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FOREWORD

During the last 30 years, the development of commercial nuclear power
and its supporting nuclear fuel cycle facilities has in general been
associated with an excellent record of nuclear safety. Nuclear facilities are
sited, designed, constructed, operated and decommissioned according to strict
requirements and regulations to protect the environment and ensure safety of
the workers and the public. However, accidents at a few nuclear facilities
have occurred.

The information presented in this report is intended to provide an
overview of what may have to be done in accident situations such that which
occurred at TMI and Chernobyl. In addition, other accidents have occurred at
nuclear facilities and evaluation and optimization of post accident
confinement systems for these facilities is applicable.

This review covers the sealing of the reactor building and heavily
contaminated areas defined as the "near field" and describes possible actions
in terms of:

(a) the immediate emergency situation;

(b) initial (short term) confinement of the damaged reactor to make
it safe;

(c) medium-term surveillance improvements and maintenance to maintain
safety, remove fuel, etc.;

(d) a final decision on decommissioning the reactor.

The review concentrates on the emergency situation and construction of
the initial confinement with a recommendation for the optimization period.
The final decision (on decontamination) is more social-economic than
technical; only the options are considered briefly.

Much of the information on emergency actions and construction of the
confinement system has been drawn from recent Chernobyl experience. The



extent of damage and need for early confinement has meant that much has been
learnt about remote construction methods in a severe radiation field.

The initial report was drafted by a group of consultants in December
1988, further revisions and changes were made to the document at an Advisory
Group Meeting in July 1989, and final improvements were made in April 1990.
The IAEA Scientific Secretary, D. Squires, further refined the document and
made the report ready for publication.

EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts and given some attention to presentation.

The views expressed do not necessarily reflect those of the governments of the Member States
or organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.
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1. INTRODUCTION

National governments establish strict requirements to ensure that
nuclear facilities are sited, designed, constructed, operated, and
decommissioned so as to protect the health of the plant personnel and the
general public. However, in spite of all precautions, the possibility of an
accident which results in the release of significant quantities of radioactive
material cannot be excluded. Since the released radioactivity may seriously
affect the population and the environment, it is prudent to place in advance
emergency actions at the damaged facility to limit and mitigate the
consequences resulting from such accident. This document provides an overview
of what could be done in accident situations such as Three Mile Island (TMI)
and Chernobyl. In addition, accidents which have occurred at SL-1, NRX and
Windscale are summarized in Table 1 [1-3]. The information presented is
intended for engineers, scientists and managers in the nuclear power
programme. Although the report is based on nuclear power plants, the
information should be equally valid for other nuclear facilities.

The document reviews the post-accident sealing of the reactor building
and adjoining heavily contaminated areas defined as the "near-field", and
describes possible actions in terms of four stages:

Stage 0 the immediate emergency situation;

Stage I initial (short term) confinement of the damaged reactor to
make it safe;

Stage II medium term optimization improvements and maintenance to
maintain safety, remove fuel, etc.

Stage III long term considerations relative to the future of the site.

The review concentrates on the emergency situation and the construction
of the initial confinement for which information and decisions are needed
quickly. Recommendations for the optimization period are made. Unless the
fuel is removed, permanent entombment would lead to significant long-lived
alpha-activity being buried in a facility. It is unlikely this would satisfy
current disposal requirements for radioactive wastes. The final decision is
dependent more on socio-economic considerations rather than technical; only
the options are considered briefly.



oo TABLE 1. SEVERE ACCIDENTS AT NUCLEAR REACTORS*

NAHE

DATE

LOCATION

TYPE OF REACTOR
CONTAINMENT

FUEL
MODERATOR-COOLANT

NRX

12 12-52

Chalk River
Canada

NRX
Yes

Natural Uranium
D20 H20

WINDSCALE

09-10 57

Windscale
U K

Air cooled
No

1

graphi te

Natural Uranium
Graphi te Air

CAUSES

WHAT HAPPENED

DAMAGE TO
FACILITY

OCCUPATIONAL
DOSE

Reactivity increase
One control rod
defectively operated
and defect in
safeguards system

Fuel damaged
Moderator leaked
BuiIding flooded

Deformed core
Later replaced

3 workers
(10 - 17 Rem)

RELEASE TO None
ENVIRONMENT
Xenon, Krypton
1-131 Ci
Cs-137 Ci
Te-132 Ci
Sr-90 Ci
Fuel particulates None

Inventories from [1 3]

Release of excess
Wigner energy
during annealing
of graphite

Burn of graphite
and U

Loss of unit
Fire confined to
graphite and fuel

Negligible

Widespread Iodine 131
release
3.0Es
2.0E4 (12%)
6.0E2
1.6EÎ
9 0
Not known

SL 1

03 01-61

Idaho Falls, ID
U.S.A

Military test reactor
No

Uranium (93X)
HjO - HjO

Reactivity increase
Central rod
extracted

Accidental criticality
Steam pressun zation
+ Hj explosion

Destroyed core
Reactor vessel
distorted

3 workers died
(600 1200 Rem)

Yes detaiIs not
known

None

TMI 2

28 03 79

CHERNOBYL A

26-04-86

Harnsburg, PA
U S A

Chernobyl
U.S.S.R.

PWR
Yes

RBMK
No

U02 • (3X enriched)
H20 - H2Û

U02 - (2% enriched)
Graphite - H20

Loss of coolant
Instructions not

fol lowed

Reactivity excursion
Instructions not

followed

Destruction of core,
H2 explosion in
containment

Destruction of core,
H£ explosion.
Graphite burn

Loss of the unit
Destroyed core
Containment intact

Negligible

Loss of the unit
Destroyed reactor
Extensive building damage

32 persons died

Negligible except
Xenon, Krypton
~ 1.1E7
~ 17.0(10'5X)
below detection limit
below detection limit
below detection limit
None

3,000 km2 contaminated
135,000 persons evacuated
5.AE7 (~ 100X)
1.0E8 (~ 60X)
7.8E6 (~ 20X)
8.6E6
5.4E6
3.5% inventory



Much of the information on emergency actions and construction of the
confinement system has been drawn from the recent Chernobyl experience. The
extent of damage and need for early confinement has meant that much has been
learned about expedient and remote construction methods in a severe radiation
field. However, the Chernobyl situation, where the upper part of the reactor
was damaged, may not be typical. Therefore, other accident scenarios and
consequences have also been considered.

2. SCOPE

This report reviews and summarizes the factors to be considered in the
design, construction and surveillance of confinement structures for damaged
nuclear facilities. General engineering, design and environmental
considerations are included, both from the standpoint of the mitigation of
near-term effects by virtue of interim confinement, and from the standpoint of
the acceptability of the structure for long-term confinement. Factors which
influence optimization of the design and the construction sequence are
reviewed, including the nature of the accident, natural conditions of the
site, and thermal and radiation effects. Safety criteria are presented from
the standpoint of regulatory requirements, radiological consequences, and
monitoring/surveillance requirements for both interim and long-term
confinement. Methodologies related to concrete fabrication technology and
other construction techniques appropriate for building confinement structures
are discussed. Long-term considerations relative to the future of the site
for in-place storage/disposal of the waste, and possible future reuse of the
site are also included.

3. BASIC CONSIDERATIONS

3.1 General and engineering considerations

The main factors which influence the choice of the post-accident
activity plan are:

the evolution of the accident and its consequential damage;
amount and pathways of release for radionuclides which could be
leaking from a damaged nuclear facility.

These factors are determined by the type and design features of the nuclear
facility and the type of accident.



FIG. 1. TMI-2 nuclear power plant.



3.1.1 Type and design of nuclear power plants

The type and design of nuclear power plants are factors influencing the
potential for severe accidents which would necessitate construction of
post-accident containment systems for consequence mitigation. There are, for
the most part, four principal types of nuclear power plants currently existing
throughout the world when classified according to cooling media:

gas cooled
light water cooled
heavy water cooled

- liquid metal cooled

An equally distinct type of reactor is represented by reactors
utilizing graphite moderation. Several types of reactors which are classified
according to cooling media, (e.g. light water reactors and liquid metal
reactors), may use graphite moderation.

The light water cooled reactors represent the largest number of nuclear
power plants, either as boiling water reactors (BWR) or pressurized water
reactors (PWR). Fig. 1 and Fig. 2 show a general view of TMI-2 and a
cross-section of Chernobyl 4 respectively. See Table 2 for Summary of Reactor
Types. The most important aspect of reactor design relative to the scope of
this report is the type and the extent of containment.

3.1.2 Type of accident

The post-accident conditions depend significantly on the type and
severity of the accident (e.g. reactivity accident or loss of coolant
accident), on the release or leakage of radioactive materials from the
containment, on the characteristics of radioactive materials, and 011 the
degree of core damage.

Reactivity-initiated accidents have traditionally been recognized as
extreme examples in which there would be a rapid increase in power. The rapid
increase of the fuel rod temperature may cause fuel failure by melting or
internal pressure burst of the cladding [4].

Another type of accident involves damage to the heat removal circuits,
e.g. loss of coolant. Consequences of this type of accident are proportional

11
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to the severity of damage to the cooling system. The Chernobyl accident was
an example of the reactivity-initiated accident; the events in TMI-2 were a
loss of coolant accident.

Early notification and correct definition of the type and extent or
degree of the accident are needed to rapidly mitigate its consequences.

3.2. Consequences

3.2.1 Radionuclide release

The quantity and composition of radionuclides released from damaged
nuclear facilities strongly depend on the type and severity of the accident.
Other factors must be identified upon occurrence of severe accidents, such as:

131leakage of the volatile radionuclides, including I, one of
the elements of particular concern for human health. Nuclear
facilities must be equipped with health protection equipment and
medical supplies, effectively counteracting the health effects

131Tfrom I ;

release of dispersed fuel aerosols to the atmosphere, (as
occurred at Chernobyl Unit No. 4). Strontium and plutonium are
of particular concern in this context;

- contamination of the environment by the gaseous and volatile
products of fission, which have leaked through the damaged

131containment. Species of principal concern are I, cesium and
ruthenium. Krypton, xenon and technetium are of less importance.

131Because of its radiological effects, the behaviour of I released
under accident conditions, is of considerable importance. The accident
conditions in different reactor types determine the extent of release. At
TMI-2, the iodine was largely trapped in the sump-water as iodide; only
10 % (about 0.5 TBq) was estimated to have escaped. In the Windscale
graphite fire (1957) and at Chernobyl 4, the absence of containment designs
allowed 20% and 60% respectively of the iodine inventory to escape.

