and, therefore, the effect
of burn-up on core degradation. They also show that rod material release rates were largely
unpredicted by the codes, especially for silver which arrives in the containment where it modifies the
iodine chemistry and the source term estimates. A third example is the observation of gaseous iodine
in the hot leg, which is thought to be associated with non equilibrium FP chemistry, while computer
codes are unable to predict it.
These analyses lead IPSN to promote a new project, Phébus-2K, to be conducted in its Phébus facility
after completion of the present Phébus-FP programme.

3. TEST MATRIX
The Phébus 2K Programme is divided into three sub-programmes, each of them being devoted to a
specific issue.
&PHEBUS-2K HIGH BURN-UP UO2 fuel programme
The programme is conceived as a way to validate and to extend the results of the Phébus FP
programme for high burnup UO2 fuel. The pending issues are the degradation processes and fission
product releases.
In fact, the computer codes which are used for core degradation and source term estimates were
developed and validated with data bases which include very few information for burn-up above
33 GWd/tU. Unfortunately, changes in fuel and clad take place for burn-up ranging between 50 and
60 GWd/tU which induce uncertainties. For example, regarding the core degradation processes and
the associated fission product releases, we do not know if foaming of the fuel, which is known for being
enhanced by high burn-up, could lead to fuel degradation and FP releases and if its contribution is
important. In such a case, the present models for core degradation would have to be revisited.
z$PHEBUS-2K MOX fuel programme
This programme is also conceived as an extension of the Phébus FP programme results for MOX fuel.
The objective is to appreciate how the data bases available for UO2 can be affected by the
heterogeneity of the plutonium oxide distribution in the pellet, the PuO2 chemical response to steam or
hydrogen atmospheres, its interactions with zirconium (for which phase diagrams and reaction kinetics
present large uncertainties), the larger actinide inventory. Some preliminary information indicates that
MOX and UO2 might behave differently. It was observed from some VERCORS separate effect tests
[21] a larger release of the volatile FP at low temperature and a lower relocation temperature for MOX
fuel than for UO2. Therefore, tests are foreseen in this programme aiming at building a data base for
MOX fuel degradation, low volatile fission products and actinides releases for bundle, debris bed and
molten material geometries.
&PHEBUS-2K QUENCHING programme
This sub-programme is dedicated to quenching issues in terms of core degradation, hydrogen and
steam productions, additional Source Term releases from fuel and from re-entrainment of deposited
materials. Despite several research efforts [18, 19, 20], there are still large uncertainties regarding the
previous issues during reflooding when the core is degraded beyond the LOCA conditions. The
investigated core configurations should be bundle geometry at higher temperature than during a LOCA,
debris bed and molten materials.
The test matrices for these programmes are not yet defined at the detailed level. They will be finalised
according to on-going separate effect test programme results and feasibility studies. Nevertheless, it
can be anticipated that the main parameters will be the burn-up ranging between 33 and 70 GWd/t, the
steam or hydrogen fuel environments, the test configurations from bundle to molten pool materials and
core temperature just prior to quenching.
4. EXPERIMENTAL EQUIPMENT
The Phébus facility appears to be the only reactor in the world still capable of carrying out integral safety
experiments with the associated requirements in terms of equipment, in terms of non-conventional measurements
like •-tomography of an entire in-pile test train, and in terms of fission products and active aerosols know-how of
the staff. This reactor has already been used to perform the LOCA (1974-1984) and CSD (Severe Fuel
Damage, 1978-1989) programmes. The International Phébus Fission Products programme is presently
underway in the facility.

Basically, the facility consists in two main parts, the in-pile equipment and a 350 m leaktight housing
called the 'caisson'.

The Phébus facility, in a first building, includes
a pool type reactor, which can operate for
several days.
The reactor consists of a driver core and a
central cavity contained in an open-tank
reactor vessel, see figure (1 ).
The core comprises PWR type fuel rods of 800
mm fissile length and is cooled by water forced
convection. Its maximum power is 40 MW
(limited to 23 MW for the FP programme).
figure 1 : Looking at the driver core
The central cavity contains the test train assembly externally cooled by a pressurised water loop.
Steam, hydrogen or helium are supplied to the test train through three injection lines.
The caisson, a 350 m3 leaktight housing, is installed in a second building adjacent to the reactor one,
see figure (2). In this caisson a mock-up of the main elements of a nuclear power plant reactor is
installed for the Phébus-FP programme : the reactor coolant system including a steam generator
model, and a tank simulating the containment of the reactor building. For the Phébus-2K programme
this caisson will receive the "Measurement Compartment", see figure (4). A complex instrumentation
combining conventional detectors (thermocouples, flowmeters, pressure sensors), gamma
spectrometry and sampling devices will allow the different physical parameters to be measured and the
various fission product concentrations in the experimental circuits to be determined.
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figure 2 : Inside the Phébus Facility

The
facility
also
includes
equipments which, after a test,
permits
handling
of
the
experimental device and the
sampling instruments, as well as
their examination.
For example, the test train is
transferred to the "PEC" (Poste
d'Examen et de Contrôle) for a
gamma scanning in order to
identify the fuel axial profiles, the
fission products and structure
materials distribution.
Besides, radiography and both
absorption
and
emission
tomographies provide a rapid
overview of the extent of bundle
degradation.

figure 3 : CECILE hot cell equipment
A linear accelerator and an electronic camera specifically developed for the Phébus-FP programme
allow accurate images of the fuel bundle damage as well as quantitative determination of mass
distribution. The facility possesses also a hot cell, the so-called CECILE cell, figure (3), where the
measurement devices extracted from the caisson are transferred
There, quantitative gamma scanning of filters, impactors, etc., are performed. In addition, the samples
are prepared before shipment to external laboratories.
Taking account the Phébus FP project experience, the main guide line for preparing this Phébus-2K
programmes and their associated equipments is to avoid any heavy decontamination operations which
are time consuming and costly. Such a constraint can be accommodated because the previously
described objectives of these Phébus-2K programmes do not require to investigate particular
phenomena in the primary circuit (except the FP resuspension from core upper plenum) nor in the
containment, the present Phébus-FP programme being supposed to provide all the necessary data for
this latest aspect. Therefore, the experimental equipment and instruments, by comparison with the
Phébus- FP ones, can be reduced, simplified and designed in an integrated way.
Basically, the Phébus-2K programme device will consist in a vertical test train incorporating the tested
fuel and the connections to fluid supply lines.
The test train will be installed in the Phébus driver core and followed by a release line (see figure 4).
This line aims at transferring the vapour and aerosol materials released by the bundle to a high
efficiency filtering compartment, integrating equipments whereas the gases will be directed to a
condensing and storage unit.

Therefore, the Phébus-2K
tests, unlike most of the
Phébus-FP tests, will not
require to dismantle and to
replace
consumable
dedicated
circuits
and
containment
internal
equipment from test to test.
Only the test train and the
measurement compartment
will be replaced. This will
greatly
simplify
the
operations to be performed,
allowing both cost decreases
and shorter duration between
two consecutive tests as
compared to the current
Phébus-FP programme.
figure 4 : PH-2K Caisson Equipment

The following elements provide some highlights on the measurement strategy which should be applied
for the Phébus-2K tests. The measurement of fuel degradation will be basically the same as for the
Phébus-FP programme, including a number of on-line sensors such as thermocouples and using
sophisticated in-situ non destructive techniques (•-spectrometry, absorption and emission computed tomography).
Detailed destructive examinations will also be performed. A special attention will be paid to measure transient
hydrogen and steam productions during core reflooding. The upper part of the test train, above the fuel,
will be equipped with instruments like thermal gradient tubes aiming at the determination of fission
products deposition and re-entrainment in case of reflooding. Fission products and other released
materials will be transferred through a "low retention" release line to a "Measurement Compartment". The
overall deposits in the release line can be measured by «-scans after the test. The Measurement Compartment will
include a number of sequentially operated filters in order to measure both the transient and overall releases.
Some specific instruments, like impactors for aerosol particle sizing, will also be installed in the measurement
compartment. The basic technique will be •-spectrometry, both on-line and on the samples after their transfer to
the CECILE hot cell. In addition, for non-» emitters, chemical analyses will be performed to complete the
experimental data base.
It should be noted that the facility modifications needed for the Phébus-2K programme would allow to
perform tests in the Phébus - FP configuration, if required.

5. CONCLUSION

The Phébus-2K programme has been built starting from the needs expressed by several experts
concerning containment integrity and source term. Its aim is to provide new information about the
impact of high burn-up and MOX fuels and of reflooding of a degraded core on core additional
degradation, potential threat to containment and Source Term. A feasibility study is ongoing. Although
not completed, it already shows that major simplifications of the experimental equipment can be made,
as compared to the present Phébus-FP programme. With regard to the test matrix, to ensure that the
programme focuses on the major uncertainties and that no important item has been omitted, it is
foreseen to look in more detail at the various phenomena that have to be reproduced before finalising a
test matrix. For such a purpose, IPSN intends to form a group of experts in the fields of PSA, SAMG
and emergency plans which should identify the pending uncertainties having large impacts, in terms of

source terms and core degradations, associated to High Burn-up and MOX fuels and core reflooding.
According to the existing knowledge and available analyses (PSA analyses, reactor accident sequence
calculations, experimental results, etc.), the experts should recommend a PH-2K test matrix in such a
way that the previously identified uncertainties can be reduced in a significant manner.
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Abstract: The simulation of a severe accident propagation in containments of nuclear power plants is required to
investigate the consequences of severe accidents and the effectiveness of potential counter measures under
conditions as realistic as possible. For this purpose, GRS developed the Containment Code System
(COCOSYS). The main objective is to provide a code system based on mechanistic models for the simulation of
all relevant phenomena, processes and plant states during severe accidents in the containment of LWRs, also
covering the aspects of design basis accidents. In this paper the current status of the COCOSYS development will
be presented, especially pointing out the new features.
Among other things the COCOSYS system has been used in the past for the design and installation of catalytic
recombiner systems in German LWR plants. According to the experience gained by validating COCOSYS, for
example on HDR Experiment E11.4, and the increased requirements to calculate local effects on hydrogen
distribution the need for a sophisticated nodalisation of the containment and for the comprehensive simulation of
specific system components will be underlined.

1. INTRODUCTION
The Containment Code System (COCOSYS) is being developed and validated for the comprehensive
simulation of severe accident propagation in containments of light water reactors [1, 2]. This system is
to allow the simulation of all relevant phenomena, containment systems and conditions during the
course of design basis accidents and severe accidents. In COCOSYS, mechanistic models are used as
far as possible for analysing the physical and chemical processes in containments. Essential
interactions between the individual processes, like e.g. between thermal hydraulics, hydrogen
combustion as well as fission product and aerosol behaviour, are treated in an extensive way. With
such a detailed approach, COCOSYS is not restricted to relevant severe accident phenomena, but will
also be able to demonstrate interactions between these phenomena as well as the overall behaviour of
the containment. In this paper the basic structure and the actual status and capabilities of COCOSYS
will be presented. Furthermore new features will be pointed out.
Among other things, the COCOSYS system has been used for the design and installation of catalytic
recombiner systems in German nuclear power plants. According to the experiences based on the code
validation using hydrogen distribution experiments (like HDR E11-4) a detailed nodalisation of the
containment volume (about 150 nodes) and a comprehensive simulation of the system components
(like doors, ventilation systems, rupture disks etc.) is required.
2. OBJECTIVE AND STRUCTURE OF COCOSYS
The COCOSYS system provides a tool based on mechanistic models for the simulation of essential
processes and states during severe accident propagation in the containment of nuclear power plants.
The complete system is divided into several so-called main modules (Fig. 1). Each main module is a
separate executable program used for specified topics of the whole process. Between these main
modules the communication is realised via a driver program using PVM [3]. The separation into
different main modules considers that the strongest coupling between the main modules is on the time
step level to avoid a high-frequency data transfer. The amount of data transferred is relatively small,
due to a suitable distribution of the complete topology and topics of the systems to the different main

modules. The complete separation into several executable programs inhibits side effects from one to
other modules. Furthermore, the maintenance effort of the complete system decreases significantly. To
reduce the complexity of the whole system, a direct communication between the different main modules
is not used. For future versions this concept will be extended to realise parallelism on the main module
level.
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Fig. 1

Structure of COCOSYS

2.1 Thermal hydraulic main module
The thermal hydraulic main module (THY) is based on RALOC Mod 4 [4], FIPLOC 3.1 [5] and
DRASYS 3.4 [6]. The compartments of the considered power plant (or other building types) have to be
subdivided into control volumes (zones). The thermodynamic state of a zone is defined by its
temperature(s) and masses of the specified components. To realise more complex boundary conditions
or processes, a flexible program and data structure is installed. For example, each zone can be split
into several so-called zone parts.
The thermal hydraulic main module contains different kinds of zone models. These are an equilibrium
zone model assuming a homogeneous mixing in the control volume, a non-equilibrium zone model
simulating an additional sump volume. For the one dimensional simulation of hydrogen deflagration a
separate zone model is used, separating the atmosphere in a burnt and unburnt zone part. For the
simulation of pressure suppression systems the DRASYS zone model can be used, calculating the
hydrodynamic behaviour of the water level inside and outside the pipe and the steam condensation
processes.
The junction models describe the flow interaction between different zones. In COCOSYS, the
simulation of gas flow and water drainage is strongly separated, although water can be transported via
atmospheric junctions by gas flow and dissolved gases can be transported via drain junctions. For an
adequate simulation of the different systems or boundary conditions, specific junction models are
implemented, like rupture discs, atmospheric valves, flaps/doors and specific pressure relief valves
used in the VVER-440/213 NPPs. For the simulation of water drainage, several models are realised,
describing the sump balance, water flow through pipes and along walls. The implemented pump system
model is flexible enough to simulate complete cooling systems (like emergency core cooling systems).
The walls, floors and ceilings of the considered building are represented by structure objects. The
structure objects include all types of metallic and non metallic heat sinks within zones and between
them. The heat flux calculation is one-dimensional, solving the Fourier equation. Plate-type as well as
cylinder-type structures can be simulated. The whole wall (heat slab) can be subdivided into layers.
Their thermodynamic state is defined by a layer temperature. The arrangement of layers can be chosen

freely. Gaps inside a structure are possible, too. The heat exchange between structures and their
assigned zones are calculated via convection, condensation or radiation (including wall-to-wall) heat
transfer correlations. In these correlations, averaged properties (valid until 3000°C) of the specified
components are used. The initial temperature profile and the boundary conditions to the zones can be
directly defined by the user.
For a realistic simulation of a severe accident propagation, a detailed modelling of the safety systems
is important. The THY main module can simulate cooler (including intermediate cooling circuits), spray
systems, fan and air conditioning systems, ice condensers and catalytic recombiner systems.
Especially for the last topic, a detailed one-dimensional model has been developed.
2.2 Aerosol-fission-product main module
The COCOSYS aerosol-fission-product (AFP) main module based on FIPLOC 3.1 is used for bestestimate simulations of the fission product behaviour in the containment of LWRs. Both the thermal
hydraulic (THY) and the aerosol-fission-product (AFP) main module consider the interactions between
the thermal hydraulics and aerosol fission product behaviour.
The aerosol behaviour inside a control volume is solved with the FEBE integration package zone by
zone. The condensation on aerosols is solved using a multi-grid method [7]. Especially for hygroscopic
aerosols, a very tightly coupled feedback on the thermal hydraulic (especially for the saturation degree)
can be considered. The transport of aerosols between the control volumes is solved in a tight way (on
time-step level), according to the calculated flow pattern of the THY part. For relative large particles, a
different transport velocity is calculated. Heat transfer and condensation influence the deposition rates
on wall structures. AFP can calculate up to eight different aerosol components, with their own chemical
characteristics and size distribution.
The fission product transport and nuclide behaviour can be simulated in a detailed manner using the
FIPHOST and FIPISO module. Both are described in chapter 3 in more detail.
The iodine calculations based on IMPAIR [8] include 70 different reactions. The iodine transport
process between water and gas is taken into account. The aerosol behaviour of the particulate iodine
species can be calculated by the aerosol calculation part of COCOSYS. The retention of aerosols from
a carrier gas conducted through a water pool is determined by SPARC model [9]. Thus, for example,
pool scrubbing in the suppression pool of a boiling water reactor can be simulated.
2.3 Core-concrete-interaction main module
In case of a reactor vessel failure during a severe accident, the molten core would drop onto the
concrete base structure of the reactor building. The interaction of the core melt with concrete would
continue for a long period of time. The COCOSYS core-concrete-interaction (CCI) main module is
based on a modified version of WECHSL [10], calculating the concrete erosion and the
thermodynamics of the core melt. For a very detailed consideration of the chemical processes in the
melt (mixed or separated option) and the gas, aerosol and fission product release, the XACCI module
has been developed. This module uses the equilibrium thermochemical model ChemApp [11]. The
XACCI module calculates for each phase and for the atmosphere above the melt the equilibrium
conditions for the chemical components. For the future it is planned to improve the modelling of the
core melt (e.g. using real geometric boundary conditions) and to introduce models for simulation of
DCH and melt relocation.
2.4 Coupling of the modules
Table 1 shows the basic couplings realised (black) and planned (grey) in the inner part of COCOSYS.
The three main modules THY, AFP and CCI are coupled via PVM. The main topics in the THY main
module are the thermal hydraulics itself, gas distribution (H2/CO), pyrolysis and the thermal hydraulics
inside the cavity. The AFP main module is separated between the aerosol behaviour, iodine behaviour,
fission product transport, nuclide behaviour and pool scrubbing. The main topics of the CCI main
module are the core melt behaviour (erosion, temperature) and the chemistry inside the melt simulated
with ChemApp.

Table 1 Couplings realised in the COCOSYS system
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In the following some remarks on specific coupling features will be given:
a) It is planned, to describe the soot behaviour by the aerosol module AFP.
b) The spray droplets have a strong feedback on the aerosol, iodine and fission product behaviour
(see chapter 3)
c) The gaseous composition (H2, O2, CO, ...) inside the cavity atmosphere is considered in the
chemical calculation of ChemApp.
d) It is planned to consider the absorption/emission coefficients of aerosols (dust) in the radiation
calculation of THY.
e) The behaviour of suspended Csl and Agi can be calculated with the aerosol module. The results
will be used directly in the iodine calculation.
2.5 Validation
The containment code system has been developed since 1994. According to the QA-procedure in
COCOSYS [12] a validation calculation against an experiment have to be performed by an user not
involved in the development of the regarded models. Otherwise this would be a test calculation. During
this time the program has been validated against several experiments, repeating the calculations from
the basis programs (like RALOC, FIPLOC, DRASYS, WECHSL) and performing calculations for new
experiments. Tab. 2 shows the current status of the validation.
Table 2 Current status of validation of COCOSYS
Facility and experiment
Test case
BMC: thermal hydraulics
F2
BMC: jet flow and stratification
HYJET 4
HDR: H2 distribution test
E11.4
HDR: short-term behaviour
T31.5
HDR: plate-type recombiner
E11.8.1
Gx4
BMC: box-type recombiner
NUPEC: spray/thermal hydraulics
M7.1
GKSS: pressure suppression
M1
VANAM-M3
BMC: aerosol distribution
KAEVER: aerosol behaviour
Different
PANDA: pressure suppression,
BC4

Version
V0.1AB
V0.1AB
V0.2v0
V0.2v3
V0.1AB
V0.2v0
V0.1AB
V0.1.AE
V1.2vO
V0.1AC
V1.1v1

Facility and experiment
passive system, He distribution
PANDA: pressure suppression,
plate condenser, He distribution
PANDA: pressure suppression,
He distribution
ACE-RTF: iodine behaviour
BETA: melt behaviour
ACE: melt behaviour

Test case

Version

PC1

V1.1v1

ISP42,phases
A, D, E, F
3B
V5.1
L6

V1.1v1
VO.2vO
V0.2AB
V0.2AB

3. PRESENT STATUS OF DEVELOPMENT
Inside this section some new developments in COCOSYS will be briefly described. The first part
describes the spray models available in the thermal hydraulic main module and the feedback to the
aerosol behaviour handled in the aerosol-fission-product module. Then the concept of the fission
product simulation in COCOSYS, the simple cable burning model and the coupling between THY and
the hydrogen detonation module DET3D will be presented. The complete COCOSYS system becomes
more and more complex. Therefore a specific tool has been developed for the interactive creation of
input data inclusive an one-line documentation.
3.1 Spray system modelling
A new feature of COCOSYS is the availability of a detailed spray model, which simulates the thermal
hydraulic effects of spraying as well as the reaction to aerosols inclusive iodine and to fission products.
The concept of the spray system interface is illustrated in Fig. 2. A spray system can be modelled at
any branch end of a pump system. For each spray system a spray nozzle type and spray droplet paths,
composed of several path sections are to be given. User defined droplet paths describe the way, the
water droplets are falling through several zones or onto structure surfaces. The inlet water flow may be
divided into different parallel droplet paths.
Via the spray nozzle geometrical data as the nozzle outlet area and the initial average droplet diameter
are to be provided. The initial velocity of the spray droplets results from the volume flow rate through
the pipe and the total outlet area of the spray nozzles.
Spray droplets injected into a zone (mass flow rate Gin, Temperature Tin, energy flow Ein, average
droplet diameter d in , falling velocity vin) interact with the zone atmosphere resulting in an evaporation of
the droplet or a condensation of steam on the droplet surface. This influence the zone atmosphere and
the droplets themselves leaving the zone atmosphere under the condition GbUt, Toutl E^, doUt and vout
and entering the next zone below (Fig. 3). Assuming a long spray height the droplets will reach the
stationary falling velocity. At the end the droplets are balanced to the sump of the last zone defined in
the spray path.
Validation calculations show, that a part of the spray water reaches the hot structure surfaces, leading
to a corresponding cool down of the surface area and a reduced interaction with the zone atmosphere.
This effect can be considered with the implemented spray model. One part of the spray droplets
reaches the wall surface (mass flow rate Gportion, temperature T in ) and flow downwards. On the structure
surface the condensation or evaporation process starts. The water film Gsump reaches the sump of the
connected zone with the temperature Tsump.

spray system 1

spray nozzle 1

t

droplet path ï ••' \
droplet path 2 \
droplet path 3

heat structure

atmospheric junction

spray nozzle

pump system
(pipes, pump, valves, cooler)

spray droplet path
Fig. 2

Principle structure of a spray system in COCOSYS

3.1.1 Thermal Hydraulic Spray Models

The droplet behaviour, i.e. mass and energy exchange, temperature, droplet size and velocity, is
calculated by the thermal hydraulic spray model. For each spray nozzle one thermal hydraulic spray
model can be defined. Different thermal hydraulic spray models are implemented:
CONST
This model uses a constant spray efficiency r\. It is very simple and foreseen for test calculations
mainly. At the end of each path section the temperature Tout of the droplets is given by
'out ~ Mn +T lv'zone

(1)

MriJ.

IVO
The model was developed for the RALOC MOD2.2 code by IVO Power Engineering [13]. The change
of droplet behaviour along the falling distance is iterative solved by a local time step size At for each
path section, depending on the inlet velocity and section length. Droplet temperature is calculated
considering convection and condensation/evaporation

dT,drop

6 At
Pdrop

-c

v,drop '"drop

v a convection +

a

condensati on J V ;zone

- T ,interface )]•

(2)

Both under saturated and superheated conditions the IVO model gives good results, but consumes
considerable CPU-time.
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Fig. 3

Spray droplet interactions with zone atmosphere and wall surfaces in COCOSYS

MARCH
This model bases on the MARCH code spray model [14] with some improvements by SIEMENS [15]
and GRS [16]. It considers convection and condensation processes. The heat transfer coefficient a
between zone atmosphere and droplet surface bases on an empirical equation. The droplet
temperature at the end of each path section is

'd rop.out ~ ' dropjn

_e

v zone

m

drop -c p,drop

• tfall
(3)

Main advantage of the MARCH model is that the droplet falling time y can be calculated analytically
resulting in low CPU-time consumption.
3.1.2 Aerosol and Fission Product Wash Out
Beside the thermal hydraulic effect spray droplets also wash out airborne aerosols and fission products.
The reduction of aerosol concentration cae is calculated as

dc ae _
..

'-spray °ae (t)

(4)

using the removal rate by spraying Xspray, which results from geometrical data and from the collection
efficiency E(dae,ddrop) [17]. This efficiency is calculated using the equations from the CONTAIN code [18]
and consists of 5 different effects:
:

impaction

+ Einterception +

^diffusion

+ E•thermophoresis

-diffusiophoresis

(5)

The total collection efficiency as well as the different parts over the aerosol particle diameter are
illustrated in Fig. 4.
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Fig. 4 Aerosol collection efficiency as a function of particle diameter
Nongaseous fission products were carried by aerosols and consequently washed out as well. The
aerosol borne fission product mass reduces equivalent to that of the aerosol associated with

dmpp_

Am
ae
At

(6)
m
ae
Corresponding to the defined spray paths aerosols and fission products washed out were transported
into the last defined zone, usually a sump. Here they can be stored/deposited or transported further by
drainage or pump systems.
dt

3.2 Fission-product simulation
The FIPHOST module [19] calculates the transport of fission products carried by so-called hosts in the
containment (Fig. 5). The mobile hosts are gas, aerosol and water, the immobile hosts are the surfaces
in atmospheric and sump spaces. The transport of the hosts will be calculated in other parts of
COCOSYS. FIPHOST can handle an arbitrary number of fission product elements, isotopes and/or
chemical species in multi-compartment geometry with arbitrary atmospheric and liquid flows between
the compartments. All relevant transfer processes of the fission products between hosts are modelled:
aerosol depletion by natural processes and by engineered systems like filters, recombiners or spray
systems, wash-down from walls into sumps, etc. Host changes as a consequence of chemical reactions
or the decay of radioactive isotopes are also taken into consideration.

JO

\[>(wsh)
water p
transport

host:
1 -gas
2 - aerosol
3 - gas phase surfaces
4 - water
5 - water phase surfaces
6 - systems (lilter, recombiner)

coe-fficients:
p(flr) - deposition on floor
P(wll) - deposition on wall/ceiling
p(spr) - spraying
p(psc) - pool scrubbing
p>(wsh) - washing
p(dpw) - deposition in water
ptfil+rec) - decontamination in systems

Fig. 5 FIPHOST control volume, fission product hosts
Using the FIPISO module [20], the behaviour of all nuclides relevant for the mass transport and heat
release in the containment can be simulated. FIPISO considers the core inventory of the reactor at the
initial accident time and calculates the decay of the activity and the decay heat release according to
established nuciide libraries and packages for up to 1296 isotopes inside each zone separately. The
transport of isotopes is calculated by the FIPHOST module. The FIPISO module uses the implicit
solution method ORIGEN with the exponential matrix method [21]. To reduce calculation time, FIPISO
will compress the libraries to the relevant nuclides for the specific cases. Depending on the first release
time, usually about 400 to 600 isotopes are considered. The core inventory has to be pre-calculated by
other GRS programs. The user can mix the specific core inventory using different inventory files. The
results are used for the calculation of decay heat release. The code distinguishes between alpha/beta
and gamma radiation. According to the position (host) of the nuclides, the heat is released in the
corresponding zone part (atmosphere, sump) and wail structure, respectively. The heat distribution
inside the wall structure is calculated according to the energy spectrum of the nuclides.
3.3 Simulation of oil and cable fires
For the simulation of fires of cable tray a simplified pyroiysis model has been implemented in the THY
main module [22]. This model assumes a constant specific pyroiysis rate R

sm2

and a propagation

velocity v+ [m/s] in the positive and negative direction. The resulting pyroiysis rate is assumed as:

r = Rb ( d 0 + vt)

(7)

kg'

with the reaction rate r

, the initial burning length d0, the width b [m] of the cable tray (Fig. 6). The

flame propagation depends on the direction of the tray. Therefore the model distinguish between
horizontal and vertical cable trays. The propagation velocity may depend on the surrounding zone
temperature. For the connection of different cable trays or tray segments the relative position of the
connection are given by the user (Fig. 7). It is possible to connect the tray segments at each end point
(segmentation of cable trays according the control volumes), or to define a crossing of tray segments,
or to define parallel tray segments. The user defined distance A defines the time needed to propagate
from one to the other tray segment
tprop -

w

(8)
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Fire propagation along connected cable trays

For a cable tray exist several conditions for ignition or stopping of pyrolysis (Tab. 3).
Table 3

Criteria for ignition of a cable tray or stop of burning

Reason

Criteria

Ignition via signal (user input)

lo. d0

Time delay
-

High zone temperature

Mgn

tdelay

Ignition via another cable tray

l0, d 0 (calculated by connection data)

A
v±

Finish due to low zone temperature

Tout

Complete burn out

t>t-

tout
e

±

The simplified cable burning model considers somewhat the thermal hydraulic boundary conditions, but
the real temperatures on the cable surface needed for a deterministic calculation of the pyrolysis are

not calculated. Especially under low oxygen conditions this model may lead to some deficiencies.
Therefore an additional criteria has been introduced for low oxygen conditions to reduce the pyrolysis
rate. The considered species in the cable burning model are H2, HCI, CO and CHX fractions. As already
used in the oil burning model [23] these fractions may combust in the atmosphere or be transported to
other regions under low oxygen conditions.
3.4 Simulation of fast hydrogen deflagrations/detonations
The detonation code DET3D [24] has been developed by FZK. DET3D simulates the propagation of a
detonation in a control volume. It will not be checked, whether under the given boundary conditions a
detonation is possible or not. This has to be investigated outside the code. A detonation is always the
result of complex preceding processes like a deflagration coupled with a strong acceleration and
building and propagation of pressure waves. Therefore the coupling of DET3D into COCOSYS seems
to be preferable, where COCOSYS calculates the pre-history and initial conditions of a possible
detonation or fast deflagration using corresponding criterias [25]. If the criterias are fulfilled, DET3D will
be started and delivers the reaction rates and pressure and temperature behaviour as a result. The
reaction rates will be used in COCOSYS for further calculations. In the actual version the criteria for
flame acceleration and the transmission to detonation are not yet implemented. Further investigations
are necessary here. Fig. 8 demonstrates in principle a result of a DET3D calculation coupled with a
simple COCOSYS nodalisation.

V2

V3

V3

R2
V1

R3
R1

msm
jp-

Fig. 8 Coupling of THY and DET3D

R3

3.5 Input tool COCOIN
Due to the high number of different modules, the input for a COCOSYS calculation becomes more and
more complex. Additionally for the analysis of local effect a detailed nodalisation is needed. Therefore
the specific tool COCOIN for the preparation of the input data has been developed. For most of the
input data specific input masks are provided. To get an overview of the nodalisations (zones and its
connections) the so-called nodalisation scheme can be created. This scheme can be directly used for a
visualisation of the calculated results using ATLAS. COCOIN can use the COCOSYS User's Manual
on-line (Fig. 9).
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Fig. 9 View on the COCOIN tool

4. APPLICATION OF COCOSYS
COCOSYS has already been used in real NPP applications especially to create the basis for the lay-out
of plant specific catalytic recombiner systems and for the assessment of their local and integral
effectiveness [26]. Especially for such type of analyses it is necessary to use a detailed nodalisation of
the containment and to consider all safety-relevant systems being involved in the accident. This is
needed for the identification of compartment areas in the containment accumulating combustionable
gas mixtures. This is due to possible plumes of hydrogen containing mixtures and non-combustionable
hydrogen-oxygen-steam mixtures entering into cold areas leading to steam condensation and by this to
combustionable gas mixtures. Usually the mentioned compartments are relatively separated from the
main parts of the containment (so called dead end compartments).
Tab. 4 shows the number of control volumes, junctions and structures used to investigate different
types of power plants. As an example the nodalisation of a German KONVOI type power plant is shown
in Fig. 10. In this nodalisation special attention has been drawn on possible plumes above the steam
generator towers (e.g. D13, D22, D30, D37) and the local mixture behaviour near the steel shell (zones
D39, D32, D25 and so on).

