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ABSTRACT 

The concept of defence in depth (DiD) is fundamental to the safety of nuclear installations. 
DiD is referred in the safety standards produced by the International Atomic Energy Agency 
(IAEA) as the primary means of preventing and mitigating the consequences of accidents in 
nuclear installations. DiD provides a hierarchical deployment of quality independent different 
levels of equipment and procedures in order to maintain the effectiveness of physical barriers 
placed between radioactive materials, the workers, public, and the environment during normal 
operation states and potential accident conditions.  DiD ensures that a high level of safety is 
achieved with sufficient margins to compensate for potential equipment failures and human errors. 
Several publications were produced by the IAEA on DiD over the last twenty years that 
summarized the basic principles for DiD and provided high-level guidance on the assessment of 
defence in depth for nuclear power plants (NPP). The IAEA is further developing the approach for 
the representation and assessment of DiD in nuclear installations emphasizing the need for a 
holistic consideration of the levels of DiD in conjunction with deterministic and probabilistic goals 
and success criteria. Particularly, an investigation is being conducted by the IAEA to explore on 
the use of probabilistic techniques for the assessment of compliance with DiD for new NPP 
designs. Different categories of initiating events are considered in conjunction with equipment 
reliability requirements. The paper summarizes the available outcome of the work and outlines a 
possible holistic approach for effective application of DiD principles. 
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1  INTRODUCTION 

The International Atomic Energy Agency (IAEA), as stated in its Statute, Article III [1], is 
empowered by its Member States to establish “standards of safety for protection of health and 
minimization of danger to life and property” to promote safe and responsible use of atomic 
energy in peaceful purposes. The safety standards are published in IAEA Safety Standards series. 
They constitute a hierarchical structure of publications including Safety Fundamentals, Safety 
Requirements, and Safety Guides.  The IAEA safety standards are developed by means of an 
open and transparent process for gathering, synthesizing and integrating the knowledge and 
experience gained from the actual use of nuclear energy technologies and from the application of 
the safety standards. Through this process, the IAEA safety standards reflect an international 
consensus on various nuclear safety topics. The standards are periodically updated to ensure they 
reflect current developments.  

The concept of defence in depth (DiD) is fundamental to the safety of nuclear installations 
and should be broadly applied by designer and utility organizations in all activities dealing with 
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design and operation of nuclear installations. The IAEA Safety Fundamentals publication [2] that 
was produced in 2006 states that the fundamental safety objective is “to protect people and the 
environment from harmful effects of ionizing radiation.” Ten Safety Principles are formulated to 
provide the basis for nuclear safety considerations. Principle 8 ‘Prevention of Accidents’ states 
that “all practical efforts must be made to prevent and mitigate nuclear or radiation accidents.” 
DiD is referred as the primary means of preventing and mitigating the consequences of accidents 
in nuclear installations.  

DiD provides a hierarchical deployment of different independent levels of equipment and 
procedures in order to maintain the effectiveness of physical barriers placed between radioactive 
materials, the workers, public, and the environment, during normal operation and potential 
accident conditions.  If one level of protection or barrier were to fail, the subsequent level or 
barrier would be available. Independence and effectiveness of the protective levels is an 
important feature of the DiD concept. When properly implemented, defence in depth ensures that 
no single technical, human or organizational failure could lead to harmful effects, and that the 
combinations of failures that could give rise to significant harmful effects are of very low 
probability. 

Compliance with DiD is considered by the IAEA as one of the cornerstone principles of 
nuclear safety provision. In the light of nuclear power renaissance and the new NPP designs 
being developed throughout the world, the IAEA is reemphasizing the importance of the DiD 
concept and promoting its further elaboration and robust application with the aim of ensuring a 
high level of nuclear safety. 

2 CONSIDERATION OF DEFENCE IN DEPTH IN IAEA PUBLICATI ONS 

This section provides an overview of the main stages in the historical development of the 
DiD concept and outlines its main elements and principles. 