Under severe accident conditions in water reactors, fission products
are released into the containment from the primary circuit, or from molten
core material interacting with concrete. Aerosols precipitate or plate-out on

13



TABLE 2. SUMMARY OF REACTOR TYPES

Reactor Type Fuel Moderator Coolant and its
approximate pressure
in bars (normal
atmospheric pressure
is about 1 bar)

Steam generation

PWR uranium dioxide
(approx. 3.2% U-235)

ordinary water pressurized ordinary
water
(160 bars)

separate circuit

CANDU unenriched
uranium dioxide
(0.7% U-235)

heavy water heavy water
pumped at pressure
(90 bars)

separate circuit

BWR uranium dioxide
(2.6% U-235)

ordinary water pressurized ordinary
water which boils and
produces steam directly
(70 bars)

common circuit

Magnox natural uranium
(0.7% U-235)

graphite carbon dioxide
(20 bars)

separate circuit

AGR uranium dioxide
(2.3% U-235)

graphite carbon dioxide
(40 bars)

separate circuit

RBMK uranium dioxide
(2.0% U-235;
change to 2.4%
underway 1988)

graphite pressurized ordinary
water which boils and
produces steam directly
(70 bars)

common circuit

RAPID uranium dioxide
plutonium dioxide

natural uranium liquid sodium separate circuit



containment walls and eventually are washed into the sump. Host of the iodine
(99%) should reach the sump as dissolved iodide. Majority of the released
material (except Kr and Xe) will condense in the primary circuit and plate
out. The remainder will reach the containment as aerosols.

At Three Mile Island, fission products were released from the fuel to
the coolant and subsequently carried from the primary circuit to the reactor
sump and into the auxiliary building. Apart from about 8% of the Kr and Xe
inventory, accidental releases outside the containment were very small.

At Chernobyl, the absence of containment and the graphite fire meant
that many species of radionuclides were released including fission and
activation products and actinides. The estimated releases for three main
accidents were shown in Table 1. An extensive core inventory and estimated
releases for Chernobyl Unit No. 4 are given in Table 3.

TABLE 3. CORE INVENTORIES AND RELEASES AT CHERNOBYL NPP UNIT No. 4*

Element

Kr-85
Xe-133
1-131

Te-132
Cs-134
Cs-137
Ho-99
Zr-95
Ru-103
Ru-106
Ba-140
Ce-141
Ce-144
Sr-89
Sr-90
Hp-239
Pu-238
Pu-239
Pu-240
Pw-241
Cm-242

Half-life
<d)

3930
5.27
8.05
3.25
750
l.lxlO4
2.8
65.5
39.5
368
12.8
32.5
284
53

A
1.02x10
2.35

A
3.15x10
8.9xl06
2.4x10*
4800
164

Inventory
(Bq)

3.3X1016
1.7X1018
1.3xl018
3.2xl017
1.9xl017
2.9xl017
4.8xl018
4.4xl018
4.1xl018
2.0xl018
2.9X1018
4.4xl018
3.2xl018
2.0xl018

1 72.0x10
1.4xl017

1 **1.0x10 3
8.5xl014
1.2xl015
1.7X1017
2.6X1016

Percentage
released

~ 100
~ 100

20
15
10
13
2.3
3.2
2.9
2.9
5.6
2.3
2.8
4.0
4.0
3.0
3.0
3.0
3.0
3.0
3.0

Decay corrected to 6 Hay 1986 [5]

IS



3.2.2 Causes of combustion

The following factors can be the causes and propagators of combustion
during an accident at nuclear facilities:

- hydrogen produced from core/coolant or core/concrete interactions;

inflammable components of equipment and building constructions;

- graphite moderator combustion which were features of Windscale 1
(1957) and Chernobyl 4 (1986);

- damage to electrical networks;

exceeding the hydrogen flammability limit;

- dispersion of fragments of the damaged core.

Apart from the water-cooled RBMK reactors, graphite is only present
with gas coolant in today's power reactors. Safety features preventing a
graphite fire are built into the gas-cooled reactors.

At Three-Mile Island, a hydrogen explosion from the zirconium/steam
interaction occurred after 10 hours and burned for about 2 days in different
parts of the containment building.

Fire Suppression

All premises must be equipped with fire suppression auxiliaries.
During implementation of post-accident protection measures, special equipment
should be available for suppressing combustion, for example:

catalytic hydrogen oxidation (water) equipment;

foams for suppression of burning electrical equipment, and other
combustible objects.

A great deal is being learned from the Chernobyl 4 experience [6].
Initial fire-fighting actions were effective in spite of severe radiation.

16



The experience has indicated the need for special fire-fighting equipment and
lightweight-protective clothing in areas of high radiation. Stabilization of
the reactor was aimed at suppression of fire and limiting activity release.

From day 3 to day 8 of the accident at the Chernobyl 4, emergency
dumping of inorganic materials onto the damaged reactor began. These
materials included dolomite, sand, clay and lead. (See Section 4), On day 9,
cold nitrogen was injected from underneath to cool the fuel mass and blanket
the graphite. The activity release had increased from 6 to 9 days but then
decreased on day 9 as did the reactor core temperature. This combination of
measures appeared to have been successful.

3.2.3 Control of contaminated waters (coolant or other)

There are several sources of contaminated water following an accident:

- reactor coolant leaked from damaged vessel (contamination depends
on the scale of the accident);

water used for suppression of fires or emergency reactor-coolant;

rainwater, washing out radionuclides released from the
containment;

water from subsequent reactor containment decontamination.

For control of these waters, it may be necessary:

to lower the level of groundwater;

to erect a system - barrier or cut-off wall - preventing leakage
of water percolated into the ground off the site;

to excavate and provide large storage ponds for contaminated
water.

Systems for subsequent decontamination of these waters (and possibly
for eventual tritium removal) will be needed.

17



At Three Mile Island [4,7], 7 million liters of contaminated water
accumulated in the reactor building basement and in auxiliary buildings. This
arose from the reactor coolant system and accident coolants, from the
emergency water sprays and river cooling water. These waters contained over
40% of the reactor's cesium inventory. Some 1330 TBq of Cs-137 and 74 TBq of
Sr-90 have since been removed.

The two systems used to process this water were the EPICOR II system
and the submerged demineralizer system (SDS). Nearly 10 million liters of
water have been processed by these two systems. The EPICOR II system was used
to process the water that was originally located in the auxiliary building.
The SDS processed water from the reactor building basement and the reactor
coolant system (RCS). SDS continued to process water that has been used for
decontamination. The systems are fundamentally different in that the SDS uses
zeolites to remove radioactivity from the water and the EPICOR system uses
standard organic ion exchange resins. The SDS system is now being used to
clean-up water from defuelling operations. All the accident generated water
has been processed and is being retained on site in the processed water
storage tanks (PWSTs) because it still contains the tritium.

3.2.4 Thermal power and heat loads

After long term operation, the decay energy released by nuclear fuel
after reactor shutdown is the sum of contributions from many fission products
and heavy metal nuclides of widely differing decay constants. The initial
decay energy is usually some 5 to 7.5% of reactor power at shutdown. This
drops sharply to 1.5% after one hour then 0.5% after two days and 0.2% after
20 days. For thermal reactors, the decay energy does not vary widely. It is
largely determined by:

- the neutron spectrum (which depends on reactor and fuel types)

% fuel enrichment

irradiation age (burn-up) of the fuel

power-rating of the fuel

18



TABLE 4. HALF-LIVES OF PRINCIPAL FISSION PRODUCTS

HALF-LIFE
H 3
SE 79
KR 85
SR 89
SR 90
Y 90
Y 91

ZR 93
NB 93M
ZR 95
N8 95
NB 95M
TC 99
RU 103
RU 106
RH 106
PO 107
AG 110
AG 110M
CD 113M
SN 119M
SN 121M

12. 3Y
6.5E+4Y
10.72Y
50.50
29Y
64H

58.51D
1.5E+6Y

13. 6Y
64.10
35.10
87. OH

2.13E+5Y
39.280
372.60
29. 9S

6.5E+6Y
24. 6S
249.90
13. 6Y
245.00
55. OY

HALF-LIFE
SN 123
SB 125
TE 125M
SN 126
SB 126
SB 126M
TE 127
TE 127M
I 129

CS 134
CS 135
BA 137M
CE 144
PR 144
PR 144M
PM 147
SM 151
EU 152
GO 153
EU 154
EU 155

129.20
2.77Y
58. D

1.E+5Y
12.40
19. OM
9.35H
109.0

1.57E+7Y
2.062Y
3.E+6Y
2.552M
284.40
17.28M
7.2M

2.6234Y
90. OY
13.33Y
241.60
8.6Y
4.96Y

At very short cooling times (less than one hour) most of the decay
energy comes from isotopes with a half-life under 30 minutes. From one to ten
hours, half-lives of four hours to 20 days contribute and from one to 10 days,
the major contributors have half-lives of one day to one year. Table 4 lists
principal fission products and their half-lives.

In a severe accident, the inert gases krypton and xenon might be
expected to escape, plus possibly several percent of volatile species such as
cesium and iodine. However, these losses would not reduce the decay energy
very much. Increase in temperature occurring after the first day may also be
due to chemical reactions. More detailed descriptions of the heat process can
be found in Section 3.4.

19



3.3 Environmental considerations

This section identifies the major environmental characteristics that
influence the optimization of the design and construction sequences of a
containment system after an accident. It is assumed that much of this
information will have been developed during the planning and design stages of
the nuclear facility. The basic information requirements are reviewed here to
ensure completeness. Some of the basic areas of investigation are similar to
those described in various IAEA Reports (see Bibliography).

Contributions to decay heat after shut down (See Section 3.2.4)
Cooling time Main contributors
Less than 1 hour Half-lives under 30 minutes
1 to 10 hours Half-lives from 4 hours to 20 days
1 to 10 days Half-lives of 1 day to 1 year

For the period beyond significant radioactive decay heating, the
mechanism for the potential transport of radionuclides from the confinement
structure to the surrounding environment, apart from escaping aerosols, is
transport by groundwater or by surface water. For such transport to happen,
water must contact the radioactive materials, either through a breach in the
confinement structure or through percolation of water through the structure.
Radionuclides dissolved from materials contained in the confinement structure
can migrate into the surrounding environment through groundwater transport or
through capillary transport to the overlying soil layer where they are
susceptible to uptake by plant roots. The movement of radionuclides by the
groundwater is retarded through sorption on soil particles depending upon the
type of soil present and the chemical characteristics of the radioactive
material. It is therefore important to obtain information on the composition,
permeability, porosity, sorptivity and other properties of the underlying
soils of the area. This information should be developed experimentally if
necessary, as part of emergency preparations, if the potential for such an
accident exists.

Other natural processes could cause movement of radionuclides from the
structure by exposing them through erosion or weathering, thus making them
susceptible to surface water or wind transport.

20



The time that the structure must contain the radionuclides in order to
prevent harmful effects on the environment is an important consideration.
Thus, the design of the structure, and its expected performance period are
dependent upon the nature and quantity of radionuclides to be contained, the
containment performance standards and the compatibility of the structure with
its environment. Additional protection of the structure could be obtained
through restricting human activity in the surrounding area through the period
of institutional control, if deemed necessary.

3.3.1 Climatological data

The Climatological conditions in the area are important considerations
in the design of a confinement structure. The type and amount of
precipitation will influence the rate of erosion, the movement of groundwater,
the potential for transport of radionuclides or hazardous substances to the
environment, and the rate of evapotranspiration. Wind direction and velocity
can influence the erosion rate. The freeze/thaw cycle, if appropriate, should
be considered as a factor in designing the structure. In cases where
long-term performance is required, the confinement structure should be
maintained as much as possible in a dry condition by construction of an
overlying cover composed of natural geologic materials. This cover should be
designed to prevent percolation of rain water through the confinement
structure. The design of this cover could utilize natural materials and good
engineering practices to provide long-lasting permeability barriers, by
minimizing capillary breaks and maximizing evapotranspiration.

