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ABSTRACT 

 
Industrial facilities systems deteriorate over time during operation, thus increasing the possibility of accidents. 

Risk-Based Inspection (RBI) classifies such systems by their risk information with the purpose of prioritizing 

inspection efforts. RBI can reduce inspection activities, resulting in lower risk levels, and maintaining reliability 

and safety in acceptable levels. Risk-Informed In-Service Inspection (RI-ISI) is a RBI approach used in nuclear 

industry. RI-ISI uses outcomes from Probabilistic Safety Analysis (PSA) of Nuclear Power Plants (NPP) to plan 

In-Service Inspections (ISI). Despite nuclear research reactors are simpler and have lower risks than power 

reactors, the application of PSA to them may be useful for safety improvements once they are more flexible, 

provide easier access to its core, and allow changes in fuel configurations in case of experimental tests. Ageing 

management of structures, systems and components important to safety of a nuclear research reactor throughout 

its lifetime is also required to assure continued adequacy of safety levels, reliable operation, and compliance with 

operational limits and conditions. This includes periodic review of ISI programs in which monitoring of material 

deterioration and aging effects are considered, and that can be supported by the RBI approach. A review of state-

of-the-art of PSA and RBI applications to nuclear reactors is presented in this work. Advantages to apply these 

methodologies are also analyzed. PSA and RBI implementation proposal applied to nuclear research reactors is 

also presented, as well as its application to a TRIGA research nuclear reactor using computer codes developed by 

ReliaSoft® Corporation. 

 

 

1. INTRODUCTION 

 

The process of regulation of Nuclear Power Plants (NPPs) encompasses the establishment of 

legal, design, and operating requirements, inspection and enforcement activities, and 

performance assessment [1]. Risk-Informed Regulation is an approach that systematically 

integrates both deterministic and probabilistic safety issues into a cost-effective balanced 

regulatory decision. In recent years, risk-based methodologies have been incorporated into 

regulatory process of nuclear facilities, complementing deterministic approaches and 

improving safety, reliability and availability. 

 

During operation of nuclear power plants, equipment deteriorates over time, thus increasing 

the possibility of accidents. Considering risk as a combination of probability of components or 

systems failures and the associated consequences, in order to assure safety, a level of risk 
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should be defined. Thus, monitoring equipment degradation by inspections is necessary to find 

out if the risk levels have not been exceeded [2].  

 

Risk-Based Inspection (RBI) is a methodology that classifies systems by their risk information, 

prioritizing inspection efforts based on this classification. RBI is a probabilistic technique, in 

which inspection modes and frequencies can be variable, in contrast with deterministic 

approaches, in which such parameters are constant. This allows RBI to focus on high-risk 

equipment, reducing inspection activities, without overlooking acceptable safety levels. 

 

Risk-Informed In-Service Inspection (RI-ISI) is a RBI approach used in nuclear industry. RI-

ISI uses outcomes from Probabilistic Safety Analysis (PSA) of NPPs to plan In-Service 

Inspections (ISI), improving safety, reliability and maintenance, as well as reducing radiation 

exposure. PSA has proved to be a valuable tool for NPP and other complex plants, analyzing 

the probabilities of accidents and their consequences for the facility, workers, public and 

environment. The use of this approach helps to identify the most critical components and 

systems for safety, to optimize inspection plans and to detect potential degradation before the 

operation could be threatened. 

 

Despite nuclear research reactors are simpler than nuclear power plants and have lower risks, 

the application of PSA and RBI to them may be also useful for safety improvements, because 

they require more flexibility in operation due to experimental tests, provide easier access to the 

core and allow changes in fuel configurations. In addition, most of these reactors have long 

operating histories and can undergo ageing effects [3]. 

 

A review of state-of-the-art of PSA and RBI applications to nuclear research reactors and 

analyzes available works on this subject is presented in this work. Advantages to apply these 

methodologies to reactors under design, construction, or in operation are also analyzed. PSA 

and RBI implementation proposal applied to nuclear research reactors is also presented, as well 

as its application to a TRIGA reactor, with support of computer codes developed by ReliaSoft® 

Corporation. 