Table 4

Number of control volumes/objects used in different applications

Zones
182
130
50
165

Plant type
German PWR KONVOI type
2-loop PWR
German BWR
3-loop PWR

Junctions

structures

666
431
161
550

276
228
138
165

033

Fig. 10

Typical nodalisation scheme for hydrogen distribution analysis in real plants

For the qualification of the COCOSYS input and the interpretation of the calculated results the ATLAS
tool [27] has been used. Without going into details selected results of a calculation will be presented. A
50 cm2 hotleg leak with failure of the steam generator heat removal has been chosen as an accident
scenario. The mass and energy input into the containment is based on a calculation for the primary
circuit for about 40 h. In this calculation the functioning of catalytic recombiners is considered. Fig. 11,
12 and 13 show the temperature behaviour and the hydrogen and oxygen distribution at the beginning
of the ex-vessel phase. Especially the hot gas plumes and the local effects due to steam condensation
on the steel shell and the local effect inside the ventilation control rooms can be observed.

r
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Fig. 11

Temperature distribution at beginning of ex-vessel phase

Fig. 12

Hydrogen distribution at beginning of ex-vessel phase
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Fig. 13

Oxygen distribution a beginning of ex-vessel phase

5. CONCLUSIONS
To simulate severe accident propagation in containments as realistically as possible, it is important to
use detailed mechanistic models including their interactions. For this purpose, GRS has developed the
containment code system (COCOSYS). This code uses a modular program system structure,
communicating via PVM. Using this concept, additional detailed codes (like CFX, DET3D) have been
coupled to COCOSYS. COCOSYS is still under development. New models especially for the ex-vessel
melt behaviour, considering realistic boundary conditions inside the reactor cavity, including melt
relocation, DCH and a detailed pyrolysis model for oil and cable burning will be implemented in the next
step. Further the coupling between the different models will be extended. Another activity will be the

code validation, especially against experiments of the new ThAI facility. Thermal hydraulic tests and
aerosol and iodine experiments are planned for this facility.
The applications already performed with COCOSYS mainly require a detailed nodalisation to calculate
realistic results. COCOSYS is able to manage these needs with appropriate computing time.
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Abstract:
An overview is given on the development of coupled systems of 3D neutronics and fluid-dynamic system
codes. In particular, the work performed in this field on the basis of the system code ATHLET developed by
GRS is reported. During the last years, the coupling of different 3D neutronics codes like BIPR8 (Kl),
DYN3D (FRZ), KIKO-3D (KFKI) and QUABOX/CUBBOX (GRS) was implemented in order to simulate
LWR, W E R and RBMK core conditions. The objectives and representative results of international activities
to validate such coupled codes are described. In addition, the experiences from applications in accident
analysis are summarized and further improvements are recommended.

1. INTRODUCTION
The safety analysis of NPPs is mainly based on the application of analytical simulation methods. Important
fields of safety analysis are the static and transient reactor core behaviour by 3D neutronics models and the
whole plant transient behaviour by fluid-dynamic system codes. In both fields the computer codes have
achieved a high degree of realistic modelling. Nevertheless, the separate analysis of the reactor core by
3D neutronics models and the whole plant system using simplified neutronics models needs additional
assumptions on the interfacing conditions if a strong coupling between the neutronics in the reactor core
and the fluid-dynamics in the primary circuit exists. Therefore, great efforts were made to develop coupled
code systems directly integrating 3D neutronics models into system codes. This presentation will describe
the work performed in this field on the basis of the system code ATHLET developed by GRS. After a brief
overview on the available analytical methods, the applications are described for which coupled codes can
significantly improve the accuracy of simulation. The possible approaches for coupling 3D neutronics

models to fluid-dynamic system codes are discussed and a report is given from recent efforts to validate
such codes.
The results presented refer to international benchmark activities for code comparison like the OECD/CSNI
PWR Main Steam Line Break (MSLB) Benchmark [Iva97] and to the EU Phare project SRR 1/95 [WeiOO]
which collected plant transient data from VVER-plants and performed analysis by coupled codes to
compare with the measured data. In addition, results and experiences from further applications in safety
analysis are described.

2. STATE OF ANALYTICAL METHODS AND THEIR LIMITATIONS
In the past, the calculations for the analysis of plant transients and the analysis of reactor core behaviour
were performed separately. In the field of plant transient analysis the solution of thermal hydraulic equations
for single-phase and two-phase flow conditions was the basis for developing system codes modelling the
whole plant. Representative codes are ATHLET, CATHARE, RELAP and TRAC . In addition to the thermal
hydraulics, these codes include models for describing components like coolant pumps, pressurizer and
steam generator, as well as for modelling control systems and the protection system. The nuclear power
generation in the reactor core is usually described by a point kinetics model and sometimes by a 1D
neutronics model.
The application of the system codes needs attention to determine correctly the reactivity feedback functions
for the point-kinetics model.
Detailed analysis of reactor core behaviour is based on 3D neutronics models which solve the two-energy
group neutron diffusion equations including reactivity feedback effects caused by changes of coolant flow
conditions and changes of the fuel rod temperatures. The efficient solution of spatial and time-dependent
neutronics equations is based on coarse mesh methods or nodal functional expansion methods achieving a
high accuracy even for radial nodes corresponding to the fuel assembly size.
For reactor core calculations the boundary conditions have to be defined, e.g. the mass flow and
temperature distribution of the coolant at the core inlet together with the time-functions for pressure. In
reality, these boundary conditions will be affected by the power generation in the reactor core. This limits
the application to fast transients like a control rod ejection or transients with a weak coupling between fluid
dynamics in the primary circuit and the nuclear power generation in the reactor core.
In summary, the application of these models is limited by the assumptions to consider properly the interface
conditions. It may lead to very unrealistic accident conditions, if all uncertainties are taken into account by
defining conservative boundary conditions. However, this is in contradiction to the actual trend of safety
analysis to perform realistic best estimate analyses.

These problems of separated analysis can only be avoided by directly coupling 3D neutronics models with
the system code.
3. TYPICAL APPLICATIONS OF COUPLED CODES
The analysis by coupled codes is needed for the following accident conditions, which are presently under
discussion.
•

The local boron dilution accident in PWR, which was identified as a potential reactivity initiated accident
even in shutdown conditions when all control rods are inserted.

•

The cool-down transients with strongly negative moderator temperature reactivity coefficient (MTC) in
PWR. The occurrence of a recriticality during cool-down and its consequences have to be analyzed.
Such high values of MTC are obtained for increased high burnup fuel or for extended use of MOX fuel.

•

The results of ATWS analyses are strongly affected by feedback reactivity coefficients. The
uncertainties of inherent feedback determining power production and consequently pressure increase
can be strongly reduced by applying 3D neutronics models. The spatial effects are emphasized if partial
failure of control rod insertion is postulated.

•

Power upgrading programs generate the demand for reducing uncertainties.

•

The BWR instability in plant conditions beyond the stability threshold.

For these events, the accuracy of the analyses can be improved significantly by modelling directly the
interaction of the neutron kinetics and the fluid-dynamics in the coupled codes.
4. COUPLING OF THE SYSTEM CODE ATHLET WITH 3D NEUTRONICS MODELS
The AHLET code [Ler98, Tes96] is a thermo-fluid-dynamic system code for a wide range of applications
comprising anticipated and abnormal plant transients, small and intermediate leaks as well as large breaks
in PWRs and BWRs. The two-phase flow is described either by a 5-equation model or a full 6-equation
model of both phases including models for non-condensables. The code structure is highly modular, and
allows an easy implementation of different physical models. ATHLET provides a modular network approach
of the primary and secondary side including all components of the plant. The ATHLET-code was developed
by GRS and it is comparable to other system codes like CATHARE, RELAP or TRAC.
The coupling approach for 3D neutronics models implemented in ATHLET [Fom93, Lan96a, Lan96b] allows
various options, which are also applied within other coupled code systems:
•

Internal coupling
Coupling of the 3D neutronics model to the system code ATHLET which models completely the thermalfluid-dynamics in the primary circuit including the core region.

•

External coupling
Coupling of the 3D neutronics model including the fuel rod model and the fluid-dynamic model of the
core region to the system code which models only the thermal-fluid-dynamics in the primary circuit
excluding the core region.

•

Parallel coupling
The 3D neutronics model including the fuel rod model and the fluid-dynamic model represents the
reactor core. The system code models the thermal-fluid-dynamics in the primary circuit and the core
region in a simplified manner. The calculated boundary conditions of the system code are transferred as
time-dependent boundary conditions of the more detailed core calculation performed in parallel.

These coupling approaches maintain the capabilities of the separated codes and provide the necessary
exchange of main physical parameters. These are:
•

The power density distribution which is the result of the neutronics calculation and which must be
transferred to the fluid-dynamics.

•

The distribution of fuel temperature, coolant density and coolant temperature as well as the boron
concentration, which are the result of the fluid-dynamic model including the boron transport model and
which must be transferred to the neutronics as feedback parameters.

The coupling of different 3D neutronics models is supported by developing a general interface in ATHLET
and the specific features of the GCSM (general control simulation modul). Meanwhile, the following 3D
neutronics models are coupled with ATHLET:
•

QUABOX/CUBBOX from GRS [Lan77] in cartesian geometry applied for LWR and RBMK,

•

BIPR-8 from Kurchatov Institute [Liz92] in hexagonal geometry applied for VVER,

•

DYN3D from FZ Rossendorf [Gru93, Gru96] in cartesian and hexagonal geometry applied for LWR and
VVER,

•

KIKO-3D from KFKI Budapest [Ker94] also in cartesian and hexagonal geometry.

For all neutronics models the internal coupling was implemented, for DYN3D [Gru95a] also the external
coupling and for KIKO-3D [Heg98] also the parallel coupling was implemented. There is a great interest to
couple different neutronics models because a lot of validation and experiences exist for each model.

5. VALIDATION OF COUPLED CODES
The coupled codes will be used in safety analysis to perform more realistic analysis of accident conditions
with a strong coupling between neutronics and fluid-dynamics in the primary circuit. It is therefore
necessary that the validation of these coupled codes comprises the envisaged field of applications.

Certainly, the validation process is a continuation of the validation of the separated codes which has been
established in the past. However, also the specific coupling approaches and their applications must be
validated. Several activities were performed in international co-operations:
•

The OECD/CSNI PWR core transient benchmarks [Fin91, Fin93a, Fin93b, Fra93, Fra96, Fra97, Lef94,
Lef96] which have been extended for coupled codes by the PWR Main Steam Line Break (MSLB)
Benchmark. This benchmark activity will be continued by analyzing a BWR Turbine Trip Benchmark that
is based on measured data of a plant [SolOO].

•

The EU Phare SRR 1/95 project which focussed on VVER NPPs. In a first step plant transient data from
VVER-440 and VVER-1000 were collected. Then, for each plant a selected transient was analyzed by
different coupled codes and the calculated results were compared with measured data of the transients.

•

Relevant investigations were performed in the international association "Atomic Energy Research
(AER)" which is addressing reactor physics and safety of VVER type reactors.

•

Additional work was performed within the EU Phare project HU/TS/02 "Topical Issues concerning
Accident Analysis: Methodologies and Management".

In the following some representative results of these efforts and experiences obtained in these studies are
presented.
5.1 The PWR Main Steam Line Break (MSLB) Benchmark
The specification of this benchmark [Iva97] is based on the PWR Three Mile Island Unit 1 (TMI-1 ) as a
reference plant. This plant has two main reactor coolant loops with once-through steam generators. The
international benchmark is co-ordinated by the PennState University (PSU). The initiating event of the
accident is the break of the main-steam line at one of the two steam generators at full power. At 114%
nominal power, the reactor scram is actuated, postulating that the most efficient control rod fails. Further,
the event sequence is determined that the non-affected steam generator will be isolated and the recirculation pumps in both loops continue running.
For the comparison of results three phases were defined:
Phase 1 : Calculation of the plant behaviour using point kinetics
Phase 2: Calculation of the 3D core behaviour with pre-defined boundary conditions
Phase 3: Calculation of the plant behaviour using 3D neutronics
Since the benchmark is structured in this way, it allows the comparison of solutions of different system
codes using point kinetics (within phase 1) as well as the comparison between point kinetics and 3D
neutronics solutions (comparing phase 1 and phase 3). During phase 1 it was possible to adjust the details
and options of thermo-fluid-dynamic modelling in the different system codes. It confirmed also the high

importance of thermo-fluiddynamic parameters and models for calculating the minimum coolant
temperature in the affected coolant loop which directly determines the recriticality conditions of the reactor
core. The relevant phenomena are the mass flow rate and the phase distribution of the break flow at the
main steam line, the heat-transfer conditions at the steam generator tubes, details of the once-through
steam generator like the recirculation flow and the steam overheating and the nodalization in the reactor
vessel. The Figures 1 and 2 show the fission power using point kinetics and the cold leg coolant
temperature in the affected loop from the participants of the benchmark. Initially, there is a power increase
due to the cooling down of the reactor core which leads to the reactor scram at 114% nominal power. After
about 60 sec, the power increases again by the cooling down of the reactor core, but mostly only a small
power increase occurs. For making the comparison more easy in the following figures are shown only the
results of the ATHLET-QUABOX/CUBBOX calculation. Fig. 3 shows the comparison of the fission power of
ATHLET using point-kinetics and 3D neutronics. Fig. 4 shows the coolant temperatures during the
cooldown of the reactor core. The minimum temperature in the cold leg is reached at about 70 sec. By
discharge of the coolant at the leak, the pressure of the main steam line decreases and the steam
generator is completely empty at 80 sec. Due to low water content in the steam generator, the heat transfer
from the primary circuit is reduced remarkably, so the cooling down reaches its minimum.
Fig. 5 shows the reactivity state of the reactor core. It presents the contributions to reactivity by reactor
scram, the positive contribution by fuel temperature or the Doppler reactivity, due to the reduced power and
the corresponding decrease of the fuel temperature, as well as the positive contribution of the moderator
temperature reactivity due to the continuous cooling down of the reactor core down to the minimum coolant
temperature. The total reactivity of the core does not reach criticality again, but the distance is very small.
The small distance causes a great sensitivity of the power transient towards model parameters and
boundary conditions of the accident. In case of criticality, the power increase is higher.
A variant of the benchmark specification, the case with a more pronounced return-to-power, was used to
investigate the effect of the specific number of TH channels (THC) on the accuracy of results. It is of
interest to know this effect because a reduction of THC could be used to optimize the necessary computer
time.
The ATHLET nodalization scheme, Fig. 6, is kept unchanged concerning the primary and secondary circuit.
Three different mapping schemes have been analysed and compared. The first nodalization scheme is 1:1
modelling of the core, Fig. 7, it is the reference scheme. That means that each fuel assembly corresponds
to a single THC. The total number of THC in this case is 178 (177 fuel assemblies channels and one
channel for the reflector zone). In each channel the thermo-hydraulic feedback is described by a pipe and a
fuel rod module of ATHLET code. No cross flows are taken into account among the THC. The second
mapping scheme is the proposed one in the specification of the benchmark. It corresponds to 19 THC (one
of them is a reflector channel) shown in Fig.8. The THC are located in three radial rings of the core. Each

ring has 6 THC symmetrically located along the ring. The flow area of each THC in a ring is the same. This
mapping scheme is proposed on the basis of the analysis done with TRAC code. To each THC is attached
a heat slab describing the fuel rod with 24 equidistant nodes in axial direction. On the basis of our
experience with coupled code calculations we tried to create an optimized mapping scheme. That is the
scheme with 15 THC (1 for the reflector zone) presented in Fig. 9. The following model was applied:
•

assemblies with control rods are united in a separate THC,

•

each control rod cluster should have its own THC if it has different initial insertion depth in comparison
with the other clusters or different time moment is expected or forseen to start rods movement,

•

assemblies are united in separate THC if they are located around strong neutron flux disturbances
(stuck rod, dropped rod, assembly with high burnup or different enrichment),

•

non-controllable assemblies are grouped in one THC if they are located at one radial core ring.

The number that is put on each assembly (square) of the mapping schemes shows to which the fuel
assembly THC is related. The stuck rod assembly, number one in Fig. 9, is assigned to a separate THC.
Discussion of comparisons
The total power histories for the three cases can be seen in Fig. 10. At the beginning, it increases due to
the positive reactivity of the coolant temperature reduction and after reaching 114% nominal power the
reactor trip is initiated. As we can see, the total power differs very slightly for the three cases. Some
deviations are observed in the vicinity of the second power peak. Comparison of some average global
parameters can be done on the basis of the data listed in Table 1. Deviations are observed for Keff in
comparisons with the reference case (177 THC). In case of the optimized scheme (14 THC) the error is
smaller in comparison with the 18 THC scheme as specified in the benchmark. This tendency is valid for
the mean power density, average fuel temperature and mean coolant density and remains the same for all
four specific time points of the transient chosen for the comparison (steady state, time point of first power
peak, time point of the second power peak and time point at the end of the transient - at100s). An even
more definite tendency is observed for the maximum fuel temperature (local parameter) that can be seen in
Fig. 11. At the time of the second power maximum the deviation reaches 126.9 K for the 18 THC case and
only 29.8 K for the 14 THC mapping scheme.
The axial core averaged power profiles are presented in Fig. 12 (t=0 s), Fig. 13 (t= first power peak), Fig. 14
(t= second power peak) and Fig. 15 (t=1OOs). In general the 18 THC scheme overestimates the power
generation in upper core part in comparison with the 14 THC scheme and it underestimates the power in
the lower core part. The differences are almost negligible at t=100s because the transient is completed and
we have almost homogeneous distributions in the core. A great advantage of the 14 THC scheme in
comparison with the 18 THC one, can be seen by predicting the local distributions. Axial power distributions

for the THC with the stuck rod are shown in Fig.16 and 17. The profiles for 177 and 14 THC are almost full
overlapping while the deviation in the upper core part for the 18 THC reaches 25 %.
The comparison of the time histories of the local and global parameters for the three cases proves that
deviations from 177 THC scheme in case of the optimised mapping of 14 THC are smaller than in case of
18 THC.
This study shows that a 1 : 1 mapping of fuel assemblies and TH channels should be recommended to
obtain high accuracy for the local parameter values. A model using a reduced number of TH channels is
able to calculate properly averaged time-dependent behaviour, but the grouping of TH channels should be
adjusted to the problem.
5.2 The validation of coupled thermohydraulics/neutron kinetics codes within SRR 1/95
The primary objective of the EU Phare project SRR 1/95 [WeiOOa, MitOO] was the validation of coupled
codes against collected real VVER plant transients. Organisations from seven countries participated in this
project. In the first phase, plant transients data from VVER-440 and WER-1000 were collected. The plant
transient data for VVER-1000 were the following:
•

In Balakovo-4 a transient with switching-off of one of two working steam generator feed water pumps at
full power,

•

In Zaporoshye-6 a transient with a disconnection of the generator from the electric grid, i.e. the
degradation of the turbo-generator power from 1000 MW electric power down to the house load level of
50 MW.

•

In Kozloduy-6 at 90% nominal power, two neighbouring main coolant pumps were switched off.

In addition, transients from VVER-440 plants were collected, namely
•

In Loviisa-1 a transient was initiated by the load drop of one turbo-generator, i.e. the electric power
output of the plant was suddenly reduced by half.

•

In Dukovany-2 a test was carried out during the start-up of the unit at 55% nominal power, whereby 3
out of 6 working main coolant pumps were simultaneously switched off.

Within this project all relevant plant data and the available measured parameters were collected and
documented for future analysis. For each VVER type, one transient has been chosen to be analysed by the
coupled codes.
In the following, the results of the analysis of the Balakovo transient are reported as an example. The
initiating event for the transient was the switching-off of one of the two working steam generator feed water
pumps at full power. Two seconds after the pump failure, the power control system responded by inserting
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the first control rod group from core top to bottom within four seconds. Group No. 10, that had been at the
axial position of 275 cm, started moving in at the rate of 2 cm/s. As a result of dropping group No. 1, the
neutron power decreased to about 63 % of the nominal value within 10 seconds. The slow insertion of
group No. 10 down to a position of 140 cm resulted in a power decrease to about 45 %. The reactor power
was stabilised at this level by the automatic power controller. In the secondary circuit, the flow rate through
the second feed water pump that was still in operation, was increased by some 50 % within 16 seconds
after the failure of the first pump, in order to partly compensate the deficient feed water flow. In the
following, the flow rate of the second pump was reduced again to match the decreasing thermal power of
the primary circuit. During the whole transient, the water level in the steam generators was always kept well
above the heater tubes.
The Balakovo transient was analysed by using the coupled code complexes HEXTRAN-SMABRE [Kyr95a,
Mie98] and ATHLET coupled with the 3D core models DYN3D [Gru95a, Gru95b] and BIPR-8 [Fom93].
HEXTRAN-SMABRE calculations were performed by VTT, ATHLET/BIPR-8 calculations by KI Moscow and
ATHLET/DYN3D calculations by FZR, INRNE Sofia and STC-NRS Kiev. In all cases, the nuclear data
libraries and codes that have been used for the burn-up calculations are consistent with the libraries and
neutronic codes applied in the transient analyses.
To obtain the reactor state before the transient, burn-up calculations were carried out by all participants
over the first 152 full-power days of the first fuel cycle, using the operation history provided by KI. The
maximum burn-up deviations of 4 % between the codes occur in assemblies near the core boundary. The
measured critical boric acid concentration was 3.00 g/kg, the calculated values were between 2.74 g/kg and
3.41 g/kg. The main reason for the differences between the calculations was found in the different nuclear
data used. Three-dimensional core power distributions derived from self-powered neutron detector
measurements in the stationary states before and after the transient were compared with the values
calculated by the different codes. The maximum deviation is about 5.4 % in an assembly at the core
boundary.
The control rod group positions as functions of time were provided as input to all transient calculations.
Fig. 18 (upper part) shows the positions of the control rod group 10. The measured pressure in the main
steam header (MSH) was applied as a boundary condition in the ATHLET calculations (Fig. 18, lower part).
The regulation of the calculated steam mass flow was modelled by a controller, which guarantees that the
pressure in the calculation follows the data in the table. The measured feed water mass flow rate was also
used as a boundary condition. The modelling of the feed water collector and the feed water pumps is
included in the SMABRE model. The control of the feed water valves is based on the collapsed water level
values. The feed water flow does not affect the primary circuit behaviour, as long as the steam generator
heater tubes are totally covered by water. This behaviour was reproduced by both the ATHLET and

SMABRE calculations for the whole transient, although different water levels in the steam generators were
computed.
The behaviour of the calculated and measured reactor power and the cold leg temperature is shown in
Fig. 19. The power is controlled for the most part by the control rod movements, but there is also an effect
of fuel and coolant temperature on reactivity and power. The cold leg temperature decreases with falling
power, but it is influenced by the pressure in the secondary circuit, too. A rising steam header pressure
means an increasing saturation temperature, which leads to a decreasing heat transfer in the steam
generator. The result is a rising cold leg temperature, and vice versa.
In the first seconds of the transient, the power decreases very fast as a result of dropping the first control
rod group. The minimum is reached at t = 6 s, when the group is fully inserted. The power rise observed in
the next few seconds, is mainly caused by a positive reactivity due to fuel temperature decrease. The
measured power increase after the end of the insertion of control rod group K1 is about 200 MW. The
calculated values are between 190 and 300 MW. The deviations between the calculations are caused by
different temperature dependencies of the nuclear cross sections and different assumptions on the thermal
properties of the fuel rods. Detailed investigations have shown that the change of the heat transfer
coefficient (HTC) in the gas gap during the transient is relevant. With dropping fuel temperatures, the gap
width increases, which leads to a decreasing HTC. This reduces the fuel temperature decrease. Comparing
the results of DYN3D/ATHLET calculations with constant and changing HTC in the gap, performed by FZR,
has shown that the difference in the power level of the final state (caused by this effect) is about 150 MW.
In the time interval between t = 10 s and t = 60 s, the power is mainly controlled by constantly inserting
control rod group K10 at the speed of 2 cm/s. But the cold leg temperature decrease between 10 s and 20 s
causes a reactivity increase (moderator density feedback), which for the most part compensates the
reactivity effect of group 10, so that the power does not drop much in this short interval. After stopping the
insertion of group 10 at t = 60 s, power and temperatures are stabilised. In the time interval between t = 115
s and t = 185 s, further control rod movements occur initiated by the power regulator. When approaching a
new stationary state (t > 250 s), the differences between calculated and measured power are mostly within
the accuracy of the neutron power measurement of ± 2 %.
Generally, the physical behaviour of the NPPs, especially of the core and the primary circuit is well
described by the coupled codes used. A good agreement between calculated and measured safety-relevant
parameters has been achieved for both the VVER-440 and the VVER-1000 reactor transient. In both
transients, a main effect was the fission power decrease due to control rod group insertion. Differences in
the nuclear data used in the calculations are the cause of different control rod efficiencies leading to
differences in power levels. The fuel temperature feedback on reactivity also influences the power. Both
effects can hardly be separated.
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For separately studying the control rod efficiencies, the neutronic codes including the applied nuclear data
bases should additionally be validated against measurements in zero-power research reactors.
The results of kinetic experiments carried out in the V-1000 facility of the Kurchatov Institute, Moscow,
would be very suitable for this purpose. As for the calculated fuel temperature, the present investigations
have revealed that it is very sensitive to the modelling of the gas gap between fuel pellets and rod cladding.
A dynamic modelling of the gap width is necessary.
In addition, transients for the Kozloduy-6 and the Zaporoshye-6 units have been analysed in the frame of
bilateral projects on scientific-technical co-operation [GruOOa, GruOOb]. For the analysis of a transient with
coast-down of two from four working main coolant pumps in the NPP Kozloduy, different approaches were
applied for a preliminary analysis of cross flow effects in the core, e.g. an ATHLET model with 10 coolant
channels interconnected by cross flow objects has been developed [GruOOb].
Altogether, it was shown that the coupled neutron kinetic / thermal hydraulic codes under consideration are
capable of simulating typical VVER plant transients. Hence the work contributes to increase the confidence
in the results of the code systems. In the future, some more details of the automatic control systems should
be included in the thermal hydraulic system models. The remaining transients, measured in VVER-1000
and VVER-440 plants, that were documented for the SRR1/95 project can be used for further validation
work.
5.3 AER benchmark activities
A systematic benchmark work on reactor dynamics has been performed in the last years in the framework
of the international association "Atomic Energy Research" (AER) on reactor physics and safety of VVER
type reactors. Concerning reactor dynamics, 5 benchmark problems have been considered up to now. The
complexity of these benchmarks has been increased systematically, so that the influence of various
models, like neutron kinetics methods, nuclear cross sections and thermal hydraulics can be studied
separately. The first three benchmarks dealt with the ejection of an asymmetrically situated control rod at
hot zero power in a VVER-440 type reactor. In the fourth dynamic benchmark, a boron dilution scenario
was studied. In the first benchmark, only neutron kinetics without feedback was considered. In the second
benchmark, a simple modelling of the Doppler feedback was included. The third and fourth dynamic
benchmark included a full thermo-hydraulic model of the reactor core. While in the first and second
benchmark the macroscopic cross sections were given, in the further benchmarks each participant had to
use their own cross section libraries. The results of these benchmarks have been published, e.g. in [Tel93,
Gru94, Kyr95b, Kyr96, Kyr97, Kyr98] and will be compiled in an AER benchmark book.
This benchmark book, besides the dynamic benchmarks, contains also various benchmark exercises on
problems like isotope contents of burned fuel, burn-up credit, fuel cycle calculations and other reactorphysics problems and is scheduled to be released to OECD for general use.
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The fifth dynamic benchmark of AER was the first benchmark problem for coupled 3D neutron
kinetics/thermo-hydraulic system codes. It has been defined by FZR to analyse a steam leak scenario for a
VVER-440 type reactor [KH97]. A double end break of the main steam collector (MSCB) was assumed to
produce a homogeneously distributed overcooling without consideration of coolant mixing effects. In the
initial state, the reactor was assumed to be at sub-critical state at the end of the first fuel cycle. The burn-up
distribution at the end of the cycle had to be calculated by the participants. Each participant had to use
their own macroscopic cross section sets. The main task of the benchmark was to analyse the re-criticality
of the scrammed reactor due to overcooling. The power excursion in the case of re-criticality is terminated
by the injection of highly borated water after activation of the high pressure ECC system.
Fig. 20 shows the behaviour of the reactor power calculated by different participants [KIÏ98]. Differences in
the time of re-criticality and the height of the power peak between various solutions of the AER benchmark
can be explained by the use of different cross section data. The re-criticality temperatures obtained by
steady-state calculations using the different codes and cross section libraries varied in the range from
218.3 °C to 228.2 °C, while e.g. the mass losses from the leak agreed very well (see Fig. 21). The time of
power increase after re-criticality varies in the different calculations between 62 s and 123 s, the maximum
of the power peak differs between 534 MW and 686 MW. These differences are caused by the different
rates of reactivity insertion due to the overcooling, which are caused first of all by the differences in the
moderator feedback coefficients. Significant differences in the thermohydraulic parameters (coolant
temperature, pressure) occurred only at the late stage of the transient during the emergency injection of
highly borated water. The rate of ECC water injection depends significantly on the primary circuit pressure
behaviour. Differences in the pressure behaviour lead to different amounts of highly borated ECC water
injected until the end of the transient. In every case, the amount of injected boric acid is sufficient for
achieving sub-criticality.
As a continuation of the AER benchmark efforts for VVER-440 type reactors, recently the 6th AER dynamic
benchmark has been defined [KliOO]. It comprises the double end break of one main steam line at full power
conditions. Additional new features include effects of coolant mixing in the reactor vessel, asymmetric
operation of the feed water system and the definition of a fixed isothermal re-criticality temperature for
normalising the nuclear data.
5.4 Accident analysis performed within EU Phare project HU/TS/02
In the project EU Phare HU/TS/02 [Hop99] two accident conditions were studied for VVER-440/213: a
steam-line break and a boron dilution transient. The following codes were used by the participants:
•

KIKO-3D - ATHLET (KFKI)

•

HEXTRAN - SMABRE (VTT)

•

DYN3D - ATHLET (FZR), only for steam-line break
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•

BIPR-8 - ATHLET (Kl)

For both cases different assumptions on the mixing before the reactor core inlet were postulated.
The main conclusions were the following:
For the steam-line break the analysis showed that differences in the temperature dependence of nuclear
cross-sections led to large differences in the solutions. It was found that this was at least as important as
uncertainties in the thermal hydraulic modelling.
In the analysis of the boron dilution calculations it was observed that the numerical diffusion caused strong
additional mixing during the transport in the loops.

6. SUMMARY
Generally, the physical behaviour of the NPPs in the reactor core and the primary circuit is well described
by the coupled codes. The 3D neutronics models allow to achieve a consistent treatment of static nuclear
design analysis and accident analysis because power density distributions and changes of reactivity are
determined in the same manner taking into account the specific core loading and the fuel assembly design.
The benchmark activities in the OECD/CSNI framework for LWR and as well as in the AER group for VVER
contribute very much to the experience in the application of coupled codes. These activities stimulate the
international information exchange and identify directions of further improvement. The effort within the EU
Phare project SRR 1/95 was a great step forward in validating coupled codes against plant transient data.
The collection of measured data from VVER plant transients was a successful effort and made available
several documented plant transient data for future analysis. The results achieved by analysis of two of
these transients increased the confidence in the capability of coupled code systems. It would be worth while
to undertake such an initiative also for LWRs in the frame of the EU research programme. An international
approach would promote the practical application of coupled codes in safety analysis.
The analysis of results using independently calculated nuclear cross-sections by lattice-cell codes revealed
differences of these data, in particular for the worth of control rods and for core states with coolant
temperatures below nominal conditions.
The experience obtained by the code applications also identified some remaining limitations. The most
relevant issue is the lack of efficient and sufficiently accurate mixing models within coupled codes. Today,
the mixing phenomena are still analyzed by experimental investigations and growing experience is obtained
by CFD analysis. It is not appropriate to integrate CFD into coupled codes, but reliable simplified models
with an acceptable range of application should be developed. For calculating local values of safety
parameters with high accuracy, it will be necessary to implement pin-by-pin power reconstruction features
and flow-models including cross-flow effects as they are already available in some codes. In the
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applications it was observed that the modelling of the fuel rod, e.g. variable gap heat resistance and
burnup-dependent effects, need refinements in the models.
In summary, the development of coupled codes, which fully integrate 3D neutronics into system codes, is
an important step towards realistic and accurate analysis of accident conditions in NPPs.
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Table 1. Comparison of results for the three studied cases of the PWR MSLB Benchmark using
different numbers of TH channels
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CANCER MORTALITY
AMONG FRENCH ATOMIC ENERGY COMMISSION WORKERS
M. Telle-Lamberton*, D. Bercjot*, M.N. Douchin*, S. Delcroix*,
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* Institut de Protection et de Sûreté Nucléaire / DPHD / SEGR / BP6 / F92265 Fontenay-aux-roses,
France
" Commissariat à l'Energie Atomique, 29-33 rue de la fédération, F75 752 Paris, France

Abstract : An analysis of the mortality of workers employed at the Commissariat à l'Energie Atomique (CEA)
between 1946 and 1994 is presented. Standardized Mortality Ratios (SMR) are computed with reference to the
French national population for the period 1968-1994. 51 286 workers are included in the study. 3 784 deaths
occurred between 1968 and 1994. A healthy worker effect is observed for men (SMR=0.53 CI90%=[0.52;0.55]) and
for women (SMR=0.70 CI90%=[0.64;0.76]). An excess is observed for male pleural cancers (SMR=1.54,
Cl90%=[1.03;2.21]). An excess of breast cancer is observed among women, statistically significant for the 19801994 period (SMR=1.30, CI90%=[1.04;1.61]). An excess is observed for malignant melanoma for both sexes
(SMR=1.38, CI90%=[0.95;1.96]), stronger for the 1990-1994 period (SMR=2.11, CI90%=[1.25;3.34]). It diminishes
with age.
The relation with occupational exposures will be examined in the on-going cohort study on French nuclear workers
including retrospective exposures assessment.