3.3.2 Geology and geochemistry

The integrity of the confinement structure is highly dependent upon the
engineered features of the structure and the characteristics of the natural
geological formations that act as barriers to prevent release of
radioactivity. These barriers should act to minimize the potential for
groundwater to contact the radioactive materials or hazardous substances and
to sorb and retard transport if contact is made. All engineered barriers
should be compatible with the natural geological characteristics of the site.
Important geological characteristics include geological structure and
stratigraphy, erosion characteristics, and the mineralogical composition of
soils and rocks in the area.
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3.3.3 Hydrological conditions

A thorough knowledge of the characteristics of the water systems
(surface and groundwater) in the area surrounding the confinement structure is
required for assessing potential radionuclide migration via these pathways.

3.3.3.1 Surface water systems

The characteristics, flow rates, and water levels during different time
periods of surface water systems, including streams, lakes, swamps, and ponds
should be known to assess the potential for water to contact the confinement
structure. Evaluation of such factors as flooding potential, erosion
potential, and identification of recharge and discharge mechanisms of
groundwater, must be made to identify possible effects upon the confinement
structure. These data are also important in evaluating the results of
environmental monitoring around the confinement structure. For coastal sites,
the flooding potential from violent storms and tsunamis should also be
assessed.

3.3.3.2 Groundwater systems

Evaluation of groundwater systems is an essential step in determining
the integrity of a confinement system. This is especially true in wet or
humid areas where the groundwater is near the surface and where there is
considerable recharge by surface water. In arid areas, where the water table
may be far below the surface and the evapotranspiration rate equals or exceeds
downward movement of water into the ground, the potential for transport to the
groundwater systems is less immediate. In general, there will be at least one
aquifer available that could transport radioactivity towards an outlet where
it could contaminate drinking water or food supplies.

The types of hydrogeological information that should be considered
prior to the design of an engineered confinement system are indicated in the
following list.

(a) underlying stratigraphy.
(b) Permeability, thickness, homogeneity, extent, and radionuclide

sorption rate for the lithologies present.
(c) Pressures and flow rates of aquifers.
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(d) Water table fluctuations.
(e) Surface water and groundwater relationships (recharge and discharge

areas).
(f) Area stream flow rates.
(g) Rate of evaporation vs. rate of precipitation.
(h) Transmissivity, water content, porosity, dispersion coefficient,

grain size and pore size of aquifers,
(i) Hydraulic continuity between aquifers,
(j) Migration rate for solutes in saturated and unsaturated zones.

In general, these data may have been collected prior to construction of
the nuclear facility. However, a review of the data is required to determine
if they are outdated or incomplete when a confinement structure is being
considered. In addition, depending upon the type and quantity of
radioactivity to be contained by the structure, the long term stability of the
hydrogeological factors should also be considered.

3.3.4 Geotechnical data including seismicity

Study of the soil and rock mechanics in the area of the confinement
structure will provide information on the physical and structural properties
of the soil and bedrock materials to facilitate its design and construction.
These studies should add to the quantity and quality of geological data
obtained in the previous section.

Parameters necessary to evaluate differential settlements of the
containment structure should be determined. Indeed, a stiff and massive
structure, supported partially by existing foundations and partially by new
ones may not be sufficiently flexible to accommodate large differential
settlements.

Seismic or tectonic stability of an area is an important consideration
in the design of a confinement structure. Tectonic activity often leads to
joints and fractures in geologic strata, which can provide a pathway for
enhanced movement of groundwater. Predictive modeling of groundwater movement
is more difficult in active seismic areas and more conservatism must be built
into the structural design in that case.
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The seismic risk, which is a near term (20 to 40 years) concern in the
siting and design of nuclear facilities, may be of concern over a much longer
time period for the confinement structure. Seismic activity can produce
fissures and faults in geologic formations, modify the groundwater flow and
elevation of the water table, and change surface water drainage patterns, etc.

3.4 Near-field effects

3.4.1 Thermal effects

The energy from the decay of the fission products remaining after the
nuclear chain reaction is shut down is the principal driving force for
potential accidental dispersion of the fuel and its radioactivity. If the
removal of heat from the reactor is interrupted for a long enough time, the
build up of fission product decay heat may be sufficient to melt the core and
liberate the radioactivity.

As the core heats to temperature above 1200 K, any steam will begin to
react chemically with the zirconium cladding of fuel elements, to produce
hydrogen gas, a potential new source of heat. At temperatures of 1600 K and
above, the reactions (production and oxidation of hydrogen) could produce
enough heat to be comparable with that of the decaying radionuclides, if
sufficient steam were available for the reaction. Figure 3 shows the
temperature at which various material interactions begin [8].

In hypothetical accident sequences, loss of normal and emergency
cooling systems could lead to melting and slumping of the core. If
uninterrupted, this may be followed by failure of the pressure vessel and
deposition of molten core and associated structural materials on the concrete
basemat of the reactor cavity. The resulting pool of debris is maintained at
elevated temperatures by decay heat from non-volatile fission products
retained in the melt. The temperatures and heat fluxes involved can be
sufficient to decompose and abrade concrete [9].

The origin of interaction between core debris and concrete is largely
thermal. Decay heat (and some heat from chemical reactions) is generated in
the pool and may be lost either through its top surface or to concrete. So
long as the source is sufficiently large, the situation rapidly approaches a
quasi-steady state where these losses balance the internal heat source. The
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FIG. 3. Temperature indicators for nuclear core materials.

partition of internally generated heat depends on the thermal resistance of
the corresponding paths. Pool behavior is dominated by conservation of
energy, with heat transfer mechanism providing the most important contributory
factors.

The response of concrete exposed to high heat fluxes is complex.
Concrete is an inhomogeneous material which undergoes change in composition as
it is heated. The most important of these changes are the vaporation of
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interstitial and adsorbed water at about 400 K, the decomposition of calcium
hydroxide near 700 K, and that of calcium carbonate between about 1000 and
1100 K. The carbon dioxide, water vapor and liquid water produced within the
solid concrete, flow through the pores of the remaining matrix in response to
pressure gradients. Finally, the remaining oxide matrix melts, at a
temperature which ranges from about 1500 to 1900 K for representative
concretes.

The principal chemical reaction involved in core concrete interaction
is the oxidation of metals in the pool by concrete decomposition gases. These
gases, water vapor and carbon dioxide, are reduced in the process, primarily
to hydrogen and carbon monoxide. It is possible to further reduce carbon
monoxide to atomic carbon. One of the most important predictions in recent
reactor analyses has been that core debris attacking concrete may be quite
rich in unoxidized zirconium [10]. At the elevated temperature of core
debris-concrete interaction, zirconium is a strong reducing agent. It may
start a chemical attack on concrete by reducing concrete constituents CaO and
SiO . Further, the exothermic reactions of zirconium with gases evolved
from concrete may affect heat transfer to the concrete. This in turn will
enhance gas evolution and the production of chemical heat.

3.4.2 Thermo-mechanical effects

The interaction of a molten core with the concrete basemat floor
produces a pressure increase in the containment. The hot gases, and thermal
radiation from the molten core material also produce thermal loads on the
containment boundaries.

Hydrogen is generated during severe accidents as a result of
metal-water reactions and core-concrete interaction. Effects produced by the
subsequent combination of hydrogen and oxygen are expected to depend on the
rate of hydrogen production and of subsequent reaction with oxygen. With
increasing reaction rates, the phenomena are:

diffusion flames causing localized thermal effects;

pressurization and heating of the containment atmosphere from an
intensive fire;

- detonations resulting in shock waves and heating effects [11].
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It is hypothesized that containment overpressurization may occur as
the result of direct heating of the containment atmosphere from chemical and
thermal interactions of the dispersed molten fuel droplets with coolant or
emergency water. It is expected that containment pressurization will be less
if the melt interacts with water in the containment cavity or is deposited on
structural components prior to entering the containment atmosphere.

Phenomena that are judged to have potential for significant impact on
risk, and for which there still exists significant uncertainty, include steam
explosions, direct containment atmosphere heating, and the effects of natural
circulation in the primary system of the reactor or containment performance in
certain postulated high pressure accident sequences.

The hot water and steam leaked to the containment building during this
period would increase the pressure and temperature in the building. In
addition, the flow of high temperature gases and vapors within the reactor
coolant system could lead to localized changes in the temperature and pressure
throughout the entire system and (in particular) within the reactor pressure
vessel. At temperatures of the order of 1000 K and above (depending upon
initial pressures built up by release of fission product gases within the fuel
rods), the Zr cladding could begin to weaken, balloon and rupture and, in the
later stages, steam explosions may also occur. This can disperse fuel, create
radioactive aerosols and increase the rate of heat transfer to the containment
atmosphere. As a result, the containment pressure rises and the containment
may fail, or the core could begin to melt and pass through the containment
vessel or, in the extreme case, begin to pass through the reactor vessel
basemat.

3.4.3 Gas generation

Much of the release of the volatile fission products occurs when the
fuel matrix is broken down as the fuel reaches a molten state. The TMI-2
examinations indicate that the release would occur prior to transport of
molten fuel through the reactor vessel, and that none of the noble gases, a
few percent of the iodine, and less than 10% of the cesium would be available
for transport to the concrete basemat. If water were available in the system,
as was the case at TMI-2, much of the iodine and cesium would be retained in
solution with little potential for aerosol release; however, handling of the
highly radioactive water, where entombment is intended, would be a problem as
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a result of the potential for evaporation of the water, or seepage through the
containment over relatively long periods of time. Examinations of the
concrete at TMI-2 were performed to evaluate migration into the concrete and
partitioning of the radionuclides over several years. These data indicated
that a number of factors affected the migration rates for different
radionuclides (e.g., cesium and strontium).

At the stage of core-concrete interaction, the heat flux to the
concrete is sufficient to decompose it, releasing water vapor (from both pore
water and hydroxides) and carbon dioxide (from carbonates), and to melt the
residual oxides. The gases are strongly oxidizing at pool temperature and
will be reduced, primarily to hydrogen and carbon monoxide, on contact with
metals in the pool. These gases may or may not burn immediately, depending on>their temperatures at the time they reach a region which is not already
depleted of oxygen.

Gas released at the bottom of the debris pool rises through it as
bubbles. Gas released at the sides of the pool is assumed to form a rising
gas film between the melt and the concrete (although this is not observable).
The presence of gas bubbles in the pool swells it, increasing its depth and
its interfacial contact with concrete. These rising gas bubbles also result
in the production of aerosols containing fission products stripped from the
fuel debris.

3.4.4 Routes of human radiation exposure

Volatile fission products will probably be released prior to core
degradation and dispersed with the breach of the fuel rods. Prior to core
melt-down, which is expected to start 30 to 40 minutes after the water level
has reached the upper core edge and completed after an additional 30 minutes,
nearly all high-volatile fission products (noble gases, alkali metals and
halogens) will be released from the fuel, together with part of the medium
volatile fission products (tellurium, alkaline earth metals) and low-volatile
structural material (silver), and transported with the gas flow towards the
primary-system leak [1].