 

 

2. PSA IN NUCLEAR POWER PLANTS AND RESEARCH REACTORS 

 

2.1. PSA in Nuclear Power Plants 

 

PSA is a method used to quantify facility risks. It can be applied during the design of NPPs to 

establish safety requirements. During the facility lifetime, it is used to investigate plant 

vulnerabilities and to plan inspections, maintenance and repairs, in order to meet technical 

specifications and to assure performance levels of components and equipment required for safe 

operation.  

 

The PSA implementation involves the identification of possible accident scenarios, the 

evaluation of occurrence frequencies of these scenarios, and the modeling of the resulting 

consequences. These assessments involve uncertainties related mainly to difficulties of 

identifying all accident scenarios, and the randomness (variability) and applicability of 

available data for estimating the probabilities and consequences [4]. Figure 1 illustrates an 

overview of a PSA implementation. 
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Figure 1:  Implementation of a PSA [4]. 

 

 

The PSA is developed with the support of Event Tree and Fault Tree techniques. Event Trees 

are used to model possible scenarios of accidents and then estimate their consequences. An 

Event Tree starts with the initiating event and progresses through the scenario, a series of 

successes or failures of intermediate events (defence-in-depth levels), until an end-state is 

reached. These defence-in-depth events are used to compensate for potential human and 

mechanical failures, centred on several levels of protection including successive barriers 

preventing the release of radioactive material to the environment [5]. A Fault Tree is used to 

estimate the probability of intermediate events of Event Trees, called top events. It depicts the 

logical interrelationships of basic events that lead to the top event, usually component failures, 

software errors, or human errors [6]. 

 

The risks of a nuclear power plant can be expressed in terms of damage to the facility and the 

environment. By this way, a PSA can be classified into three levels, according to the types of 

consequences evaluated [6]: 

 

 Level 1 PSA: the design and operation of the plant are analyzed in order to identify the 

sequences of events that can lead to core damage. Level 1 PSA provides insights into the 

strengths and weaknesses of the safety systems and procedures as preventing core damage. 

 Level 2 PSA: the progression of core damage sequences identified in Level 1 PSA is 

evaluated. Level 2 PSA identifies ways in which releases of radioactive material can result 

in releases to the environment. 

 Level 3 PSA: public health and other societal consequences are estimated, such as the 

contamination of land or food from the accident sequences that lead to a release of 

radioactivity to the environment. 

 

2.2. PSA in Research Reactors 

 

Probabilistic Safety Analysis is a tool used to improve the safety and reliability of power 

reactors, but may also be applied advantageously to research reactors, particularly those with 

long operating histories and therefore subject to ageing [7]. 

 

Compared to nuclear power plants, research reactors are simpler, as well as the energy 

generated and radioactive material inventory are much smaller. Therefore, the probability of 

accidents and their consequences are also smaller, leading to lower risks. Because they are 
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simpler and have fewer systems and components, the risk analysis of these reactors is simpler 

than NPP. However, as they require greater flexibility in operation due to experimental 

requirements, there is usually greater possibility of access to the reactor core, and sometimes 

the need of changing its configurations. This justify the evaluation of potential accidents and 

the application of PSA tools to research nuclear reactors. 

 

Even though the low probability of accidents and their consequences, the experimental features 

and the strong influence of human factors in safe operation should be considered in 

probabilistic safety analysis of research nuclear reactors [7]. Thus, although the development 

of a PSA for research reactors requires less effort, it is necessary to evaluate mainly human 

reliability issues in PSA in order to improve the safety of these facilities. 

 

 

3. RBI IN NUCLEAR POWER PLANTS AND RESEARCH REACTORS 

 

3.1. RBI in Nuclear Power Plants 

 

Risk Based Inspection (RBI) is a method that optimizes the planning of inspections, based on 

risk information of components and equipment. In nuclear area, this method is called as Risk-

Informed In-Service Inspection (RI-ISI). 

 

In-service inspection (ISI) is a planned activity involving examination, testing and non-

destructive evaluation to verify and assure the structural and functional integrity of systems, 

structures and components of a nuclear reactor [8]. Material degradation information, failure 

probabilities and their consequences can be estimated from ISI approach. Risk analysis can be 

carried out using PSA results, which are used to optimize inspection plans, and prioritize high 

components and locations. 