1. INTRODUCTION
The study presented here is a descriptive study of cancer mortality among nuclear workers compared to
the general population.
Numerous epidemiologic studies have examined the risk of cancer among nuclear workers. They focus
primarily on the relation between external exposure to X and gamma rays and cancer mortality. The two
most powerful studies, from a statistical point of view, are the combined analysis by Cardis et al. of 7
cohorts from the US, the UK, and Canada [1], and the UK study, [2]1. Cardis's study brought out a
significant relation between the X and gamma-ray doses received and the risk of death from leukemia,
excluding chronic lymphocytic leukemia (CLL) and a significant dose-effect relation for multiple
myelomas. Muirhead's study shows very similar results.
Authors studying nuclear workers have systematically observed a mortality rate lower than that of the
general population, [2-20]. This is due to what is known as the Healthy Worker Effect: the working
population has a better overall general health compared with the general population which includes
people not working for healthy reasons. The size of this effect varies from one cohort to another.
Excesses of some specific causes of cancer deaths have been found. The only cause being
systematically in excess is pleural cancer, but it has been documented only rarely.
A cohort study of the workers at the Atomic Energy Commission (CEA) and at COGEMA, the uranium
processing company, is underway in France. It will include about 35 000 individuals monitored for
ionizing radiation exposure since 1950 and will provide a direct estimation of the risk of cancer
associated with X- and gamma-rays in this population [21]. These data will also be analyzed as part of a
combined study coordinated by the International Agency for Research on Cancer (IARC) [22], which will
include roughly 500 000 workers.
1

Ashmore et al's study [3] involves 206 620 workers for 2 861 093 person-years but 90 320 (1 247 553 personyears) belong to nuclear industry.

This article describes the mortality of CEA workers, whether they were exposed or not to ionizing
radiation.

2. MATERIAL AND METHODS
2.1 Cohort Definition and Data Collection
The study population, called 'SETCEA'2, includes all employees who spent more than one year at CEA
between 1946 and 1994 whether or not they were exposed to ionising radiation. Identification data (date
and place of birth, sex, hiring and departure dates) were provided to the CEA's Occupational Medicine
Adviser from the personnel files. To obtain a list of employees who had died, we sent a mailing to the
municipality of birth of each member of the cohort who left the firm, because deaths in France are
reported to the department of vital records of the municipality in which a person was born. We then
queried the national causes of death registry, which is administered by the French national health and
medical research institute (INSERM). It includes all deaths in France since 1968. Due to the data
included in the national file, matching was executed with the date of birth, the sex, and the date and
place of death. The causes of death were coded according to the 9th revision of the International
Classification of Diseases (ICD9) of the World Health Organization(1977).
2.2 Statistical Analysis
Follow-up began one year after recruitment in the company. The end of follow-up is defined as the date
of death for those who have died, the study end-point (31.12.1994) for those alive at the end of the
study, and the date of last contact for those whose vital status could not be ascertained at the end of the
study (subjects lost to follow-up).
The mortality of CEA workers due to all causes was compared with that of the national population from
1947 to 1994. The mortality due to 30 specific causes was analysed only between 1968 through 1994,
since the national file did not exist before. The national population was chosen as the reference because
the workplaces were spread over the entire national territory.
Standardized Mortality Ratios (SMR) were computed as the ratio of the mortality observed in the cohort
to that expected if the risk of death was the same as in the national population. The expected mortality
was calculated in applying the national mortality rates for each calendar period, by sex and 5-year age
groups, to the numbers of cohort members monitored during that period, by sex and age group. From
1947 to 1949 mortality rates were unavailable and replaced by the rates of 1950.
Confidence intervals were calculated on the assumption that the number of deaths observed followed a
Poisson distribution with mean equal to the number of deaths expected [23]. Statistical significance of
excesses or deficits were tested for each cause of death at the 10% significance level (bilateral tests).
Confidence intervals are expressed at 90%.

3. RESULTS
3.1 Cohort Description
As of May 1998, according to the CEA personnel file, 55 512 persons had worked at CEA for at least
one year between 1946 and 1994. Out of those, 51 692 were sufficiently well identified (date and place
of birth, sex, hiring and departure date, age at hiring known and older than 15 years) to enter the study.
These individuals comprise the cohort whose mortality is studied here, called SETCEA1. Men made up
77.8% of the population.
From this cohort, 18 570 employees were still working on 31 December 1994, the end point of this study,
and were thus alive on that date (Table 1) . Of the 33 122 individuals who left the firm and whose vital
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status were sought, 25 694 were declared alive by birth townhalls, 3 867 had died and 3561 were lost to
follow-up.
Thus, 44 264 workers of the cohort were still alive on 31 December 1994 which makes 85.6%, 7.5% had
died, and 6.9% had been lost to follow-up. The latter were considered in the analysis until the date of
their last contact, that is, the date they left the company.
The number of person-years included in the all causes mortality analysis (1947-1994) is 909 273.7 for
the men and 242 642.0 for the women, for a total of 1 151 915.7.
The mean year of birth was 1940. The mean age at cohort entry was 30 years. The subjects were
followed for a mean period of 22 years and worked in the company for a mean duration of 16.5 years.
Some staff were hired at fairly advanced ages; these generally were scientific advisors with special
contracts.
Table 1: SETCEA1 Cohort Description: CEA Staff Employed for More than One Year
Men
Total number of subjects
Employed on 31/12/1994
Declared alive on 31/12/1994
by birth towmnhalls
Total presumed alive on 31/12/1994
Dead on 31/12/1994
Lost to follow-up on 31/12/1994

Women

Total

n
40 212
13 877
20 074

%
100
34.5
49.9

n
11480
4 693
5 620

%
100
40.8
49.0

n
51 692
18 570
25 694

%
100
35.9
49.7

33 951
3434
2 827

84.4
8.5
7.1

10 313
433
734

89.8
3.8
6.4

44 264
3 867
3 561

85.6
7.5
6.9

Total person-years [1947-1994]
Year of birth*
Year hired*
Year left CEA* (n=33 122)

909 273.7
1939 ±14 [1883; 1975]
1969 ±11 [1946; 1993]
1982±9[1947;1994]

242 642.0
1944 ±14 [1882 ;1973]
1971 ±11 [1946 ;1993]
1981 ±10[1947;1994]

1 151 915.7
1940 ± 1 4 [1882 ;1975]
1969 ±11 [1946;1993]
1982 ± 9 [1947; 1994]

Year follow-up began (entered cohort)*
Year follow-up ended (exited cohort)*

1970 ±11 [1947; 1994]
1992 ± 5 [1947; 1994]

1972 ±11.5 [1947; 1994]
1992 ± 5 [1947; 1994]

1970 ±11 [1947; 1994]
1992 ± 5 [1947; 1994]

Age at cohort entry*
Duration of presence in the company *
Duration of follow-up *

30 ± 8 [16; 73]
17 ±11 [1;48]
22 ±11 [<1;47]

28 ± 8 [18; 74]
15 ±11 [1;44]
20.5±12[<1;47]

30 ± 8 [16; 74]
16 ±11 [1;48]
22 ± 11 [<1 ; 47]

*mean ± standard deviation [min ; max ], including lost-to-follow-up

3 783 workers died between 1968 and 1994 (table 2). INSERM found the cause of 3 609 of them
(95.4%). The number of person-years included in the specific-cause mortality analysis (1968-1994) is
731 147.7 for the men and 211 669.7 for the women, for a total of 942 817.4.
Table 2: SETCEA1 Cohort Description between 1968 and 1994
Men
3 359

Women

Total

Died between 1968 and 1994

424

3 783

Causes of death identified [1968-1994]
Percentage of identified causes of death

3 205
95.4

404
95.3

3 609
95.4

Total person-years [1968-1994]

731 147.7 211 669.7

942 817.4

3.2 Mortality- All Ages
All cause mortality for men employed at CEA was half that of the national population, thereby indicating
a substantial "healthy worker effect" (table 3). Mortality from cancer was also significantly lower than in

the general population (SMR = 0.61, CI90%=[0.58; o.64]). For most of the sites analysed separately SMRs
showed significant mortality deficits (table 3). We note an excess of pleural cancer (SMR = 1.54,
CI90%=[1.03; 2.21]) and of malignant melanoma (SMR = 1.36 CI90%=[0.89; 1.99]) on the borderline of
statistical significance.
A "healthy worker effect" was also present among women, although not quite as strongly (table 4). There
was no significant excess or deficit at any site. Nonetheless, we noted two sites with an excess on the
borderline of significance: brain (SMR = 1.58, CI90%=[0.83; 2.76]) and breast (SMR = 1.18, CI90%=[0.96;
1.45]) cancers. The latter accounted for one third of all cancer deaths among women.
Table 3: Standardized Mortality Ratios (SMR) by Cause of Death3 for the 40 212 Men in the Cohort
ICD9
n=40 212
All causes [1947-1994]
n=39 906 alive on 01.01.1968
All causes [1968-1994]
All cancers
Specific malignancies
Mouth, oral cavity and pharynx
Oesophagus
Stomach cancer
Small intestine, colon, and rectum
Liver and the gallbladder
Pancreas
Peritoneum and other digestive organs
Nose, sinus, and middle ear
Larynx
Lung
Pleura
Bone
Melanoma
Other skin cancers
Prostate
Other genital organs
Bladder
Kidney
Brain
Thyroid gland
Lymphosarcoma and reticulosarcoma
Hodgkin's disease
Non-Hodgkin lymphoma
Multiple myeloma
Leukemia
Lymphoma and leukemia
Other cancers
All known causes except Cancer

Exp

Obs

90%

CI

3434 6827.83 0.50

0.49 0.52

3359 6329.87 0.53*
1322 2172.93 0.61*

0.52 0.55
0.58 0.64

140 to 149
150
151
152 to 154+159.0
155+156
157
158+159-159.0

79
59
62
124
56
59
28

205.90
156.52
97.34
175.24
72.11
77.63
31.40

0.38*
0.38*
0.64*
0.71*
0.78*
0.76*
0.89

0.32
0.30
0.51
0.61
0.61
0.61
0.63

0.46
0,47
0.79
0.82
0.97
0.94
1.22

160
161
162
163
170
172

15
41
336
21
11
19

53.32
125.70
529.50
13.65
15.69
14.02

0.28*
0.33*
0.63*
1.54*
0.70
1.36
-

0.17
0.25
0.58
1.03
0.39
0.89
-

0.75*
0.69
0.78*
0.72*
0.86
0.81
0.99
0.87
0.54*
1.05
0.81
0.80*
0.53*
0.45*

0.61
0.30
0.60
0.53
0.64
0.28
0.51
0.47
0.34
0.68
0.62
0.67
0.46
0.44

0.43
0.42
0.69
2.21
1.16
1.99
0.91
1.35
1.00
0.96
1.14
1.84
1.72
1.47
0.82
1.55
1.03
0.94
0.62
0.47

140 to 208

173
185
186-187
188
189
191
193
200
201
202
203
204 to 208
200 to 208

4.99
0
71
95.20
8.72
6
58.99
46
45.90
33
36
41.70
4
4.95
9
9.13
11.52
10
16
29.57
18
17.21
45
55.71
123.14
98
118 221.31
1883 4156.94

* : SMR>1 or SMR<1 with a statistical significance of 5% (unilateral test)
underlined : excesses with a magnitude of more than 15%

3 n th

SMR

9 International Classification of Diseases

Table 4: Standardized Mortality Ratios (SMR) by Cause of Death for the 11 480 Women in the Cohort
ICD9
n=11 480
All causes [1947-1994]
n=11 380 alive on 01.01.1968
All causes [1968-1994]
All cancers
Specific malignancies
Mouth, oral cavity, and pharynx
Oesophagus
Stomach
Small intestine, colon, and rectum
Liver and the gallbladder
Pancreas
Peritoneum and other digestive organs
Nose, sinus, and middle ear
Larynx
Lung
Pleura
Bone
Melanoma
Other skin cancers
Breast
Uterine
Cervix uteri
Other genital organs
Bladder
Kidney
Brain
Thyroid gland
Lymphosarcoma and reticulosarcoma
Hodgkin's disease
Non-Hodgkin lymphoma
Multiple myeloma
Leukemia
Lymphoma and leukemia
Other cancers
All cancers except breast cancer
All known causes except cancer

Obs

140 to 149
150
151
152 to 154+159.0
155+156
157
158+159-159,0
160
161
162
163
170
172
173
174
179+180 to 182
180
183-184
188
189
191
193
200
201
202
203
204 to 208
200 to 208

SMR 90%

CI

656.70 0.66* 0,61

0,71

424 606.28 0.70* 0.64
199 218.05 0.91* 0.81

0.76
1.03

3
0.86 0.23
3.51
0
2.41
8
7.56
1.06 0.53
14
22.94 0.61* 0.37
4
5.28
0.76 0.26
6
7.23
0.83 0.36
4
3.53
1.13 0.39
0.84
0
1
1.01
0.99 0.04
8
11.66 0.69 0.34
0
0.90
1.24
0
4
2.61
1.53 0.52
1
0.52
1.92 0.08
68
57.41 1.18 0.96
15
18.67 0.80 0.50
4
6.56
0.61 0.21
20
17.47 1.14 0,76
0
2.02
3
3.97
0.76 0.20
9
5.68
1.58 0.83
0
1.20
2
1.07
1.86 0.32
1
1.53
0.65 0.03
6
3.99
1.50 0.65
3
2.64
1.14 0.31
6
8.43
0.71 0.31
18
17.67 1.02 0.65
13
22.73 0.57 0.21
131 160.64 0.82* 0.70
205 388.23 0.53* 0.47

2.20
1.91
0.95
1.73
1.63
2.59
-

433

140 to 208

Exp

* : SMR>1 or SMR<1 with a statistical significance of 5% (unilateral test)
underlined : excesses with a magnitude of more than 15%

4.65
1.24
3.50
9.03
1.45
1.24
1.39
1.66
1.95
2.76
5.84
3.08
2.96
2.93
1.40
1.48
1.09
0.94
0.59

3.3 Mortality for specific cancer sites by age and calendar period
For the sites for which a significant or nearly significant excess was found, we examined the distribution
of deaths observed and expected by calendar period from 68 through 94, and their distribution by age
group.
For pleural cancer, the excess deaths actually occurred after 1985; the excess reached significance only
for the 1990-1994 period (S M Ri 990-1994 = 1.93, CI90%=[1.08; 3.19]), table 5). It involved those older than
55 years (table 6).
For breast cancer among women employees, the excess deaths began in the 1980s and continued
through 1994, (table 5). For the period 1980-1994, there is a significant 30% excess (SMR198o-i994 =1.30,
CI90%=[1.04; 1.61]) ). These excesses focus on the groups aged 45-54 years and 75-84 years (SMR45.54
years = 1.29,CI90o/o=[0.91 ; 1.77] and SMR75-84yearS = 2.35, CI90%=[0.93; 4.93]), (table 6).
The mortality from melanoma is greater than expected only for the 1990-1994 period (SMR-1990-1994 =
2.11, , CI90%=[1.25; 3.34]). The excess diminishes with age (from SMR35.44 years = 1-86 to SMR65-74 years =
1.31 and SMR+74 years= 0). For persons younger than 75 years, the excess borders the statistical
significance (SMR15.74years = 1 -45 CI90%=[0.99; 2.05]).
Table 5: Standardized Mortality Ratios (SMR) by Calendar Period 1968-1994
Observed Expected SMR 90%

CI

Pleural cancer,
men
68-74
75-79
80-84
85-89
90-94
68-94

1
2
1
6
11
21

0.72
1.13
2.18
3.92
5.71
13.65

1.40
1.78
0.46
1.53
1.93
1.54

0.06
0.31
0.02
0.67
1.08
1.03

6.60
5.57
2.16
3.01
3.19
2.21

Breast cancer,
women
68-74
75-79
80-84
85-89
90-94
68-94

3
6
15
18
26
68

5.33
6.71
10.37
15.04
19.97
57.41

0.56
0.89
1.45
1.20
1.30
1.18

0.15
0.39
0.89
0.77
0.91
0.96

1.45
1.76
2.23
1.77
1.81
1.45

59

45.38

1.30

1.04

1.61

3
0
3
4
13
23

1.17
1.77
3.13
4.39
6.17
16.63

2.57
0.00
0.96
0.91
2.11
1.38

0.70
-

6.63
-

0.26
0.31
1.25
0.95

2.47
2.08
3.34
1.96

80-94
Melanoma,
both sexes
68-74
75-79
80-84
85-89
90-94
68-94

Table 6: Standardized Mortality Ratios (SMR) by 10 year age group between 1968 and 1994
Pleural cancer
men
age

Observed Expected

15-24
25-34
35-44
45-54
55-64
65-74
75-84
85total
Breast cancer
women
15-24
25-34
35-44
45-54
55-64
65-74
75-84
85total
Melanoma,
both sexes
15-24
25-34
35-44
45-54
55-64
65-74
75-84
85total
younger than 75
years

SMR

0
2
8
7
3
0
21

0.00
0.09
0.83
3.20
5.17
3.26
1.01
0.07
13.65

0.00
10.58
0.00
0.63
1.55
2.15
2.96
0.00
1.54

0
2
9
27
17
7
5
1
68

0.01
1.38
8.97
20.99
16.88
6.78
2.13
0.27
57.41

0
0
5
8
7
3
0
0
23
23

0.03
0.85
2.69
5.17
4.87
2.29
0.66
0.06
16.63
15.91

0
1

CI
90%
0.42 49.89
0.11 1.96
0.77 2.79
1.01 4.02
0.80 7.63
1.03

2.21

0.00
1.44
1.00
1.29
1.01
1.03
2.35
3.70
1.18

0.25
0.52
0.91
0.64
0.49
0.93
0.15
0.96

4.53
1.75
1.77
1.51
1.94
4.93
17.47
1.45

0.00
0.00
1.86
1.55
1.44
1.31
0.00
0.00
1.38
1.45

-

-

0.73
0.77
0.68
0.36
-

3.90
2.79
2.69
3.37
-

0.95
0.99

1.96
2.05

4. DISCUSSION
4.1 About Cohort follow-up
The percentage of subjects lost to follow-up is 6.9% (4% of the total person-years). The loss of these
individuals is mainly due to the incompleteness of the personnel file cleanup when the study first began.
The dates they left the company appear to be relatively random. For women, the main reason for loss to
follow-up was a change in the patronymic name. Thus, their loss in the cohort should not primarily due to
health problems. Comparing people lost of follow-up with the rest of the cohort reveals that they were
bom 4 years earlier, on average, and had been hired 4 years later. They also stayed at the company for
4 years less than the rest of the cohort. These differences may indicate that they constitute a different
population, including, for example, more non-permanent staff. If this turns out to be the case, it would
suggest that the analysis presented here under-estimates the impact of the mortality of non-permanent
employees in the overall CEA employee mortality. No information currently available validates this
hypothesis. The impact on mortality might work in both directions: overestimation of mortality if the
subjects lost to follow-up were individuals with research training contracts (doctoral students), because
they would thus come from a high socioeconomic category, or underestimation of mortality if they are
short-term workers without a permanent contract, and thus more likely to belong to a lower
socioeconomic category. It is also possible that these subjects had part-time contracts with CEA (for staff

training, for example), because the personnel file lists all persons paid by CEA during the study period.
Removing these subjects from the cohort might therefore be justified.
In order to evaluate the impact of those individuals who were lost to follow-up we excluded them from the
analysis: results were very close. Furthermore, an extension of the study is currently underway with only
4% of people lost to follow up. Results are totally consistent with the present study.
The number of deaths for which the cause could not be found is relatively low (4.5%). These missing
causes of death cannot in any case call into issue the excesses observed above, because they would be
added to the number observed.
4.2 About results
The comparison of our population with the national population shows that the former had a substantially
reduced overall mortality (SMRmen = 0.53, CI90%=[0.52; 0.55]), (SMRwomen = 0.70, CI90%=[0.64; 0.76]), a
reflection of the healthy worker effect, which is standard among occupational cohorts. This lower
mortality results from the fact that a population of workers is, on average, in better health than the overall
population, which contains people who do not work because of health problems. This effect is
particularly great at the time of hiring [24]. The SMR was on the same order as that described for CEA
and COGEMA workers in previous studies [25], [26]. Mortality from cancer was also lower than among
the general population (SMRmen= 0.61, CI90%=[0.58; 0.64], SMRwomen=0.91, CI90%=[0.81 ; 1.03]).
Results on the mortality all causes and all cancers are closer to literature for women than they are for
men (table 7).

Table 7: SMR for All Cause and All Cancer reported in cohorts of Nuclear Industry Workers

CEA
CEAa
CEA-DTECH"
Sellafield
AEA
AWE
Sell+AEA+AWE
NRRW
AECL°
NDRC
Hanford
ORNL(X10)a
Oak Ridge Y12
Oak Ridger
Los Alamos3
Portsmouth
Rocky Flats
UNCa
Mound"
LLNL (SIR)
Savannah River3
Savannah
Riverab
Lindea
CIEMAT
Rocketdyne
a
men only
b
day laborers excluded
N.A.: Not Available

Follow-up
period

Size of
population

This study
This study
[26]
[7]
[5]
[27]
[8]
[2]
[9]
[3]
[4]
[10]
[11]
[12]
[6]
[13]
[14]
[15]
[16]
[17]
[18]
[18]

47-94
47-94
47-94
47-92
46-86
51-82
46-88
47-88
56-85
51-87
45-86
43-84
47-74
42-84
43-77
52-77
52-79
56-78
43-84
69-80
52-80
52-80

51 286
39 906
356
14319
39 718
22 552
75 006
124 743
8 977
206 620
44154
8 313
7 664
98 471
15 727
24 545
5 413
3 512
4 402

[19]
[20]
[281

43-79
54-92
50-93

All Causes

9 860
2 745

SMR
0.55
0.53
0.46
0.98
0.78
0.77
0.81
0.82
0.77
0.59
0.82
0.74
0.88
0.98
0.63
0.89
0.62
0.82
0.93
N.A.
0.75
0.64

Obs
3783
3359
44
3854
5509
3115
13505
12765
878
5420
9452
1524
1861
26319
3196
4762
409
219
987
N.A.
1091
294

995
4122
4 563

1.18
0.65
0.68

429
318
844

All Causes except
cancers
SMR
Obs
0.46
2088
2038
0.49
22
0.33
2817
0.99
4003
0.77
2250
0.75
0.80
9760
8 840
0.79
0.75
651
0.56
3788
0.81
7257
0.47
1178
0.84
1358
0.99
20516
2464
0.62
3424
0.79
314
0.60
0.81
168
774
0.92
N.A.
N.A.
0.76
875
0.62
228
1.21
0.61
0.79

355
217
248

All Cancers
SMR
0.64
0.61
0.77
0.95
0.80
0.82
0.84
0.82
0.87
0.69
0.86
0.79
1.00
0.95
0.64
0.94
0.71
0.85
1.00
1.09
0.74
0.68

Obs
1521
1322
22
1037
1506
865
3745
3598
227
1632
2195
346
503
5803
732
977
95
51
213
137
216
66

1.06
0.77
0.65

74
101
596

Examining the results by specific cancer causes for published cohorts of nuclear workers reveals no
overall consistency. The disparities may result from the choice of the reference population for calculating
expected deaths. Gilbert [4], for example, used the entire US national population as a reference for
Hanford, which is in the Pacific Northwest of the US. Adjustment for socioeconomic or occupational
category may also have an effect in some cases [2] [5] [27].
No excess was found in our study for leukemia and lymphoma. This result is similar to most of those
observed in the other worker cohorts (table 8). For myeloma, on the other hand, the SMR, although not
significant, is slightly higher among CEA workers (SMR=1.06, n=21) than in other studies.

For pleural cancer, for which a significant excess was found among CEA workers, an excess was also
found in other studies [7];[8]; [2]. It should nonetheless be noted that this has been studied only rarely.
This excess suggests possible asbestos exposure. Actually, of the deaths coded "pleural cancer" in
France, 80% correspond to pleural mesothelioma [29], a disease specific to asbestos exposure. The
individuals concerned are more than 55 years old, and the excess began to appear around 1985. It is
thus possible that this excess will continue as our population ages and reaches the end of the latency
period after exposure (10 to 30 years).
An excess on the borderline of statistical significance appeared for two sites among women: cancer of
the brain (SMR = 1.58, CI90%=[0.83; 2.76], n=9) and the breast (SMR = 1.18, CI90%=[0.96; 1.45], n=68).
For the brain cancer excess, we must nonetheless note that the number of deaths observed is low and
that death certificates are not very accurate for this disorder, as they frequently include primary and
secondary cancers.
The excess of breast cancers had previously been observed in CEA and COGEMA workers [25]. Our
detailed analysis showed that the excess deaths began during the 1980s. A nationwide campaign to
make doctors more aware of this disease took place during the same period and might have resulted in
a higher screening rate. The maximum excess affected women in the 45-54 year-old age group.
In published cohort on nuclear workers, an SMR above one was found for breast cancer among the
British AWE cohort [27], which had a non-significant SMR of 1.1 (44 cases observed, table 8). In the
British AEA cohort, an excess number of breast cancers was found only among workers not monitored
for exposure to ionizing radiation [5]. These two cohorts together form a population quite comparable to
that of CEA. A non significant SMR of 1.21 was also found in Oak Ridge, Y12 facility [Loomis and Wolf,
1996] (11 cases observed) (table 8).
The link between breast cancer and chronic exposure to low doses of ionizing radiation has not been
demonstrated, although a dose-effect relation has not been ruled out among radiology technicians [30]
[31]. An excess of mortality or incidence in relation to the general population have been shown among
airline cabin crew personnel [32] and among workers at the French national utility company (Electricitéde-France, Gaz-de-France [33]. Industrial sectors where an excess of deaths from breast cancer have
been noted are primarily the pharmaceutical industry and the "beauty and cosmetics" sector [34] [35].
Suspected occupational risk factors are styrene, some solvents, and metals [36].
The main risk factors for breast cancer are early menstruation, late menopause, having a first child late
(or never having children), and a family history of breast cancer (mother, sister, daughter). The number
of children and breast feeding are protective factors. Selection bias might therefore be present, since the
working population and even more CEA population (mostly made of medium and high socio-economic
categories) may have some of these risk factors in higher proportions than the general population. This
bias may suffice to explain the excess observed.
The incidence of breast cancer (34 000 new cases in France in 1995 and 11 000 deaths) [37] justifies
conducting analytic studies including all known and suspected risk factors to explain excesses observed
and prevent them.

Table 8: Synthesis of SMR for Some Cancer Sites reported in cohorts of Nuclear Industry Workers
Cohort

myeloma

lymphoma and leukemia

pleurum

leukemia

melanom

skin

breast

brain

obs SMR obs

a
SMR

Obs

SMR

Obs

SMR

Obs

SMR

obs

SMR

obs

SMR

obs

SMR

CEA

This study.

0.82

116

1.06

21

0.80

51

1.44

21

1.08

24

1.38

23

1.18

68

0.95

45

CEAa

This study

0.80

98

1.05

18

0.81

45

1.54

21

1.00

19

1.36

19

N.A.-

N.A.

0.86

36

[7]

0.85

61

0.87

11

0.71

20

3.51

14

N.A.

N.A.

1.02

8

0.79

29

0.84

24

AEA

[5]

0.98

124

0.76

15

1.19

60

N.A.

N.A.

0.73

14

N.A.

N.A.

0.95

84

0.65

32

AWE

[27]

0.82

54

0.87

9

0.74

20

N.A.

N.A.

0.53

5

N.A.

N.A.

1.10

44

0.75

19

Sell+AEA+AWE

[8]

0.93

273

0.86

42

1.00

116

1.35

17

0.68

30

N.A.

N.A.

0.94

178

0.77

109

NRRW

[2]

0.88

275

0.74

40

0.88

275

1.93

42

0.90

46

1.11

43

0.71

41

0.90

144

[91

0.68

15

0.56

2

0.60

6

NA

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

MA

1.05

10

NDRC

[3]

0.78

190

0.72

22

0.79

82

N.A.

N.A.

0.54

26

0.59

25

0.87

158

0.69

72

Hanford

[4]
[101
L • " J

0.93

220

0.91

32

0.84

80

N.A.

N.A.

0.80

36

N.A.

N.A.

0.92

102

0.86

61

1.08

47

N.A.

N.A.

1.63

28

NA

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

MA

1.04

15

[11]
[12]

0.83

40

N.A.

N.A.

0.60

11

N.A.

N.A.

1.07

11

N.A.

N.A.

1.21

11

1.29

20

0.94

529

N.A.

N.A.

0.95

214

N.A.

N.A.

0.99

102

N.A.

N.A.

0.86

263

1.03

181

Los Alarnos

[6]

0.95

105

N.A.

N.A.

1.01

44

N.A.

N.A.

1.03

24

N.A.

N.A.

N.A.

N.A.

0.68

23

Portsmouth

ri3i
L •

0.85

84

N.A.

N.A.

0.94

39

NA

NA

NA

NA

NA

NA

NA

NA

NA

MA

Sellafield

AECLa
a

ORNL(X10)a
Oak Ridge Y12
Oak Ridge
a

V

^J

Rocky Flats"

[14]

0.64

9

N.A.

N.A.

0.75

4

N.A.

N.A.

1.02

3

N.A.

N.A.

N.A.

N.A.

1.19

6

UNCa

[15]

0.81

4

N.A.

N.A.

0.84

2

N.A.

N.A.

2.35

3

N.A.

N.A.

N.A.

N.A.

2.23

5

Mound3

[16]

0.85

18

N.A.

N.A.

0.82

7

N.A.

N.A.

0.95

4

N.A.

N.A

N.A.

N.A.

0 59

4

LLNL (SIR)

[17]

0.63

9

0

0.80

3

N.A.

N.A.

3.57

31

3.52

29

0.68

8

1.19

5

Savannah River"

[18]

0.95

32

N.A.

N.A.

1.46

18

N.A.

N.A.

0.66

5

N.A.

N.A.

N.A.

N.A.

0.55

7

Savannah Riverab

[18]

0.77

8

N.A.

N.A.

1.05

4

N.A.

N.A.

0.92

2

N.A.

N.A.

N.A.

N.A.

1.06

4

Lindea

[19]
L
1

0.89

6

NA

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

NA

N A. N.A.

CIEMAT

[20]
L
J

1.10

8

N.A.

N.A.

1.01

4

NA

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

MA

1.52

7

Rocketdyne

[28]

1.01

30

N.A.

N.A.

1.60

18

N.A.

N.A.

0.86

6

N.A.

N.A.

N.A.

N.A.