2.1 Historical Development 

The concept of defence in depth was outlined and emphasized by the International Nuclear 
Safety Advisory Group (INSAG) in its report produced two years after the Chernobyl accident in 
1988 entitled ‘Basic Safety Principles for Nuclear Power Plants’; this report is often referred as 
INSAG-3 [3]. In relation to the safety of nuclear power plants it was stated that: 

“All safety activities, whether organizational, behavioural or equipment related, are subject 
to layers of overlapping provisions, so that if a failure should occur it would be compensated for 
or corrected without causing harm to individuals or the public at large. This idea of multiple levels 
of protection is the central feature of defence in depth..." 

In 1996, the INSAG produced a report fully devoted to the consideration of the DiD concept 
[4]. The report provided a detailed discussion on the concept of defence in depth in nuclear and 
radiation safety including objectives, strategy, and implementation. The report was intended for 
use by governmental authorities and by the nuclear industry and its supporting organizations. 

In 1999, an update of the INSAG-3 report was issued, INSAG-12 [5]. The report provided 
objectives (what is to be achieved) and principles (how to achieve it) in relation to nuclear safety. 
The central place was given to the DiD concept. 
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Several publications in the Safety Standards Series were produced in the beginning of the 
last decade that emphasized the importance of the DiD concept. Amongst them there was the 
Safety Requirements publication NS-R-1 [6] which is being currently revised. Specific 
requirements to observe compliance with DiD were outlined in this publication. 

In 2005, IAEA published a report in Safety Report Series dealing with the assessment of 
defence in depth for NPPs [7]. This Safety Report described a method for assessing the defence 
in depth capabilities of an existing plant, including both its design features and the operational 
measures taken to ensure safety. The suggested method envisaged a systematic identification of 
the required safety provisions for the siting, design, construction and operation of the plant and 
provided a basis for assessing the comprehensiveness and quality of defence in depth at the plant. 
For given objectives at each level of defence, a set of challenges was identified, and several root 
mechanisms leading to the challenges were specified. Finally, to the extent possible, a 
comprehensive list of safety provisions, which contribute to preventing these mechanisms from 
occurring, was provided. This information was presented in a systematic user-friendly manner by 
means of the so called ‘objective trees’. 

In 2006, an extensive program on revision of the existing and development of new IAEA 
Safety Standards started with publishing the new Safety Fundamentals [2] discussed above. In 
2008 the Safety Requirements publication on safety assessment for facilities and activities GSR-
4 [8] was issued that provided requirements that need to be followed to assure that main 
principles established in Ref. [2] are satisfied. Specifically, Requirement 13 entitled ‘Assessment 
of defence in depth’ addresses the importance of observing compliance with DiD. There are 
other documents being currently developed by the IAEA that provide more detailed requirements 
and recommendations for establishing a robust DiD framework.  

2.2 High-Level Objectives and Levels of DiD  

In the IAEA Safety Glossary [9] the following definition of DiD is provided: 

Defence in depth: A hierarchical deployment of different levels of equipment and procedures 
in order to maintain the effectiveness of physical barriers placed between a radiation source or 
radioactive materials and workers, members of the public or the environment, in operational states 
and, for some barriers, in accident conditions. 

The key objectives of DiD presented in INSAG-10 [4] are the following: 

• To compensate for potential human and component failures;  
• To maintain the effectiveness of the barriers by averting damage to the plant and to the 

barriers themselves; and  
• To protect people, including workers in the nuclear industry, and the environment from 

harm in the event that these barriers are not fully effective.  

To meet these objectives, the strategy for defence in depth is, above all, about preventing 
accidents. However, if prevention fails, the strategy limits an accident’s potential consequences 
as much as possible and prevents any escalation to more serious conditions. This means ensuring 
a low chance of failures in the systems used, combined with redundancy in design, so that if one 
system fails other independent, diverse lines of defence ensure an accident does not result in 
severe unacceptable consequences. Thus, the strategy for DID is twofold: first, to prevent 
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accidents and, second, if prevention fails, to limit their potential consequences and prevent any 
evolution to more serious conditions.  

Defence in depth is generally structured in five levels. Should one level fail, it will be 
compensated for, or corrected by, the subsequent level. The levels of DiD and their objectives are 
summarized in Table I. 