When released into the atmosphere, radioactive gases and aerosols will
be dispersed by prevailing winds. It is useful to distinguish ways in which
the radionuclides can contribute to the total radiation dose.
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Unit 4 of Chernobyl NPP core contained a radioactive inventory of about
.q (10 Ci) at the time of the i

this inventory was given in Table 3.
19 94x10 Bq (10 Ci) at the time of the accident. The isotopic composition of

On the basis of radiation measurements and various technical analyses
of samples taken from a 30 km radius around the NPP and throughout the USSR,

18 7 7it has been estimated that about 1x10 Bq (3x10 to 5x10 Ci) were
released during the accident. These estimates have an error of + 50%. About
10 to 20% of the volatile radionuclides, Cs, Tc and up to 60% of I were
expelled from the fuel. Release of the more refractory radionuclides Ba, Sr,
Pu, Ce, etc. amounted to 3.5%. The following are pathways for receipt of
doses from such a release.

(a) Immersion dose - an external dose caused by exposure to radiation
emitted by radionuclides suspended in the effluent cloud.

(b) Inhalation dose - a dose caused by inhalation of radionuclide
constituents in the air or effluent cloud. This dose has two
components, including a prompt dose mainly to the lung, and the
internal dose from radionuclides retained in the body. Because of
the internal retention of the radionuclides, this dose can be
spread over an appreciable time interval until the radionuclides
decay or are biologically discharged from the body.

(c) Ground dose - an external dose caused by radionuclides that have
been deposited from the effluent cloud by gravitational settling
on the ground, vegetation, and other surfaces.

(d) Food pathway dose - dose that results from ingestion of food and
drink contaminated by radionuclides deposited from the effluent
cloud on water and vegetation.

Exposure of populations to elevated levels of radiation may result in
the increased incidence of health effects, depending on the dose received.

3.4.5 Radiation protection

Human health and safety should always be a major consideration during
emergency measures following an accident situation. It may be necessary to
take special measures outside radiation protection and other safety
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regulations. However, the nuclear plant operators should return to the use of
the basic radiation protection standards [12] as soon as possible following
the accident. Critical in the area of radiation protection and monitoring is
having an adequate supply of equipment capable of monitoring very high levels
of radiation.

The operating organization should ensure that the nuclear power plant
incorporates adequate provisions for:

(1) Protection of site personnel against radiation exposure
(2) Instrumentation and equipment for personnel monitoring
(3) On-site radiological monitoring and surveys
(4) Environmental radiological surveillance
(5) Radiation protection personnel
(6) Decontamination of personnel, equipment and structures
(7) Collection, handling, storage and disposal of radioactive wastes

The operating organization should establish adequate procedures to
minimize radiological hazards to site personnel and members of the public and
to assure safe control, handling and transport of radioactive materials.
These procedures shall include audits to ensure compliance with the provisions
made.

3.4.5.1 Occupational exposure

Special protective measures for personnel will be required following an
accident. Protective clothing and radiation monitoring equipment must be
available to protect against airborne gases and particulates, surface
deposition, and direct external radiation fields. Depending on the severity
of the accident, extremely high levels of radiation, including alpha, beta,
and gamma activity, may be involved. Monitors and dosimeters capable of
measuring all types of radiation will be necessary. Protective clothing will
include ample supplies of respiratory protectors, shoe covers, gloves, and
anti-contamination body suits as well as special shielding equipment. The
personnel should have special equipment to measure radiation dose and also
facilities for showering and exchanging clothes.

3.4.5.2 Radiation protection for the public

If radioactivity releases in plant effluents have occurred as a result
of the accident, special measures will be necessary to inform the public about
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the hazards and protective measures that must be undertaken to avoid
unnecessary exposure. Potential actions that could be required and for which
the safety personnel should be prepared are:

(a) Monitoring affected areas;

(b) Controlling contaminated water supplies and food products such as
milk and fresh vegetables;

(c) Limiting outdoor activities in affected areas;

(d) Providing substances that limit uptake or enhance body elimination
of ingested radioactive isotopes that are released from the
accident;

(e) Monitoring the affected population;

(f) Providing clean-up equipment and instructions on its use; and

(g) Evacuating high risk areas.

4. CONFINEMENT SYSTEM

4.1 Post-accident management programme

The objective of the post-accident management programme at nuclear
facilities is to protect workers, the community and the environment from
exposure to radiation hazards.

In a post-accident scenario, depending on the type and severity of the
accident, the existing nuclear facility may be partially or completely
destroyed. This may result in uncontrolled releases to the environment as was
the case for Unit No. 4 at Chernobyl.

The immediate requirements are to commence emergency action such as
firefighting and to alert the media, both local and national, as time
permits. Efficient public communications are essential from the first
indication of a severe or 'beyond design1 accident. A public information
office should be established as soon as possible. The next requirement is to
start an assessment of damage and needs. Figure 4 provides a schematic
pie-chart designating various post-accident activities and the desired time
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period within which these activities should be accomplished. The actual time
will depend on the type of accident, location of the plant and general
preparedness of the authorities to handle such an event.

Post-accident actions can be considered in four stages:

Stage 0 Emergency action; Emergency work is required when the core has
severe damage, and release of radionuclides may occur. This
operation has the following main objectives:

to extinguish existing fires;
to measure radioactive release and assess severity;
to determine appropriate protective measures for the public
including public evacuation if necessary;
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to limit or terminate the release of radioactive products and
other wastes to the environment (if necessary);
to provide a barrier against potential secondary fires;
to provide interim shielding against radiation resulting from
the damaged reactor.
to control heat producing effects and provide cooling.

Time: First few days

Note: The resources for this stage should be maintained in a state of
readiness at all times.

Stage I Initial confinement; this stage comes immediately after the
emergency stage and consists of initial civil engineering
operations. The objectives are:

to provide a heat sink for the enormous amount of heat
generated from the damaged fuel mass (this may be an emergency
action);

to improve the shielding against radiation;

to improve the confinement of the radioactive products;

to establish the design for a more elaborate construction;

- to install safety and monitoring systems to make the facility
safe.

Time: Within a few weeks

Stage II Optimization of confinement; the progressive improvement of a
"sarcophagus" such as the Chernobyl confinement is representative
of this stage, the main purpose being:

- to maintain control of the release of radioactive
contamination;

to remove as much fuel as possible;

to provide adequate shielding against radiation;

33



to establish scientifically the course of events of the
accident;

to safeguard the adjoining structures and power plant units
(if any) so that these remain operable;

to permit authorized personnel to have access to the damaged
reactor and its components to: (i) provide measures to hasten
the cooling of the fuel mass and suppress any possible
self-supporting chain reaction, and (ii) carry out scientific
study of the damaged fuel mass.

Time: Next few years (on-going)

Stage III Permanent solution; This stage involves the construction of a
definitive structure designed for the long term. The objectives
can be formulated as follows:

to provide the required level of security;

to return the site to near pre-accident conditions in the near
environment, e.g. addition of a soil cover.

Structural integrity of the entombment should be assured over a long
time period (more than 1000 years). Final decision on permanent solution can
be deferred for many years after completion of Stage III.

Time: Within decades

4.2 General objectives of the interim confinement system

The confinement structure is not intended to provide an adequate
barrier for use of the facility either as a permanent storage or disposal site
for the damaged reactor and its components. The main functions of the
confinement system are:

(i) to stop the release of radioactive and other hazardous materials,
as well as direct radiation, into the environment as a result of
either partial or complete failure of the existing containment
structure due to an accident;
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(ii) to make the reactor and public safe from existing consequences or
possible future consequences of the accident;

In summary, the provision of the confinement system should broadly
satisfy the following objectives:

(a) to maintain control of the release of radioactive
and other wastes to the environment; I

(b) to provide adequate shielding against radiation
resulting from damaged reactor; I

(c) to provide a heat sink for the enormous amount of
heat generated from the damaged fuel mass and
hasten the cooling of the fuel mass; 0/1

(d) to provide a barrier against potential secondary
fires; I

(e) to provide a barrier against potential fuel
fragment missiles; I

(f) to safeguard the adjoining structures and power
plant units (if any), from consequences of the
accident; 0/1

(g) to permit authorized personnel to have safe access to
the damaged reactor and its components for monitoring; I

(h) to facilitate suppression of the self supporting chain
reaction (SSRC) in it; I

(i) to facilitate scientific study of the damaged
fuel mass; I/II

(j) to install safety and radiation monitoring
systems for access; I

For long-term confinement considerations, the highly radioactive or
contaminated damaged reactor and its components, as well as other contaminated
materials, may require in-place entombment as a permanent solution. The
in-place entombment should be a structure integral with the biological
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shield. The structure should provide integrity over the period of time during
which significant quantities of radioactivity remain in the structure. For
permanent storage and/or disposal of the contaminated materials, the
procedures discussed in other IAEA documents should be followed.

4.3 Assessment of needs: "What is required and when"

The site should be reconnoitered as soon as possible after a severe
accident to determine the need and assess the requirements for surface and
underground facilities. The requirements for facilities will be influenced by
the extent of damage to the existing containment structure and the extent of
contamination of the site and adjoining structures.

The assessment may require an innovative approach, unique to a
particular site and type of accident. The possible existence of high thermal
and radiation fields may preclude direct access to the damaged structure.

Post-accident actions depend significantly on the type of accident, and
we will refer here to two major types: (i) the Chernobyl type mishap, with
upward discharge of core fragments and radioactive volatiles into the air, and
that of (ii) core-melting and downward movement of a very hot, highly
radioactive fluid mass that penetrates the base confinement and interacts with
the underlying material. The latter type of failure is termed "hypothetical
core melt accident" in the document, since such an accident has not occurred.

After the emergency operations (Stage 0), an essential action in
developing a suitable design of the initial confinement (Stage I) is the
evaluation of the extent of damage to the structure. This should commence
immediately after the accident with remote photography and with temperature
and radiation measurements. However, since initial data may be unreliable,
the assessment should continue throughout the design and construction.
Information is required as to:

- Status of remaining structures with respect to strength and
tightness . This also includes the underground soil or rock
strata.

Availability of suitable material, equipment, techniques and
manpower for the confinement work.

36



Conditions at the facility with respect to:

1. Occurrence of self-sustaining chain reaction;
2. Location of melted part of core;
3. Heat distribution and heat removal conditions
4. Formation of hydrogen gas;
5. Radiation;
6. Groundwater contamination.

Data recordings during normal operation of the reactor may provide
indications of the type of accident which could occur, and various directly
observable phenomena (explosions, etc.) would indicate the approximate
location and extent of the building damage and impact on the reactor basemat.
While these factors provide a basis for a first assumption of the physical
state of the building structures and the basemat as well as the expected
production of heat and radiation, monitoring for systematic collection of
confirmatory information is required.