1.19

11

men only
day laborers excluded
N.A.: Not available

b

Mortality of CEA workers / IPSN /DPHD / SEGR /LEADS / Telle-Lamberton et al
9

The excess of melanoma (23 cases, SMR = 1.38, CI9o%=[O.95;1.96]), approaching
significance, touches the age groups from 35 to 74 years. It is nearly significant for people
younger than 75 years (SMR = 1.45, CI90%=[0.99;2.05]) After 35 years, the SMR diminishes
with age. Finally, the excess is primarily concentrated in the calendar period 1990-94 (13
cases, SMR = 2.11, p<0.01). Actions to prevent and increase awareness of this disease
should be planned.
An association between skin cancers and ionizing radiation has been demonstrated among
the Hiroshima and Nagasaki survivors and among radiologists at the beginning of the 20
century. A study of Chinese radiologists and radiology technicians suggests the possibility of
a link between chronic exposure to ionizing radiation and skin cancers [31]. Finally, an
excess of melanomas and other skin cancers has been shown in some cohorts of nuclear
industry workers: an excess in relation to the general population among the workers at
Lawrence Livermore National Laboratory [38] and those at the Mound nuclear site [16], and
a dose-effect relation in the UK combined study [8]. Their link with low-dose exposure to
ionizing radiation remains to be proven. A case-control study at Los Alamos National
Laboratory [39], a laboratory of the same type as Lawrence Livermore, found melanoma to
be associated with educational level. The principal risk factors for this disease are exposure
to ultra-violet rays and genetic factors. In order to cover other risk factors, case-control
studies should be set up. Efforts should also be made to distinguish melanoma from other
types of skin cancers, for which letality is lower and suspected risk factors different. This
justifies the necessity of setting up incidence analyses.

5. CONCLUSION
This descriptive study has highlighted the principal characteristics of the mortality of CEA
employees between 1968 and 1994. For the men, the comparison with the general male
population shows a general and an all cancer reduction in mortality greater than that
observed in most cohorts of nuclear industry workers. The all cause and all cancer mortality
rates among women are also lower than the comparable national rates for the same period
(1968-1994), but to a lesser extent. These results are closer to those observed in the
literature about nuclear industry workers.
A statistically significant excess of pleural cancers was observed among men (SMR = 1.54,
Cl9o%=[1.O3; 2.21]). An excess of breast cancers near the significant level was observed
among women (SMR = 1.18, CI90%=[0.96;1.45]). Finally, a nearly significant excess of
melanomas was observed among subjects aged less than 75 years (SMR = 1.45,
Cl90%=[0.99;2.05]), ).
The purely descriptive nature of this analysis does not allow us to uncover any causal factors
for these disorders. Three extensions of the study are under consideration. The first is the
constitution of a cohort of individuals within the CEA-COGEMA group who are monitored for
external exposure to ionizing radiation. This will allow an analysis of the relation between
exposure to X- and gamma rays and cancer mortality. Moreover, the data will be combined
with those from 17 other countries as part of the international survey coordinated by IARC
[22]. The identification of exposures besides X- and gamma rays should also help refine the
interpretation of the results.
As a further extension, we may set up case-control studies nested within the CEA cohort for
specific diseases. This would allow us to take more risk factors into account. The diseases
that deserve further study are, in particular, melanoma and breast cancer. Finally, for the
diseases poorly described by death certificates (brain cancer, among others) and for less
lethal disorders (breast, skin, and thyroid cancers, as well as leukemia), this study of the
mortality within the CEA-COGEMA group should be extended over the long term to a study
of their morbidity.
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International research project in the
Mont Terri reconnaissance gailery
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and geotechnkai characterisation of
an argillaceous formation
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Drillpipe being removed from an inclined borehole. Dust production from drilling with compressed
air is high. The dust is extracted directly at the borehole location using a ventilation pipe.
Cover photograph: Reconnaissance gallery of the Mont
Terri motorway tunnel. On the right is one of the eight
niches excavated as part of the project.

Aims of the eroieci
In the Mont Terri underground rock
laboratory, experiments are being
carried out to investigate the geological, hydrogeological, geochemical and
rock mechanical properties of the
Opalinus Clay formation. The results of
these experiments provide input for
assessing the feasibility and safety of
a repository for radioactive (or chemotoxic) waste in such a host rock. The
experiments are carried out in a series
of boreholes up to 30 metres long
which are drilled in different directions.
Testing and, where necessary, adapting existing measurement techniques
is also an important objective of the
programme

Wide international participation
The suitability of clay formations for
hosting radioactive waste repositories is being investigated in several
countries. Besides Switzerland, organisations from Belgium, Germany,
France, Japan and Spain are involved
in the programme at Mont Terri. Five
of these organisations also operate
their own rock laboratory. Although
the rock formations being investigated in these underground rock laboratories are similar to only a limited extent, or not at all, with the Opalinus
Clay, the broad technical expertise and
experience of the scientists involved
in these projects has a positive influence on the Mont Terri project in
terms of ensuring a high scientific and
technical level of the work being
carried out.

No repository for radioactive waste
at Mont Terri
Constructing a repository for radioactive waste at Mont Terri does not
come into question. The local geological conditions alone, in this folded
and tectonically complex region of the
Folded Jura, make the site unsuitable.
For Switzerland, the programme at
Mont Terri complements the geophysical surveys and the deep borehole planned by Nagra for the region
of the Zurcher Weinland. This is the
region which has been selected for the
demonstration of feasibility of safe
disposal for high-level waste in the
Opalinus Clay. This demonstration is
required by the Federal Government.
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Reconnaissance gallery, niches
and new gallery
The reconnaissance gallery at Mont
Terri was constructed in 1989 to investigate geological and geotechnical
aspects of constructing a motorway
tunnel. Following the opening of the
motorway tunnel at the end of 1998,
the reconnaissance gallery will serve
as an escape route. Because it is intend-

.t.

ed to use the gallery for this purpose,
it has to be kept free of all obstructions.
The project partners therefore excavated eight niches into the wall of the
gallery at the beginning of 1996 and
most of the boreholes and experiments
are located in these niches. A new
gallery approximately 250 metres long
will be excavated before summer 1998
to house further experiments.
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high and the walls of the gallery had
to be secured using shotcrete (see
cover photograph).

Tectonit setting
As the geological profile above
shows, the rock strata are in the form
of a fold, the so-called Mont Terri
anticline of the Folded Jura, which
was thrust over the flat-lying Tabular
Jura a few million years ago. The
Opalinus Clay contains fractures and
faults along which rock masses have
shifted relative to one another.

Programme
« Licence horn FtepubliqiM et Canton du Jura

Phase 1
• Excavation o( 8 ruches
• Expforalion campaign with 13

• Experimental programme
Phase 2

• Campaign with 24 boreholes
• Continuatian of experiments ot Phase 1
« Naw experiments
Phase 3
• Exploration campaign, experiments
• Construction of a new gallery with
experiment accompanying excavation
Phase 4 and later
• Continuation of experiments of Phases 1 ID 3

• Experiments tn new drift

LIAS

Opalinus
Cîay

Folded Jura

Tabular Jura

The Opalinus Clay was formed around
180 million years ago in the Jurassic
Sea by deposition of fine mud particles. At Mont Terri, the formation is
approximately 100 metres thick. 40
to 80 per cent of the Opalinus Clay
is made up of clay minerals. Around
10 per cent of these minerals are capable of swelling and result in a volume increase in the event of water
influx. Other components include
quartz (sand and silt), calcite, siderite and pyrite. The rock strength of
the Opalinus Clay is not particularly

Marls/
Ume$tones

Hydrogeologji
The Opalinus Clay has an extremely
low hydraulic permeability. During
construction of the reconnaissance
gallery, neither dripping water nor
damp spots were observed at the tunnel wall; this was true even in areas
with tectonic faults. The rock is finely porous and contains 4 to 12 per
cent water. Initial investigations revealed a strongly mineralised sodium
chloride water with a salt content of
around 20 grams per litre. This water
must have been present in the rock
pores for many millions of years.
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View towards the north with St-Ursanne in the foreground (left) and Mont Terri in the centre. The constructian site at the south entrance to the
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Organisations involved in the project
Responsible for the Mont Terri motorway tunnel system
République et Canton du Jura,
Département de l'Environnement et de l'Equipement

Project partners
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SNHGS
(patronage)

Swiss National Hydrological and Geological
Survey, Federal Office of-Environment, Forests
and Landscape, Switzerland

ANDRA

Agence nationale pour la gestion
des déchets radioactifs, France

BGR

Bundesanstait fur Geowissenschaften und
Rohstoffe, Germany

ENRESA

Empresa Nacional de Residues Radiactivos, S.A.,
Spain

IPSN

Institut de protection et de sûreté nucléaire,
France

NAGRA

National Cooperative for the Disposal
of Radioactive Waste, Switzerland

OBAYASHI

Obayashi Corporation, Japan
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Power Reactor and Nuclear Fuef
Development Corporation, Japan
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Studieçentrum voor Kernenergîe
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Prediction of hydro-mechanical responses of a long - term pump test
in Sellafield site
A. REJEB and D. BRUEL*
IPSN/DPRE/SERGD, B.P. 6, 92265 Fontenay-aux-Roses CEDEX,France
Paris School of Mines, CGI, 35 rue Saint Honoré, 77305 Fontainebleau, France

Abstract:
Under the auspices of the DECOVALEX1 II international project, the coupled hydromechanical
responses, in the fractured volcanic rocks at Sellafield site, to a pump test and shaft sinking were studied. The aim
of this paper is to describe the methodology for analysing the hydromechanical responses of a long-term pump test
in borehole RCF3 drilled on the centreline of one of the proposed shafts. This methodology is based on the Discrete
Fracture Network (DFN) approach for hydraulic analysis and the discrete approach, where the main discontinuities
are explicitly represented in model. The principal advantage of using the DFN approach is to change easily the
scale of the study without important modifications of the network. Hydraulic properties of the different types of
discontinuities were evaluated by calibration of the flow rates measured in the site.

1. INTRODUCTION
The rock mass response to storage of radioactive waste may be a coupled phenomenon involving
thermal, hydrogeological, mechanical and chemical processes. The overall objective of the
DECOVALEX II international project is to increase the understanding of various thermo-hydromechanical processes and how they can be described by mathematical models. The most important
transport mechanism of radionuclides from a repository to the biosphere is through the groundwater
present in the rock. The host rock will be subjected to in situ stresses, excavation-induced stresses and
thermo-mechanical stresses resulting from radiogenic heat of the wastes. Because there is a strong
relationship between fracture aperture and permeability, these stresses can cause changes in hydraulic
properties of the jointed rock masses. For the safety of the disposal system, it is important to quantify
these changes during the excavation, operational and post-closure stages.
The excavation of the repository causes a major perturbation of the rock mass by the creation of a large
cavity. At this stage, the mechanical perturbation of the hydraulic system dominates. The excavation will
concentrate stress changes around the cavity, which in turn will change the local fracture aperture and
permeability. In general the question is how to determine the nature and extent of anisotropic changes in
hydraulic conductivity around the repository cavity.
In this context, the Institute of Protection and Nuclear Safety, in collaboration with Paris School of Mines,
studied Task 1 of the DECOVALEX II project. This task concerns the prediction and model calibration of
the RCF3 pump test and the proposed shaft excavation at Sellafield site by United Kingdom Nirex
Limited. At Sellafield, Nirex have investigated at different scales the geology and hydrogeology of a
Potential Repository Zone (PRZ) which included the rock volume in which it was happened to construct
an underground Rock Characterisation Facility (RCF). In the PRZ the stratigraphie sequence comprises
from the top downwards - St Bees Sandstone Formation of the Herwood Sandstone Group, the
Brockram Formation and the Borrowdale Volcanic Group (BVG). Only the BVG is studied in the
framework of task 1. Details of the hydrogeological testing at Sellafield has been given in [1]. The aim of
this paper is to describe the methodology used to analyse the hydromechanical responses of a longterm pump test.
1
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2. CHOISE OF METHODOLOGY
The hydrogeological properties of the potential host rock, known as BVG, were investigated from an
extensive hydraulic testing programme. A variety of experiments were designed to address the rock
mass at different length scales. Major outcomes of this research are (i) that groundwater flow through
this fractured rock mass is controlled by a number of flowing zones, that might be assembled into a
connected network, and (ii) that the properties of the fracture sub-network between the flowing zones is
distinct from those of this larger scale network [2]. This observation fits with more general observations
made on crystalline rocks, where the overall fluid flow is often very heterogeneous and concentrated in a
few fractures, as a result of complex geometry made by the superposition of structures of various sizes.
A consequence of the broad distribution of fracture size is discussed in [3] in terms of network
connectivity. Theoretical developments assuming a power law distribution for the fracture sizes, lead
these two authors to state that for most natural systems, fracture networks are connected at large
scales, whatever the fracture density, and that permeability is therefore increasing with the domain size
as the consequence of the increase of connectivity. A direct conclusion might be that the only relevant
scale is the size of the system under consideration, which in turn raises the question concerning the
pertinence of an equivalent porous medium description for such geological systems. Furthermore, when
mechanical effects are considered, it has been demonstrated from numerical simulations [4] and from in
situ observations [5] that, if it exists, a critical flow path does not necessarily remain the same as fluid
pressure is increased or decreased. Therefore, conclusions drawn from pump test responses obtained
within a given range of fluid pressures might not be extrapolated to other hydromechanical regimes
without great caution.
For the above reasons, we decided to take advantage of a Discrete Fracture Network (DFN) model,
which has capabilities to include the superposition of a variety of geometrical structures and a
hydromechanical compliant flow rule for the pressurised fractures. This was used to model the RCF3
pump test, by considering in an explicit way the different observed geometric features at their
appropriate scales. Hydrogeological properties such as the hydraulic conductivity or storativity were
derived for each class of discontinuities using the appropriate field tests. The approach consists of
starting from modelling the smallest type of discontinuities and gradually merging the fracture networks
into larger volume of rock, up to the field scale pump test simulation that incorporates the largest
identified faults.

3. TEST DATA AND ANALYSIS
The hydrogeological data base has been obtained as part of the site characterisation programme but
detailed knowledge related to small-scale flow properties was mostly collected along the RCF3 borehole.
Geometrical information concerning the discontinuities, such as the distribution of fracture orientation
and fracture spacing, were derived from the analysis of wireline logs. Four different directional sets,
mostly subvertical, are identified (see Table 1). No fracture length scale can be obtained from borehole
data. However, outcrops exhibiting similar morphological characteristics exist in the area and are helpful
to better constraint the smaller scale fracture pattern. Observed fracture trace-lengths ranged from 2 m
to 10 m. For larger structures, typical length scales have to be quantified using flow test responses in a
trial and error matching process. It was recognised that several possibilities might satisfy the data and
that no unique solution will come out from the modelling.
Table 1. Characteristics of the four identified fracture sets in the BVG, corrected for borehole deviation from vertical
as discussed in [2].
Joint set

Orientation

Frequency [frac/m]

1

North 56, dip75

0.42

2

North148,dip65

0.29

3

North352,dip70

0.12

4

North254,dip70

0.13

Structural logs also exhibit a number of apparently open fractures, that might be significantly conductive
for flow with an average spacing of the order of 25 m, while the full network of discontinuities along
RCF3 results in a mean spacing of the order of 1 m. To investigate the connectivity of these possibly
flowing features and the resulting overall permeability in between the depth of the potential repository
and the overlying sedimentary pile, two types of flow tests were performed, respectively and referred in
Nirex terminology as Short Intervals Tests (SIT) over an interval of 1 - 2 m and Fracture Network Tests
(FNT) in 20 m open hole sections. SIT consisted in the instantaneous injection of a constant fluid
volume of 20 cm3 in single fracture isolated by a double packer system. The response is characterised
by two quantities, namely the pulse height and the remaining overpressure after one hour and half of
pressure decay. One hundred measurements were made available and the responses are depicted as
histograms in Figure 1. In the FNT, an interval of 20 m in length is isolated and the hydraulic head is
subject to a 100 m initial drawdown. The measurements are the integrated volume after one hour of
rising head back to the initial level. Seventeen responses were available with an average produced
volume of 1 I. Figure 2 shows how these discharged volumes are distributed.
Both types of tests were used in the first stage of the present work to calibrate the hydraulic properties,
e.g. the equivalent aperture and the fracture stiffness of the small scale fractures and intermediate scale
fractures, respectively. Among these open fractures, some can be identified or correlated at different
boreholes. They were given a name and treated explicitly with their deterministic set of parameters
(location, orientation, infinite extension) in the analysis of the three month long pump RCF3 test.
Because these experiments basically consist of prescribing local hydraulic head perturbations, the
analysis deals with transient responses and hydromechanical interactions are concerned, since
storativity is governed by the compliance of the fractures that allows some fluid to be stored or expelled
from the fracture void space. Accordingly, stress magnitudes described in [6] must be accounted for.

4. CALIBRATION AGAINST SIT AND FNT EXPERIMENTS
4.1 Short Interval Test
The numerical procedure is similar for both type of tests. Dealing with the SIT, we first generate a
fracture network within a cubic volume 25 m along each side, populated with small scale fractures
according to densities extracted from Table 1. This volume was found to be large enough since a few
fractures only experienced the test. Outer boundaries were kept hydrostatic, while the inner boundary, a
vertical segment 1.56 m in length, 28 I in volume represents the tested zone where the pulse SIT test
applies. Stress components were chosen to represent the regime at 650 m bOD depth (below Ordnance
Datum = mean sea level). The 20 cm3 volume is injected in 1 s, and we simulated the shut in phase for
5400 s. Pulse height and remaining pressure at the end of the period were stored. Fitting parameters
are the ones of the Bandis normal closure law, e.g. the initial stiffness coefficient kno, the maximum
aperture e0 of the fracture under zero effective stress. For reliability of the results, 250 numerical tests
are performed leading to the results presented in Figure 1. Best agreement is found for a lognormal
distribution of aperture, with mean value -10.44 and standard deviation 0.25, which corresponds to an
average maximum closure of 30 10"6 m, associated to a stiffness value at zero effective normal stress
equalto20GPa/m.

4.2 Fracture Network Test
The main assumption in this analysis was that the fractures of intermediate scale, that possibly form a
conductive network, follow the same distribution of orientation as those of the smaller scale. Only the
relative density of each set and the sizes have to be corrected so that the total density reflects the 25 m
spacing observed along the RCF3 scan line. The criterion is met with an average fracture area of
~ 700 m2 and a total density of 1.7 10"4 fracture/m3, which corresponds to fracture sizes ranging from 10
m to 50 m. Then the transient response was simulated. One hundred equally consistent network
alternatives were performed, by filling a cube of rock, 150 m in size, centred at the depth of 650 m bOD,
with fractures of the intermediate scale. Outer boundaries remain fixed at hydrostatic conditions while a
20 m vertical segment represents the inner boundary. A linear pressure decrease was prescribed in

such a way that the 100 m hydraulic head drop is reached within 2 s. Pressure recovery was then
calculated and flow coming out at the well was summed over time. The distribution of recovered volume
was compared to the experimental results as shown in Figure 2. Reasonable agreement was found for
stiffness coefficients under zero normal effective stress and aperture respectively of the order of
25 GPa/m and 100 10"6 m. The large volume values are not properly simulated but this discrepancy is
likely to be linked for some of the FNT to the vicinity of faults with larger size that might have more
efficient connections to the far field. This was addressed by an analysis the RCF3 pump test.
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Figure 1 : Pressure peak distribution of the SIT pulse tests, after the instantaneous injection of 20 cm3 of water.
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Figure 2: Remaining pressure at the source after 1h30 of pressure decay, normalised with regard to the peak value.
Measurements are sorted into three classes while numerical results are distributed into 10 classes, and then
summed to compare with the experimental data.

5. INDIVIDUAL FAULTS PARAMETERS AND RCF3 PUMP TEST SIMULATION
The RCF3 pump test is basically a simple test where the hydraulic head at the source zone is kept
constant. The total time of the fluid abstraction was 2110 h with a drawdown of 1553 kPa applied in the
RCF3 well, from 640 m down to 680 m bOD. The responses were monitored in packed sections at
different places, either in the RCF3 borehole or in one of the five other boreholes (namely RCF1, RCF2,
RCM1, RCM2, RCM3). Their exact location was provided in [6]. Pressure changes were calculated and
compared at 25 different zones, of which 10 of these zones were used for calibration purposes. The
discharged flow produced at the source zone was also compared to measurements.
The domain of the study was dimensioned so that it includes all the monitoring zones. A cylindrical
volume, with RCF3 as the central axis, was chosen, with a radius of 250 m, extending from the top of
the BVG, e.g. ~ 400 m bOD, down to a depth of 950 m bOD. The vertical boundary, as well as the top
boundary, was prescribed by a hydrostatic head profile.
Individual faults, that crosscut the simulated domain were extracted from the data base with their own
geometrical characteristics and superimposed to the network made of small and intermediate scale
fractures. These are respectively referred as F200, F201, F203, F209, F210, F211A, F212, F2low and
F2up. In order to better reflect the geometry, the model was conditioned to include a known flowing
feature that intersects the source zone at a depth of 672 m bOD, (FZ20 and FZ21). The immediate
vicinity of the source zone was further described up to a distance of 25 m by combining fractures of the
smallest scale to fractures of the intermediate scale in the generation of the random networks. Unknown
parameters that needed to be calibrated were the aperture and stiffness for the large structures and also
their extension, since we found that non persistent structures allow more variable behaviours which is
useful to understand significantly different responses at neighbouring locations. It has to be noted that
each monitoring zone is connected to a piece of the network, either by a fracture belonging to a random
set or by one of the faults.
During this calibration phase, we found that the FZ20 must not have a large extension (less than 35 m in
radius), otherwise it would connect to other large structures and produce to fast responses in the nearby
monitoring zones. It must also have a large aperture, 10"4 m, and a stiffness comparable to the stiffness
of the fractures belonging to the intermediate class. Fluid produced during the first minutes of the pump
test at a rate of many litres per minute seems to be expelled from this structure.
Also, we had to use large storativity coefficients for the faults that would not fit with those derived from a
conventional Bandis compliant model. For this reason, the normal compliance law was redefined using
two other parameters, namely the aperture ei and the equivalent normal stiffness knj defined at the in situ
effective stress level. Apertures values ej were found to range in between 25. 10~6 m to 1. 10"4 m, while
the equivalent hydraulic stiffness values fall into the range 5 GPa/m to 40 GPa/m. These apparently low
values can be explained by the combination of (i) the mechanical stiffness of the fracture, which should
be of the order of 100 GPa/m for effective stress in the order of 15 MPa and (ii) the deformation of a
metric damaged/alterated zone in addition to the open conductive zone of the faults with an equivalent
Young's modulus of 40 GPa. This is in agreement with what was suggested by [7], where the storativity
value S was derived according to the following formulation:
S = pg(1/k n i + 2L/E + pei)

(1)

E being the Young's modulus of the surrounding rock layer, with thickness 2L, (3 the fluid compressibility,
p the fluid density, g the gravity, kni and e-, the Bandis parameters at a given normal effective stress.
Thus, with regard to the relative magnitude of both terms in equation (1), the stiffness kni we found for
the large structures, seems to be controlled by the mechanical properties of the surrounding rock mass,
characterised by two other quantities E and L.
Reliability of the results was achieved by averaging 20 different but equi-probable numerical realisations
of this pumping test. This sampling might be insufficient to reach a representative average value and to
accurately reflect the variability of the responses. Figure 3 shows the average calculated flow
discharged versus time at the source zone in the RCF3 borehole which is compared to the measured
flow. Figure 4 gives the final piezometric change at the various observation zones. The first ten
monitoring zones were used for the calibration of the mean simulated values. The variability obtained
from the 20 different simulations is shown with the help of error bars.
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Figure 3: Comparison between calculated and measured discharged flow versus time during the pump test.
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Figure 4: Final pressure changes at the 25 different monitoring zones.

6. DISCUSSION
This section described the current progress on hydromechanical coupling in a densely fractured rock
that exhibits an heterogeneous fracture pattern. It is shown that a discrete approach for the fracture
network description can provide valuable results in terms of flow prediction at the source zone and
hydraulic drawdown at monitoring zones. The integration of geological structures of different lengthscale seems well suited for analysing piezometric responses that can fluctuate a lot in immediately
adjacent zones. However, a large spreading in predicted pressure change is obtained at some
monitoring zones, probably due to connectivity effects with the large scale conductive structures.
Conditioning the fracture network at the monitoring zones would have been desirable in this respect.
Dealing with the hydro-mechanical coupling involved in the various hydraulic tests, we successfully
introduced the fracture normal compliance that simultaneously controls the hydraulic conductivity as well
as the fracture storativity.
We have to point out that the prescribed pressure changes were relatively small with regard to the in situ
stresses, so that any further use of the calibrated stiffness coefficient and maximum closure may be
questionable for cases involving very different fluid pressure ranges.
Another interesting output of the pump test simulation is that the large faults may behave differently than
fractures of intermediate and small scale. They seem to be much more capacitive, and their behaviour is
likely to reflect the response of a rock-fracture system. Indeed these must have experienced successive
shearing events and alteration phases, during their geological history.

7. CONCLUSION
Task 1 is a typical situation which will be encountered in selection and characterisation of potential sites
in fractured rocks for underground radioactive waste repositories. It is a very useful exercise for
developing the methodology to determine the key hydrogeological properties by using predictioncalibration cycles of a long-term pump test. The real achievement of all numerical investigations is the
gain in understanding the distribution of the permeability field of the site and the mechanical factors
affecting it. This exercise also has yielded a fruitful experience on how to do the interpretation of the
information package of site geology and hydrogeology of the RCF3 pumping test area provided by
Nirex. It should be noticed that the extraction of the necessary input data from this large set of different
documents needed a lot of time.
This study shows, that the discrete approach for the fracture network description can provide valuable
results in terms of flow predictions. So we can be reasonably confident about our ability to provide
acceptable estimations of the pressure field and drawdown on a large scale, and for long term purposes
like the RCF3 pump test performed at Sellafield.
The Discrete Fracture Network (DFN) approach has the capability to allow the superposition of a variety
of geometrical structures with a large variation in the geometrical characteristics and it is shown here
that the calculations are tractable at the relevant scale for a long term pump test. The advantage is, that
changing the scale of the studied area becomes easy and does not imply important modifications in the
fracture network, since it only requires to reduce the size of the modelled area and if necessary to add
details of smaller scale at some particular places. This was done when modelling the pump test and the
shaft excavation, which have respectively two different scales.
Finally, the hydromechanical modelling of Sellafield site confirms again that an extensive hydraulic
testing programme at different length and time scales is the most important ingredient to understand the
hydrogeology system in any other potential site.

References
1. N. Davies, T.J. Ireland, J.L. Knight, A. Herbert and P. Wilcock. Proposol for DECOVALEX to carry out
predictive modelling of coupled processes associated with the Nirex RCF shaft excavation, Sellafield,
U.K. November, 1995. DECOVALEX Secretariat, KTH, Stockholm.
2. P. Armitage, D. Holton, N.L. Jefferies, B.J. Myatt, P.M. Wilcock. Groundwater modelling through
fractured rock at Sellafield. Final report, E.C. publications, Nuclear Science and Technology Series,
1996, EUR 16870.
3. O. Bour and Ph. Davy. Connectivity of random fault networks following a power law fault length
distribution. Water Resour., Res., 1997; 33(7): 1567-1583.
4. C. David. Geometry of flow paths for fluid transport in rocks. J. Geophys. Res., 1993; 98(7): 1226712278.
5. F.H. Cornet and R.H. Morin. Evaluation of hydromechanical coupling in a granite rock mass from
high-volume, high-pressure injection experiment: le Mayet de Montagne, France. Int. J. Rock Mech. Min.
Sci. & Geomech. Abstr., 1997; 34: 3-4.
6. O. Stephansson and J. L. Knight. DECOVALEX II project. Task 1 Nirex RCF shaft excavation. Task
1C coupled hydromechanical effects of shaft sinking within sector 7. July, 1997. DECOVALEX
Secretariat, KTH, Stockholm.
7. J. Noorishad, C. Tsang and P.A. Witherspoon. Theoretical and field studies of coupled
hydromechanical behaviour of fractured rocks; Development and verification of a numerical simulator.
Int. J. Rock Mech. Sci. & Geomech. Abstr., 1992; 29: 401-409.

6 & 7 NOVEMBER 2000

DECOVALEX II PROJECT
Prediction of hydro- mechanical
responses of a long- term pump
test in Sellafield site
Amel REJEB(IPSN)
Dominique BRUEL (EMP)

SUB-TITLE (of the page)

Text text text text text

E

G2S

U

R

.

O

S

A

F

E

Modelling of water - rock interactions in deep ground waters:
equilibrium and perturbations
H. Pitsch and C. Beaucaire
IPSN/DPRE/SERGD, CEA-FAR, BP N°6, Fontenay aux Roses Cedex, France

Abstract
A predictive model for the interpretation of water-rock equilibrium and perturbations of different origins is presented.
The geochemical control on elemental concentrations by dissolution-precipitation reactions and the role of ion
exchange on clays are explained. Application to the Boom clay interstitial water and aquifer fluids from the belgian
province Kempen is shown, limits of the model and open questions are presented.

1. INTRODUCTION
The model presented here was first developed to explain the chemical composition of low temperature
granitic waters at Stripa (1). It related the concentration of certain elements in equilibrated groundwaters
to a geochemical control through dissolution - precipitation equilibria involving secondary minerals. In
the early nineties Beaucaire and Toulhoat made the hypothesis that the same modelling approach could
be applied in a sedimentary context, namely to interpret the groundwater composition at the Mol site.
The results presented here were obtained from different programmes (see for example 2,3) carried out
at the Service d'étude du stockage et de l'entreposage de déchets, Commissariat à l'énergie atomique
(CEA), France, in collaboration with the Waste and disposal unit of the Belgian nuclear research centre
(CEN»SCK) at Mol and other partners. Financial support was from the European commission, CEA,
CEN»SCK, Agence pour la gestion des déchets radioactifs (ANDRA) and the Research division of
Electricité de France (EDF).
The site of investigation consists of an area of ca 10 000 km2 in the northern province of Kempen in
Belgium. The Boom clay belongs to a system of successive layers of tertiary clays and clayey sands or
silts. Interstitial water from the Boom clay and from two aquifers are considered here: the RuisbroekBerg (Rupelian) aquifer, underlying the Boom clay and the deeper Lede-Brussel (Lutetian) aquifer,
separated from the Ruisbroek-Berg sands by the Asse clay.

2. GEOCHEMICAL CONTROL
The present equilibrium model has been published elsewhere (4, 5) and distinguishes two types of
elements in a groundwater. Some are involved in dissolution - precipitation equilibria between primary
and secondary minerals of the host rock, like potassium for example:
2 KAISi 3 O 8 + H 2 O + 2 H+ -> 2 K+ + Al2Si2O5(OH)4 + 4 SiO 2
microcline
kaolinite
chalcedony
The corresponding equilibrium constant may be written:
KK =
The activity of potassium depends only on the acidity level of the fluid. In general the activity of any
"controlled" element is directly related to the proton activity in the groundwater:

Kj (T) = (Mini+)/(H+)nj
Other elements (mainly in anionic form A') are "mobile": their concentration is not constraint by any mass
action law, and appears only in the electroneutrality equation, from which the pH of the fluid may be
calculated:
S [ nj.(H+)nj. K, ] / y M , - 2 [A] = 0
where yMj is the activity coefficient of species Mini+ .
On behalf of the phase rule, there are as many minerals involved as controlled elements. Knowing their
dissolution constants, the temperature of the fluid and the concentrations of the free elements, it is
possible to calculate the overall composition of the groundwater taking into account all the side reactions
that occur in the fluid phase, like complexation of metal cations. This is possible with most geochemical
codes like PHREEQE (6). Confrontation of the results with the analytical data confirms or invalidates the
hypothesis on the water-rock interaction.

3. THE PECULIAR STATUS OF CARBON
Carbon deserves a special attention because the mechanism of the pCO2 regulation in confined aquifers
remains complex. In a series of sedimentary aquifers, the observed pCO2 - temperature relationship
between 10 and 200CC has been successfully explained by the equilibrium of the fluids with a mineral
assemblage constituted by calcite, dolomite and a magnesium bearing aluminosilicate (7, 8). Gouze (8)
also showed that additional production of CO2 by the decomposition of organic matter, which occurs in a
rather narrow temperature range (80-120°C according to Smith and Ehrenberg, 9), does not change the
pCO2 of the system as it is buffered by the set of minerals. The main problem is to identify and
characterise the proper magnesium aluminosilicate, as these phases often have an uncertain
stoichiometry and the range of variability of their formation constant can be of several orders of
magnitude. For example published values of the formation constant of chlorite vary from 10"2257 (10) to
10' 1616 (Michard, 11). The corresponding pCO2, calculated for the above mentioned buffer, lie between
10
and 10 . This last value is consistent with the data we obtained for the Rupelian aquifer.
However, as all the waters in this study are in a very narrow range of temperature and as no detailed
mineralogical analysis of the silts is available, it is not possible to identify the peculiar Mg-AI-Si phase for
this case and to constrain the set of data in this way. Therefore, due to the uncertainty of available data,
the inorganic carbon content was fixed in the model.