 
Table I. Levels of defence in depth and objectives 

Levels of DiD Objective 

Level 1: Prevention of abnormal 
operation and failures 

The objective of the first level of protection is the 
prevention of abnormal operation and system failures. 

Level 2: Control of abnormal 
operation and detection of 
failures 

If the first level fails, abnormal operation is controlled 
or failures are detected by the second level of 
protection.  

Level 3: Control of accidents 
within the design basis 

Should the second level fail, the third level ensures that 
safety functions are further performed by activating 
specific safety systems and other safety features.  

Level 4: Control of severe plant 
conditions, including prevention 
of accident progression and 
mitigation of the consequences of 
severe accidents 

Should the third level fail, the fourth level limits 
accident progression through accident management, so 
as to prevent or mitigate severe accident conditions 
with external releases of radioactive materials. 

Level 5: Mitigation of 
radiological consequences of 
significant releases of radioactive 
materials 

The last objective (fifth level of protection) is the 
mitigation of the radiological consequences of 
significant external releases through the off-site 
emergency response. The efficacy of the mitigation 
measures will depend on their overall effectiveness and 
the speed of their implementation.  

 
The successive levels of DiD are illustrated in Fig. 1 (extracted from Ref. [5]). In this figure, 

the relation between physical barriers for confinement of radioactive material and levels of 
protection of defence in depth is shown along with the means of providing compliance. The 
general means of protection include conservative design, quality assurance, and safety culture. 
The design of normal operating systems provides for the protection at the first two levels of DiD, 
and safety measures and engineered safety features are designed to provide the third, fourth, and 
fifth levels of DiD.  
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3 ASSESSING COMPLIANCE WITH DEFENCE IN DEPTH SAFETY 
CONCEPT USING PROBABILISTIC TECHNIQUES 

This section discusses the DiD levels in conjunction with initiating events, safety goals, and 
success criteria. The section also discusses the use of probabilistic techniques to achieve 
compliance with DiD. 

3.1 Initiating Events Considered in DiD 

Different categories of initiating events considered in DiD are presented in Table II along 
with their definitions, frequency ranges, and examples. The events include: deviations, 
anticipated operational occurrences (AOOs), design basis accidents (DBAs), and beyond design 
basis accidents (BDBAs). BDBAs are further split into (1) the BDBAs that do not lead directly 
to core damage (CD) due to the safety margins provided by the design, and (2) the BDBAs that 
directly lead to core damage. The first group of BDBAs basically represents the DBAs 
accompanied by additional failures of safety systems beyond the single failure criterion. Such  

Figure 1.  Physical barriers and levels of protection in defence in depth  
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Table II.  Initiating events considered in DiD 

Event and Definition Frequency Range Examples 

Deviation – an event expected 
during the calendar year resulting 
in insignificant allowable change 
in plant parameters requiring 
adjustment by normal operation 
system 

Mean frequency: 
1 < F 

 
Note: Deviations to be dealt 
with at Level 1 of DiD 

• Decrease of reactivity due to fuel burn 
up requiring boron concentration 
adjustment 

• Change of steam flow rate controlled by 
turbine control valves 

• Change of feedwater flow rate 
controlled by feedwater control valves 

• Change of plant power due to external 
grid requirements 

Anticipated Operational 
Occurrences (AOO) - an event 
expected over the lifetime of the 
plant resulting in a substantial 
change in plant parameters due to 
malfunction or failures of normal 
operation system or external grid 
failures requiring operation of 
control systems to prevent reactor 
scram and/or engineered safety 
features actuation 

Mean frequency: 1 
10-2 < F < 1 

 
Note: AOOs to be dealt with 
at Level 2 of DiD 

• Failure of one or two reactor coolant 
pumps  requiring fast power decrease 

• Failure of one or two feedwater pumps 
requiring fast power decrease 

• Imbalance in make-up/ blow-down flow 
requiring operator intervention 

• Failure of a main transformer requiring 
re-connection to a reserve transformer 

• Disconnection of a single operating 
turbine generator requiring fast power 
decrease (for units with two turbines)  