TV-cameras and remote photography can be used to get a general view of
facility conditions, but an accurate evaluation will require close access to
the respective structural components to identify and map fractures, measure
deflections, and take samples for strength testing. This of course would
present more difficulties in the case of a core melting accident that mainly
affects the structures below the reactor, than in Chernobyl type accidents
where most of the damage is exposed. As to the general site conditions, the
matter of criticality and self-sustaining chain reactions is a primary task in
Stage 0 and this requires, as in the Chernobyl case, neutron flux
measurement. Also, heat, radiation and pressure conditions must be
determined. Monitoring for these parameters should commence in Stage 0 as
soon as the general character of the accident has been identified. In the
case of core melting that mainly affects the basemat, there is an urgent need
to get information on possible groundwater contamination and on the physical
state of the sub-structure. This may require borehole drilling equipment and
instruments since no other way of getting data would be available.

Monitoring

The Chernobyl experience may be taken as an example of possible means
of conducting remote measurements and of the difficulties that may arise.
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"Buoys" equipped with sensors were lowered from helicopters, the signals being
transferred to recording centers by up to 1 km long cables. The sensors were
thermal elements (conductivity principle), thermocouples, and heat flux
meters, as well as gamma radiation detectors and anemometers for recording of
air flow rates. Pressure sensors were also used. Several gauges of each type
were mounted on the "buoys" so that information could be obtained as to the
direction of flow and temperature fields. The same type of sensors were used
later for the instrumentation of holes that were drilled through the original
and supporting structure. This type of monitoring would also be applicable to
the other major type of accident, i.e. the core-melting case that mainly
affects structures below the reactor, although the latter type of accident
would also require instrumentation of boreholes around the reactor site with
piezometers for the recording of pressure build up and for water sampling.
High pore-pressures that may arise in the ground by temperature increase, lead
to a drop in effective stress and therefore also in bearing capacity and slope
stability if the ground consists of fine-grained soils.

Needs, stage by stage

Measurements and recordings should be evaluated quickly to form a basis
for the design for containment. In Stage 0, the radiation levels, heat
release and possibility of access to the failed core, must be assessed
immediately. Also, possible fire and the existence of potential fire sources
(hydrogen gas production) must be identified at once.

In Stage 1, the evaluation of the physical condition of the remaining
building structures is of major importance. The heat release, which
determines to what extent ventilation is needed, and the radiation levels at
various distances from the failed core are also of great importance for the
selection of the proper design for containment. In the case of the Chernobyl
accident, it soon became apparent that the high radiation levels prevented
construction of new walls in the conventional way, and they had to be
constructed remotely in stepwise fashion, in the form of terraces (Fig. 5).
For the case of core melting accident that leads to underground damage and
spread of radionuclides in the groundwater as indicated by groundwater
sampling, excavation of cut-off trenches filled with bentonita or concrete as
horizontal flow barriers, may be necessary. Conventional techniques can be
used for such construction, the design basis, being determined by ordinary
soil mechanics theory and practice. Figure 6 shows the completed Chernobyl 4
confinement system.
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FIG. 5. Building the second terrace on the north side of Chernobyi NPP Unit No. 4 [8].

For the work in Stage II, the static function of the building
structures, including the additional confinement components, such as wall
buttresses and new roof construction, must be analyzed for possible further
improvements with respect to stability and tightness. This investigation
should include an assessment of the bearing capacity of the underlying
material if it consists of clayey soils, the stability of possibly existing
slopes, and a prediction of ground settling that will result from the
consolidation of the heated soil, which may also be subjected to increased
loading from added structural components.

Stage III involves consideration of the long term stability of concrete
and radionuclide migration through concrete constructions and surrounding
soil. This work is largely based on hydrogeological and climatic
considerations [13].

39



FIG. 6. Chemobyl NPP Unit No. 4 after completion of the post-accident confinement system.

4.4 Types of facilities that may be required

4.4.1 Surface facilities

In order to provide the confinement structure (Stage I) soon after an
accident, a number of surface facilities may be necessary . The actual
requirements will depend on the availability of similar usable existing
facilities in the vicinity of the nuclear facility:

- Access roads and railroads

Construction camp (away from reactor site)

Temporary field laboratories for testing and monitoring (away
from reactor site)

Shelters and shielding for construction crews to minimize
exposure to radiation near reactor

Ground cleanup and concrete cover near work site
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Temporary washroom and change facilities

Workshops for fabrication and manufacture of constructional items

For Stages II and III requirements, more permanent structures, as well
as protective barriers, may be required. Each facility may require on-going
safety control systems.

4.4.2 Underground facilities

In the case of a core melt, the molten material (core, metal, concrete)
may penetrate the basemat of the reactor or destroy supporting structures in
the containment. As studies in Germany show, a basemat, even more than 6 m
thick, may be penetrated within 5 days [8]. If this occurs or is suspected,
the following underground facilities may be necessary:

Vertical access shaft to prepare for horizontal tunneling;
- Tunnel to the underside of the reactor;

Cavity with cooling system, to catch molten fuel.

The volume of the molten material will be larger than the fuel volume
since it will contain debris from structural damage. This effect has to be
considered in designing the cavity required to catch molten fuel.

4.4.3 Ventilation system

The design of the post accident ventilation system will be unique to
each situation. The ventilation system should use both natural and forced air
flows with a recognition of the need for cooling and contamination control as
necessary.

The design of the ventilation system may require experimentation on
site, coupled with theoretical calculations and the development of
mathematical models, to describe the cooling processes.

There may be a need for forced ventilation that exhausts to the
atmosphere through a special filter system such as a HEPA filter. The filters
will require continuous monitoring to ensure clear passage.
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4.4.4 Water collection, storage and disposal

The dewatering system must be designed to process the following waters
and dispose of them:

(i) water used in fire fighting;
(ii) process cooling water including emergency core coolant in the

reactor;
(iii) contaminated groundwater adjoining the damaged reactor.

Each site will have unique requirements. The dewatering system should
have ample reserve capacity and may require on-site testing for proper
functioning. Groundwater data could be obtained from design documents for the
existing structure. If groundwater is near the surface, provisions should be
made to prevent contamination by surface water. Contaminated water may need
to be stored in a holding tank, a series of holding tanks, or lined pond prior
to treatment and disposal.

4.5 Safety, shielding, construction and technical criteria for design

4.5.1 Safety criteria

(a) One of the major considerations in the design of a post-accident
confinement system is the speed at which it can be constructed.
Rapid design and construction is critical to limit the release of
large quantities of intense radioactivity and other waste materials
to the atmosphere for overall public safety.

(b) The safety criteria for the design of a confinement system should
be based on an assessment of the release of radioactivity permitted
for the facility condition and the allowable dose rate. The
criteria should be based on the ALARA principle within the broadest
possible definition that circumstances dictate. These criteria
should be reassessed against prevailing circumstances as time
elapses after the accident.

(c) The safety criteria should require a disciplined structured
approach to safety and construction, based on previously developed
safety practices and criteria for the plant and compliance with any
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specific requirements of the National Regulatory Body. In the
absence of specific requirements, they should be established with
the approval of the National Regulatory Body.

(d) Other safety issues such as the internal hazards (e.g. potential
secondary fire, missile fragments, etc.) and external hazards (e.g.
seismic events, flooding, tornadoes, etc.) should be considered in
the design to the extent practical.

(e) While numerical targets and probabilities should be computed, the
emphasis should be given to good engineering practices, including
the use of a conservative design and well proven components for
which validated data exist.

(f) For the initial post-accident confinement system, the safety review
process may be abbreviated and should be undertaken jointly with
the National Regulatory Body. The requirements for the safety
analysis reports for a specific plant should be based on the type
of accident and the type of confinement system required.

(g) If in place entombment is considered, the safety criteria should be
revised commensurate with the environmental impact study and as
required by the National Regulatory Body.

4.5.2 Shielding criteria

(a) The confinement system should be designed to provide adequate
shielding against radiation, based on the ALARA principle but
balanced by the need for rapid construction of the confinement
system. The impact on the nearby environment and ongoing cleanup
activities shall be assessed. The provision of shielding shall
follow the requirements of para. 4.5.1.

(b) In addition to meeting the recommendations of the shielding
assessment, the design and the material used for construction of
the confinement structure should be compatible with the existing
damaged structure.

(c) If in place entombment without fuel mass removal is considered, the
structure should be designed commensurate with the requirements of
a biological shield for the period of time that contained
radioactivity remains hazardous, and should meet the requirements
established by the National Regulatory Body.
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4.5.3 Construction criteria

minimization of construction time;
use of the simplest, most reliable, and well-established means of
construction;
minimization of radiation doses to construction workers;
removal of the heat by ventilation, convection and conduction.

- stop the release of radioactive materials.

4.5.4 Technical criteria

There are many factors that should be considered in selecting the
technical and design criteria. Some of these factors are:

radioactivity characteristics and radiation intensity;
- type of existing structures;
- type of accident;

characteristics and activity of radioactive materials (including
heat transfer and shielding requirements)
public health and safety;
worker safety;
environmental impacts;
national design standards;
geotechnical site conditions;

- construction materials;
construction equipment;
skilled manpower resources.

Most of these factors can be evaluated and quantified; many are discussed
in detail elsewhere in this report. The radiation exposure to workers can be
estimated and monitored. Minimization of worker exposure is considered
important but standards may be relaxed in emergency situations (Stage 0)
including the designs and plans for constructing the initial confinement
structure (Stage I). For subsequent stages, the minimization of radiation
exposure will be a primary factor in comparison of alternatives and normal
exposure standards use [15].

The following checklist in Table 5 details the various factors.
Ref [13] provides a good account as to how the required data was obtained at
Chernobyl 4.
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TABLE 5. FACTORS INFLUENCING THE DESIGN OF ACCIDENT MITIGATION STRUCTURES

Type of Existing Structure

Type of Nuclear Facility

- Gas cooled
- Light water cooled
- Heavy water cooled

Liquid metal cooled
Reactors with graphite moderation

Construction Materials
Reinforced concrete
Prestressed concrete
Metal

Shape of Structure
- Circular with domed roof
- Square or rectangular

with flat roof

Data Availability
From existing design
documents and drawings.

Note:
1) It is assumed that the

design documents and
drawings are available
(i.e. not destroyed during
the accident).

2) This can be assured by having
a set of these documents and
drawings at an off-site
location.

Note:
1) Location of nuclear

facility (proximity to
population, international
boundary, close to
sea/fresh water body,
condition of foundation)
would help in deciding design type.

Type of Accident
Partial

Rupture to containment
Gaps and holes
Roof collapse
Reduction in strength

Total
Collapse of containment
Damaged adjoining structures
Melt-down of fuel

From monitors and alarms.

Also by human observations.

Note:
1) One or more special

reconnoiterings may be
necessary with special
probes and tools. They may
not be initially feasible
due to the extent of the
accident.
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TABLE 5. (cont.)

Characteristics and activity of
radioactive materials
- Type of waste

- Liquid
Particulates

- Gases
- Airborne nuclides
- Direct debris

Data Availability

From monitors and instruments
in place and human observations.

Intensity and quantity
Radiation fields (shielding needs)

- Thermal fields (heat transfer)
- Volume of waste

including liquid waste
Note: 1) Pre-accident inventory

(type, location, etc.) of
radioactive materials at
plant would help to assess
waste characteristics.