4. MODELLING THE GROUNDWATERS AT THE MOL SITE
According to these guidelines, a modelling exercise was carried out on the waters of the Boom clay and
the deep aquifers. The set of equilibrating minerals was taken according to the mineralogy of the Boom
clay and the available information the Ruisbroek-Berg and Lede-Brussel sands or silts: kaolinite, calcite,
dolomite, albite, microcline and chalcedony. As an example, saturation indexes for three waters are
shown in Table 1.

Table 1 : Logarithms of the saturation indexes with respect to the principal mineralogical phases. The
sign - indicates undersaturation.

logK
albite
microcline
calcite
dolomite
chalcedony
kaolinite

- 19,60
-21,60
-8,47
- 17,02
-3,71
-37,77

El
0,46
0,78
-0,33
-0,91
-0,07
1,76

Oe41C Me20D
0,62
-1,02
0,07
-0,05
0,08
1,124

0,58
0,50
0,23
0,42
0,09
0,19

Independent variables in the model are the temperature and the concentrations of the free elements CI,
S and C (inorganic). pH and concentrations of major cations and silicon are then back-calculated and
compared with experimental values.
The principle of the calculation is simple. The concentration of each controlled cation can be expressed
as a function of (H+) and pCO2 using equations (1) to (6). As the total inorganic carbon concentration is
fixed, pCO2 is also a function of (H+) alone. [CI] is an independent variable and so the pH results from
requiring the solution to be electrically neutral and the overall composition of the solution can then be
calculated. The phase rule is respected: a mineral phase is associated with each regulated element.
The examples in table 2 show a good agreement between calculated and observed values. Calculated
carbon dioxide pressures amount to several millibars, which explains that the waters are subject to
degassing when decompressed.

Table 2: Modelling the chemical composition of groundwaters of the Mol site. Units are mM for
concentrations and °C for temperature.
Independent variables
t
C
Ci
S

PH

Na

K

Ca

8.2
8.54

12.4
12.4

0.22
0.20

0.047 0.071 0.13
0.047 0.120 0.16

12.1
12.3

7.98
8.16

35.9
38.0

0.67
0.57

0.21
0.13

0.47
0.37

0.16
0.14

14.5
14.8

7.67
7.55

110
0.90
109.4 2.10

0.67
0.65

1.66
1.51

0.20
0.17

13.3
14.7

8.31
8.08

tao.3
30.9

0.54
0.55

0.32
0.13

0.41
0.33

0.20
0.17

13.2
13.5

8.28
8.06

47.0
48.0

0.60
0.72

0.35
0.22

0.48
0.62

0.28
0.14

11.4
12.0

Mg

Si

Alk.

Boom clay
Fixed 12.1
Meas.
Calc.

0.5

Fixed 14.5
Meas.
Calc.

24.7

Fixed 13.3
Mee 20d Meas.
Calc.

92.4

I.W.

0.035

17°2

^uis.-Berg
0el41c

.ede-Brussel
^ixed 13.2
Mol 15c Meas.
Calc.
Fixed 11.4
Ste Por1 b Meas.
Calc.

18.4

36.6

0.004

4.32

14°5

21 °3

0.262 20°4

0.90

14°5

In some of the waters of the Lede-Brussel aquifer much higher silicon concentrations than that
corresponding to the solubility of chalcedony are observed; it is not well understood why a less stable
form of silica is active in the deeper aquifer but this is supported by the observation of clay-opale stones
known as porcelanite at the outcrops of the Lede-Brussel sands (12). Considering equilibrium with
cristobalite instead of chalcedony for the Ste Por 1b water gives a calculated value of 0.33 mM, quite
close to the measured concentration (see table 1).

5. MODELLING OF AN OXIDISING PERTURBATION
The interstitial water of the Boom clay was sampled from two piezometers. The water from piezometer
N°1 is characterised by a very low SO4" concentration (0.03 mM), whereas in piezometer N°2 it reaches

10 mM in the first few metres from the gallery. At 15 m, the concentration falls again to 0.1 mM,
comparable to that measured in piezometer N°1. This perturbation observed with piezometer N°2 is
certainly due to oxidation of the medium during the installation of the tubing. The first piezometer was
sterilised at room temperature with formaldehyde, while the second one was sterilised by heating before
insertion in the massif, which resulted in oxidation of the pyrite in contact with the hot tubing, air and
water. In the pyrite-rich clay massif any oxidation results in a S O 4 " enrichment of the water by the
following reaction:

FeS2i + 15/4O 2 + 5/2 H2O

—>

FeOOHi + 2 SO4= + 4 H +

However, the oxidation proceeds gradually and the system is rapidly buffered: sulphate production does
not exceed 15 mM and the measured alkalinity remains around 15 mM, while a strong oxidation without
reequilibration of the system would produce an acid pH and a drop in the alkalinity equal to twice the
sulphate increase. This reequilibration results from the dissolution of calcite and dolomite in the clay
combined with ion exchange reactions between the alkaline earths and the sodium fixed on the clay
surface:
H+ +
Ca2+

HCO 3 '

2 Na+Ciay

Ca 2 +

Ca 2+ C i a y

2 Na+

Consequently, the resulting water contains sodium sulphate and bicarbonate and the pH is buffered at a
value close to 8.

7. CONCLUSION
The model was also applied to water sampled from a fault at Tournemire in France (13). The considered
mineralogical assemblage was: calcite, dolomite, fluorite, microcline albite, chalcedony and halloysite;
the fixed parameters were pH, temperature and the concentration of chloride; for the calculations the
geochemical software MINTEQ (14) was used. Table 3 also shows a good agreement between
calculated values and analytical concentrations. This indicates that the model is not site-specific but can
be used in every geological context. Only the input data : dissolution constants of the controlling minerals
and values of the independent variables are site-specific.

Table 3: Chemical composition of the water from a fracture at Tournemire, France.
Independent variables
pH
t
CI
Sample GE-2510
mM
°C
r
ixed 8.0
9.3
13
Meas.
Calc.

Na
mM

K
mM

Ca
mM

Mg
mM

C
mM

F

Si

uM

mM

mM

12.6
13.0

0.14
0.10

0.37
0.31

0.29
0.39

0.14
0.09

4.4
6.1

0.23
0.24

0.11
0.13

AI

Nevertheless some questions that are under investigation in our laboratory and others remain open. As
mentioned before the geochemical control on inorganic carbon and its relationship with organic matter is
not clear and the identification of buffering minerals can be difficult. Robustness of the model has to be
tested and the description of ion exchange on clay surfaces has to be improved, as representations and
data available in the literature at the present time are definitely insufficient (15), even if improvements
were made in the last decade (16). It is worth reminding that it is useless to have a good model if it is not
fed with good experimental data.
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Abstract
For the safety assessment of underground repositories predictive models are needed which can
describe the process of infiltration and swelling pressure in compacted bentonites used as buffer and
sealing materials. The infiltration can be well described for laboratory scale experiments by the Second
Fickian Law. However, there is no proof yet, that application of this law is permissable when its useage
is extended to the large scale of a repository with much more complex boundary conditions. Different
models exist for the prediction of the swelling pressure of bentonites in contact with water and saline
solutions. All of them are applicable only to systems with homoionic bentonite in contact with pure water
or NaCI solution. None of these models is applicable to mixed salt solutions at ionic strengths as they
are encountered naturaly in repositories in salt formations. A pragmatic GRS approach for the solving of
this problem is described in this paper. A three years GRS research programme on this subject has
revealed that the main factors influencing the swelling pressure of the bentonite-brine system are the
brine composition, the density of the compacted bentonite and the hydrostatic pressure. The boundary
conditions which have to be observed are discussed and the principle of the new approach is
described.

Introduction
In the multibarrier system of repositories for radioactive and chemical wastes (figure 1) compacted
betonites may be used as construction materials for the technical barriers. Bentonites are considered to
be ideal sealing and backfilling materials because of their high swelling capacity. For the safety
assessment of a repository the prediction of the long term behaviour of compacted clays is required.
Extensive experimental data are the basis for existing predictive models which are used for the
description of infiltration and swelling pressure in compacted bentonites. This models are able to
reproduce the experimental data fairly well as long as the solutions which are causing the swelling have
low salinities.
The host rocks of German repositories for radioactive and hazardous wastes, however, are salt
formations where very high salinities with complex composition of the brines must be considered. This
fact poses certain problems concerning the use of bentonites. Salt solutions tend to reduce the swelling
capacity, and no swelling pressure will develop if the capacity is reduced to an extend where the actual
volume is not filled by the maximum swollen clay. For very high salt contents the existing models are
not able to predict or reproduce the experimental results. In order to either extend existing models or to
create a new model the governing parameters for these processes must be identified.

Boundary conditions in a repository in salt formations
It is not necessary to predict a very large variety of chemical and physical conditions in the clay-salt
solution system. For practical purposes it is enough if the infiltration and the resulting swelling

pressures can be predicted for the relevant range of expected repository conditions. These conditions
are:

Biosphere

Covering Rock Strata

Country Rock Strata

Host Rock
Formation
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j
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Figure 1:

UTD

Multibarriersystem in underground repositories for radioactive wastes (ELA) and
hazardous wastes (UTD); compacted clays may be used as are part of the
technical barriers i.e. sealing, backfilling and buffer materials

•

a dry density of the compacted bentonite seal element of 1.6 g/cm3,

•

brine compositions varying in molities between 0 - 6,1 (Na), 0 - 1 , 6 (K), 0 - 4,8 (Mg), 0 - 0,006
(Ca), 6,1 - 9,2 (CI), and 0 - 0,9 (SO4)

•

hydrostatic pressure of 100 bars. This pressure corresponds to a brine-filled repository in 800 m
depth.

Modeling
The results of a literature review and a short description of the models in the light of the actual problem
is given below.
Infiltration
Basic concepts
The term "infiltration" stems from soil science and denotes the migration of water in soil following the
gravitational field. Infiltration in soil may be described in space and time following mathematical
expressions for advection and dispersion. One key parameter for such systems is the pore size
distribution as a measure of how conductive is the matrix for fluid transfer. Usually such a spot of soil

may be envisaged as system of partially interconnected pores, woven into a structure of solid particles
of various sizes.
Depending on the mean pore size, advection eventually becomes unimportant:, leaving diffusion as the
dominant process for the migration of water or solutes. At low particle sizes, clay minerals become
enriched. Due to the lamellar constitution of aluminosilicates, an understanding of the migration of water
in clay matrices can not be won by simply extending concepts of flow modeling through more course
structures. This is because the high specific surface of clays in conjunction with their hydrophilicity and
the hydration of adsorbed cations add to the process of diffusion. Unlike to structures which are (ideally)
built up by sand grains and whose pore space is not altered by the process of infiltration, clayey soils
are changed by the contact with solution.
With compacted bentonites we end up in a situation where the structure of pore space (and hence the
conductivity for water) is not constant in time and may change in response to the composition of
solution. Further, by the swelling of clay particles upon the hydration of their surfaces, hitherto open
pathways for solution close.
For the development of a model for infiltration the following steps may be of help. Imagine dry,
compacted bentonite enclosed in fixed walls permeable only for water. Within the bentonite we have a
total pore space of Vt = Vp. The first increment of water will strive for the stablest bound possible, which
will lead it inevitably into the hydration sphere of interlayer cations. This is to say that the first water
entering the clay barrier becomes immobile as far as we restrict mobility to advection. The process of
hydration will go along as long as there are unhydrated cations left (or, in terms of thermodynamics,
until the chemical potential of interlayer water equals that of remaining pore water). Simultaneously, the
pore space accessible for liquid water reduces in response to the swelling of the clay. It is only after the
immobile fraction of total pore volume is filled that additional water may protrude further into the clay
barrier. The pore space left for advection is the total pore space minus the "immobile volume", Vp = Vt Vim.
Depending on the initial dry density of the compacted bentonite the remaining volume for "mobile" water
may be diminished to a measure that virtually no advection takes place anymore and any further
distribution of water into the barrier is exclusively due to diffusion and capillary forces. Also water
transport in the vapor phase will be diffusive.
Modeling
Considering the processes in the preceding section it is not surprising, that a description of infiltration
into cylindrically shaped samples of compacted bentonites with the Second Fickian Law was
successfull in many cases (e. g. [i], [ii], [iii]). It may also be understood that the Second Fickian Law fails
to describe experiments with samples with a content of clay as low as 10% [v]. Now, as the clay
content in engineered barrier systems are clearly higher, we could be inclined to lean back and say:
"The problem is solved." Is it really ?
The real case
Comparison of figure 2 and 3 reveals that with respect to performance assessment a lot more aspects
need to be taken into account.
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Figure 2:

Description by the 2. Fickian Law

Schematic view of a column experiment for the infiltration of water into compacted
bentonite (laboratory conditions)

The Second Fickian Law is a partial differential equation whose solution is subject to strict boundary
conditions. In the case shown we have an infinite reservoir of solution, constant in composition. The
process is 1-dimensional and the investigated sample is homogeneous with respect to dry density and
composition. No preferential pathways are open and temperature gradients are absent.
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Schematic view on in-situ conditions influencing the infiltration of water into
compacted bentonite

In the real case (figure 3) we note that solution may not enter from a single point (or plane) but through
disrete cracks in the surrounding host rock. If the connection between these cracks and other solution
filled reservoirs in the host rock offers less conductivity than the compacted bentonite, then the volume
of solution standing in line for infiltration can be said to be limited, which puts the first mentioned
boundary condition into question (which may be changed, of course, giving rise to other solutions for
the Second Fickian Law).
Secondly, the shear size of a 1:1 "model" of a real repository makes it probable, that the condition of
homogeneity of the buffer is difficult to fullfill. Other "real case" factors may be changing solution
composition and temperature gradients within the backfill. This may have a tremendous impact on the
solution composition which eventually will reach the high-level waste canister: Villar et al. found that
with decreasing distance to heaters built into compacted bentonite, the salinity of pore solutions
increased [v].
Clearly, as the observed system become more complex, it is necessary to consider a multitude of
coupled processes. Considerable efforts were spent to accomplish the task of "thermo-hydraulic
mechanical modeling". On the experimental part it is to be mentioned that a large scale in-situ
experiment which can be used for the checking of the applicability of the model is running since several
months in the salt mine Sondershausen in Thuringia in Eastern Germany. In a drift of the abandoned
potash mine a dam was constructed with a sealing element of compacted bentonite. Another example
which covers both experimental and modeling aspects is the DECOVALEX II project. The project aimed
to conduct a 1:1-scale experiment with electrically-driven heaters placed in boreholes and surrounded
by compacted bentonite. For more detailed information we refer to the Technical Report f/i]. Four
models were applied to the calculation of the temperature evolution in buffer and host rock, water
content and total pressure in the buffer, pore pressure in the rock and vertical displacement of the
containment. Up to 29 parameters were needed to do the various calculations.
Open questions
Of course there were many questions left at the end of the report, and there is no use to repeat them all
at this place. We would like to direct attention to the follwing aspects:
Even for small lab-experiments covering the effect of temperature - and these experiments do not pose
the fundamental problem of irreproducibility like in-situ experiments - it is not possible to state
•

how much water enters the bentonite in time,

•

which solution arrives at the canister, leading to corrosion, and

•

which swelling pressure develops.

All given aspects in mind it must remain questionable whether full water saturation of the entire clay
barrier is attained at all. But even then, canister material will still be subject to enhanced corrosion due
to higher salinities of adjacent solution.
Swelling pressure
One key parameter is the swelling pressure which develops when compacted bentonite is reacted with
aqueous solution. This is, because it has impact on the time necessary for any solution to reach the
canister, and the migration of radionuclides released from therein. While the processes responsible for
the evolution of swelling pressure are well known in principle, it has not been accomplished yet to
create a mathematical link between solution composition and swelling pressure.
Striving for a means to calculate swelling pressure diverse approaches were applied which may be
subdivided into three groups:
•

empirical models,

•

double layer models, and

•

thermodynamic models

Empirical models
Philip Low proposed an empirical model of the form

[1]
where Ps = swelling pressure, mc and mw are masses of clay and water, respectively, and a and B are
adjustable parameters [vii]. Direct measurement of the swelling pressure on 35 different
montmorillonites showed a relationship between Ps and the mass ratio of montmorillonite to water
miv/mw. a and B are constants that are characteristic of the montmorillonite and probably of the solution
applied. That is to say, the actual impact of solution composition on the swelling pressure is "hidden" in
the empirical parameters. Further, this model does not take into consideration the degree of compaction
of the montmorillonite. This equation somehow resembles an expression used by engineers:
^

[2]
red

with pred being the reduced dry density and Ao, Bo as adjustable parameters. The latter must be
determined for each solution, and as yet no clear relation has been established to solution composition.
Double Layer Models
There are several similar theories concerning the distribution of ions between charged surfaces which
my generally be identified as double-layer models. The diffusive double layer model was independently
developed by Guy and Chapman 1919. The purpose of the model, with respect to clay swelling, is to
determine the mid point electrical potential between two parallel montmorillonite clay flakes. If the
potential is properly determined for a certain physico-chemical condition it should in principle be
possible to calculate the repulsive forces arising between the flakes.
Komine and Ogata (1996) calculated the swelling pressure on the basis of the DDL-Theory and
compared the results with laboratory data for different ion concentrations [viii]. This Model is not
applicable either to high salinities. It does'nt work for other ions in solution than Na. Saturated NaCI
solution (6.1 M) gives total loss of swelling pressure for all clay densities, which is in clear contradiction
to experimental! data obtained during the last three years in different research institutes in Germany. It
should further be mentioned that a total of 11 parameters were necessary for the model to work, not
included "trivial" constants like Avogadro's number and the like. The concentration of ions in pore water
is one of the not trivial values needed.
Double layer models not only suffer from the presence of other ions than sodium and chloride. Even
more intricate problems are associated with the simple fact that in compacted bentonite we face a
whole distribution of particle separation distances, which under the circumstances given may be well
below 10 Â. This is to say that the double layer for which the theory is designed has no chance to
extend undisturbedly into pore space. The very small dimensions therein pose yet another problem:
what is the concentration of any ion in the pore space ? Depending of the size of the pores it clearly will
not be the same as in a hypothetical bulk solution in equilibrium with the same cations attached to the
clay surface. The theory of electrical double layers gives us the notion of the sorbed cations arranged
within a diffuse swarm in the vicinity of the clay surface. When the mean diameter of the pores in the
compacted bentonite become smaller than twice the value of the thickness of the double layer the
question arises whether we have any pore water at all - or adsorbed water. Within the layer of adsorbed
water the content with regard to cations is different compared to that in the bulk solution. For further
theoretical treatment it becomes necessary to define precisely which part of the cations belong to the
clay surface and are therefore considered as being adsorbed, and which part belongs to the bulk
solution. For example, if we state that the volume made up by the total external surface of the bentonite
and the mean thickness of the electrical double layer represents the "surface volume" of the system,
only that fraction of total pore volume which exceeds the surface volume may be adressed as "bulk
phase" or "pore solution" with some justification. The dependancy of expelled "pore water" composition
from the degree of compaction has been shown by Muurinen and Lehikoinen [ixj.
Thermodynamic Models
The approach of equilibrium thermodynamics is in a sense opposed to the previous one as it doesn't
require any internal parameter of the clay-water system to be known, but entirely depends on those
variables of state which are truly in equilibrium. Thermodynamics with regard to swelling pressure takes
refuge to macroscopic quantities, directly accessible to laboratory measurements and control [x]. This is

paid for in that the thermodynamic approach gives no answer as to the internal mechanism of swelling.
Further, any calculations following the thermodynamic approach are only valid to the extent that nonequilibrium factors are not likely to be important in the respective system. Recalling own experiments
with compacted clays and considering a certain degree of irreversibility attached to some processes
with clay we regard this condition as questionable.
Sposito proposed for the swelling pressure

where A^ w is the change in water chemical potential when a unit mass of water is transferred from pure
liquid water into the clay paste, and vw is the partial molar volume of water at constant T, P and mass
of clay. Low and Anderson suggested an analogy between swelling pressure and the osmotic pressure
of the solution in equilibrium with the clay [xi]. Further development of equation [3] leads to the relation

[xifl:
P,=_^L_hJL

[4]

M

where Mw is the molar weigth of water and p, p0 are are the vapor pressure of adsorbed and pure water,
respectively. In practice, water adsorption and desorption isotherms need to be recorded to gain the
vapor pressure of adsorbed water for any water content of the clay. Reversely, knowing the water
content, the resulting swelling pressure can be calculated with equation [4].
In principle, equation [4] may also be applied to clays equilibrated with a pure binary electrolyte
solution. Then p0 in equation [4] is replaced by the vapor pressure of the electrolyte solution, which is
smaller than that of pure water. In accordance with experimental findings this leads to a reduction of
swelling pressure. For saturated NaCI-solution, however, a swelling pressure of zero is predicted, which
is in contradiction to reality.
Another, more principal problem arises from the fact that it is impossible to separate an equilibrated
clay from its high-saline nexary salt solution without changing the composition of adsorbed cations. The
thermodynamic (and in fact, also the double layer models) worked with systems where homoionic
bentonite was reacted with pure water or binary electrolyte solution (NaCI). Now, if the ionic strength of
pure NaCl-solution in contact with Na-covered clay is reduced by washing and centrifuging steps, the
composition of the adsorbed phase is still bound to consist entirely of sodium cations. The dried clay
will therefore exhibit the same (or say: comparable) affinity to water like in suspension. A clay, however,
which is at a given temperature in cation exchange equilibrium with a hexary solution will exhibit
precisely that adsorbed composition on its surface which matches the equilibrium under the conditions
of solution composition and ionic strength. Any washing step, necessary to separate the clay from
suspension to eventually gain a dried sample for recording a water adsorption isotherm, will disturb
cation exchange equilibrium giving rise to a change in the composition of adsobed cations.
Predictions are improved for NaCI if equation [4] is supplemented with a term which accounts for an
osmotic pressure component. It demands absolut values for positive charges (Na+) present in the clay
prior to contact with solution and in the solution.
For the reasons given above this approach will also fail as soon as hexary electrolyte solutions are
regarded.

Results of GRS experimental programme
The underlying idea of this study may be outlined as follows: Intracrystalline swelling is considered the
principle process from which the macroscopically detectable swelling pressure in highly salinar
solutions arises. Interlayer water is located primarily within the hydration sphere of cations sorbed
therein. The number of water molecules within the hydration sphere is different, depending on the
charge density of the cation involved. Hence, the composition of interlayer cations influences the
interlayer water content.

Cation exchange equilibria, interlayer spacing, and water content were determined for the Na-bentonite
MX-80 equilibrated with a set of eleven 5,9 N model solutions. The model solutions were constant in Kand Ca-content and varied with respect to Na- und Mg-content. The obtained cation exchange isotherm
is shown in figure 4. The regression was calculated utilizing an operative selectivity coefficient, which is
based exclusively on data directly measured:
nu,JnA
A =

~

mA
—K

IOj

For further treatment it is assumed that CEC is constant, and that sorbed Mg and Ca have a constant
effective charge Zgff.

m, =
ze{{ ' = 1 indicates an effective valence of sorbed Mg and Ca of 1, while zeff ' = 0,5 correspondingly
gives an effective valence of sorbed Mg and Ca of 2. It follows:

_

Rze{t-l{CEC-mK)

Analysis of cation exchange equilibria indeed indicate the sorption of univalent chloro complexes of the
type MCI+ (M = Mg, Ca), the proportion in relation to sorbed Mg2+ or Ca2+ decreasing with increasing
solution content of Mg in relation to Na. Interlayer spacing (Figure 5) and total water content of
compacted bentonite samples increased with increasing Mg-content [xiii].
Further experiments were carried out with a second set of solutions and four different clay types, two
bentonites (MX-80 and Calcigel) and two nonswelling clays (Roter Salzton and Grauer Salzton) from
salt formations. The composition of the solutions was that of naturally occurring brines in potash salt
formations. The contents of Na, K, Ca, Mg, CI and SO4 of the brines were variable. Figure 6 shows the
relationship between the interlayer spacing and K content in solution for the bentonites and the
nonswelling clays. Figure 7 shows the relationship between water content and K content in solution for
the different clay types. The conclusion drawn from this second set of experiments was that the
governing factors of the water uptake, the interlayer spacing and consequently the swelling pressure of
compacted bentonites are the K and Mg contents of the NaCI-saturated natural brines. Potassium is the
dominating parameter. So far on the basis of the data it is not possible to distinguish reliably
quantitatively between interlayer water and pore water. Nevertheless it is concluded that bentonites
maintain enough of their swelling capacity in contact with brines in order to be promising candidates for
sealing materials in repositories in salt formations.
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Swelling pressures were meassured only for the compacted bentonite MX-80 with the two sets of salt
solutions. These experiments were very time consuming and showed a rather poor reproducibility.
Nevertheless the following general conclusions could be drawn:
The swelling pressure is largely dependant on the degree of compaction and the applied fluid pressure.
Therefore these experiments were conducted using raw densities around 1,6 g/cm3 for the bentonite
samples and 100 bars for the fluid pressure
All swelling pressures with brines were much lower that those obtained with pure water, but higher as
with saturated NaCI-solution.
If the potassium content is kept constant in the NaCI-saturated brines, the water uptake, the interlayer
spacing and the swelling pressure increases with increasing Mg content.
In brines with varying K and Mg contents K plays the dominant role [xiv].

GRS's empirical approach
Neither one of the different predictive models for the swelling pressure of bentonites in contact with
saline solutions discussed above can describe the complex processes involved in the actual problem.
Nevertheless it seems obvious, that only an extended thermodynamic model will ever be able to
perform this task. Such a model should include partial Gibbs Free Energies of the water and all the ions
in the pore space as well as in the interlayer space. These quantities of the pore solutions and the
interlayer solutions are expected to be very different. Whereas it is possible to accuratly calculate them
for brines in general, so far no experimental procedures are in sight for their direct determination in a
system of brine with compacted bentonite.
Therefore GRS suggests a pragmatic approach to the problem. The following model equation was set
up:
In Ps =

+ B{mNa,mK>mMg+Ca

)

[8]

Pred

where nrtj denotes molality of species i in solution, and A,B are adjustable parameters. With this
equation we adopt the regression formula used by engineers (equation 2). Both adjustable parameters
A, B are expected to be functions of solution composition. The task is to build up a matrix of
experiments with differing values for rrvja, rn<, mMg+ca. and pred- In the experiments a state of equilibrium
must be established. Once the experimental data are available and reliable i.e. reproducible, the
expressions for A and B must be found, which match best the observed correlation between swelling
pressure and variables. For this approach a large number of swelling pressure experiments is needed.
However, with the new and much faster technique developed recently in the GRS we are optimistic.
The developed model will be related to realistic conditions in the near field of repositories on entirely
empirical grounds. For the same reason extreme caution must applied that the bentonite investigated
exhibits the same microstructure as is to be expected under in-situ conditions.
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Qualification of Clay Barriers in Underground Repository Systems

R. Miehe, N. Jockwer, K. Wieczorek and T. Rothfuchs
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Abstract:
After closure of radioactive waste repositories all residual openings like boreholes, entrances to
emplacement chambers, galleries, and shafts are to be sealed to avoid a release of radionuclides by the migration
of fluids into the biosphere. Among others, compacted clay and clay-sand mixtures are currently investigated as
major seal materials.
When considering fluid migration, two-phase flow effects have to be taken into account because the pore volume of
the seal materials is filled with air or gases generated by anoxic corrosion, and while in the long-term stage water
or brine might flow into the repository. Within a R&D programme the parameters of single- and two-phase flow for
clay-sand mixtures are determined at the GRS laboratory in Braunschweig/Germany.
In order to analyse the important fluid distribution in the seal materials or geotechnical barriers, respectively, GRS
performs geoelectrical monitoring in the laboratory as well as in situ. In-situ measurements are currently performed
or prepared at different test sites, as for instance at Tournemire (France), Mont Terri (Switzerland), and ÀSPÔ
(Sweden), where saturation and desaturation effects in various barriers or host rocks are of primary interest.
This paper summarises the results of the laboratory and in-situ measurements obtained so far and describes the
further envisaged in-situ investigations.

1. INTRODUCTION
The long-term safety of a repository for radioactive waste in deep geological formations is to be ensured
by means of a sealing system consisting of natural and technical barriers. Typical seal components are
borehole or drift seals, dam constructions, and shaft seals.
One important boundary condition is the possible gas generation from the waste or from the anoxic
corrosion of waste containers. For reasons of safety, seals must be designed in such a manner that an
unacceptable increase of the gas pressure and an uncontrolled release of gases and radionuclides into
the repository are avoided. On the other hand, more or less impermeable seals are required to avoid
water or brine inrush into repository sections. The water content of rocks and seal materials has
significant influence on other petrophysical parameters, e.g., effective permeability. Hence,
measurement of the water content of the rock and seal materials and its changes due to mining activity
is an important task to assess the long-term petrophysical properties of the rock. Among others,
geoelectrical monitoring is applied for this purpose.
In order to provide relevant experimental data on the mechanic, hydraulic, and electric behaviour of
claystone and clay-seal materials GRS Braunschweig has performed respective laboratory and in-situ
investigations for a couple of years.

2. LABORATORY INVESTIGATIONS OF CLAY-SAND MIXTURES AND CLAYSTONE
In areas where a sudden water or brine inrush is considered possible, for instance in the shaft of a
repository, an instantaneous sealing may be required. This can be achieved by use of the swelling
potential of clay-sand mixtures. The hydraulic behaviour of representative mixtures was therefore
investigated in a laboratory investigation programme. Since clay formations are also considered as
potential host rock formations, the hydraulic behaviour of claystone was investigated, too. [1].
In advance to geoelectrical in-situ measurements laboratory investigations were performed to assess the
resolution and applicability of the tomographic method and to investigate the relation between the water
content and the resistivity of the clay.

2.1 Determination of the Hydraulic Properties of Clay-Sand Mixtures and Claystone
For the description of the hydraulic properties of clay-sand mixtures and claystone the single and twophase flow behaviour and the effect of diffusion are to be investigated.