Design Basis Accident (DBA) – 
an infrequent event leading to 
reactor scram, for which 
engineered safety features are 
provided by the design to prevent 
core damage (CD) 

Mean frequency: 
10-4 < F <10-2 

 
Note: DBAs to be dealt with at 
Level 3 of DiD 

Standard list of postulated initiating events 
(IEs, for which the design safety features are 
provided to mitigate the event satisfying the 
single failure criterion)  

Beyond Design Basis Accident 
(BDBA) 

  

1) BDBA NOT directly 
leading to CD - an unlikely 
event, for which protection is 
not considered explicitly in 
the design, but which may be 
mitigated (CD avoided) due 
to the existing safety margins 
not credited in the design 
basis 

Mean frequency: 
10-6 < F < 10-4 

 

Note:  
-  BDBAs not resulting in CD 
can still be dealt with at Level 
3 of DiD  
- BDBAs resulting in CD to be 
dealt with at Level-4 of DiD 

• Initiating events caused by multiple 
equipment failures (e.g. multiple 
failures of operational and emergency 
power supply buses)  

• PIEs accompanied by multiple failures 
in safety systems (e.g. small LOCA 
with failure of all high pressure 
injection trains) 

2) BDBA directly leading to 
CD – a remote event 
representing a severe 
accident for which it is not 
demonstrated that CD can be 
prevented even considering 
the existing safety margins  

Mean frequency: 
F < 10-6 

 

Note: BDBAs directly leading 
to core damage to be dealt 
with at Level 4 of DiD 

• Reactor vessel rupture 
• SG vessel rupture 
• Prolonged total loss of all power 

sources  
• Total loss of component cooling water  
• Multiple reactor control rod ejection 

 

                                                 
1 The basis for the frequencies of AOOs, DBAs and BDBAs was the IAEA Safety Guide SSG-2 [10]. Frequencies are discussed 
in the context of an individual event. 
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events may or may not lead to core damage depending on specific accident sequence conditions; 
actually these events are the prime interest of Probabilistic Safety Assessment (PSA).  

3.2 Representation of DiD Using Event Tree Technique 

In order to provide a concise sequential representation of the consideration of compliance 
with DiD using event tree technique broadly applied in PSA, Fig. 2 has been developed. 
Continuity with the classification of events and accidents provided in a recently published IAEA 
Safety Guide on Deterministic Safety Assessment, SSG-2 [10] has been observed.  The figure is 
based on the information presented in Table II. Specifically, the frequency and probability 
designators used in the figure follow the notations provided in Table II. 

Considering Fig. 2, it is indicative that there are different ways of reaching the point of 
challenge of the next level of DiD from the previous level. That is, from Level 1 of DiD one 
could get to the challenge of Level 2 if: 

normal operation systems designed to cope with deviations in plant operation fail, or  

an event happens, for which there are no provisions in the design to cope only by means of 
normal operation systems.   

From Level 2 of DiD, where control systems are provided to cope with the anticipated 
operational occurrences (AOOs), one could get to the challenge of Level 3 DiD if: 

 control or limiting systems designed to cope with AOOs fail, or  

an event happens, for which there are no provisions in the design to cope only by control 
and limiting systems.   

In Level 3 of DiD, in addition to AOOs accompanied by control/limiting systems failures, 
the challenging events include DBAs and BDBAs not leading directly to core damage due to 
existing safety margins not credited in the design safety case. From Level 3 of DiD, where 
engineered safety features systems are provided to cope with the mentioned events, one could get 
to the challenge of Level 4 if: 

safety systems fail, or  

a severe BDBA happens, for which there are no provisions to cope in the design envelope.   

Level 4 of DiD considers additional safety features to confine radioactive material. 
Containment and special safety features are provided not to release the radioactive material into 
environment.  If containment systems fail, the event becomes a severe BDBA with large releases 
of radioactive material into the environment, and here the last level of DiD gets challenged.   

The last level (Level 5) of DiD considers organizational measures aimed to mitigate 
radiological consequences of significant releases of radioactive materials.  