Note: Additional monitors and
instruments may be needed
for special sampling and
testing of waste.

Public Health and Safety Impacts
Accident consequences
Radiation exposure

- Evacuation plans
Transportation

Occupational Safety

Radiation exposure
Personnel safety

- Accident analysis/consequence

From assessment of waste
characteristics„
Note: The impact on piiblic

health and safety will
determine the speed with
which the design and
construction of the
confinement structure
must be completed.

From Regulatory Requirements
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TABLE 5. (cont.)

Environmental Impact

Note:

To Atmosphere
To Ground surface
To Groundwater
To Surface water
To Living organisms
1) Design criteria

to be based on
national regulatory
requirements for
radioactivity releases

National Design Standards
- Building Standards

Safety Standards
- Nuclear Structure Standards

Environment Protection
Standards and Laws

Labor laws

- Regulatory requirements

Data Availability
From surveys and measurements
and human observations.

Note: 1) A special sampling
and testing may be
necessary for an
extended period to
determine the design
structure.

2) Ultimate site use to be
determined and when
such use is feasible.

From regulatory authorities
and standards association.

Note:
1) Some relaxation in the

requirements may be
necessary, at least, for
the initial confinement
structure. This shall
be agreed with the
National Regulatory Body.

Site Conditions
- Geotechnical

Groundwater
Surface Water
Rainfall and other climatic data

- Seismic
Access

- Topographical

From the design documents
and drawings of the existing
structures.
Note:
1) If necessary, additional

site investigation may
be carried out as
time permits.
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TABLE 5. (cont.)

Isolation and Construction Materials
A Primary Isolation

choice:

Dolomite CaMg(C03)2 if
T > 1000 °C exist

Silicon sand for heat transfer
- Bentonite clay for contamination

fixation
Lead for radiation shielding
Boron carbide for neutron capture

- Gradolinium and other materials of
high neutron captive cross-section

B Civil Engineering
choice of cement:
- Cement with slag for high mass
- Cement with fly ash for ease

of injection
Ordinary Portland cement for
structures with strength

choice of aggregates:
- Coarse silicons and non-porous

aggregates for concrete
- Silicon sand for mortars and

concrete
choice of formulas:

low water/cement ratio
use of retarder where high

temperatures exist
use of plasticizer or superplasticizer
when pumping non shrink grout for
local sealing

grouts for long distance transfer

Data availability
Inventory data of the
different products

Availability
cement
fly ash
slag
concrete aggregates
sand
additives
structural steel

Inventory data of
available
sand/aggregate quarries,
cement plants, additive
products, and concrete
plants near the
nuclear facility.
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TABLE 5. (cont.)

Construction Equipment
- Availability (regular update)

Concrete Ready Mix Plants
Concrete pumps
Vibrators and Compactors
Excavators

- Cranes - mobile
- vertical heavy lift

- Water tankers
- Jack Hammers
- Blasting Equipment

Bar bending facilities
Structural Shell Fabrication
Shops

Welding equipment
Others (e.g. Tunnelling

equipment)

Data Availability
Data inventory of
available construction
equipment and/or of
qualified construction
companies in the areas
in proximity of the
Nuclear Facility to be
developed and available
at an off-site base.

Manpower Resources (updated regularly)
- Availability of manpower

- skilled

Data inventory of skilled
manpower in the vicinity
of the Nuclear Facility
to be developed and made
available at an off-site
location.

- Willingness to work in
high risk areas

Note: 1) The preparedness
of personnel to
work in high risk
area to be determined
and necessary
remuneration,
compensation, etc.
to be worked out.

4.6 Design

4.6.1 Design basis

The design for the confinement system should be based on the expediency
required to control the accident. The decision to proceed with and accept the
design basis should be made by the National Regulatory Body and the national
authorities.

The following guidance in Table 6 is offered to enable actions to
generate response from the National Regulatory Body and other authorities.
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TABLE 6. DESIGN BASIS INFORMATION

ITEM

1

2

3

4

5

6

7

DESIGN
BASIS

Design
Life

Design
Loads

Shielding

Concrete
Design

Structural
Steel

Aggregates

Stability

STAGE I
INITIAL
CONFINEMENT
STRUCTURE

up to
10 years
- Gravity
- Temperature
- Seismic to
National
Building
Standards

- Live Loads

Minimum to
return to
equivalent
of original
structure or
as necessary
to limit
radiation and
heat to
acceptable
levels
National
Building
Code

National
Building
Code
As available

National
Building
Code

STAGE II
INTERMEDIATE
MODIFICATIONS
TO CONFINEMENT
STRUCTURE

50 - 100 yrs

- Gravity
- Temperature
- Forces from
accident
analysis

- Seismic to
Nuclear
Standards

- Live Loads
- Wind
- Water
- Other external
hazards

In accordance
with shielding
assessment
analysis

Nuclear
Code

Nuclear
Code

Nuclear
Codes

Nuclear
Code

STAGE III
IN-PLACE
ENTOMBMENT

500 - 1000 yrs

- Gravity
- Temperature
- Forces from accident
analysis

- Seismic to National
Regulatory Requirements

- Live Loads
- Wind
- Water
- Other external hazards

In accordance with
the National Regulatory
Requirements

Nuclear Code plus
additional requirements
as agreed with National
Regulatory Body
Nuclear
Code

- non-alkali reactive
aggregates

- special tested aggregates
not prone to chemical
attack

Overall suitability
to the National
Regulatory Requirements
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4.6.2 Design procedure

The design of initial confinement structure may be required to be
carried out in a short time. In order to assist in various steps necessary to
achieve acceptable and useful designs, a flow diagram, Figure 7, is proposed.
This procedure evolves from data collection to final design. With some
variation, similar flow diagrams can be developed for accident situations, as
well as for permanent solution type designs.

4.7 Construction

4.7.1 Purpose

The aims of Stage 0 operations and Stage I construction are given in
Subsection 4.1. The construction should be carried out so as to satisfy these
requirements. The proper construction techniques and procedures are necessary:

to make the construction period as short as possible;
- to utilize a minimum number of workers at the accident site;

to optimize the use of available construction equipment.

The construction techniques should be flexible enough to allow
installation of necessary monitoring and testing devices and to permit
modification of construction procedures in response to the data collected from
such monitoring and testing devices. For Stages II and III types of
confinement structure, the construction should be carried out in accordance
with the requirements of the National Regulatory Body.

4.7.2 Construction techniques

A bold and innovative approach in developing construction techniques
may be necessary. This will be unique for an accident at a particular site.
Actual construction techniques will depend on:

type of accident;
the extent of damage;
actual measured 'near-field' thermal and radiological fields at
the accident site;

- available resources.

The success of construction techniques may depend on the development of
special equipment and tools to meet with the exigencies of the accident site.
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4.7.2.1 Construction mobilization

(a) It may be necessary to mobilize external resources (national
and/or international), if they are not available in the proximity
of the accident site. This is particularly important for
operations which are required to suppress and contain fire and
radiation (see Stage 0, para. 4.1) immediately after the accident
and for design and construction of Stage I type (see para. 4.1)
confinement structures. International co-operation and
assistance may influence the actual construction techniques used.

(b) It may be necessary to secure the use of major airport
facilities, railroads, road transport vehicles and access roads
for transport of materials, equipment and manpower resources.
The extension, modification and development of further transport
facilities (e.g. development of a heliport) may become necessary
to allow smooth and fast flow of required materials, equipment
and manpower.

(c) A site camp at a place located as near as feasible to the damaged
nuclear facility, but if possible outside the contaminated zone,
may be required. The site camp should be large enough to provide:

accommodations for all construction, technical and
supervisory manpower;

necessary living and health facilities, including change
rooms for the personnel;

necessary field monitoring and testing laboratories (e.g. for
biological and materials testing);

workshop and fabricating facilities with necessary tools and
machinery.

The site camp should be available prior to start of Stage I
construction. Due to time constraints, such a camp is not feasible for Stage
0 operation. It may be necessary to utilize existing buildings and facilities
(e.g. school premises) temporarily prior to completion of the site camp.
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(d) The choice of site construction management will be critical in
implementing the construction efficiently and quickly. The best
management manpower available locally or imported from external
sources (national and/or international) should be secured.

4.7.2.2 Construction procedures

Procedures should be developed to carry out all required
construction activities in a timely and quality fashion. The
procedures should consider the following construction techniques
in order to minimize radioactive doses to workers and shorten the
construction time:

development of a working sequence e.g. rotation of workers;

- development of shielding barriers e.g. building of temporary
walls in stages and progressively;

use of prefabricated modules (built at the site camp or at an
uncontaminated location);

use of mechanized construction to allow the minimal number of
workers in the construction zone and to allow 'fast-track'
construction.

(a) The rotation of workers should be utilized to minimize the
radiation exposure during construction immediately after the
accident (i.e. for Stage 0 and Stage I). The individual doses
should be kept low, based upon the ALARA principle, without
sacrificing the optimal speed for construction. The radiation
dose should not exceed the limit allowed by the regulatory bodies
for emergency situations. The optimal speed for construction is
assessed by taking into account many factors, e.g. type of
accident, magnitude and extent of radiation and thermal release,
extent of actual structural damage and importance of repairs in
mitigating the consequences of the accident. It may be necessary
to adjust construction speed from time to time, dependent on
specific constraints on each construction activity.
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(b) In order to reduce the impact of radiation, stage-by-stage access
into the damaged area may be necessary. This may result in
progressive construction of temporary shielding walls. From
behind each wall, the construction crew could work to build the
next wall until the crew can safely perform the final Stage I
type construction.

(c) The use of prefabricated modules and mechanized construction
would result in 'fast-track' construction. This is imperative in
meeting the primary objective of providing Stage I construction,
namely to control release of radioactive and other waste to the
environment.

(d) At Chernobyl 4, the protective walls were built in the following
manner. Metal structures forming the supports for the protective
wall were assembled several kilometers from the reactor. These
assemblies were moved into place and then, with the aid of
pre-installed concrete delivery pipes, concreting was carried out
by remote control. Although radiation levels beyond the
protective walls were high, operations were carried out within
safe dose levels by making use of both protective equipment and
robots. However, robots had a limited life and use in the very
severe radiation fields. (See Figure 8)
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FIG. a Cross-section of the reconstruction scheme of Chernobyl NPP Unit No. 4.
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The repair of the breached containment structure, or provision of a
confinement structure should utilize a simple, reliable and conservative
design so that the construction can be carried out quickly, easily and
remotely, if necessary.

At Chernobyl 4, the engineers built a covering of structural elements
with a span of 55 m, using the surviving walls and the top of the existing
building as support for them. The initial structure was needed to limit
uncontrolled release of radioactive and other wastes, and the design did not
require rigorous analysis to demonstrate sufficient strength to support all
loads normally required by the nuclear standards. The design should be
modified as necessary once construction begins, to accommodate actual site
conditions.

The initial confinement structure should be considered temporary until
it can be modified or strengthened to comply with the requirements of the
National Regulatory Body.