 

The main advantages of applying RI-ISI to NPP are [9]: 

 Resources are allocated where the risk can most be reduced;  

 Fewer inspections are focused on locations to be subjected to a specific degradation 

mechanism or associated with high risks; 

 Worker radiation exposure can be reduced in accordance with the ALARA (As Low As 

Reasonably Achievable) principle. 

 

Most available studies and applications of RI-ISI are related to passive components, i.e. 

pressure-retaining components, especially pipes [10]. However, this technique can also be 

applied to other reactor systems and equipment. 

 

3.2. RBI in Research Reactors 

 

Despite the growing use of RI-ISI in NPP around the world, specific results from RBI applied 

to nuclear research reactors using PSA are not easily found in the literature. However, several 

guides and reports present guidelines for conducting PSA and inspections in these reactors. 

Moreover, many PSAs have been carried out for research reactor, from more comprehensive 

analyzes [11], to simpler specific analyzes of some hypothetical accidents [12]. Thus, it is 
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possible to use the information obtained in a PSA as a way to improve the planning of 

inspections in nuclear research reactors, applying the RBI concept. 

 

Most of research reactors have been in operation for over thirty years. During their lifetime, 

structures, systems and components are subjected to environmental and operating conditions, 

such as stress, temperature and irradiation. These conditions may lead to changes in the 

properties of materials of the reactor structures (ageing effects) that may affect their assigned 

safety functions [13]. With the purpose of ensuring continued adequacy of safety level, reliable 

operation, and compliance with the operational limits and conditions, ISI programs should be 

implemented in order to monitor the materials deterioration. 

 

The planning of inspections involves the definition of the locations and frequencies of the 

inspections, in addition to the techniques used. In order to define locations and frequencies, the 

failure probabilities of equipment and components, as well as their relative importance for the 

safety of the facility should be considered, prioritizing the locations with greater risks. 

 

Many methods and techniques may be used in programs for maintenance, periodic testing and 

inspection of research reactors. They range from methods of dimensional and electrical 

measurements and chemical analysis to methods of non-destructive examination of the surfaces 

and volume of structures [14].  

 

Methods and techniques of inspection can be categorized as visual, surface and volumetric. 

Visual inspection is the simplest technique for assessing component integrity and provide 

information on the general condition of the component. Surface examinations are undertaken 

to delineate or verify the presence of surface or near-surface flaws or discontinuities. It may be 

conducted by liquid penetrant, magnetic particle and eddy current (Foucault current) [14]. A 

volumetric examination could be undertaken for indicating the presence, depth or size of a sub-

surface flaw or discontinuity, and usually involves radiographic or ultrasonic techniques. Other 

techniques can be included in an inspection plan, such as hydrostatic testing of pressure 

equipment, helium leak testing and sipping [14, 15]. 

 

 

4. IMPLEMENTATION PROPOSAL OF PSA AND RBI TO RESEARCH 

REACTORS 

 

Figure 2 gives an overview of a PSA and RBI implementation proposal for nuclear research 

reactors. The proposed approach involves the development of a qualitative risk assessment, 

which results will be used for planning the inspections. 
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Figure 2: PSA and RBI implementation proposal for nuclear research reactors. 

 

 

The analysis starts with the definition of the application scope and selection of systems of 

interest and the corresponding plant system and component data, which will support the risk 

assessment. From design data, technical specifications and safety analysis reports, the system 

characteristics are identified and the functions and importance of its components for the facility 

safety are analyzed. It is then possible to identify the most serious potential accidents, which 

will be assessed using the PSA approach. 

 

Modeling the accident scenarios is carried out using Event Trees, which start with the initiating 

event and development of event sequences, which when combined, can result in potential 

accidents. The possibility of occurrence of such events is then analyzed using Fault Trees, 

which are logical combinations of component failures and human errors that contribute for the 

top event (undesired event). A minimal cut set (MCS) of a Fault Tree is the smallest 

combination of basic events that result in the top event. A set of the MCSs for the top event 

constitutes all ways that basic events can cause the top event, allowing the evaluation of the 

events most critical for safety. 