The suggested representation (see Table II and Fig.2) clearly illustrates that at Levels 2, 3, 
and 4 of DiD, the events to be considered include events of certain frequencies that directly 
challenge the associated level of DiD and the events involving failures of the protective systems 
at the preceding level of DiD.  
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EVENT and 
FREQUENCY 
(individual event) 

 A C C I D E N T  P R E V E N T I O N    A C C I D E N T  M I T I G A T I O N     

LEVEL-1 DiD: Prevention 
of abnormal operation and 
failures 

 

LEVEL-2 DiD: Control of 
abnormal operation and 
detection of failures 

LEVEL-3 DiD: C ontrol of 
accidents within the design 
basis 

Level-4 DiD: Control of 
severe plant conditions  

Level-5 Did: Mitigation of 
radiological consequences  

End state Conseq. 

Is LEVEL 1 DiD successful? Is LEVEL 2 DiD successful? Is LEVEL 3 DiD successful? Is LEVEL 4 DiD successful? Is LEVEL 5 DiD successful?   
 

YES Not challenged Not challenged Not challenged Not challenged OK 

Normal 
operation 
maintained 

Deviation 
1 < F1 

 

YES Not challenged Not challenged Not challenged OK 

Normal 
operation 
continued 

        

 
 NO ���� AOO  
 GOAL: 10-2 < F1* P1< 1 

 
YES Not challenged Not challenged OK NO CD  

AOO  
10-2 < F2 < 1 

 
 

 
 NO ���� DBA  
GOAL: 10-4 < F2* P2< 10-2 

 

YES Not challenged CD 

NO 
releases 
after CD 

DBA 
10-4 < F3 <10-2 

BDBA NOT leading 
directly to CD 
10-6 < F3

+ < 10-4 

  

 

 NO ���� BDBA with CD 
 GOAL:  CDF < 10-5/r-y 

 

YES 
GOAL: QHO < 10-6/r-y 

CD+LARGE 
RELEASES  

NO severe 
health 
effect 

BDBA directly 
leading to CD                  
F4 < 10-6 

   

 
 NO ���� Major releases 
 GOAL: LRF < 10-6/r-y 

 

  

      
 NO ���� Major doses to   
 population ~10-7/r-y 

CD+LARGE 
RELEASES
+ DOSES  

Severe 
health 
effects 

        

Figure 2. Concept of DiD illustrated by the event tree technique 
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3.3 Holistic Consideration of DiD 

For measuring and assessing the adequacy of the defence in depth framework, success 
criteria (expressed in deterministic and probabilistic terms) need to be defined for each level of 
defence. An overview of the DiD framework in a holistic manner is provided in Table III based 
on all IAEA publications mentioned earlier. 

The first column of Table III indicates the respective level of DiD with corresponding 
challenges and application means/examples. The second and the third columns provide the 
associated high level safety goal and success criteria. Then in the fourth column, surrogate 
success criteria derived from the high level success are formulated, both in deterministic and 
probabilistic context. The last column describes main means of achieving compliance with the 
respective level of DiD. 

3.4 Determination of Requirements for Reliability of Plant Systems 

The holistic consideration of DiD in conjunction with deterministic and probabilistic success 
criteria can assist in determining requirements for reliability of normal operation, control, and 
engineered safety features of an NPP. This is especially important in the process of designing 
new NPPs. 

For instance, as depicted in Table II and Fig. 2 in order to determine requirements for 
reliability of control systems needed at Level 2 of DiD, the probability P2 of failure of the 
function of control system when demanded should be such that the product of the frequency F2 
of an AOO and the probability of failure of the associated control system falls into the range: 

 
10-4 < F2*P2(control system fail│AOO) <10-2 

 
This is due to the fact that if control system fails, the AOO turns into a DBA, and the 

frequency of DBA should fall in the range of event frequencies F3 specified for DBAs, i.e. (see 
Table II): 

 
10-4 < F3 < 10-2 

 
Knowing F2 for an AOO, the probability of failure of the associated control system and the 

associated reliability parameters can be specified. 