2.1.1 Clay-sand mixtures

The starting materials for these investigations were ordinary sand with grain sizes between 0 and 2 mm
and a bentonite clay (Calcigel). The components were mixed with the sand-clay ratios of 90/10, 75/25
and 50/50 and additional water with the constant clay-water ratio of 2.5. From these mixtures solid
samples were pressed in a mould at pressures up to 100 MPa. Afterwards the samples were dried at
room temperature with silicagel to constant weight. Thus, the excessive water added for the preparation
was withdrawn. The porosity of the samples was evaluated from their bulk density and the grain
densities of the sand and clay. The bulk densities of the samples were in the range between 1.97 and
2.07 g/cm3 and the porosities between 20.4 % and 22.6 %. Both parameters were not significantly
dependent on the composition and preparation pressure. Obviously, the sand particles act as supporting
frame that prevents any further compaction.
The porosity was also determined from the amount of water necessary for the complete saturation of the
samples. The resulting values were by 2 to 5 % higher than those determined from the densities. This
may be caused by water adsorption onto the intermediate layers of the mica minerals. The permeabilities
of the dry samples to dry nitrogen were in the range between 6-10'14 to 3-10'13m2. No significant
dependence on the sand-clay ratio, the preparation pressure, the confining pressure and the gas
injection pressure has been found (Figure 1).
Permeability measurements with nitrogen of 5 5 % and 100% relative humidity indicated that the
samples adsorbed 50 % of the water from the gas flow but the permeability showed no significant
decrease (Figure 2).
The single-phase water permeabilities were dependent on the sand-clay ratio. Samples with 10 % clay
had permeabilities in the range between 5.3-10"15 and 2.9-10'17 m2 and those with 25 % clay in the range
between 7.7-10"18 and 2.4-10'18 m2. Samples with 5 0 % clay could not be saturated with water in a
reasonable time and therefore any determination of water permeability was impossible. This might be
explained by the swelling of the dry clay in contact with water, and in the sample with 50 % clay all pores
may have closed. Therefore water migration and water flow was hindered.
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Gas permeability as a function of relative humidity of the nitrogen of 55 and 100 % (sand-clay ratio of
the sample 75/25, preparation pressure 50 MPa, hydrostatic confining pressure 0.5 MPa)

The investigations on two-phase flow showed that the water-saturated samples with 10 % clay have gas
breakthrough pressures between 0.03 and 0.05 MPa. At those pressures 80 % of the water in the pore
volume was displaced. A pressure increase to 0.3 MPa only displaced another 5 to 10 % of the water.
That means that the pore volumes have a residual water saturations of 10 to 2 0 % . These results
indicate that about 80 % of the porosity is interconnected and has an almost uniform pore size
distribution [2].
The samples with 25 % clay showed a non-uniform behaviour. The breakthrough pressure varied
between 0.05 and 0.2 MPa and showed no plateau level in the capillary pressure-saturation relation. An
increase of the gas pressure led to a further desaturation of some samples, whereas for other samples
the increase of the gas injection pressure up to 0.5 MPa gave no further desaturation. Below the gas

injection pressure of 0.5 MPa the effective gas permeability was in the range of 10'16 m2. All these results
indicate that water saturation leads to a swelling of the clay. Below a clay content of 25 % this swelling is
too low to completely close the porosity of 20 to 22 %, and some porosity remains open for gas and
water flow. Above 25 % of clay content the entire porosity is filled up by swelling and allows no advective
flow. For desaturation very high pressures are necessary.
In a gas-water system the parameters of two-phase flow, such as the relative permeability and the
capillary pressure, can be described by the relations of Brooks-Corey [3] or van Genuchten [4]. With a fit
of these relations to the measured values of gas and water permeability, remaining gas and water
saturation, as well as capillary pressure, the parameters of two-phase flow were determined. The
comparison of these fits indicates that the relation of van Genuchten (Figure 3) is more adequate to
describe the experimental results.
The investigations of the sand-clay mixtures indicate that the permeability of that kind of sealing material
can be designed with respect to expected gas generation in a repository by choosing mixtures with
defined clay content below 50 %.
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Relative permeability and capillary pressure in dependence on the effective water saturation for the
samples with 10 % clay. Fits to Brooks-Corey and van Genuchten relation

The diffusivity of the gases hydrogen, helium, methane, and carbon dioxide were determined in the dry
and water-saturated stage of the compacted samples. In the dry stage with air in the pores the diffusivity
was found to be the in range between 1.4 • 10"8 and 4.15 • 10~7 m2/s. Figure 4 shows the diffusivity of
hydrogen for different sand contents.
The values do not depend on the gas component, but on the compaction pressure and the sand-clay
ratio. The diffusivity of the samples with a clay content of 25 or 50 % is lower by a factor of 2 to 3
compared to that of the samples with a clay content of 10 %. By increasing the compaction pressure
from 25 to 100 MPa, the diffusivity decreases by a factor of 5 to 30. These results indicate that sand-clay
mixtures in the dry stage are open systems for gas diffusion.

1 .OE-06

•
•
j»

•

1 .OE-07

A
•

>

O
A

o
A

1 .OE-08
n
o

dry stage at 25 MPa preparation pressure
dry stage at 50 MPa preparation pressure
dry
stage at 100 MPa preparation pressure
A

1 .OE-09

1

40

Figure 4

50

60

70
sand content [%]

1—

80

90

100

Diffusivity of hydrogen in sand-clay mixtures in the air dry stage as a function of sand content for
different preparation pressures

In the water-saturated stage the gas diffusion is highly dependent on the sand-clay ratio and the
compaction pressure. In Figure 5, this result is demonstrated for the diffusivity of carbon dioxide.
Furthermore, the diffusivity of carbon dioxide is higher than that of hydrogen, helium and methane. The
reason is that the solubility of carbon dioxide in water is by a factor of 25 to 105 higher than of the other
gases.
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Diffusivity of carbon dioxide in sand-clay mixtures in the air dry stage and water-saturated stage as a
function of compaction and sand content for different preparation pressures

The diffusivity of hydrogen, helium, and methane could only be determined in samples of pure sand or
with a clay content of 10 % and a compaction pressure of 25 MPa. The values are in the range between
2.5 • 10"9 and 2.7 • 10"9 m2/s. Samples with higher clay content and higher compaction pressure have a
diffusivity for the component hydrogen, helium and methane below the detection limit of 10 m7s. The
diffusivity of carbon dioxide ranges between 4 10"10 and 1.14 10 m7s. It decreases with increasing
clay content and compaction pressure.

2.1.2 Claystone
Concerning the permeability to gas and water the samples of the Boom clay and Opalinus clay from the
underground laboratories HADES (Mol/Belgium) and Mont Terri (St. Ursanne/Switzerland) were different
from the compacted clay-sand mixtures.
The Boom clay samples were water saturated and showed a plastic behaviour. Up to a confining
pressure of 5.0 MPa and a gas injection pressure of 4.75 MPa no gas flow through the samples could be
measured (Figure 6). That means that the permeability is below 10'22 m2.
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Investigation on permeability for different gas injection and confining pressures of a Boom clay sample
from the underground laboratory Hades (Mol/Belgium)

The Opalinus clay showed a brittle behaviour and the gas permeabilities of the five investigated samples
were different. At a confining pressure of 0.5 MPa two of the samples had a gas permeability of 10"13 m2,
whereas the other three had a permeability in the range between 10'17 to 10"16m2. Increasing the
confining pressure up to 5.0 MPa the permeability decreased by 1 to 3 orders of magnitude. Reducing
the confining pressure again to 0.5 MPa the permeability increased, but was by a factor of 2 to 10 lower
than the initial permeability (Figure 7), which represents a clear elasto-plastic behaviour of the Opalinus
clay.
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Permeability of Opalinus clay samples from the underground laboratory Mont Terri (St Ursanne,
Switzerland) for different confining pressures between 0.5 and 5 MPa

Water and two phase permeabilities could be determined neither for the Boom clay nor for the Opalinus
clay samples. If the clay comes into contact with water, swelling of the clay minerals starts and all
existing pores are closed. In contrast to that, in clay-sand mixtures a two-phase flow exists at lower clay
content and can be influenced by the clay-sand ratio. At higher clay content, however, a two-phase flow
was also not observed.

2.2 Determination of the Electric Properties of Clay
Resistivity measurements to determine the water content of rocks and sealing materials were applied by
GRS to many different types of rock (e.g., clay, rock salt, anhydrite, granite). In hard rocks and seal
materials, the electric resistivity is influenced mainly by the fluid content, the porosity, the structure of
porosity, and the resistivity of the pore fluid. With decreasing fluid content, the resistivity increases. Most
clays show a relatively low resistivity even if there is no free water in the pore space. This is due to the
integration of water into intermediate layers of clay minerals which contributes to the electric, but not to
the hydraulic conductivity.
But even if it is difficult to estimate a quantitative relation between water content and electric resistivity, it
is still possible to state that in most in-situ systems higher resistivity is caused by less water in the
formation. Since it is not possible at this time to determine a quantitative relation between the water
content and the electric resistivity of clay, the objective of the laboratory measurements was to check
qualitatively if the decrease in the water content in a clay sample can be correlated with a change in its
electric resistivity.
For the determination of the resistivity as a function of the saturation the 4-point method was used. For
the measurement of the average resistivity a sample with the cross area A was set between two metal
plates (Figure 8). Between these two plates which serve as electrodes, a direct current I ran through the
sample. A potential difference U was measured at the electrodes M and N which had been installed at
the surface of the sample. From the current I, the voltage U, the cross area A, and the spacing L
between M and N, the resistivity p of the sample can be calculated by
P=

U-A
IL

[1]

metal plates

Figure 8

Schematic experiment layout for the determination of the average resistivity of a clay sample (4-point
method)

First investigations were carried out on compacted MX-80 bentonite samples which were saturated with
a solution being representative for ÀSPÔ granite formation water. The sample water content varied
between 5 and 20 %.
Figure 9 shows the results of the measurement on the compacted MX 80 samples. The resistivity
increases with decreasing solution content. The highest increase was determined at a solution content
between 0 to 5 %. At higher solution contents of 10 % and 20 % the resistivity changed only in a small
range. The resistivity was about 34 Q.m at the dry state and about 1.6 Q.m at a solution content of 20 %.
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3. GEOLECTRICAL IN-SITU INVESTIGATIONS OF CLAY
In the following sections, examples for the in-situ determination of saturation and desaturation processes
in claystone and clay-bearing seal materials are presented.

3.1 Tournemire Test Site
For the monitoring of the potential desaturation process induced by ventilation, the electric resistivity
around a 20 m deep continuously ventilated borehole was observed. The ventilation test is being
performed by the Institute de Protection et de Sûreté Nucléaire (IPSN), the owner and operator of the
Tournemire test site.
To allow the application of tomographic measurements, two boreholes, each being 0.6 m apart from the
ventilated borehole, are necessary. The plane between these two boreholes includes the ventilated
borehole (Figure 10). All three boreholes are 20 m deep. The electrode chains were installed in the lower
4 m of the electrode boreholes. Each chain consists of 21 single electrodes with 0.2 m spacing between
them. For a single measurement 4 different electrodes are required.
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-M-

•0.6 m-

Casing
Electrode
Borehole
0 3 0 mm

16 m
Ventilation
Borehole

Area a Interest
4.0 m
21 Electrodes
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Figure 10

In-situ experiment layout at Tournemire (France)

Electrode
Borehole
0 3 0 mm

The resistivity has been measured before and during the ventilation experiment; between August, 1998,
and now. Until start-up of the ventilation on February 5, 1999, the changes in the resistivity distribution
were not significant. The ieft hand side of figure 11 shows the result of a measurement taken in January,
1999 for an example. One can recognize a rather homogeneous resistivity around 50 Qm in the center of
the model, while the resisitivity along the electrodes which are grouted in the boreholes is slightly higher.
The higher resistivity values at the upper and lower end of the modei are boundary effects.
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The tomograms in the center and on the right hand side of figure 11 show the resistivity distribution in
April, 1999 (after 10 weeks of ventilation) and in September, 2000, respectively. The resistivity along the
electrodes has partially increased, which may be due to further drying of the grout. This is particularly
obvious at the upper left electrodes. A resistivity increase in the center of the model, however, which
could be associated with drying of the clay, cannot be detected. This means that a significant
desaturation of the clay has not taken place.

3.2 Mont Terri Test Site
Another test site where GRS employs geoelectrical monitoring to investigate desaturation effects in
claystone is located in the Mont Terri underground laboratory. Here the Spanish Empresa Nacional de
Residuos Radiactivos, S. A. (ENRESA) currently prepares a heater test to simulate the disposal of high
level waste [5]. it is assumed that heating of the ciaystone formation will lead to a desaturation of the
host rock. The measurements will be performed in the surroundings of a central borehole containing the
heater (Figure 12).

The system installed consists of 4 electrode chains and an automatic multi-channel data acquisition
system. The electrode chains are installed in four boreholes (BHE14 - BHE17). An electrode chain
consists of 30 equidistant metallic spheres of about 2 cm diameter. The electrode spacing is 25 cm.
Tomography between the boreholes as well as Wenner measurements along the electrode chains are
performed.

BHE1 -BHE4 : Instrumentation Boreholes (T, TP) ( 0 . D. 86 mm)
BHE5 - BHE6 : Instrumentation Boreholes (T, PP) ( 0 . D. 86 mm)
BHE7 : Electrolevel ( 0 . D.86 mm)
BHE8 : Continuous Extensometer ( 0 . D. 86 mm)
• BHE10-BHE13 : Gas \ Water release measurement ( 0 . D. 86 mm)
<> BHE14 - BHE17 : Geoeleotrical measurement ( 0 . D. 86 mm)

Figure 12

BHEB

N

Plan view of the test field with the boreholes for gas release and geoelectric measurements
(Mont Terri, St Ursanne/Switzerland)

The electrodes were installed in June, 1999. After a period of setting of the grout a stable resistivity
distribution was obtained, as is shown for the section including the boreholes BHE15 and BHE16 in
figure 13 on the left hand side. There is a high-resistivity anomaly in the upper left corner of the
tomogram; this is, however, due to a bad coupling of the uppermost electrodes to the surrounding rock.
The rest of the tomogram shows a rather homogeneous picture with a resistivity around 10
The right hand side of figure 13 shows the resistivity distribution one year later, in September, 2000. A
drying effect can be seen over the whole tomogram, and the resistivity increased to values around
50 Om. Future measurements, which will be performed when heating is started, will show whether a
more pronounced drying zone will develop near the heater.
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Figure 13:

Resistivity distribution in the plane between the boreholes BHE17 and BHE16 of the Mont Terri Heater
Test (St. Ursanne/Switzerland), measured on August 4, 1999 (left) and on September 5, 2000 (right)

3.3 ÀSPÔ Test Site: Prototype Repository
The Swedish Nuclear Fuel and Waste Management Co. (SKB) intends to perform a full scale spent fuel
disposal test in a prototype repository at the ÀSPÔ Hard Rock Laboratory (HRL) in a granite formation in
southern Sweden [6]. The underground test field in the granite formation consists of drift in which six
deposition boreholes are located. The annulus in the boreholes surrounding the simulated spent fuel
canisters will be backfilled with highly compacted MX-80 bentonite buffer blocks. The drift above the
deposition boreholes will be backfilled with a bentonite-granite gravel mixture. In this test GRS will
againperforme measurements of electric resistivity to monitor water uptake in the borehole buffer and the
drift backfill and desaturation effects around one of the deposition boreholes.
Three areas will be instrumented (Figure 14). Four measuring chains with eight electrodes each with a
spacing of 0.2 m will be installed at the top of deposition borehole #5. The resistivity distribution in the
buffer will be determined in the planes between the electrode chains. Two ring profiles with 36 single
electrodes each with a spacing of 0.6 m will be installed on the surface of the tunnel sections I and II.
These arrays will monitor the resistivity distribution in the backfill. The resistivity distribution in the
immediate vicinity of the boreholes will be monitored with three electrode chains in vertical boreholes
between deposition boreholes #5 and #6.
The installation of measuring equipment will begin in the summer of 2001. In preparation of the in-situ
measurements, laboratory calibration measurements of the dependence on electrical resistivity on the
water content of the buffer and the backfill are currently underway at the GRS geotechnical laboratory in
Braunschweig (compare chapter 2.2).
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4 chains with 8 electrodes each around top of borehole #5

Planned arrangement of electrodes (ÂSPÔ/Sweden)

4. SUMMARY
Sand-clay mixtures are found suitable for backfilling and sealing of repository sections where
instantaneous sealing is required in the case of a sudden water inflow.
The dry material has a permeability to gas in the range between 10-14 to 10-13m2, not depending
significantly on the sand-ciay ratio, the preparation, or the gas pressure.
The single phase water permeability, however, is significantly dependent on the sand-clay ratio. Mixtures
with a clay content of 10 % have a water permeability in the range of 10~15 to 10"1B m2, whereas mixtures
with a clay content of 50 % are almost impermeable to water. Above 25 % of clay content, the entire
porosity of 20 to 22 % is consumed by swelling, and any advective flow is impossible.
The investigation of two-phase flow indicated that sand-clay mixtures have an almost uniform pore size
distribution. The two-phase flow parameters such as relative permeability and capillary pressure can be
better described by the relation of van Genuchten than by the relation of Brooks-Corey. The
investigations reveal that it should be possible to design optimum sand-clay seals with defined
permeabilities to gas and water by choosing specific material ratios. In contrast, water and two-phase
permeabilities could be determined neither for plastic Boom clay nor for Opalinus claystone samples.
For the in-situ determination of saturation and desaturation processes in claystone geoelectric
measurements were performed at Mont Terri. The results obtained so a reveal that drying effects
induced by evaporation can be detected with sufficient success.

Investigations of pure clay seal materials like MX-80 bentonite are planned at ÀSPÔ. Preceding
measurements of the average resistivity in compacted MX-80 samples with defined saturation showed
that the resistivity increases with decreasing solution content. The highest increase was observed at
lower solution content.
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Integrating structural, hydraulic and geochemicai evidence: A step towards
understanding fluid flow through clay-rich formations

Martin Mazurek

Rock/Water Interaction Group (GGWW), Institutes of Geology and of Mineralogy and Petrology,
Baltzerstr. 1, University of Bern, CH-3012 Bern, Switzerland

Argillaceous rock formations are targets of exploration for radioactive waste disposal sites in several
countries. Groundwater flow in most indurated argillaceous rocks is very limited and occurs (if at all)
mainly in brittle discontinuities, such as faults. On the basis of surface observations, core logging and
hydraulic measurements in boreholes penetrating an argillaceous marl formation in the Swiss Alps
(Figure 1), the relationships between internal fault architecture, larger-scale arrangement of the fault
network and fault transmissivity are explored. Only a fraction of all faults observed in the cores
correlates with water inflow points into the boreholes, and this is taken as evidence of variable
transmissivity within each fault. Such flow channeling is also supported by geologic evidence (Figure 2).
Stochastic discrete fracture network models are used for the upscaling of measured fault
transmissivities, namely for the calculation of effective hydraulic conductivities (Ketf) of model cubes with
lengths of side of 50-500 m. Input data to these models include size, spacing, orientation, heterogeneity
(flow channeling) and transmissivity of the faults. Fault size is not well known, but a sensitivity analysis
shows that even the extreme assumption of infinite size yields Keff only less than 1 order of magnitude
higher when compared to the base case (Table 1). The effect of different arrangements of flow channels
within each fault is also explored but has no appreciable effect on Keff. It is concluded that calculated
values for Keff are robust because those input parameters that are least adequately known have only
limited effects on the model results.

center of model cube, m
below surface

190
290
390
490
590
690

log (Keff, m/s) for log (Keff, m/s) for log (Keff, m/s) for log (Keff, m/s) for
fault size = 20 fault size = 100 x fault size = 200 x
fault size =
x fault thickness
fault thickness
fault thickness
infinity
-9.5
-9.9
10.3
12.0
*
*

-8.4
-8.5
-9.5
-11.3
-12.9
-13.0

-8.5
-8.7
-9.7
-11.4
-12.9
-12.9

-7.5
-7.8
-9.4
-10.9
-12.5
-12.1

Table 1 :

Sensitivity analysis of fault size in discrete fracture-network realizations. Calculated log (Keff)
are averages of several realizations. *: Ca. 90% of all network realizations yield unconnected
networks (i.e. no fracture flow), ca. 10% yield Keff below 10' 13 m/s, which is the estimated
hydraulic conductivity of the rock volume between water-conducting features

Fluid chemistry was studied by a number of techniques. Fluid inclusions record the conditions of
maximum burial and regional low-temperature metamorphism, whereas fluid samples and hydraulic
tests derived from deep boreholes reflect present-day, near-surface conditions. The characterization of
the different types of fluids (Figure 3) places constraints on the geochemical and hydraulic evolution of
low-permeability argillaceous rocks during uplift and exhumation.
Fluid inclusions were studied by microthermometry and sampled directly by decrepitation techniques.
They contain a two-phase system consisting of an aqueous fluid and a coexisting methane-rich gas (T =
190 - 250 °C, P|jth • 2500 bar). Bulk and isotopic compositions of aqueous fluid inclusions are consistent
with a mixture of connate seawater and water derived from the dehydration of clay minerals. Methane
was generated in situ by thermal cracking of kerogen. Textural evidence and stable isotopic signatures
of carbonates in veins and in the rock matrix indicate local buffering of fluid compositions and very low
water/rock ratios. Free fluids residing in the present-day fracture and matrix porosity consist of methanesaturated Na-CI groundwater with minute amounts of free methane gas which occurs in druses. Their
chemical and isotopic compositions are very similar to those of the fluid inclusions, suggesting a
common origin. Post-metamorphic admixtures of externally derived waters cannot be identified, and it is
suggested that present-day Na-CI groundwaters that occur in the central parts of the marl have resided
in the formation since the time of metamorphism some 20 Ma b.p. The only major change in the fluid
composition has been the outgassing of methane from the formation, most probably by diffusion.
The hydraulic regime during metamorphism was characterized by localized fluid underpressures in open
veins because widely scattered, sub-hydrostatic pressures were often identified in fluid inclusions. The
central part of the argillaceous rock body, approximately coinciding with the region where Na-CI
groundwaters occur, has sub-hydrostatic pressures today, as indicated by hydraulic tests in deep
boreholes. Remarkably, this zone yields very low Keff on the basis of fracture network modelling, and,
under certain assumptions, the model yields unconnected networks (Table 1).
Both the closed-system behaviour derived from the chemical and isotopic characteristics of the fluids
and the (recurrent or continuous) existence of hydraulic underpressures suggest very low permeabilities
of argillaceous rocks during metamorphism and throughout subsequent uplift and exhumation. All fluids
present in the central parts of the formation are either connate or produced in situ. Even though major
events of brittle faulting and unloading due to uplift occurred since the peak of metamorphism, fluid flow
through the formation has been negligible.
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Figure 1:

Geological profile through the Weiienberg area. Positions of boreholes (thick lines) are
projected into the plane of the profile.
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Anatomy, mechanistic interpretation and conceptualization of a fault cross cutting the
Palfris formation.
a.
Map of a surface outcrop
b.
3-dimensional sketch view of the fault from a., with mechanistic interpretation of
the deformation mechanism
c.
Two alternative conceptualizations of the internal fault structure for use in
fracture network models.
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Application of Geostatistical Methods to Long-Term Safety Analyses for
Radioactive Waste Repositories
K.-J. Rôhlig
(GRS)

Abstract: Long-term safety analyses are an important part of the design and optimisation process as well as of
the licensing procedure for final repositories for radioactive waste in deep geological formations. For selected
scenarios describing possible evolutions of the repository system in the post-closure phase, quantitative
consequence analyses are performed. Due to the complexity of the phenomena of concern and the large
timeframes under consideration, several types of uncertainties have to be taken into account. The modelling work
for the far-field (geosphere) surrounding or overlaying the repository is based on model calculations concerning
the groundwater movement and the resulting migration of radionuclides which possibly will be released from the
repository. In contrast to engineered systems, the geosphere shows a strong spatial variability of fades, materials
and material properties. The paper presented here describes the first steps towards a quantitative approach for an
uncertainty assessment taking into account this variability. Due to the availability of a large amount of data and
information of several types, the Gorleben site (Germany) has been used for a case study in order to demonstrate
the method.

1. INTRODUCTION
Long-term safety analyses are an important part of the design and optimisation process as well as of
the licensing procedure for final repositories for radioactive waste in deep geological formations. For
selected scenarios describing possible evolutions of the repository system in the post-closure phase,
quantitative consequence analyses are performed. Being an essential part of the barrier system, the
geosphere (far-field) surrounding or overlaying the repository is one of the subsystems under
consideration. The performance assessment for the far-field is based on model calculations concerning
the groundwater movement and the resulting migration of radionuclides which possibly will be released
from the repository.
Due to the complexity of the phenomena of concern and the large timeframes under consideration,
several types of uncertainties have to be taken into account in the long-term safety analyses. During the
last decade, remarkable progress has been made in the development of deterministic and probabilistic
methodologies for the treatment especially of parameter uncertainties, but also for the handling of
scenario and model uncertainties. Within the CEC projects EVEREST and SPA, it has been
demonstrated that probabilistic uncertainty and sensitivity analyses are powerful tools in this context.
Provided the uncertainties in question can be expressed using random variables in an adequate
manner, probabilistic techniques generate estimates for the resulting uncertainties of performance
indicators and give insight in the relevant processes by identifying key ("sensitive") entities [1-5].
However, there is still a need to develop and improve methods to deal with uncertainties which are
typical of geological modelling. In contrast to anthropogenic (engineered) systems, the geosphere
shows a strong spatial variability of faciès, materials and material properties. The knowledge about the
hydrogeologically significant features of a site comes from very different sources (e.g. expertise
concerning site genesis, exploration drillings, hydrogeological and geophysical tests) but will never be
complete.

The paper presented here describes the first steps towards an approach for the integration of several
types of knowledge and information into an quantitative uncertainty and sensitivity assessment for
groundwater flow and nuclide migration models. Due to the availability of a large amount of data and
information of several types, the Gorleben site (Germany) has been used for a case study in order to
demonstrate the method.

2. SPATIAL STATISTICAL METHODS
Traditionally, hydrogeological models are derived "manually" from the geological and hydrogeological
information available. This allows to account for the variety of "soft" information and knowledge which is
typical for geosciences but causes also a certain degree of subjectivity. In any case, the traditional
approach usually results in one "best estimate" image of reality (or, at the most, in a very limited
number of "variant" images). In contrast, probabilistic safety assessment methods are based on
stochastic models describing the variety of conceivable possibilities for the phenomena, systems,
parameters, and evolutions in question.
In the last decades, several different mathematical methods have been developed for what the oil
industry knows as "reservoir characterisation" and what in hydrogeology can be called "aquifer
characterisation". Due to the different nature of the several information types to be integrated into
hydrogeological models, an approach as mentioned in the introduction will probably integrate several of
these methods. In their review of methods for the description of heterogeneous sedimentary structures,
Koltermann and Gorelick [6] identify spatial statistical methods as a possibility
•

to generate images of such structures which can be conditioned using "hard data" (which means the
image will honour e.g. data coming from borehole logs)

and
•

to generate either best estimates for such images or series of realisations which are equally
probable under given assumptions.

The latter would allow fitting such methods into a framework of probabilistic uncertainty analyses.
Therefore it has been decided to use spatial statistical methods as a starting point for the method to be
developed.
The entities of interest might be the presence or absence of certain geological or hydrogeological units
or the values of specific parameters (for hydrogeological models e.g. conductivity, for other applications
e.g. ore content). Both types of entities can be expressed using functions of position - the former by
discrete ("categorical", "indicator"), the latter by continuous variables. Spatial statistical methods see
each of these "regionalised variables" as one single realisation of a random function of position.
Because a single realisation does not allow performing statistics, additional prerequisites are needed.
Usually an assumption of invariance of certain characteristics of the random function will be made. This
assumption, called stationarity, very often concerns the moments of the random function. E.g. the socalled "weak stationarity" implies a constant expected value for each position
E{Z(x)} = E{Z} = const
E
x, y
Z

expected value
position vectors
random variable

and a covariance between values at pairs of positions which is only dependent on the distance vector
("lag") but not on the positions themselves
Cov(x,y) = E{(Z(x) - E{Z})-(Z(y) - E{Z})} = Cov(x- y) = Cov(/))
Cov
covariance
h = x - y.... distance vector, lag
[7]. This allows one to perform statistics for the covariance for a given series of lags (provided that
enough data pairs are available for each lag) and thus to characterise the degree of spatial connectivity
of a variable. Instead of the covariance, the semivariogram

Y(/J) = Cov(O) - Cov(/i)
y

semivariogram

is often used. Usually, the semivariogram will increase with increasing distance. The functional
dependency of the semivariogram on the lag estimated from the existing data is one important basis to
interpolate the entity in question between the position where it is known ("kriging") or to generate
equally probable pictures of the data distribution, each honouring a given distribution function and
semivariogram ("geostatistical simulation"). For the latter it is possible to honour given data ("conditional
simulation").

3. THE GORLEBEN SITE AND DATA SET
The Gorleben site is located near the community of Gorleben in the north-eastern part the federal state
of Lower Saxony (Niedersachsen).
Currently the suitability of the site for the final disposal of all kinds of solid and solidified, especially
heat-producing radioactive waste is investigated. The repository would be situated at a depth of about
850 m in the Gorleben salt dome which extends from a depth of about 3,500 m up to 260 m below the
surface. The salt dome has a length of about 14 km and a width of about 4 km. Its tertiary clay cover
has been partially removed by subglacial erosion forming a system of channels, one of which is the
"Gorleben Erosion Channel". This channel has a length of more than 16 km and its width ranges
between 1 and 2 km. Its erosional features extend to the caprock at a depth of about 250 m and in
some locations they are in contact with the rock salt. The channel is filled with sandy and gravely
sediments forming a system of two aquifers separated by clay layers.
Under the assumption of a scenario which leads to a release of radionuclides from the repository, these
radionuclides would migrate through the aquifer system of the Gorleben channel to the surface and the
biosphere. Therefore, the groundwater regime and a possible radionuclide transport through the
channel has to be studied in a safety assessment.
Hydrogeological investigations are performed in an area of more than 300 km2 around the salt dome.
340 borehole logs are compiled and partially re-interpreted in annex 6 of [8]. The compilation contains
information about stratigraphie classification, pétrographie classification, remarks concerning the
genesis and colour of the kernels, and a classification into 34 hydrogeological units. In addition to this
compilation, the following information concerning the geological and hydrogeological features of the site
is available:
•

geological and hydrogeological interpretation,

•

results of pumping tests,

•

results of salt concentration measurements,

•

groundwater ages,

•

seismic and geoelectrical data.

In Figure 1, the situations of the salt dome and of the erosion channel are given. In addition, the
positions of exploration drillings and of the vertical cross-section used for the calculations described
below are indicated.
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Figure 1.

Gorleben: Situations of the salt dome, the erosion channel, exploration drillings and of the vertical
cross-section.

4. UNCERTAINTY AND SENSITIVITY ANALYSES
The borehole logs compiled in [8] contain a classification into pétrographie units like "clay", "silt", "sand"
and others. In earlier studies it was shown that the spatial distribution of the low-permeable clay layers
is of significant influence on the groundwater movement. Therefore, firstly an analysis of this distribution
was performed. Three-dimensional variography, kriging and conditional simulations for a categorical
variable indicating the presence or absence of clay was carried out. Using co-ordinate transformations,
additional stratigraphie information was taken into account. The analysis led to a "best estimate" for the
distribution of the clay layers obtained by kriging and to a series of equally probable images for this
distribution generated using conditional simulations [9].
The geostatistical analyses were performed in three dimensions for a domain (16 km x 16 km x400 m)
covering the southern part of the Gorleben erosion channel. Three series of uncertainty and sensitivity
analyses for groundwater flow and solute transport models were performed:
1. For the first series a sequence of geostatistical simulation results was used to generate varying
images of the spatial distribution of the clay layers whereas the hydrogeological parameters
(conductivities, porosities, dispersion lengths) were left constant (reference values).
2.

The second series was based upon one single spatial clay distribution model (a reference
distribution obtained using kriging). The hydrogeological parameters were varied from realisation to
realisation using Monte Carlo simulations.

3. For the third series, both geostatistical simulation results for the spatial clay distribution and Monte
Carlo realisations for the input parameter sets were used.
Additionally, a reference calculation was performed using the kriging results for the faciès distribution
and the reference values for the parameters. The hydrogeological models used were freshwater models
based on a vertical-plane (two-dimensional) cross section through the Gorleben channel (cf. Figure 1)
which is regarded to be representative of the groundwater flow in this area. The uncertainty analyses
were carried out for performance measures like groundwater travel times, time evolutions and maxima
of nuclide fluxes. The uncertainties of the advective groundwater travel time, the maximum of the flux at

the upper model boundary and the arrival time of the flux maximum caused by parameter variations
(second series) are larger than the ones caused by faciès distribution uncertainty (first series). As
expected, the uncertainties for the third series (both parameter and facies distribution variation) are
greater than the ones for the first and for the second one. Especially the third series is showing
significant probabilities for more critical values (earlier arrivai times, greater maxima). The sensitivity
analyses were performed with respect to the hydrogeological parameters which were left constant
within each of the clay layers on one hand and within the rest ("non-clay") on the other [10]. The
conductivity of the clay layers, the ratio of the conductivities between clay and higher-conducting ("nonclay") layers, and to some extent the conductivity of the higher-conducting layers were identified as
most sensitive with respect to advective groundwater travel times, in contrast, the maxima of the fluxes
as well as the arrival times of these maxima are mainiy determined by the conductivity of the "non-clay"
layers and to some extent by the conductivity of the clay.
However, hydrogeological parameters usually change with position even within one single pétrographie
unit. Therefore, in a second step these images were superimposed with regionalised variables
representing the (now position-dependent) hydrogeoiogical parameters (Figure 2). Again, uncertainty
analyses for the performance measures mentioned above were performed. As in the earlier
calculations, the distributions obtained during the uncertainty analyses tend to more critical values than
the reference case (Figure 3).
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In addition, a method to localise regional sensitivities for variables varying with position has been
developed and tested. For facies, obtained by kriging, the conductivities in the clay cover between the
two aquifers are of importance (Figure 4), whereas for facies obtained by simulation the importance of
areas in the lower aquifer which are mainly "non-clay" increases.
GartowerTannen

Elbe

corr.

(—0.2

u3
I—0.4
--0.5
--0.6
--0.7
-0.8
-0.9
H

0

Figure 4.

"000

!

1

20C0

3000

1

4000

1

1

1

1

1

5000

6003

7000

8000

9000

r

-1.0

10000

Correlation coefficients between iogarithms of conductivities in 10 areas of interest and iogarithms of
groundwater travel times (facies obtained by kriging, dark background areas = clay).