 

An inspection plan should take into account both the risk analysis (RBI) performed and the 

operating and inspection history of the facility. The inspection program includes the definition 

of locations, modes and frequencies of inspection, in order to ensure the safety and reliability 

of the facility. 

 

The proposed method should be implemented with support of risk analysis and reliability 

computer codes. RENO software for Event Tree Analysis and BlockSim for Fault Tree 

Analysis, developed by ReliaSoft® Corporation [16], were used in this work.  

 

 

5.  TRIGA RESEARCH REACTOR CASE STUDY 

 

The application of the PSA and RBI techniques to a generic TRIGA reactor was the case study 

used to illustrate the proposed method.  

 

One of the potential accidents in TRIGA reactors, which could lead to adverse circumstances 

such as radiation exposure of workers and the public, is the loss of cooling water from the 

reactor pool. Figure 3 presents an Event Tree for this initiating event, from which six event 
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sequences (numbered from 1 to 6) are developed, which may affect the safety of the reactor 

due to failure (F) or success (S) in the actuation of the defence-in-depth mechanisms. 

 

 

 
 

Figure 3: Event Tree for the initiating event “Loss of cooling water from the reactor 

pool”. 

 

 

The first protection action is the loss of electrical power for the reactor, which leads to reactor 

shutdown, thus being a fail-safe event.  

 

On the other hand, if electrical power is available, the following actions will be taken 

successively to mitigate the consequences: automatic shutdown of the primary circuit pump; 

automatic shutdown of the cooling system; manual shutdown of the reactor initiated from pool 

water level information; and manual shutdown of the reactor initiated from radiation 

information in the pool or reactor area. 

 

The failure of all these events, represented by sequence 5 in Figure 3, leads to the worst case, 

with the possibility of total loss of pool water. In addition to the rather remote probability of 

the occurrence of this sequence, it does not cause any loss of integrity of the fuel element 

coating. The operating personnel would be exposed to very low radiation doses and there would 

be no radiological consequence to the public. This analysis is based on two basic assumptions: 

the TRIGA prompt negative temperature coefficient acts independently of any external controls 

to assure safe and reliable self-shutdown in the event “loss of pool water”; and the decay heat 

of fission products will be removed by natural convective flow of air through the core [17].  
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Fault Trees can be used to describe the occurrence of events in accidental sequences of an 

Event Tree. “Loss of cooling water from the reactor pool”, “Failure of automatic shutdown of 

the cooling system” and “Failure of manual shutdown of the reactor initiated from water level 

information in the pool” are examples of Fault Trees events shown in Figures 4, 5 and 6, 

respectively.  

 

 

 
 

Figure 4: Fault Tree for the top event “Loss of cooling water from the reactor pool”. 

 

 

 
 

Figure 5: Fault Tree for the top event “Failure of automatic shutdown of the cooling 

system”. 
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Figure 6: Fault Tree for the top event “Failure of manual shutdown of the reactor 

initiated from pool water level information”. 

 

 

Table 1 shows the minimum cut sets of first order for the Fault Trees in Figures 4, 5 and 6. 

 

 

Table 1:  Minimum cut sets of first order for the Fault Trees in Figures 4, 5 and 6. 

 

Fault Trees Minimal Cut Sets of First Order 

Loss of cooling water from the reactor 
pool 

CCT1, FYA1, APA1, AFA1, VXA1, 
HXA1 

Failure of automatic shutdown of the 
cooling system 

ALA1, RWA1 

Failure of manual shutdown of the reactor 
initiated form the pool water level 
information 

ALA1, CCI1, HUM1 
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Minimal cut sets allow the identification of the most critical components for the facility safety, 

where inspection efforts should be focused. Table 2 illustrates an inspection schedule for a 

typical inspection program for research reactors [18] and an inspection-planning proposal, 

based on RBI analysis, considering the minimum cut sets of first order from Table 1. 

 

 

Table 2: Inspection planning based on RBI analysis. 