The same can be performed in relation to the reliability of safety systems considering 
compliance with Level 3 of DiD with the following probabilistic criteria:  

 
(1)     Toleration of DBAs with the mean frequency F3: 
 

10-4 < F3 < 10-2 
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Table III. Achieving compliance with defence in depth safety concept 

Levels of Defence in Depth 
High Level 
Safety Goal 

High Level                   
Success Criteria 

Surrogate Success Criteria Main Means of Achieving 
Compliance Deterministic Probabilistic 

 A
   

C
   

C
   

I  
 D

   
E

  
 N

   
T

   
   

   
 P

   
R

   
E

   V
   

E
   

N
   

T
   

I  
 O

   
N

 
Level 1: Prevention of abnormal operation 
and failures  
 
Challenge: Deviation 
- an insignificant allowable change in plant 
parameters requiring adjustment by normal 
operation system 
 
Application/ Examples: Ability of plant 
design to react for small changes in parameters 
(e.g. regulation of feed water flow rate by 
control valves; make-up - blow down balance; 
maintaining reactivity level by control rods 
etc.) 

Smooth 
operation and 
meeting 
deviations in 
normal operation 

- Normal operation of 
the plant is maintained  
 

- Radiological doses to 
workers and members 
of the public are within 
the acceptable limits 
 

- Releases of 
radioactive material 
into the environment 
fall within the 
allowable limits for 
normal operation 

- Design, manufacturing, 
and maintenance of 
normal operation systems 
prevent abnormal 
operation that could 
challenge operation of 
control systems 
 

- Normal operation 
procedures are adequate 
and followed by plant 
staff and operators 

- Toleration of deviations in normal 
operation that have a mean annual 

frequency F1 such that: 
 

1 < F1 
 

- Probability P1 of failure of the function 
of normal operation systems (provided 
that a deviation occurred) should be such 
that the product of the deviation 
frequency and the probability of failure 
falls in the range: 
 

10-2  < F1*P1  < 1 

- Conservative design 
 

- High quality of design, 
construction, operation, 
and maintenance 
 

- Appropriate normal 
operation procedures and 
training for operators 
 

Level 2: Control of abnormal operation and 
detection of failures  
 
Challenge: Abnormal operation – a 
significant change in plant parameters due to 
malfunction or failures of normal operation 
system or external grid failures requiring 
operation of control systems to prevent reactor 
scram and/or engineered safety features 
actuation 
 
Application/ Examples: Ability of plant 
design to react for significant changes in 
parameters (e.g. failure of one or two 
feedwater pumps requiring fast power 
decrease; imbalance in make-up/ blow-down 
flow requiring operator intervention; failure of 
a main transformer requiring change to a 
reserve transformer) 

Detection and 
interception of 
deviations from 
normal operation 
to prevent their 
escalation into 
accidents 

- Prompt return to 
normal operation 
 

- Radiological doses to 
workers and members 
of the public are within 
the acceptable limits 
 

- Releases of 
radioactive material 
into the environment 
fall within the 
allowable limits for 
normal operation 

- Control systems are 
provided to effectively 
detect and mitigate 
failures so that reactor 
scram is avoided 
 

- Procedures for control 
of abnormal operation are 
adequate and followed by 
plant staff and operators 

- Toleration of all events dealing with 
abnormal operation that require 
operation of control systems with the 
mean frequency F2: 
 

10-2 < F2 < 1 
 

- Probability P2 of failure of the function 
of control system (provided that an AOO 
occurred) should be such that the product 
of the frequency of an AOO and the 
probability of failure of control system 
falls in the range: 
 

10-4 < F2*P2 < 10-2 

 
 

- Control, limiting and 
protection 
systems and other 
surveillance 
features of appropriate 
reliability   
 

- Interlocks and set points 
for reactor protection 
system operation are set to 
prevent undue reactor 
scram 
 

- Appropriate operational 
procedures and training for 
operators 
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Table III. Achieving compliance with defence in depth safety concept 

Levels of Defence in Depth 
High Level 
Safety Goal 

High Level                   
Success Criteria 

Surrogate Success Criteria Main Means of Achieving 
Compliance Deterministic Probabilistic 

A
   

C
   

C
   

I  
 D

   
E

   
N

   
T

   
   