Because concrete is remarkably versatile and universally available, it
should be a prime candidate for use in constructing the confinement
structure. An important factor is the material's "repairability". Concrete
strength is reduced when heated, therefore, care is required when evaluating
concrete as a construction material.

4.7.3 Construction materials

The selection of construction materials depends on the stage of
construction. For Stage 0 operations, where fire and heat suppression are
paramount considerations, the primary isolation materials required may be any
combination of the materials listed in Table 6 under "Isolation and
Construction Materials, Part A". The selection of materials is dependent on
the type of accident, fuel mass degradation, and the magnitude and cause of
fire and/or heat in the reactor structure.

For the Stage I type confinement structure, the materials selected
should be compatible with the existing structure. The selected materials and
mix (especially concrete mix) should lend themselves to be placed by use of
available equipment and by remote control. For example, the concrete grout
mix should have good pumpability and fluidity characteristics which enable
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placing it by remote control. For Stages I, II and III, the acceptable
materials are listed in Table 5.

Concrete may not be appropriate for use in the emergency response to
the damaged reactor in cases where the radiation and the temperature levels
are high enough to cause a volatilization of the concrete water.

It was found at Chernobyl [5,6] that a combined number of inorganic
compounds (dropped by helicopter) gave good results in combating the immediate
consequences:

Boron carbide (B.C) to ensure against re-criticality.

Dolomite CaMg(CO ) to generate carbon dioxide and anoxic
«3 £*

conditions at high temperature;

A mixture of clay and sand to quench the possible fire and
introduce an immediate filtration (or fixation) for radionuclides
being released;

Lead (Pb) to absorb heat by melting and to provide a liquid layer
that would in time solidify to seal and shield the top of the
core vault. However, the dangers of lead pollution should be
considered.

The individual success of each of these materials still needs to be
evaluated from the Chernobyl experience. Two specific concrete requirements
can be distinguished in the confinement reconstruction. These are the use of
special concretes for shielding and the use of concrete in the broader sense
for civil engineering operations.

The selection of the basic materials for the civil engineering
operation is based on the durability and effectiveness of the confinement
system and on the ways in which the materials will be used. The initial
construction may require many grouting operations in a hostile environment,
and it may be necessary to use a lengthy transfer along a pipeline. In this
case, a maximum fluidity is very important, and preferably cement with fly ash
in association with a superplasticizer and a retarder should be used [16].
Cement with blast-furnace slag may also be suitable in view of its ability to
fix a large number of radioactive species. In either case, the water/cement
ratio must be as low as possible to increase the strength, but also to
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minimize radiolysis (preferably the water/cement ratio should be less than
0.4). Many parts of the confinement system will require the use of concretes,
mortars, or reinforced concretes where strength is important. Such materials
require generally the use of ordinary Portland cement (walls, roof, etc.) and
good quality aggregates. For heavy concretes used in the elevated shielding
walls, special aggregates like barytes (BaSO ), hematite (Fe 0 ),

T1 £â J

ilmenite (FeTiO„) or iron shot have to be employed when radiation protection
is needed against gamma radiation. Numerous examples of concrete compositions
are given in reference [17]. When structural steel is employed, cement with
fly ash is not very suitable because of the low pH generated in the long term
that may increase corrosion of steel reinforcement. This inconvenience could
be eliminated by calcium hydroxide additions, but the addition of lime is not
always compatible with good durability if water is present.

For the parts of the confinement requiring high volumes of concrete the
heat of hydration becomes too high for ordinary Portland cements. In this
case, the use of concrete with a low heat cement and a limestone or blast
furnace slag filler is recommended. Formulations of grouts, mortar or
concrete should usually be chosen to give a low permeability and a low
shrinkage. The latter can be obtained by use of several measures:

addition of shrinkage compensating agent (especially for grouts);

use of high aggregates/cement ratios, especially for mortars and
concretes);

- use of good quality aggregates (non-porous, preferably silica) to
diminish water absorption.

The quality of the silica in the sand or the gravels must preclude the
possibility of alkali-silicate reaction with time (hydrated silica is
prohibited).

All of these questions related to the choice of basic materials and
formulations need more detailed consideration. Such experience may be
obtained from waste management work. However, the selection of materials is
dependent on the type of accident, fuel mass degeneration, and the magnitude
and cause of fire and/or heat in the reactor structure. For special
applications such as the sealing and repair of damaged structures, civil
engineering experts in structural repairs can provide a valuable contribution.
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4.7.4 Chernobyl 4 experience

(a) Background of Accident

At 1:23 a.m. on Saturday 26 April 1986, the operators started to
perform a special test with one of the two turbogenerators. Forty seconds
later, a very sudden increase in the reactor power (multiplied by 1000 in four
seconds) occurred. The result was that the fuel overheated and broke into
minute hot pieces, which came into contact with the water coolant, which
rapidly vaporized, producing a shock wave which destroyed the reactor
structure in an explosion type of accident. Various chemical reactions then
occurred in the core, and the graphite caught fire. The radioactive releases
lasted for ten days and were eventually stopped after 5000 tonnes of absorbing
materials had been dropped by helicopters on top of the core. (See [5] for
more detail).

(b) Construction of Confinement Structure

The Chernobyl 4 post-accident confinement structure was designed for
maximum speed of construction to enable prompt control of the consequences of
the accident. Eighteen possible versions of the confinement structure were
examined. Many of these designs would have required significant quantities of
materials and high labour input. The approach eventually selected allowed the
construction period to be reduced significantly. The principal idea behind
the concept was that both intact and damaged structures of the unit should be
used as supports beneath the new cover. In order to reduce radiation levels,
stage-by-stage access into the unit was envisaged.

The assembly work was carried out on three sides with cranes
manufactured by the German company Demag. These cranes had a lifting capacity
of 600 t on the main jib and 112 t on the additional jib with a reach of 78
m. See Figure 9 for location of main construction equipment.

To monitor any subsidence and deformation of the newly erected
structures over time, geodesic markers and benchmarks were set up. The
following organization and technical measures were specially developed for the
work at Chernobyl 4.

o Special techniques for concreting work, involving the use of remote
control grout pumps were developed. Methods for the assembly of
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FIG. 9. Location of the main construction equipment at Chernobyl NPP Unit No. 4.

concrete framework using sacks filled with concrete or rubble, were
introduced. Special metal boxes with metallic or heavy plastic net
bottoms were also developed. This framework was to be infilled
remotely using a high fluidity grout.

A system of remote control was introduced. A central operations
post with television cameras was set up for monitoring the
installation process. The post was connected to outlying mobile
television cameras mounted directly on the crane jibs and on
special towers located at points of maximum field of vision (see
Figure 9).

Special guides were developed to make it possible to bring
structures accurately into position.

Unique methods were introduced for strapping and unstrapping the
structures (for lifting) without the need for direct human
intervention, including equipment that made it possible for crane
hooks to engage the strap loops.
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o Special protective cabins for the cranes were developed to enable
operators to follow the placing of modules during construction.

o A technique was developed which allowed a strictly horizontal
surface to be created on uneven surfaces.

3Overall, around 400,000 m of concrete was placed. In addition,37,300 t of metal structures were assembled and 90,000 m of soil was removed
and transferred.

4.7.5 Three Mile Island (TMI-2) experience
(a) Background of Accident

At the end of March 1979, a loss of coolant type of accident happened
at TMI-2. There was a large radioactive release from the damaged fuel into
the primary circuit, and from that circuit, through the faulty open relief
valve, into the reactor building. However, the leakage of radioactivity into
the environment remained very limited because the reactor building played its
role of containment.

(b) Mitigating the Consequences of the Accident

Since the containment building remained intact and performed its role
of containment, no construction activity was required at the site. However,
it was decided to place the plant into safe storage by removing the fuel and
performing decontamination. When defuelling is finished, TMI-2 will go into
monitored storage. About 99 percent of the fuel will have been removed.
Low-level radioactive waste will be packaged and shipped for disposal. The
following technical measures were used at TMI-2:

- To defuel the reactor vessel, workers inserted tools, with handles
up to 40 feet long, through a slot in a rotating work platform.
They wore protective clothing and respirators to prevent
contamination by particulate radioactive material. The platform
and the water provided shielding.

The lower core support plates made of stainless steel were cut by a
50,000 degree plasma arc torch which operated underwater,
controlled by computer.
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Contamination was washed from floors, walls and pipes using
high-pressure water sprays. Radioactive material was removed from
concrete using air chisels and hydraulic pounders to break up the
top layer. Specially-designed robots were sent into high radiation
areas.

Extensive radioactivity remains in the basement. Contamination
there is immobilized, embedded in the walls. To avoid exposure to
workers, this radioactive material will be left to decay in place.

4.7.6 A Hypothetical core melt-down accident

To analyze the behaviour of a NPP beyond design conditions, and to
assist in the development of accident management procedures, several
hypothetical severe accident scenarios in light water reactors have been
investigated in Germany [1]. In view of the large variety of possible failure
combinations, severe accident scenarios are possible. The following
hypothetical scenario may be regarded as an envelope covering the most severe
effects.

The worst case in a severe accident spectrum is a hypothetical core-
melt-down without any active counter-measure to stop the damage (e.g. by
cooling the molten core). In a PWR the integrity of the original reactor
building may be destroyed and a release of radioactive material into the
environment may happen due to the following effects:

(a) Core starts to melt

Core material might penetrate the reactor pressure vessel and fall
onto the concrete floor of the reactor cavity; the core debris is
maintained at elevated temperatures (up to 2400 C) by decay heat
from non-volatile fission products retained in the melt; erosion
of concrete starts and large quantities of water vapor and carbon
dioxide are released from the decomposing concrete. Due to
chemical reactions with the melt, flammable gases such as hydrogen
are generated.

(b) Local or global hydrogen burns may cause pressure spikes and
destruction of the containment resulting in a release of
radioactive materials;

62



(c) Steam explosion in the pressure vessel may cause failure of the
pressure vessel and of the containment, combined with a release of
radioactive materials to the environment;

(d) The pressure vessel might burst in a high pressure situation,
which could lead to a rupture of the containment;

(e) Core material might melt through the basemat and penetrate into
the soil and/or destroy supporting structures and foundations,
which also could lead to a failure of the existing reactor
building.

In the case of a severe core melt accident, one has to identify what
could happen to the specific type of reactor. If the danger of basemat
penetration by the molten core exists, one has to act as soon as possible to
prevent a large scale contamination of the environment. It might be necessary
to build deep trenches around the entire plant to limit the contamination of
ground water. The plant site may also require isolating from a river, which
is often present near a NPP for cooling purposes. Furthermore, a tunnel under
the reactor may be required to install a system to catch the molten core and
cool it. It should be noted that, if the original containment is not
destroyed and a considerable overpressure exists inside, radioactive gas may
be released through the basemat and move through the soil or even pressurize
the molten core into the soil.

5. SURVEILLANCE

5.1 Monitoring programmes and data collection

There are two main types of monitoring programmes associated with
post-accident confinement systems:

- radiobiological and ecological programme
- technological programme

The main goals of the radiobiological and ecological programme will be:

forecast and measure the external and internal radiation exposure
of the personnel at the site and the population of the neighboring
area;
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- evaluate the level and type of radioactive contamination in air,
water, soil, biota, and buildings in the area affected by the
release; and

obtain information on impacts of radioactivity on biota (stress,
mutation, health effects, and mortality).