 

Components 
Typical Inspection Program 

[18] 
Inspection-Planning Proposal 

Methods Frequency Methods Frequency 

Reactor tank Visual inspection Once a year 
Visual inspection Once a year 

Ultrasonic testing 
Once every 
10 years 

Primary piping Visual inspection Once a year 
Visual inspection Once a year 

Radiography 
Once every 
10 years 

Pressure switch Visual inspection Once a year 
Visual inspection Once a year 

Leak testing 
Once every 
10 years 

Flow meter Visual inspection Once a year 
Visual inspection Once a year 

Leak testing 
Once every 
10 years 

Primary valve Visual inspection Once a year 
Visual inspection Once a year 

Leak testing 
Once every 
10 years 

Heat exchanger Visual inspection Once a year 
Visual inspection Once a year 

Ultrasonic testing 
Once every 
10 years 

Relay of cooling 
system 

On / off switch 
Four times 
a year 

On / off switch Once a month 

Level sensor 
Calibration 
testing 

Once a year 
Calibration 
testing 

Two times a 
year 

Level indicator Visual inspection Once a year Visual inspection 
Four times a 
year 

Control rods 

Test run of the 
component 

Once a 
month 

Test run of the 
component 

Once a month 

Visual inspection 
Once a 
month 

Visual inspection Once a month 

Control rods 
position monitors 

Calibration 
testing 

Once a year 
Calibration 
testing 

Once a year 

Visual inspection Once a year Visual inspection Once a year 

 

 

The proposed planning includes new inspection techniques (ultrasonic testing, radiography and 

leak testing) and suggests some changes in the frequency of inspections, considering the 

locations of greater risks identified in the analysis of minimum cuts sets of first order. For some 

item like the reactor tank and primary piping, new inspection techniques such as ultrasonic 

testing and radiography are proposed. For other items, such as the relay of cooling system and 

level sensor, an increase in inspection frequencies is suggested. For the control rods, based only 
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in the qualitative analysis using minimal cut sets, a reduction in inspection frequency could be 

suggested, once a single failure does not cause a failure in the reactor scram. However, this was 

not considered because the cost impacts of frequency reduction of visual inspection would be 

negligible. Moreover, in this work only a qualitative risk assessment was carried out. After a 

more detailed quantitative risk assessment, including human errors and component failures 

data, reduction of inspection frequencies could be justified within a Risk-Based Inspection 

approach.  

 

 

6.  CONCLUSIONS  

 

The Probabilistic Safety Analysis (PSA) and Risk-Based Inspection (RBI) techniques are 

usually applied to nuclear power plants for purpose of improving safety, reliability and 

availability of these facilities. Despite nuclear research reactors are simpler and have lower 

risks, the application of these techniques to them is also useful mainly for managing ageing of 

structures, systems and components important to safety, ensuring continued adequacy of safety 

level, reliable operation, and compliance with the operational limits and conditions. 

 

PSA can help to identify potential human errors and component failures, in order to prioritize 

the most critical events and propose control and mitigation measures.  Human factors are of 

primary importance on safety of research reactors, mainly because their operation conditions 

are flexible, providing easy access to the core, allowing even changes in fuel configurations in 

case of experimental tests. The identification of critical human errors makes it possible to 

evaluate, for example, the need to improve operation procedures and conduct training of 

operators. PSA allows also identifying the most critical components and systems for safety, 

optimizing inspection plans and detecting potential degradation before the operation could be 

threatened. This includes periodic review of ISI programs in which monitoring of material 

deterioration and aging effects are considered, and that can have the support of RBI. 

 

This work presented a review of state-of-the-art of PSA and RBI applications to nuclear 

reactors and proposed a methodology for implementing these techniques to research reactors. 

A case study for a generic TRIGA reactor, evaluating an accident of loss of cooling water from 

the reactor pool, was carried out using computer codes developed by ReliaSoft® Corporation. 

The minimum cut sets obtained from the qualitative analysis of fault trees made it possible to 

identify the most critical components for the facility safety, where inspection efforts should be 

focused. Using RBI approach, changes in inspection schedule of a typical inspection program 

were proposed. Future works using quantitative assessment of human errors and component 

failures data will be carried out. 
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