  
 M

   
I  

 T
   

I   
G

  A
  T

   
I  

 O
   

N
 

Level 3: Control of accidents within the 
design basis 
 
Challenge: Events falling within the design 
basis (DBA) and BDBAs NOT leading 
directly to core damage  
 
Application/ Examples: Engineered safety 
features to cope with DBAs (standard list of 
PIEs considering single failure criterion) and 
IEs either caused by multiple equipment 
failures or PIEs accompanied by multiple 
failures in safety systems  

Defence against 
unlikely events 
to prevent core 
degradation/ 
damage  
 

- Observance of 
compliance with the 
acceptance criteria for  
core degradation or 
damage established for 
design basis accidents 
 
- Radiological doses to 
workers and members 
of the public are within 
the acceptable limits 
 
- Releases of 
radioactive material 
into the environment 
fall within the 
allowable limits for 
normal operation 

- Safety systems are 
provided to maintain key 
safety functions and 
prevent core degradation 
or damage after the 
accident  
 
- Single failure criterion 
is maintained 
 
- Diversity, redundancy 
and fail-safe design 
principles are followed  
 
- Diverse and reliable 
I&C provided 
 
- Emergency operating 
procedures are adequate 
and followed by 
operators 

- Toleration of DBAs with the mean 

frequency F3 such that: 
 

10-4 < F3 < 10-2 
 

- Toleration of BDBAs not directly 
leading to CD with the mean frequency 
F3

+
 such that: 

 

10-6 < F3
+ < 10-4 

 

- No first-order minimal cut sets (as 
produced by the PSA) 
 
- The aim  should be that the sum of the 
products of the frequencies of unlikely 
events and conditional core damage 
probabilities given the IE is below 10-5 
per reactor-year   
 

CDFtotal < 10-5 
 

- No disproportionally large contributors 
to the assessed CDF 

- Appropriate reliability of 
safety systems  
 

- Sufficient equipment 
qualification to survive 
severe environmental  
conditions caused by the 
accidents 
    
- Comprehensive 
test/maintenance program 
for safety systems 
 

- Detailed and balanced 
TechSpecs 
 

- Detailed appropriate 
emergency procedures and 
training for operators 

Level 4: Control of severe plant conditions, 
including prevention of accident 
progression and mitigation of the 
consequences of severe accidents 
 
Challenge: BDBAs involving core damage  
 
Application/ Examples: Engineered safety 
features (e.g. containment systems) to cope 
with severe accidents in which design basis 
may be exceeded  
 

Defence against 
very unlikely 
events to prevent 
large releases to 
the environment 

- Core damage and 
confinement/ 
containment  preserved 
 
- Only small releases 
within acceptable limits 
occur 
 
- No need for short-
term off-site protective 
measures 

- Containment design 
capable to withstand high 
pressure caused by severe 
accidents  
 
- Prevention of hydrogen 
deflagration and 
detonation 
 
- Severe accident 
management guidelines 
are developed and 
followed by operators 

- Frequency F4 of BDBA directly 

leading to core damage is less than 10-6
 

per year 
 

10-6 < F4 
 
- The probability of failure of 
containment function should be such that 
the  large release frequency (LRF) 
provided the CD occurred should be 
below 10-6 per reactor-year for all IEs: 
 

LRF total < 10-6 
 

Complementary measures 
and 
accident management, e.g.: 
 

- Robust containment  
 

- Reliable containment 
isolation system  
 

- Hydrogen igniters/ 
recombines  
 

- Containment filtered 
venting system  
 

- Detailed and justified 
severe accident 
management guidelines 
and training for operators 
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Table III. Achieving compliance with defence in depth safety concept 

Levels of Defence in Depth 
High Level 
Safety Goal 

High Level                   
Success Criteria 

Surrogate Success Criteria Main Means of Achieving 
Compliance Deterministic Probabilistic 

A
C

C
ID

E
N

T
 M

IT
IG

A
T

IO
N

  
Level 5: Mitigation of radiological 
consequences of significant releases of 
radioactive materials 
 
Challenge: BDBAs involving large releases  
 
Application/ Examples: Off-site emergency 
response measures (e.g. evacuation, 
administration of potassium iodine) 
 
 

Mitigate 
consequences of 
large radioactive 
releases for 
population 
 

Long term and short 
term health effects are 
within specified limits  
 
 

- Correspondent 
emergency planning zone  
 

- Reliable and 
manageable emergency 
response program and 
communication means 
 

- Prepared and trained 
emergency response team  
 

- Timely annunciation 
and  preparedness of 
population within the 
emergency planning zone  
 

- Sheltering capabilities, 
evacuation routes, etc.  