5. CONCLUSIONS AND FUTURE WORK
In its present stage, the study has demonstrated that geostatistical analyses are promising as a first
step towards an integrated assessment of the impact of spatial variability of the geological features of
repository sites covered or surrounded by sedimentary systems on safety indicators. This holds
especially for sites like Gorleben where detailed data are given at a high density.
The analysis showed that performance indicators calculated using geostatistical simulations might tend
to more critical values in comparison to the ones obtained using "traditional" approaches. A method for
the localisation of key uncertainties has been developed and tested.
Future work should include the use of more sophisticated geostatistical simulation techniques as well
as a further development of the approach in order to include more of the available information.
Especially, a distinction between more than two faciès types seems to be promising. Furthermore, the
integration of information coming not from the drillings but from other sources (hydrogeological tests,
salt concentration measurements, groundwater ages, geophysical data) is envisaged. The integration of
data related to the groundwater flow regime would lead to an information flow not only from the sitedescribing work to the hydrogeological modelling as in the present stage but also vice versa. This would
also require the use of more sophisticated (saltwater, possibly three-dimensional) hydrogeological
models.
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Abstract:
This paper presents a summary of the results obtained in the framework of the SPA (Spent fuel
disposal Performance Assessment) project. The project was undertaken by ENRESA, E; GRS, D;
IPSN, F; NRG, NL; SCK.CEN, B and VTT, FIN between May 1996 and April 1999. Devoted to the
study of spent fuel disposal in various host rock formations (clay, crystalline rocks and salt formation), it
notably had the objective to evaluate the long-term performance of different repository systems and to
identify the most influential elements.
The variety of concepts, sites and scenarios considered in the framework of this project provides a
wide range of information from which some general conclusions can be drawn. Focusing on the work
done in the case of granite host rock formations, this paper describes the various approaches adopted
and states the main sources of differences. It particularly stresses the differences related to the
geosphere and biosphere modelling. For the geosphere modelling, ENRESA, GRS and VTT use one
dimensional discrete approaches to model the migration of contaminants through the geosphere taking
into account for matrix diffusion, whereas IPSN uses a three dimensional continuum approach based
on a single porosity model. The comparison of the biosphere conversion factors shows the high
influence on the calculated radionuclide dose contributions that can results from biosphere modelling
assumptions. It notably points out the differences existing between a simplified "water drinking"
approach as implemented by VTT and a more classical one in which a wider range of exposure
pathways are taken into account.

With regards to the results obtained, several common trends can be identified. Among the fission and
activation products, 129I is found to play a leading role in most of the calculation cases. The contribution
of 14C, 36CI, 79Se, 126Sn and 135Cs also appears to be potentially high but the variability from one
participant to another or from one calculation to another may be sometimes large. Among heavy
nuclides, 226Ra is commonly recognised as one of the most important dose contributor. Among the
others heavy nuclides, daughter nuclides in the tail of the decay chains (notably 229 Th, 230Th and 2 1 Pa)
are also of relative importance.

1. INTRODUCTION
The SPA project [1] is a direct continuation of the efforts made by the European Community
since 1982 to build a common understanding of the methods applicable to performance
assessment of a deep geological disposal. Devoted to the case of spent fuel, SPA is a follow-up
to the PAGIS [2], PACOMA [3] and EVEREST [4] projects that dealt with the disposal of
intermediate level long lived wastes and high level vitrified wastes.
One of the particular interests of these successive projects is to constitute a "practical"
framework to develop and implement methods and tools for integrated performance
assessment. They also enable to draw preliminary conclusions on the respective importance of
the radionuclides present in the different types of waste, on the influence of some of the main
assumptions used in the modelling and help to specify the role that can be expected from the
various disposal system components.
In addition, international participation gives an opportunity to share experiences and practices.
Different approaches can be compared and their particular interest can be better understood,
their justification can be debated and strengthened and eventual complementarities can be
identified.
In the case of SPA, six national research institutions representing implementing as well as
regulating organisations in six member countries of EU (ENRESA for Spain, GRS for Germany,
IPSN for France, NRG for The Netherlands, SCK.CEN for Belgium and VTT for Finland) worked
together from 1996 to 1999. The project comprised assessments of four different granite sites
(by ENRESA, GRS, IPSN and VTT), three different clay sites (by IPSN, NRG and SCK.CEN)
and two different rock salt formations (by GRS and NRG). In each assessment, in addition to a
« normal evolution » scenario, 2 to 3 altered evolution scenarios were envisaged.
This paper only addresses the assessments made for granitic formations studied by ENRESA,
GRS, IPSN and VTT. It focuses on the case of a normal evolution scenario for which an
overview of the results is proposed.

Though the performance assessments undertaken within the project are only methodological
exercises, they require the definition of a general framework on which the different assumptions
used in the studies can ground. This general framework comprises the definition of the amount
and nature of the wastes to be disposed of, the characteristics of the sites and the
characteristics of the different engineered barriers. Choices are generally made in agreement
with the national contexts but do not intend to precisely reflect every technical option prevailing
on projects actually developed in each country.
Performance assessment entails the modelling of five distinct components: the container, the
waste form, a clayey engineered barrier surrounding the container - also called "buffer"-, the
geological medium - sometimes comprising a Damaged Rock Zone (DRZ) - and the biosphere.
The first three components as well as the possible DRZ are usually referred to as "the NearField", whereas the geological medium is called "Far-Field".

2. NEAR-FIELD MODELLING
2.1 Containers
Container performance is usually dealt with through the definition of a mean failure time: before
that time, all the containers are considered to be perfectly tight, after they are not assumed to

ensure any role. Typical values for failure times are in the range of some thousands years. In the
case of VTT, due to the choice of an iron-copper container, packaging integrity is expected to
last much longer and only a few defective containers are assumed to leak within the period
considered in the assessment.
2.2 Waste form as a source-term
The performance assessment of the waste form is dealt with by the definition of a "source-term
model". Because the distribution of radionuclides in spent fuel is heterogeneous, two distinct
parts of a fuel assembly are distinguished. The first part is associated with the metallic parts (the
claddings and the structural parts of the fuel assembly); it notably contains the major part of C,
Ni, Zr and Nb inventories. The second part is associated with the fuel matrix in which the activity
is bounded to the UO2 matrix except for a fraction of some fission and activation products
located in the gaps or to the grain boundaries (see Figure 1). This fraction is essentially
constituted of some % of C, CI or I.
In relation to this distribution of activity in the fuel assembly, a common source term model is
defined by the participants and used in the assessments. It distinguishes three different
contributions. The first contribution is associated with the inventory fraction located in fuel gaps;
it is instantaneously released when water comes into contact with the waste form. The second is
governed by the progressive degradation of claddings, structural parts and grain boundaries of
fuel pellets; it leads to a continuous release over 1,000 years. The third is governed by the UO2
matrix degradation; it leads to a continuous release over one million years.

VO2 pellets

Figure 1: Schematic section of an irradiated fuel element
2.3 Clayey buffer and Near-field modelling
Performance assessment of buffer and geological medium is based on radionuclides
groundwater transport modelling and involves processes such as diffusion, advection, sorption
and dissolution / precipitation.
In granite, the clayey buffer and geosphere are separately modelled by ENRESA, GRS and
VTT. It is considered as two media with distinct properties within one single model by IPSN. In
the first case, simplified 1 -D radial (ENRESA, GRS) or compartments (VTT) diffusion models are

used for buffer. Separate 1-D discrete models are then used to simulate transport in single
fractures. In IPSN granite modelling, a single 3-D code is used to model the transport of
radionuclides from the waste package up to the natural outlets, integrating both the Near-Field
and Far-Field. A Disturbed Rock Zone (DRZ) at the buffer/geosphere interface is considered for
all the participants. IPSN models explicitly the transport of radionuclides across the DRZ by
considering that hydraulic conductivity is increased as compared to the rock mass, whereas the
other participants deal the DRZ through a "mixing tank" boundary condition at the interface
buffer/DRZ.
Main assumptions for the Near-Field modelling are summarised in Table 1.
Table 1 : Comparison of the main features, processes and assumptions for Near-Field
models in granite.
VTT
ENRESA

GRS

IPSN

RIP

GRAPOS

MELODIE

1-D radial

1-D radial

3-D

Finite difference

Finite difference

Near-Field
representation

Explicit
representation of
container and
engineered barriers

Explicit
representation of
container and
engineered barriers

Contaminant
transport in buffer

Diffusion to DRZ
(advection neglected)

Diffusion to DRZ
(advection neglected)

Finite element
Full representation of
the repository in
geosphere
Explicit
representation of
engineered barriers
and DRZ
Diffusion/advection to
host rock (equivalent
^orousmedjum)

Contaminant
transport in
backfJIL

Not considered

Neglected

Code_
jGeometQr
Solution method

Transport out of
repository
Source term for
transport
Outer boundary
condition(s)

Instantaneously along Instantaneously along
DRZ to major
DRZ to major
conducting features
conducting features

Not considered
Advection/diffusion in
equivalent porous
medium (DRZ and

"Disappearing
container"

"Hole in
container"

REPCOM

Explicit representation of container
and engineered barriers

Diffusion
Advection and
diffusion

Not considered

Into rock fissures,
DRZ and via
tunnel backfill
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3. FAR-FIELD MODELLING
3.1 Main features of the sites
Among the four assessments carried out for granite, three are based on hypothetical sites. Only
VTT considers a real existing site.
In ENRESA assessment, the generic site studied is developed from the data available for
different granites already investigated in Spain.
In GRS assessment, the work achieved within the national project GEISHA [5] is used as a basis
to define the generic site used for the assessment. Within the GEISHA project, the possible
German granite sites were compiled and roughly characterised.

In iPSN assessment, the hypothetical generic site is the same as the one defined within the
framework of EVEREST. The topography and general geological and structural context are
derived from investigation data available at a granitic site in the Western part of France. These
data are complemented by additional data judged to be representative of a granitic context.
In the case of VTT, the assessment is based on the four candidate sites for a spent fuel
repository currently investigated in Finland: the Hastholmen nuclear power plant (NPP) site in
Loviisa, Kivetty in Àânekoski, the Olkiluoto NPP site in Eurajoki, and Romuvaara in Kuhmo.
Two categories arise from these sites characterisations : sites for which fractures are considered
as lowly conductive and rather regularly distributed and connected, and sites for which some
identified major fractures are expected to be preferential pathways.
3.2 Conceptual modelling of radionuclides transport in the geological barrier
ENRESA, GRS and VTT use one dimensional discrete approach to model the migration of
contaminants through a single fracture taking into account matrix diffusion. These calculations
are complemented with dedicated aquifer modelling. IPSN uses a three dimensional continuum
approach based on a single porosity modelling transport up to the natural outlets. No
complementary aquifer calculations are thus required. A schematic description is shown in
Figure 2.
IPSN models the groundwater flow as well as Near-Field and Far-Field transport of radionuclides
with the same 3 D code based on a continuum approach (single porosity). The iPSN modelling
assumes that small and intermediate scales of discontinuities may be homogenised with a
generic cubic cell of about 100 m x 100 m x 100 m. The larger faulted zones are explicitly
represented as continuous 2 D planes included in the 3 D finite element mesh. The main
structures outlined by the regional geology and taken into account in the modelling are grouped
into three porous media: the faulted zones (described as continuous plane), the swamps
associated with the faulted zones and the rock mass, in each of the three entities, the nature of
the migration phenomena is the same and differences simply result from differences in
hydrogeological properties. Sorption phenomena are dealt with through the use of a retardation
factor. Retardation is assumed to be essentially due to sorption on clay minerals filling the
fractures, clay particle being considered to represent - 1 % of the rock mass. Migration of
radionuclides is performed from the entire set of galleries.
In ENRESA's modelling approach, effective 1 D pathways are quantified from 3 D flow
modelling. Migration of radionuclides is performed through these pathways from different parts of
the repository to the outlets. The mathematical modelling is based on a 1 D discrete approach to
simulate transport in a fracture taking account for matrix diffusion in the rock mass adjacent to
the fracture plane. In addition to diffusion, sorption in the matrix is also taken into account. Both
processes are not explicitly modelled but they are dealt with by means of effective retardation
factors.
Figure 2: Schematic representation of geosphere modelling used in the assessments
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A specificity of the assessments done by ENRESA and IPSN is to account for every possible
fïowpaths. Assessments thus reflect a range of transit times that can realistically be associated
with the heterogeneity of a crystalline rock at the scale of a potential repository (several km2).
VTT and GRS consider that the radiological impact is dominated by one container or part of
containers affected by the highest flow rates and fastest flow channels in the geosphere. The
complexity of the hydraulic patterns of the geosphere is reduced to one preferential pathway and
the behaviour of the repository system is assessed with respect to this route. The modelling of
the radionuclides migration is based on a 1 D discrete approach. The retardation is only caused
by diffusion from the water-conducting fracture into the adjacent rock matrix and sorption into the
matrix (sorption on fracture surface and infills is conservatively neglected). A dispersion related
to the heterogeneity of the pathways has not been considered: the shortest pathway to the
biosphere is only considered and delay and dispersion of the solute is related to matrix diffusion.
Transit times differ drastically from one calculation to the other. The shortest travel times from
the repository to the biosphere performed by iPSN and ENRESA are in the order of some
1,000 years whereas they are of some years for GRS and VTT.

4. BIOSPHERE MODELLING
Geosphere calculation outputs give activity fluxes or concentrations at the groundwater outlets.
They are converted in dose values using biosphere modelling.
To go further into details, two different kinds of sources are distinguished depending on the
nature of the interface between geosphere and biosphere:
> in the first case, the contaminated water is directly abstracted from the ground through a
well. The source is then expressed as a radionuciide concentration in the abstracted
water. Biospheres of this kind are called « weil type biosphere »,
> In the second case, the contaminated water enters the biosphere at a natural outlet for
groundwater flow and eventually dilutes in a river, in this case, the source is expressed as
the amount of radionuclides annually pouring in the considered river. Biospheres of this
kind are called « river type biosphere ».

In both cases, the relevant input data needed for biosphere calculations is the activity
concentration in water. In the case of a natural outlet, this data is derived from the annual
amount of radionuclides reaching the considered outlet using a volume of dilution corresponding
to the annual river flow (in m3.yearA).
Choices made by each participant in terms of source type are shown in table 2.
^

Table 2: Source type for biosphere modelling
ENRESA

VTT

IPSN

GRS

River Type Biosphere
Kfnf.year'1

annual river flow
Well Type Biosphere

As regards the transfer pathways considered by the SPA participants, they all belong to the
following list:
1. direct intake of contaminated water
2. intake of vegetables irrigated with contaminated water
3. intake of animal produce from cattle fed on an area contaminated by irrigation
4. intake of fish bred in contaminated water (river or artificial pond)
5. external exposure due to a contaminated soil
6. inhalation of contaminated soil particles
Two distinct approaches can however be distinguished. For VTT, transfer pathways are
conventionally limited to direct ingestion of contaminated water (pathway 1) in order to minimise
the number of parameter values to be set and thus limit to the maximum the sources of
uncertainties. Under these conditions, the only parameter values used are the ICRP dose
coefficients for ingestion and the annual intake of contaminated water by a member of the
hypothetical critical group. All the other participants consider a more thorough contamination of
the environment leading to multiple exposure pathways. Every pathway is thus taken into
account unless they are considered not relevant to the characteristics of the source and more
precisely to the amount and the availability of water at the considered outlet. For instance, in the
case of IPSN well type biosphere, pathways 3 and 4 are not taken into account because the
large volume of water they required is not considered compatible with the relatively low
productivity of the aquifer. In the case of ENRESA well type biosphere, the well is considered to
be located at a relatively great depth. Because of the relatively high financial cost likely to be
associated to water abstraction under these conditions, the use of water is assumed to be
limited to drinking purpose only.
Table 3 shows the list of transfer pathways selected for each biospheres used in the SPA
calculations.
Table 3: Transfer pathways selected
ENRESA
well
Drink. Water
Vegetable
Farm animal
Fish
External

GRS
well

IPSN
river well

VTT
well

•ft

i£

«£

Inhalation

1

A

I

^

I ^

I

Calculation of dose still requires the definition of man diet (annual intake of drinking water,
vegetables, farm animal products, fish) and behaviour (agricultural practices, time annually spent
on site, volume of air annually breathed) and of transfer parameter values. For each modelling,
the precise list of required parameters of course widely varies notably depending on the list of
transfer pathways involved. However, from a general point of view, choices made by the
different participants are rather similar in the sense they all relied on the same general
assumptions: they are notably all defined in relevance with the current agricultural practices in
developed countries, under the assumption of a temperate climate and according to a relatively
high level of self-subsistence for food.
4.1 Comparison of biosphere conversion factors
4.1.1 Definition and use of biosphere conversion factors
For the purpose of a geological disposal performance assessment, biospheric transfers can be
taken into account either through the use of a set of biosphere conversion factors or by coupling
geosphere model with a dynamic biosphere model.
Definition of biosphere conversion factors enable to run independently biosphere and geosphere
calculations. They are used to convert any geosphere modelling output into a dose value. Their
use relies on the assumption that the different compartments of the biosphere have a quasistatic behaviour.
The comparison made within SPA is based on the biosphere conversion factors derived by each
participants from dedicated biosphere modelling calculations using a constant unit source-term
(1 Bq.l"1). In the case of VTT, biosphere conversion factors are directly calculated as the product
of the ICRP dose coefficients for ingestion by the volume of contaminated water annually drunk
by a member of the critical group (0.5 m3.year"1).
4.1.2 Comparison of values
Table 4 shows the biosphere conversion factors for every participant and for a set of
radionuclides considered important when assessing the long-term performance of a deep
geological disposal. Values are expressed in (Sv.year"1)/(Bq.rrf3).
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Table 4: Biosphere coefficient factors [in (Sv.year'1)/(Bq.rrï3)]

From
the
biosphere
factors,
ratios
biosphere
defined by an
VTT
one are
dose conversion
contribution from
only, the ratio
considered as a
« amplification »
transfer
and
environmental
and
from
a
exposure.
A
roughly
means
incurred by an
directly
drinks
water
is
100
contaminated
ingested
(the
contaminates
or farm animals)
exposure occurs.

14

C

36 C |
59
79

Ni
Se

93Zr
94

Nb

"Tc
107 pd
126

Sn

129.
135

Cs

240pu

236
232

u

Th
245
Cm
241p u
241

Am
Np
233

237

229

u

Th
246
Cm
242
Pu
238
u
234

u

230Th
226
243

Ra

N. C: not considered in the calculations
ENRESA
VTT
IPSN
GRS
well
well
well
well
river
2.9E-10
3.1 E-8
9.7E-8
2.1 E-8
2.8E-9
4.7E-10
1.8E-8
2.6E-8
1.2E-8
7.1 E-9
3.2E-11 6.7E-10
1.7E-9
3.9E-8
2.6E-10
1.5E-9
6.9E-7
2.3E-7
8.9E-9
4.2E-8
8.2E-9
2.7E-8
1.8E-9
1.8E-9
6.1E-10
8.5E-10
2.1 E-6
9.2E-8
1.4E-7
9.0E-8
3.2E-10
2.4E-9
4.9E-9
5.9E-9
9.5E-9
1.9E-11
1.2E-8
3.0E-10 1.7E-10
4.0E-9
2.5E-9
2.2E-7
3.2E-7
1.8E-6
8.7E-6
3.7E-7
4.8E-7
5.5E-8
3.8E-7
3.5E-7
1.0E-9
1.6E-8
8.6E-8
6.6E-9
2.8E-8
9.6E-7
9.0E-7
2.2E-06
7.4E-7
1.3E-7
2.4E-8
2.2E-07
1.8E-7
1.4E-7
1.2E-7
5.3E-7
1.2E-4
1.6E-05
9.8E-6
3.4E-6
1.1 E-7
3.0E-6
2.1 E-6
4.1 E-6
1.6E-6
2.4E-9
5.6E-8
N.C.
1.2E-8
N.C.
1.0E-7
2.7E-6
N.C.
1.0E-6
N.C.
5.5E-8
3.1 E-7
6.2E-6
3.4E-7
4.4E-7
3.0E-7
2.0E-7
2.6E-8
1.3E-7
1.5E-7
3.1 E-7
1.9E-5
5.4E-6
1.9E-6
3.5E-6
1.1 E-7
N.C.
8.2E-7
1.0E-6
2.5E-6
1.2E-7
8.6E-7
9.4E-7
N.C.
7.1 E-7
2.4E-8
1.4E-7
3.1 E-7
1.5E-7
1.9E-7
2.4E-7
2.5E-8
1.3E-7
1.5E-7
2.0E-7
1.1 E-7
2.8E-6
6.6E-7
1.1 E-6
4.0E-6
1.2E-4
1.1 E-6
1.5E-5
3.9E-6
1.6E-5
1.0E-7
3.5E-6
8.3E-7
1.2E-6
4.9E-6
1.3E-7
7.4E-7
9.0E-7
9.8E-7
2.2E-6
9.5E-7
1.9E-7
2.4E-8
1.6E-7
1.5E-7
9.6E-7
1.4E-5
9.6E-6
4.9E-5
5.9E-6

previous
conversion
between
the
conversion factor
institute and the
derived. As VTT
factors give the
water
ingestion
value can be
measure of dose
resulting from the
accumulation in
compartments
multiple pathway
value
of
100
that the dose
individual
that
contaminated
times higher if the
food products are
water
also
soil, fish, plants
and if external

Am
The comparison
of ratio values
shows
that 2 3 9 p u
discrepancies
235
participant
to
exist from one 231 u
Pa
the values usually
another but that
remain within the same order of magnitude when the same approach is adopted. They are
usually sufficiently homogeneous to define three broad classes of radionuclides: those for which
dose calculations are highly influenced by biosphere transfer (ratio greater than 100), those of
medium influence (ratio between 10 and 100) and those for which dose calculations are lowly
influenced (ratio lower than 10). This classification is shown in table 5. When the discrepancies
between participants make the classification difficult, a « ? » is indicated.

Table 5: Classification of the radionuclides according to the influence of environmental transfer
on their biosphere conversion factors
Influence

Fission Products
14

High (ratio > 100)
Medium
(10< ratio < 100)
Low (ratio < 10)

Actinides

C, 79 Se, 94 Nb,
Pd (?), 126 Sn

226

107

245
36

CI, 59 Ni,

93

Zr,

99

Tc,

135

Cs

6 3 N j j 90 S r _ 129,

Ra (?), 232 Th (?), 237 Np (?)
V u , 2 4 1 Am, 229 Th, 246 Cm,
23O
Th, 2 4 3 Am, 2 3 5 U, 2 3 1 Pa

Cm,

24

240pUj 2 3 6 ^ 2 3 3 ^ 242pUi 2 3 8 ^ 234Ui
239pu

5. RESULTS
Figure 3 shows the time evolution of effective dose rates obtained by the different participants in
the case of normal evolution scenario.
5.1 Time of arrival and main contributors
From the results obtained, it can be concluded that (1) calculated doses are usually very low
(order of JJ.SV); (2) the contribution from fission and activation products to doses clearly
differentiates from that of transuranic isotopes in terms of time occurrence; (3) only a few
radionuclides significantly contribute to the total radiological impact.
Looking at the time dependent dose rates resulting from the different calculations, a relatively
clear distinction between three successive periods can be made: the first one is characterised by
the absence of radiological impact, the second is dominated by the contribution of fission and
activation products and the third by the contribution of heavy nuclides. The starting times for
these successive periods vary from one site to another and from one calculation case to
another.
According to the calculations performed, total dose rates are predominantly caused, in the first
step, by the contributions of activation and fission products (14C, 36CI, 1 2 9 I, 79Se and 126Sn
essentially), then by the contributions of heavy nuclides (the most important ones being 226Ra,
230
Th and Th). For the fission and activation products considered to be non-sorbed or weaklysorbed (notably 14C, 36CI and 129I), arrival in the biosphere occurs relatively early in time. For all
the participants but GRS, the major dose contributor in the first 105 years is 1 2 9 I.
The release of fission and activation products begins shortly after container failure for GRS and
VTT and only after some 10,000 years for ENRESA and IPSN. Transuranic elements reach the
biosphere only after some 100,000 years in the case of IPSN and beyond one million years in
the case of ENRESA, GRS and VTT.
Whereas a total of 28 fission and activation products and 37 isotopes of transuranic elements
are dealt with, screening out radionuclides with the lowest individual contributions whatever the
14/- 3b
time and the calculation considered, brings to the followinc short-list: n4
C, CI, ' 9 Se, l u / P d , 12b Sn,
129|j 1 3 5 C s > 2 3 6 ^ 2 3 2 T h > 2 3 7 ^

2 3 3 ^ 2 2 9 - ^ 2*38^ 2 3 4 ^ 2 3 0 - ^ 2

235 U j 2 31p a

Within the first million years, 129I is usually found to be responsible for more than % of the
maximum dose and often dominates the impact over the whole period. In granite, some nuance
must however be observed. For GRS, maximum dose is mostly due to 14C and 129I is only one of
the successive leading contributors along with 36CI and 135Cs. For ENRESA and VTT, 129I
governs the maximum dose over the considered period but at some points in time, 36CI and
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126

Sn respectively, are found to lead the impact. Lastly, for IPSN, after some 100,000 years,
isotopes of transuranic elements (mainly 226Ra and 230Th) become predominant and even cause
the maximum dose level. Participants who pursue calculations beyond one million years also
observe a relative predominance of transuranic elements isotopes in the very long-term. Thus,
for GRS, the very-long term dose is dominated by 229Th.
5.2 Interpretation of the shape of the breakthrough curves
Beside these quantitative descriptions of the results, more qualitative lessons concerning the
main mechanisms governing radionuclides contributions to the radiological impact can be drawn
from the curves presented in Figures 3 and 4.
With regard to the capacity of the different barriers to lower the released flux, a distinction is
done between the two components of the source-term, namely the instantaneous release from
the gaps and the continuous release from the fuel matrix. As suggested by the shape of 129I
curves in Fig. 3, the activity flux that reaches the outlet is remarkably steady for most of the
participants. This suggests a predominant influence of the fuel matrix degradation.
To go further in details, the instantaneously released fraction is usually efficiently smoothed
during its transfer through the successive barriers and does eventually not contribute
significantly to the total dose (see Fig.3). One exception however exists for VTT, because of the
relatively high conductive properties of the fracture constituting the preferential pathway and the
resultantly \zery short transfer time through the geosphere (~ 10 years). The pulse associated to
the instant released fraction is then only weakly spread in time when reaching the outlet and
thus significantly contributes to the total dose.
Contrarily to the case of instant release fraction, the second component of the source term (the
continuous release from the spent fuel matrix) is usually not affected by the transfer through the
successive barriers. The flux of 129I reaches a plateau equal to the flux released at the
considered outlet. Because of the long half-life of 129I and the matrix degradation time on the one
hand, the transfer time through the disposal system on the other hand, a steady state is usually
reached. The transfer through the disposal system does not enable to reduce the flux level. The
efficiency of the system to control the activity release then relies on the fuel matrix performance.
The geological barrier only delays the release. The delay is more or less important depending on
the hydrogeological properties of the barrier.
Because of their high sorption onto geological medium, heavy nuclides are notably delayed
before reaching the biosphere. This delay that depends on modelling assumptions made by
each participants, is always strong but differs from one assessment to the other. Relative dose
contribution varies over a relatively large range mainly as a result from differences in solubility
limit values. In some cases, they are of similar importance as contribution for fission and
activation products.
5.3 Importance of dilution
In addition to the normal evolution scenario, complementary radiological calculations have been
performed by focusing on the exploitation of a deep pumping well to supply the water
requirements (drinking and irrigation of a vegetable garden) of a family. The well is assumed to
be located at a depth of about 200 m in a major conductive fault in the vicinity of the repository.
The situation considered in this altered scenario (a partial short-cut of the geological barrier and
exploitation right in the center of the radioactive plume) can therefore be considered as one of
the most unfavourable possible configurations.
Figure 4 shows the time evolution of the effective dose rates for this scenario. According to
these results, the radiological impact associated with the deep well altered evolution scenario

11

appears similar in shape with the radiological impact associated with the normal evolution
scenario. The hierarchy of the radionuclides as well as the time of occurrence of the maximum
effective doses obtained for the various radionuclides are roughly identical for both scenarios.
The main difference in fact lies in the effective dose rates obtained; they are roughly four orders
of magnitude higher than those corresponding to the normal evolution scenario (a few mSv to a
fewiOmSv).
As suggested by the similar times of occurrence of the maximum effective doses obtained for
the normal evolution and the deep well scenarios, migration times from the repository into the
surface outlets or into the deep well are rather similar and the influence of radioactive decay is
accordingly low. In particular, it cannot explain the existing differences in dose values. Most of
the dose increase is in fact due to a dilution of the plume much lower at the well location than at
the natural outlets or in the river: the deep well leads to an exposure by a water about 500 times
more concentrated than the water that would naturally reach the surface if not pumped. In the
river, because of a further dilution by surface water, the concentration is another 100 times
lower.
The effective dose rates calculated for this scenario are significant but would always require
detailed interpretations and complementary informations in a real site specific study for judging if
the level of protection of health and environment provided by the repository is adequately
optimised. Representativeness of the assumptions done in the modelling but also likelihood of
the situation would in particular need to be more precisely questioned. In order to adequately
analyse this scenario, the dose results obtained would require to be complemented by other
types of information such as the importance of exploitable water resources contaminated by the
radioactive wastes and the resulting expected number of people likely to be exposed.

6. CONCLUSION
Although the various assessments made within the SPA project involved a relatively wide range
of assumptions (different geological sites, different conceptual modelling and mathematical
approaches), common lessons have been drawn from this study.
Calculations undertaken confirm that the spent fuel geological disposal would result in a low
radiological impact at least in a case of a normal evolution scenario. Results also confirm the
dominant contribution of long-lived soluble, weakly sorbed fission and activation products (129I in
particular) at least within a first period of time. A high contribution of heavy nuclides in the long
term is also possible. For 1 2 9 I, activity flux is likely to be controlled by the degradation rate of the
spent fuel matrix, the geological barrier providing only a delay in the arrival of the flux at the
outlet. In this case, dilution is a key parameter governing the radiological impact. As a
consequence, adequate identification and characterisation of the water resources potentially
affected by the radioactive plume seems to be of primary importance.
The geological system appears to be an efficient filter that levels down contribution of
radionuclides with half-lives smaller or in the order of magnitude of the transit times through the
geosphere (correlation between groundwater transit times and radionuclides retardation) by the
way of radioactive decay.
The influence of biosphere can be very high. The level of dose incurred by an individual because
of direct ingestion of water can be greatly amplified if the water can also be transferred to other
environmental compartments. For some of the considered radionuclides, value of the ratio can
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be as high as 3 orders of magnitudes. In addition, the level of influence is specific of a
radionuclide. Effects of biospheric transfer on the level of dose incurred vary greatly from one
radionuclide to another.
The SPA project also shows that, in spite of a nearly 20 years of experience now achieved in the
field of performance assessment, relatively large discrepancies still exist for some of the key
parameters.
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Figure 4: Total effective dose rates for the deep production well scenario and main
contributors (IPSN case).

15

Repository incidents in Germany and abroad
- What can be learnt ? W. Mester, U. Oppermann, F. Peiffer (GRS)

Abstract: The evaluation of operating experiences plays an important role in the continuous optimisation of safety
in nuclear facilities. Although the risk resulting from a repository for radioactive waste is much lower than that from
nuclear power plants, operating experiences should also be evaluated systematically in this field. On behalf of the
Federal Ministry of the Environment, Nature Conservation and Nuclear Safety GRS therefore evaluates
information on incidents and other experiences in radioactive waste disposal facilities. The information is derived
from generally available publications, e.g. regularly issued journals of authorities and operators, conference
proceedings or from the internet. The results show that from an operational point of view the handling and final
disposal of radioactive waste in near-surface facilities and deep geological formations can be performed in a safe
manner. The safety of waste disposal facilities has significantly been increased during the last decades. Most of
the problems arising in older facilities can now be avoided by better designs and the implementation of
engineered technologies. Nevertheless the exchange of lessons learnt from the operation of waste disposal
facilities will be helpful to further improve the safety of these plants and to minimise remaining low risks.