The main goals of the technological programme will be to:

assess the accident's type, scale and specific details in order
to choose an appropriate post-accident action plan;

- monitor the safety related parameters in order to maintain
appropriate follow-up action activities; and

- accumulate information for improvement of the general nuclear
facility safety.

5.2 Monitoring equipment

Although many equipment/instrumentation needs will be common to both
types of monitoring programmes, some equipment needs will be specific to each
type. Specific equipment needs for the radiobiological and ecological
programme include:

y an(i ß ~ dosimeters of conventional sensitivity measuring
dose to people and the environment;

transportable y ~ dosimeters and y-spectrometers including
airborne dosimeters for fast measurements on large areas;

- gamma spectrometry of conventional and mobile types;

field equipment for collecting environmental samples, e.g.
aerosol, soil, water, vegetation;

radiochemical and a-ß-y-spectrometry laboratory equipment
for evaluation of environmental samples; and

whole body gamma monitors and spectrometers.

64



Specific equipment needs for the technological programme include:

gamma irradiation monitors suitable for a high radiation level;

temperature, heat flux and neutron flux monitors suitable for a
high gamma radiation background;

- cooling equipment control devices;

131instruments for rapid analysis of I and other important
radioisotopes in air samples.

Special attention should be given to the capability for remote
installation of monitors in high radiation areas [6,14].

5.3 Record keeping

Data accumulation and record keeping should be managed in a manner
which makes readily available the information required for the selection of
the appropriate design for the confinement system and the prompt evaluation of
the functioning of the system. Record keeping should provide ready
retrievability of data for immediate use and for eventual long-term retention.

5.4 Reporting/documentation

Data reporting will be required in the short-term aftermath to evaluate
the overall consequences of the accident and to document the action taken and
the effectiveness of this action. In cases where long-term confinement is
required, documentation must be put in such a form as to be useful at the end
of the confinement period. This could involve document archiving, computer
disc archiving, time capsule, etc. In addition, whenever a major incident
occurs, the local national authorities, the public, the media and politicians
should be notified as soon as possible.

5.5 Future of the site

The future use of the site, or the level of restrictions against its
use, depend upon the nature and scale of the accident. Particularly, if the
presence of radioactive material outside the confinement system can be reduced
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to the level that only the confinement system must be restricted/controlled,
the overall site restrictions can be minimized. It must be recognized that
long-term confinement will require continuing monitoring programmes to
evaluate the effectiveness of the confinement. Modification/repair of the
confinement system to correct deficiencies or improve effectiveness may be
required. Finally, it must be recognized that long-term confinement may
extend beyond the period of institutional control, so that long-lasting
devices such as ceramic discs, monuments, time capsules, etc., should be
incorporated into the cover placed over the confinement system to warn
inadvertent intruders.

6. REGULATORY REQUIREMENTS

General objectives of the confinement system have been identified in
Section 4 of this report. In order to determine the acceptability of these
objectives, acceptability criteria must be developed by the appropriate
national regulatory bodies or international organizations.

Acceptability criteria should provide an adequate degree of protection
for people and the environment and should address:

radiobiological impact on workers and on general population
- conventional safety

immediate environmental impact
long-term environmental impact

Since the confinement structure can be envisaged at different stages of
construction and refinement, correspondingly different criteria, with
increasing levels of safety should be developed for each stage. In the first
phases of construction, acceptability criteria can be based on safety and
radiation protection requirements for emergency situations. For long term
confinement, more stringent acceptability criteria must be utilized that are
consistent with criteria for decommissioning a nuclear plant and/or long term
disposal of wastes. In fact, many factors utilized in developing
acceptability criteria for decommissioning and waste disposal systems are
similar to those recommended for confinement structures (for instance: degree
of radioactivity isolation, overall radiological impact assessment, barriers
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to radioactivity migration, confinement time). The period of time over which
performance criteria for the confinement structure must be met is a
particularly important regulatory requirement which will be determined by the
appropriate regulatory body, depending principally on the type of
radionuclides present.

7. OPTIMIZATION OF THE CONFINEMENT DESIGN

The optimization of post-accident measures, which includes the
confinement design, depends on the acceptable radiation dose levels. The
impact of the accident should be assessed with respect to radioactivity
release and spread near the nuclear facility and in areas farther from the
damaged facility. An impact assessment programme should be organized and
implemented to determine the optimal measures to mitigate the consequences of
the accident. This programme will essentially have 4 components:

"Near-field" (i.e. internal to site) - near term (Stages II & III)
"Far-field" (i.e. external to site) - near term (Stage III)

- near term (Stages I & II)
- long term (Stage III)

7.1 Near-field

Once the Stage I confinement structure is completed, an extensive study
of the design and its impact in mitigating the consequences of the accident
should be undertaken. This study will encompass one or a combination of the
following:

Risk assessment
- Reliability study of measures implemented during Stage I
- Safety assessment
- Shielding assessment

Soil/structure interaction analysis
- Long-term migration potential

Based on the above studies, the optimal and acceptable designs for
Stage II (modifications, additions to Stage I) can be implemented. In
addition to the above studies, far-field type (see 6.2) studies may be
necessary.
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7.1.1 Near-term considerations

If an interim confinement structure has been erected, an assessment of
the period of time for which it will provide safe containment of the
radioactive materials should be made. Any necessary repairs or modifications
to the structure should be designed with consideration of the final long term
configuration as well as heat generation rates, ventilation requirements, the
types and quantities of radioactivity present, and public, occupational, and
environmental safety.

The near-term optimization process should follow the principles of
radiation protection recommended by the National Regulatory Body and described
in Ref. [12]. Modifications to the confinement system should be made as
necessary to assure that the As Low As Reasonably Achievable (ALARA) principle
is followed for both public and occupational exposures.

Apart from modifications to the confinement system, considerations
should be given to assessing the containment of the fuel mass remaining in the
damaged facility. This may require further monitoring and installation of
controlling devices or additional cooling.

It may be feasible to remove the fuel mass for disposal at other
sites. This should be investigated bearing in mind environmental, social and
political impacts both at the reactor site and at the disposal site. If the
fuel mass cannot be removed, then the permanent solution (Stage III) will
require in-place entombment. This scenario will require in depth impact and
optimization studies and probably third and fourth party reviews.

7.1o2 Near-field, long-term considerations

Following confinement of the accident and return of the site to
acceptable safe conditions, consideration should be given to the compatibility
of the confinement structure with the intended long-term site configuration.
Long-term configuration means the configuration of the site in Stage III the
period of time following termination of nuclear operations at the site and
completion of decommissioning or confinement activities. Options for the
long-term could include return of the site to unrestricted use ("greenfield"
conditions), restricted reuse of the site for non-nuclear purposes, or use of
the site for nuclear waste disposal including entombment of the facility.
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Previous decommissioning plans, if they exist, should be reviewed and assessed
for applicability to the current situation. Important factors which can
influence the long-term confinement design are:

more protection against important potential negative impacts such
as weathering, flood, earthquakes, volcanoes;
future of the site development plans for nearby areas.

If the in-place entombment is appropriate, modifications may be
required. The in-place entombment must assure permanent retention of residual
radioactivity throughout the time period required for radioactivity to decay
to unrestricted levels. The materials used for in-place entombment must be
durable and must meet with the requirements of the National Regulatory Body.

7.2 Far-field (near-and long-term)

An estimate of the damage from radioactive fall-out should be made.
Factors to include in this assessment are:

(a) The type and quantity of radioactive materials released;
(b) Atmospheric conditions at the time of the accident (wind

velocity, wind direction, relative humidity, etc.);
(c) The rate of release of radioactive materials; and
(d) The amount and distribution of radioactivity deposited on soil,

vegetation, and structure surfaces.

This information will be useful in assessing population exposure, loss
of production from farms, forests, other environmental industries, medical
requirements, and other impacts.

Other, non-quantifiable impacts may also be addressed, including social
disruption, political (local, national, and international) impact, and adverse
public opinion.

It may also be useful to develop long term predictions regarding the
site and the locale adjoining the site.

The above assessment will provide necessary design input for
optimization of Stage II as well as long term Stage III (permanent solution)
type of development for the confinement.
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8. CONCLUSIONS

Post accident remedial action must include a review of the total
'programme of action1 required.

For successful and effective post accident remedial measures, including
concrete entombment, a well organized "Post Accident Management Program" must
be in place prior to the occurrence of such an accident.

The appropriate nuclear regulatory body, together with specific nuclear
plant management and various other government agencies, should form a Joint
Coordinating Organization to establish a credible Post Accident Management
Program.

The programme should encompass the broad spectrum of activities
required for accident management and should develop procedures to be
implemented in a post accident scenario. The programme should also have an
organization chart that identifies specific persons responsible for particular
activities including those involving design of confinement systems.

After alerting and activating the Post Accident Management Program
coordinating body and evacuation of populace if necessary, the post accident
activities include those listed below:

(i) Mobilizing for immediate post accident repairs to contain
radioactive release,

(ii) Assessing and implementing permanent structures for restoring the
site to an acceptable safety level,

(iii) Establishing site monitoring requirements.
(iv) Establishing a responsible organization for recording and keeping

monitoring data, assessing the data and forwarding the data to
the appropriate regulatory body.

The post accident measures to utilize sealing technology for remedial
work will be part of sub items (i) and (ii) above.

In designing and constructing a confinement structure for a nuclear
facility at which a severe accident has occurred, one must first assess the
severity of the accident. If the containment structure is intact, it may only
be necessary to stop the release of radioactivity and then design
modifications to the existing structure to repair the damage and reduce the
potential for any further release. If the containment structure has been
damaged or breached, additional measures must be considered, ranging from
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repair of the existing structure, in the case of only slight damage, to total
replacement, in the case of major damage.

The speed with which the repairs or replacement structure can be
completed will depend upon the degree to which an organization or competent
authority is prepared to deal with such an event.

The degree to which nuclear standards, and safety and environmental
requirements can be incorporated into the design will depend upon the
thoroughness of the emergency plans available and on the exigencies of the
accident.

Depending upon the severity of the damage caused by the accident, it
may be necessary to design and construct the confinement structure in stages.
This may permit nuclear standards, safety requirements and environmental
requirements to be incorporated in the design to a greater degree with each
stage.

If it is necessary to implement in-place entombment, the entombment
structure should be designed to control release of radioactivity to the
biosphere for the period of time for which the radioactivity presents a hazard.

The major consideration of optimization for the long term should be
environmental protection and public safety.

Reduction of the potential for public exposure to an acceptable level
can be made by:

considering the confinement system as a special option of a
shallow ground repository for radioactive waste which also
contains high-level and long-lived components. In this case, an
institutional control period is necessary;

dismantling the plant within a certain period of time and
packaging the spent fuel and debris for shipment to an underground
repository as high level waste.

Consideration should be given to worker safety in optimizing the design
for the long term and plans should be reviewed to avoid any unnecessary worker
radiation or hazardous material exposure.
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