The aim is that all provisions for off-site 
emergency response should result into 
the frequency of death of a single person 
below 10-7

 per year  

- Emergency planning 
zones 
 

- Plans for on-site and off-
site emergency response 
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 (2)     Toleration of BDBAs not directly leading to core damage with the mean frequency F3
+: 

 

10-6 < F3
+ < 10-4 

 
(3) No first order minimal cut sets (MCSs) as identified by the PSA2 

 

(4) The aim should be that the sum of the products of the frequencies of unlikely events and 
conditional core damage probabilities (CCDPs) given the IE is below 10-5 per year (i.e. 
overall CDF is below 10-5 per year) 

 
(5) No disproportionally large contributors to the assessed CDF. 

 

Considering the above criteria, and knowing how many events are included in the 
consideration, one can specify a criterion for core damage contribution of an individual event. 
For example, if there are 100 events challenging Level 3 of DiD, then the CDF contribution of an 
individual event should not be greater than 10-7 per reactor-year to observe compliance with the 
above Criterion #4 on the overall CDF and addressing Criterion #5 on providing a balanced risk 
profile. Next, having assessed the frequency of the event, the CCDP can be specified and then 
the reliability of the associated safety system can be determined. In practice, the requirement on 
the contribution to the assessed CDF of an individual event can be specified with some margins. 

In the analysis of compliance with DiD, the independence of different levels of DiD should 
be emphasized. PSA can be an excellent tool to verify the independence.  

3.5 Requirements for PSA Quality 

PSA used in the process of assessing compliance with DiD and determining the 
requirements for reliability of normal operation and safety systems, should be of sufficient scope 
and follow current state of the art in PSA technology. A full scope PSA including all operational 
modes and events (i.e. internal initiating events caused by component failures and human errors, 
internal hazards, and external hazards) is usually required. Level 1 PSA is needed to assess 
compliance with Level 3 of DiD and specify requirements for reliability parameters. Level 2 
PSA is needed to evaluate compliance with Level 4 of DiD.  

A quality PSA should comply with contemporary PSA standards. Examples are ASME/ANS 
PRA Standard [11] and recently issued IAEA Safety Guides on PSA [12, 13]. 

It is also important that the PSA to be used to support any risk informed decision making 
including use of PSA to support NPP design process should receive an independent peer review. 
IAEA provides such a review at request of Member States; a well-established International 
Probabilistic Safety Assessment Review Team (IPSART) service is available [14]. IPSART 
service is an especially valuable resource for countries with small nuclear programmes or limited 
capabilities for independent PSA review.  

                                                 
2 A minimal cutset is a combination of an initiating events and component failures and/or human errors leading to core damage. 

Minimal cutsets are generated by PSA software. 
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4 CONCLUSIONS  

In order to ensure safe and sustainable NPP programme, it is important to have compliance 
with fundamental safety principles and first of all with the DiD safety principle. More emphasis 
in NPP designs is placed on prevention of accidents; this allows not only to provide higher 
safety, but also to enhance economic performance. The balanced design meeting all levels of 
DiD should be reemphasized. The presented approach for holistic representation of the DiD 
safety concept using probabilistic techniques can assist in consistent consideration of all levels of 
DiD in conjunction with deterministic and probabilistic goals and success criteria and help to 
identify requirements towards the reliability of normal operation systems and engineered safety 
features.  

It is important to note that PSA used in the decision making process, including support for 
NPP design process, should be of sufficient scope and technical quality. IAEA promotes 
proliferation of state of the art in nuclear safety assessment through publishing safety standards 
and other reports as well as providing safety review services to its Member States.  
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