1. INTRODUCTION
In the field of nuclear engineering, the evaluation of operating experiences is of special importance with
regard to safety. Notifiable events and special occurrences related nuclear power plants in Germany,
for example, are not only evaluated thoroughly by the operator himself but also by the authorities and
their expert organisations. With regard to plant safety, the objectives of these evaluations are the event
analysis, including causes and consequences, the assessment of potential other consequences of the
event, the examination of the precautionary measures performed or still to be initiated to avoid
recurrences, as well as the question of transferability of the event to other nuclear installations. These
generic evaluations also consider events at foreign installations as far as sufficient information on the
event and corresponding technical data from the plant are available.
The operation of a repository for low-level and intermediate-level waste does not result in a risk
potential comparable to that of the operation of nuclear power plants. Not least for the optimisation of
the safety culture, however, operating experience should also be evaluated systematically in the field of
final disposal of radioactive waste material. With regard to the final disposal of low-level and
intermediate-level waste, today the European countries have integrally some 50 years of experience
with the final disposal of radioactive waste material in deep geological formations and more than 270
years of experience in the field of final disposal near the surface. However, this is not much compared
to the operating experience with nuclear power plants, but nevertheless it allows to cautiously make a
general survey and to draw first conclusions.

2. ACTUAL SITUATION
Since many years, GRS is preparing, on behalf of the federal authorities, safety-related experts'
opinions, analyses and statements on facilities for final disposal and the handling devices used in them.

Efforts are being made by GRS to consider also international experiences in these assessments. In this
connection, GRS evaluates for several years publications on waste management, reports of expert
conferences, information from the internet, press reports and regularly issued and country-specific
publications with regard to information on deviations and events related to the final disposal of radioactive waste material. As a result, about 35 indications to deviations in repositories of several
countries have been identified. Of course, by the investigations conducted until now it is not claimed
that all of the deviations and events occurred have been registered entirely, especially since no
consistent method for the publication of special events and deviations was recognisable.
With regard to these evaluations, the major part of information comes from Germany, Great Britain and
France. In some cases, information are available from the USA, the Russian Federation and Hungary.
The events reported concerned the respective dis-posal technology, the conditioning and the
corresponding quality assurance, the re-lease of activity, transgression of regulations and events which
occurred during the transport to the respective repository.
In the last years, the International Nuclear Event Scale INES has been applied to as-sess deviations
and events related to the final disposal of radioactive waste material. The events which became known
due to the investigations were classified as level 0 (i.e. "below scale") or level 1 as a maximum. There
are no information available on events classified higher. The major part of events under investigation
was finally caused by human errors.
In the following, examples are given for such events:
•

A conditioning facility was operated, although the control for the exhaust air was not active due to
maintenance work [1].

•

A fire was caused in a repository trench due to waste material (zirconium tubes) not fulfilling the
acceptance criteria [2].

•

Impermissible contamination of waste packages were detected during entry control [3].

•

During compacting of radioactive waste material, fire was caused because the waste contained
significant amounts of alcohol, which is against the existing rules. [4].

The events where human errors were found to be the cause, also include such deviations which only
became apparent at the repository and which are not due to the repository.
Only some reported events are due to the failure of systems and components or deficiencies in the
design. An example for inadequate design of a system is the overfilling of a rainwater reservoir after
heavy showers [5]. Examples for technical failures are crashes of waste packages after malfunction of
an automatically operated crane [6] and after rupture of a lifting cable of a crane [7].
With regard to the events registered during the last ten years, there were no significant releases of
radioactive substances into the environment or radiation exposure for the staff in all of the cases.
According to the authorities, the mentioned crashes of waste packages [6, 7] did neither cause relevant
contamination within the plant nor releases of radioactive particles and radiation exposure of the staff or
the surrounding area as a consequence thereof. Most of the events were classified as level 1 of the
INES.

3. CONCLUSIONS FROM THE REGISTERED EVENTS
The investigations performed showed that reports are prepared on operating experi-ence with the final
disposal of radioactive waste also internationally. This operating experience represents an experience
feedback which can be valuable and useful regarding the planning and design of new facilities or for the
safety assessments of existing plants, respectively. This, however, requires that the operating
experience are described with technical details which enables a substantiated safety assessment. In
general, the information available on the reported events do not allow to make a detailed evaluation and
assessment of the events. So, for example, it cannot be determined in the specific case which
relevance a reported event might have regarding the operation of other repositories. Insofar, the works
presented shall induce to report on operating experience with the final disposal of radioactive waste and

to give technical descriptions which enable a safety-related assessment of operating experience and
thus to avoid misinterpretations.
Although the investigated selection of events and deviations in the field of final disposal do not allow to
prepare a systematic and statistical evaluation, nevertheless they allow to make a first general
assessment and to draw first conclusions.
The events known in connection with the final disposal of radioactive waste show that until now no
incidents or events occurred during operation of repositories for radioactive waste which led to
radiological damages, endangerment of the staff or the envi-ronment. Especially in the beginning of
final disposal near the surface, when radioactive waste was normally disposed of in simple trenches
without engineered barriers, in some cases considerable problems occurred. It was reported from
American plants that also in areas with small amounts of precipitation leakages from the repositories
have been identified. Measured data showed that radionuclides, depending on the boundary conditions
given, moved unexpectedly fast through unsaturated zones of 100 m and thus reached the
groundwater. A better understanding of transport mecha-nisms nowadays in connection with real
measured data showed that dryness and mighty unsaturated zones alone are not a reliable protection
against groundwater contamination. These findings have been taken into account in planning and
design of modern repositories. The considerably more expensive safety-related design of the plant, not
at least resulting from the operating experience at older facilities, cannot be compared to the practice at
that time and makes such events sufficiently improbable in future.
Against the background of operating experience with the final disposal of radioactive waste, which
covers integrally more than ten years throughout Europe, we conclude that the operation of repositories
for low-level and intermediate-level waste obviously does not represent a particular or considerable risk
for the staff or the surrounding area and environment.
The recording of operating experience made until now with the final disposal of radioactive waste in
deep geological formations and the final disposal near the surface according to new technologies
showed that there are no specific differences in operating experience concerning the very different
forms of disposal.
In the specific cases where safety-relevant systems or components failed, it can generally be assumed
that the operators of the repositories provided corresponding measures to avoid recurrences for the
purpose of availability and reliability of their facilities. This can be stated definitely in connection with
events occurred during final disposal of radioactive waste in Germany. For example, a roof plate of a
large container became detached during the transport of waste packages to the final repository for
radioactive waste in Morsleben (ERAM). This was caused by the detachment of the bonding joints by
which the roof plate was fixed on the container. As a consequence of this event, the joints at all
containers of this type have been replaced by mechanical joints. ERAM was only the place of
destination for the waste material and there is no causal relationship with the event. The detachment of
the roof plate had no impact on the waste packages in the container. The event did not cause any
radiation exposure or contamination..
The events indicating human errors show that in the fields of operation of repositories, conditioning and
the preceding controls there are optimisation possibilities in the specific case. This optimisation can be
realised, for example, with regard to preciseness of operating procedures, training and instruction of
operating personnel, supervision and quality management measures.
The requirements of the radioactive waste for final disposal have to fulfil the requirements for specified
normal operation, preventive measures for incidents and accidents and the requirements regarding
long-term safety of repositories. For the purpose of quality management measures, measures for
product control and entry control at the repository are absolutely necessary to preclude events, as for
example the fires men-tioned before, in a reliable way. The ensurance of the compliance with the
radiological requirements for waste packages for final disposal is an important contribution to the
radiological protection of the operating personnel involved in final disposal. By means of the quality
management measures "product control" and "entry control at the repository", human errors cannot be
precluded, but failures and misdirections and especially their impact on the safe operation of
repositories can be detected at an early stage and harmful consequences avoided by these tools.

4. SUMMARY
The available operating experience in the field of final disposal of radioactive waste shows that from an
operational point of view the handling and final disposal of radioactive waste in near-face and deep
geological formations is possible and reliable with regard to safety.
The events in connection with final disposal which became known due to the investigations were
classified as level 1 of the International Nuclear Event Scale INES as a maximum. Until now, there are
no information on serious incidents related to final dis-posal of radioactive waste. Likewise, there were
no reports on additional radiation exposures in connection with special events. The reported operating
experiences did not indicate any safety-related difference between the modern near-surface facilities
and deep geological repositories.
The causes leading to deviations and events can basically assigned to technical failures and human
errors. With regard to the frequency of causes human errors are clearly dominant. As it can be
assessed today, the approaches to optimisation in this field can be found in precise operating
procedures, in sound instruction and advanced training strategies for the operating personnel and, if
case of demand, a strengthening of supervisory and control functions. Further, the investigations
showed that the preceding quality assurance of the radioactive waste to be stored in repositories is of
special importance with regard to product control and entry control at repositories.
The existing approach to use the experience feedback from the operation of repositories shall
encourage to intensify the exchange of experiences in this field also internationally, so that in the
specific case the need for optimisation can be taken into consideration adequately. An international
exchange of experience is not at least of special importance because the number of national
repositories for radioactive waste is low compared to the number of operated nuclear power plants. To
intensify the exchange of experiences, it is, however, necessary that the descriptions of operating
experience are based on profound technical knowledge. By this, misunderstandings with regard to the
assessment and evaluation of events should largely be avoidable.

5. LITERATURE
1. Contrôle, No 129, June 99, P. 18
Centre de Stockage de l'Aube
2. Nuclear News, October 1983, P. 91
"waste management briefs"
3. dpa press report of July 1998
4. Bulletin sur la Sûreté des Installations Nucléaires (SN), No 76, October 1990, P. 10,
Site de stockage de l'Andra (Manche)
5. Sûreté Nucléaire, No 88, October 1992, P.13
Autres Installations: Centre de Stockage de la Manche
6. Contrôle, No 115, February 97, P. 21
Centre de Stockage de l'Aube
7. Sûreté Nucléaire, No 99, August 1994, P.10
Autres Installations: Centre de Stockage de l'Aube

Progress in the Chernobyl NPP decommissioning and waste management
strategy

D. Bachner, L. Bogdan*, V. Bykov*, G. Damette**, A. Pavlenko*

Geseilschaft fur Aniagen- und Reaktorsicherheit (GRS) mbH, Schwertnergasse 1,
50667 Ko'ln, Deutschland
' Nuclear Reguiatory Department (NRD) of Ministry for Ecology and Natural Resources of Ukraine,
9/11, Arsenalna str., Kiev 01011, Ukraine
** Institut de Protection et de Sûreté Nucléaire (IPSN), 70-83 ave du Général de Gaulle,
92140 Clamart, France
*** State Scientific and Technical Center for Nuclear and Radiation Safety (SSTC),
35-37, Sovhozna str., Kiev 03142, Ukraine

Abstract: The decommissioning of the Chernobyl Nuclear Power Plant units 1, 2 and 3 is going forward. For this
purpose the Ukrainian Nuclear Regulatory Department NRD has prepared - in cooperation with Western partners
as GRS and IPSN - a legal framework for the decommissioning and waste management. An official Ukrainian
document describing the general strategy is the basis for the delivery of respective documents, which are under
preparation for all the three units by the ChNPP.
The necessary new facilities for waste management and disposal (five facilities dedicated to treatment, storage or
disposal of burnt fuel and radioactive liquid and solid waste) will now be built, funded by the NSA and the European
Commission. Under a Riskaudit contract in the framework of the Tacis program GRS, IPSN, ANPA and AVN
together with the Ukrainian SSTC support now NRD in the licensing activities related to the new facilities.

1. INTRODUCTION
In the Ukrainian nuclear power program the Chernobyl Nuclear Power Plant (ChNPP) plays a very
special role. Unit 1 and 2 are out of operation since several years due to different technical reasons,
unit 3 will be finally shut down end of 2000 according to a decision of the Ukrainian government, and
unit 4 (sarcophagus) remains as a big technical problem since the accident in 1986. The adequate
solutions of this situation in Ukraine, due to the high costs and absence of practice were only possible
with international assistance.
For the sarcophagus the European Commission (EC) organised in 1995 an industrial expert team, which
developed a set of tasks to consolidate its structure, which does not exhibit the required reliability and
maintenance criteria. These tasks, described in the " Shelter Implementation Plan " (SIP), were agreed
upon in mid-1997 by the Ukrainian government and the G7 member states.
In parallel, a plan for shutdown and decommissioning of the three other ChNPP reactors has been
developed with the support of the international community through the Tacis programme of the European
Commission (EC). This plan, which includes the implementation of spent fuel storage and liquid waste
treatment facilities for decommissioning activities, will be completed with installations for solid waste
management. These new facilities are foreseen for the waste from the units 1 - 3 only, not from unit 4
(sarcophagus) and the consequences of the accident.
In the last years the Ukrainian authorities, especially the Nuclear Regulatory Department (NRD) of the
Ministry of Ecology and Natural Resources of Ukraine started to develop the regulatory framework for
decommissioning and waste management, such as laws, norms and technical regulations. This has

been done, at least partly, with the assistance of Western experts, mainly in the frame of the Tacis
programme.
In the following chapters the general Ukrainian decommissioning strategy, the first practical approach for
the Chernobyl units 1 and 2, the planned new decommissioning facilities and the Western assistance to
the NRD in the licensing process are described.

2. GENERAL STRATEGY
As mentioned in the introduction, some documents had been prepared for the strategy and performance
of the decommissioning and waste management of the ChNPP units.
One main document was signed by several Ukrainian ministries and published 1997 (COMPLEX
PROGRAM ON DECOMMISSIONING OF CHERNOBYL NPP). This "Complex Program" provides an overview on
the planned decommissioning and waste management system for the Chernobyl units 1 - 3 including
some specific decommissioning problems of the site in addition to the three units. The following main
principles for the decommissioning process were adopted and are exposed in the Ukrainian regulatory
document "GENERAL PROVISIONS ON SAFETY ASSURANCE OF DECOMMISSIONING OF NUCLEAR POWER
PLANTS AND RESEARCH REACTORS", which has been officially approved.
The main objectives of the decommissioning are:
• to protect staff, the public, future generations and the environment against hazardous impact of
ionising radiation,
• to achieve such conditions at the facility site which reduce any restriction on use of the site to the
extent possible.
These objectives shall be achieved by a stage-by-stage transformation of the facility in the following way:
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Figure 1: Stages of decommissioning
The single stages (see figure) are as follows:
• termination of operation
This step is carried out within the framework of the licence for operation of the facility (nuclear fuel
removal, clearing of the facility from liquid radioactive waste, partial removal of solid ones..); however,
for the realisation of this stage, an additional permission is required on the basis of:
- an operation termination and decommissioning strategy and program,
- a Safety Analysis Report,

- amendments to technological rules of operation of the facility.
The main objective of this stage is transformation of the facility into a nuclear safe state (The nuclear
safe state for the Ukrainian counterpart is defined as a state characterised by the absence of nuclear
fuel on the site or its location within the site only inside nuclear fuel storage facilities which are aimed
at long-term storage).
• final closure
The goal of this step is to bring the facility into a condition which excludes any possibility of using it
again for the purpose for which it was constructed. The work to be done is dismantling of systems and
elements external to the nuclear unit, preservation of barriers preventing the release of radioactive
substances into the environment....
•

preservation
At this step the facility will be brought into an appropriate state in order to safely store its own
radioactive substances during the prolonged storage (see the definition below). The necessary work
must include i.a. reliable insulation of non-being dismantled parts of the facility, tight closure of pipes,
tightening of connections,... creation of conditions for a controlled temporary storage of radioactive
substances on the facility, collection and conditioning of radioactive waste generated at this stage...

• prolonged storage
At this stage the facility shall take benefit from the fact, that the decay of radionuclides reduces
essentially the quantities of radioactive substances just present at the preserved facility . For this
purpose operation of systems and elements will be needed, ensuring a safe storage of radioactive
substances at the preserved facility, periodic inspections of the preserved facility...
•

dismantling
At this final stage radioactive sources of ionising radiation are removed out of the facility or placed at
its site in radioactive waste storage facilities. Main work to be performed includes collecting and
conditioning of radioactive waste generated, radiation inspection of the components which are not
subject to dismantling, procedures on termination of radiation monitoring previously required....

Action of the decommissioning licence begins only after the stage of termination of operation putting the
facility into a nuclear safe state. Separate permissions are needed for each of the aforesaid stages of
decommissioning.
The decommissioning strategy defines the sequence of decommissioning and therefore the
consequences, the duration and the main actions of each decommissioning stage as well as the state of
the facility after each stage.
According to the Ukrainian regulatory document the determination of the decommissioning strategy
should be carried out by the consideration of various decommissioning variants and by the choice of the
optimum among them on the basis of "cost-benefit" method. This corresponds to the balanced account
of the following major factors : safety requirements, physical state of the facility including the forecasting
changes, required financial costs and their availability, social aspects...
The facility decommissioning must be carried out according to a decommissioning programme that must
be approved by NRD. The main items of this decommissioning program are the decommissioning
strategy and its substantiation in the decommissioning programme, the measures of safety assurance
(programme of radiation protection, minimising the doses received by the staff, the public and the impact
on the environment, programme of measures in case of radiation accident, measures of physical
protection....), the training and employing of the staff (including responsibilities..), the results expected as
well as the criteria for their evaluation....
The regulatory document draws the operating organisation to plan the future decommissioning of a
facility as soon as possible at all stages of its life cycle.
Besides decommissioning planning and operation, also a waste management system needs to be
developed and installed. Presently the Ukrainian radioactive waste management system is regulated by
laws, normative documents and legal regulations in force. A number of normative documents on

requirements and orders in this field is being developed, mostly in accordance with internationally
accepted principles :
• to deal with radioactive waste in a manner that protects human health and the environment now and
in the future without imposing undue burdens on future generations.
• to include a pre-treatment (collection, segregation, chemical adjustment, decontamination), treatment
(volume reduction, radionuclides removal, change of composition), conditioning (transform the waste
into a form suitable for handling, transportation, storage and disposal), packaging, interim storage,
and final disposal (emplacement of radioactive waste in a disposal facility with reasonably assurance
for safety without the intention of retrieval and without reliance on long-term surveillance and
maintenance).
These principles are mostly developed in the LAW ON RADIOACTIVE WASTE MANAGEMENT and other
regulatory documents as REQUIREMENTS FOR MANAGEMENT OF THE RADIOACTIVE WASTE BEFORE THEIR
FINAL DISPOSAL

Safety objectives for the management of radioactive waste arising from decommissioning operations are
e.g. to keep the individual and collective doses as low as reasonably achievable, to reduce the volume of
material selected to be disposed of as radioactive waste, to reuse to the greatest possible extent
exempted material and cleared installations, to decontaminate material in order to increase the
accessibility to the work area, to minimise the amount of secondary waste that arises during
decontamination and dismantling of installations and buildings.

3. STRATEGY FOR CHERNOBYL NPP UNITS 1 AND 2
Demonstrating its intention concerning assumed commitments on Chernobyl NPP by 2000, Ukraine shut
power unit 1 of the ChNPP on November 30, 1996 for its decommissioning before expiration of designed
useful life.
The process of decommissioning includes the stages of final closure, mothballing, maintaining and
dismantling. Optimization of decommissioning requires to find the best way from the point of view of
health, economy and waste generation in order to minimize dose uptake by workers, waste amounts and
total costs of the operation. According to the COMPLEX PROGRAM ON DECOMMISSIONING OF CHERNOBYL
NPP and the AEA TECHNOLOGY recommendations as a base variant the 30 years mothballing is
adopted.
The decommissioning strategy program, which has to be approved by the management of the operating
organization, and the decommissioning program, for which NRD approval is required, have to be defined
during this stage.
Works regarding termination of operation for unit 1 started mid-1998 with unloading of nuclear fuel from
reactor into cooling ponds of unit 1 and transfer from power unit to SFISF-1 (existing fuel storage). At the
same time, construction of the second fuel storage (SFISF-2) was launched in order to put it in operation
in 2003. This second storage is aimed at receiving nuclear fuel from unit 1 and from SNSF-1 as well as,
ultimately, from units 2 and 3. The total expected cumulative dose for the whole process corresponding
to unit 1 is 185 man.rem for a 60 person staff per year directly involved.
Some other works related to termination of operation have already been carried out or are currently
performed such as, for example:
•

repair of buildings and constructions,

•

engineering radiation investigation,

•

erection and commissioning of industrial heating boiler station,

•

development of various design and strategy studies.

Other works which have to be carried out and/or completed in the frame of termination operation
between 2000 and 2004 are the following:

•

creation of database proceeding from results of engineering radiation investigation of unit 1,

•

removal of working media from circuits, pipelines, systems before and after fuel removal, and
eventual stopping of some systems,

•

surveillance and monitoring of systems still in operation,

•

decontamination of systems, equipment, pipelines and premises at power unit,

•

liberation of power unit from radioactive waste,.

•

construction of SFISF-2 as well as solid and liquid waste conditioning facilities (this process has
been started since 1999 in the frame of EBRD and EC contracts),

•

development of the SAR for the eventual closure stage (in 2001-2002) and agreement by NRD in
2004, and, simultaneously, development and agreement of associated regulations,

•

obtaining the licence on decommissioning in 2004.

In the case of ChNPP unit 2, which was shut down on March 15, 1999, the nuclear fuel unloading work
should begin in 2003 when SNSF-2 is ready and beginning of most of the works associated to
termination of operation is planned by the operator between 2001 and 2005 in order to get the
decommissioning licence in 2005, one year after ChNPP unit 1.

4. NEW DECOMMISSIONING AND WASTE MANAGEMENT FACILITIES
The following facilities will be built as important parts of the decommissioning and waste management
strategy.
Spent Fuel Interim Storage Facility (SFISF)
Fuel assemblies on the site need to be stored in a dedicated building to allow them to cool down and the
fission products to decay under adequate containment. After the Chernobyl NPP units termination of
operation, fuel assemblies will mainly be located in the RBMK reactor cores, in the reactor cooling ponds
of the three units and in the existing SFISF-1 (KHOJAT-1) fuel storage pond. The limited remaining
capacity and design life of that last storage facility requires a new storage building to be built.
This new facility will be divided into two parts : the first one to prepare and condition the fuel assemblies,
the second one to store them.
Using the transfer flasks already present on the site, the fuel assemblies will be transported from their
intermediate storage areas to a hot cell, where the upper and lower fuel bundles will be separated by
dry-cutting. The fuel bundles will immediately be placed into cartridges, while the extension rods will be
cut and prepared before transfer to the plant storage facility. Absorber rods will be placed into cartridges
and stored in a special vault located next to the processing facility.
The cartridges will be welded shut, filled with argon gas, then placed in the storage canisters. The inner
space of the canisters will be filled with inert gas and closure lids sealed by automated welding.
Canisters will then be transported to the dry storage vaults.
The required production rate will be 2500 fuel assemblies per year. It should allow to process all the
spent fuel bundles and absorber rods over a ten years period. These fuel bundles will be placed in 256
storage casks, each stored in individual vaults.
Liquid Radwaste Treatment Plant (LRTP)
The liquid radioactive wastes are currently stored in five 5000 m3 and nine 1000 m3 tanks placed on the
Chernobyl NPP site and in the Chernobyl NPP liquid and solid radwaste storage facility respectively. The
major part of the wastes stored in these tanks is composed of low level and intermediate level liquid
wastes.

The treatment of the liquid wastes will require retrieval, transfer and processing in a dedicated treatment
facility. A few of these waste tanks contain also resins, pulps and sludges which bring some complexity
to the transfer and treatment operations.
Moreover, this treatment facility should ultimately process the decontamination effluents from Chernobyl
NPP decommissioning. The amount of liquid wastes generated by these operations has not yet been
precisely estimated.
The two sets of storage tanks are connected by transfer pipelines which run in a transfer gallery.
Transfer of the wastes from the tanks to the treatment facility will require installation of retrieval systems
and specific connections between the retrieval equipment and the pipelines to move them from the tanks
into the transfer gallery and between the pipelines and the treatment facility. The retrieval system will be
composed of agitation devices and pumping systems.
After receipt in the LRTP, the volume of the wastes will, where possible, be reduced prior to the
treatment process. Particular wastes such as spent resin and perlite pulp will have to be processed too
in this facility. The final process in the LRTP prior to the packaging of the product will be a cementation
process in order to immobilise the treated wastes in a matrix.
The final conditioning of these packages will depend on the acceptance criteria of the near surface
disposal centre. So, it will probably be necessary to build intermediate buffer storage areas in order to
receive these packages before a final solution is reached for disposal of every type of packages
Low and Intermediate Level solid Waste Retrieval Facility (LILWRF)
Low and intermediate level solid wastes are currently stored on the Chernobyl NPP site in an above
ground concrete shielded structure, separated into three compartments categorised according to the
types of wastes. Their volumes are respectively 1087 m3, 1000 m3 and 1884 m3. The two first
compartments are 98% and 92% full respectively and the third one, which is reserved for higher level
solid wastes, is 18% full. Access to the compartments can be carried out via hatches of various sizes.
The solid wastes are composed of " technological wastes " and are in the form of metal, concrete,
plastics, wood, paper etc. The content of two of these compartments has been covered with a layer of
concrete approximately 1 m thick.
Options for retrieval of the wastes include a mechanical grabber and an overhead crane retrieving waste
from above, or using a digger and penetrating equipment to retrieve wastes through the side of the
tanks. The retrieval equipment should be capable of breaking and retrieving the concrete cap that has
been placed over the top of the stored active wastes and it should be designed to be mobile, so that it
can be used to retrieve successively wastes from the three compartments.
Wastes will be put in containers and transported to a sorting and conditioning facility. The retrieval rate
should be about 3 m3 per day.
It is to be noted that wastes stored in the three compartments are not suitably identified and thus
presence of high level radioactive wastes will have to be envisaged during the retrieval.
Low and Intermediate Level solid Waste Processing Facility (LILWPF)
The LILWPF will be designed in a first step to process the wastes issuing from the retrieval facility. It
could be adapted to the treatment of wastes from decommissioning of Chernobyl NPP reactors.
The facility will be also equipped with an incinerator to burn contaminated oil coming from the turbines of
the reactor units (about 300 m3).
The solid wastes from the retrieval facility will be transferred to a sorting bay in the LILWPF, where they
will be sorted out and categorised in four types :
• compactable wastes for compaction,
• non-compactable wastes for packaging and grouting,
• combustible organic wastes for incineration,
• long-lived wastes for interim storage ;

Compacted wastes and non-compactable wastes will be overpacked into containers approved for final
disposal in an engineered near surface facility. Wastes will be grouted into these containers using a
facility whose production rate should be approximately 10 m3 grout per day, allowing typically 20 m of
packaged wastes to be grouted.
Some of the wastes retrieved from the solid waste compartments may be too large and bulky to be
dispatched directly to an appropriate treatment process. They will require size reduction before
compaction or direct packaging.
A part of the retrieved wastes will not be suitable for near surface disposal due to radiological and,
maybe, chemical contents. Therefore, it will be placed into dedicated containers and sealed. These
containers will be designed for long-term storage.
It is to be noted that categorisation of wastes has not been definitively set up by the Ukrainian
government. This could be a major problem to design the waste processing facility and the subsequent
near surface disposal area.
Low and Intermediate Level Waste engineered near Surface disposal Facility (LILWSF)
The LILWSF will receive packages containing LILW immobilised in a cement matrix, for final disposal.
The packages will be of an approved design, meeting acceptance criteria set up by the disposal facility.
All their characteristics will be recorded and filed when arriving on the site.
The design of this disposal will be based on an engineered near surface trench concept. The first phase
of the construction will consist of one trench. The following ones will be built according to the waste
packages production. Each of them will be capped as it becomes filled. Capping material will be selected
so that it will assist in evacuating rainwater towards a surrounding drainage system.
This near surface disposal will be built in the Chernobyl restricted area.

5. TACIS PROJECT FOR NRD ASSISTANCE
On January 7th, 1999 a contract has been signed between the European Commission and Riskaudit
aimed at providing the Ukrainian Nuclear Regulatory Authority (NRA) with an effective technical
assistance for the licensing activity related to the EC and EBRD financed decommissioning facilities
within the process of decommissioning of Chernobyl NPP units 1, 2 and 3. The present contract, signed
for a 26 month period, corresponds approximately to the phase covering the end of the assessment of
the Preliminary Safety Analysis Reports of the SFISF and LRTP facilities.
The leading company and contractor with the European Commission is Riskaudit. The Project Manager
and the Administrative Project Manager belong to this company. To provide a team with complementary
skills and experience, Riskaudit has built a consortium with IPSN, GRS, ANPA and AVN.
The counterpart and beneficiary is the Department of Regulation on Radwaste Treatment Safety of NRD,
technically supported by SSTC which is, in this contract, a Riskaudit subcontractor.
For each of the five installations described before, the licensing steps described in the Ukrainian
regulatory documentation are bound to the main industrial steps from siting to operation of the facilities
at full capacity. The steps are essentially:
•

Siting

•

Design

•

Construction

•

Commissioning

•

Operation

The contractor for the SFISF is a consortium composed of Framatome, Bouygues and Campenon
Bernard and for the LRTP a consortium composed of Belgatom, Ansaldo and SGN. The tendering

process for the LILWRF, LILWPF, LILWSF, which have been merged into a single package by the
OSAT, is in progress.
The work of Riskaudit, related to the licensing assistance, has effectively started in parallel with the steps
of construction licences for the SFISF and LRTP. ChNPP/PMU have delivered parts of the PSAR of
these facilities to NRD, which asked Riskaudit/SSTC for an evaluation of these documents. The
schedule was very tight and it has therefore been necessary to set up a task force to perform this
evaluation. The PSAR evaluation for the LILWRF, LILWPF, LILWSF will probably take place during the
first semester of 2001, but it will be dependent on the selection of the contractors, the proposed schedule
and, probably, the decision which has to be made on waste categorisation.
The work is performed on the basis of existing Western practices (for the TSOs), Ukrainian regulations
(for SSTC) and additional regulatory documents prepared by SSTC in the frame of the present contract.
Moreover, Riskaudit in cooperation with SSTC has been involved in a lot of transversal tasks aimed at
providing assistance to the NRD in the following fields :
• achievement of the consistency of the evaluation of the safety related documents of the five
facilities. As the evaluation of the safety documents is to be performed by several organisations,
interfacing problems which may evolve from the way the safety assessments are performed in
different countries have to be clarified in time to avoid different assessments for similar safety
problems.
• achievement of a common understanding of the general strategy proposed by the operator. The
work consists in assessing the basic approach related to decommissioning and waste management in
order to evaluate later the feasibility and the design of the new facilities and their ability to deal with
their expected efficiency.
• evaluation of the proposals regarding the steps of the licensing programmes for all the
decommissioning facilities in detail. This work has be based in a first time on the description of the
licensing programmes signed by NRD and Energoatom for the SFISF and LRTP. It will be extended
ultimately to the licensing programmes which will be defined for the LILWRF, LILWPF, LILWSF. This
evaluation must be performed to clarify whether the steps of the licensing process and the anticipated
content of each step will fulfil the requirements of an adequate way to get a licence, taking into
account the existing Ukrainian and Western licensing practices.
• development of additional regulatory and technical documents associated to the licensing
processes. The content of the safety documents which shall be submitted by the operator will be
defined (e.g., different kinds of safety analysis reports, general operating rules, commissioning
programmes).
These tasks, which cover for some of them the whole duration of the contract, constitute a fundamental
work aimed at setting definitively up the licensing procedures related to waste management in Ukraine.
These are the key elements to undertake the huge work consisting in processing and conditioning the
waste and spent fuel resulting from the Chernobyl 1, 2 and 3 units decommissioning in a near future.

6. CONCLUSIONS
As a result of all the described activities it can be stated, that solutions for solving the problems at the
Chernobyl site have been found and are now in the phase of realisation.
•

A general strategy for decommissioning and waste management has been defined and adopted
officially by the Ukrainian government. Some problems remain still open, they should be solved in the
future.

•

Thanks the work of the Ukrainian licensing authority NRD, assisted by Western TSOs, a licensing
procedure, similar to Western practice, exists and a legal framework including laws, normative
documents, legal regulations and guidelines has been prepared and is in force.

The operator has prepared documents (decommissioning program) for the units 1 and 2, which
are now under evaluation and discussion. The same will be done soon for unit 3.
The new facilities for decommissioning and waste management are now under construction or at
least under preparation (basic design) and will be available in about one to two years, for the solid
waste handling facilities in about two to three years.
The licensing of the different steps of the procedure for the new facilities is going on by NRD (and
partly other ministries or state organisations) with the assistance by the Riskaudit consortium (GRS,
IPSN, ANPA, AVN) and SSTC.

