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Introduction

The I&AB (Initiators and All Barriers) [START_REF] Bouissou | Boolean approximation for calculating the reliability of a very large repairable system with dependencies among components[END_REF] method was devised in order to provide a good compromise between the classical PSA method used for the safety analysis of nuclear power plants, which is exclusively based on Boolean models, and purely dynamic, state space based methods that use models such as Petri nets, DFT (Dynamic Fault Trees), BDMP (Boolean logic Driven Markov Processes), SAN (Stochastic Activity Networks), Figaro or AltaRica models (cf. examples of references on space based methods in the reference list)... The principle of I&AB consists in "summarizing" the sequences leading to failure states of a Markov chain by cut sets, each of them containing one initiating event and failures of other components, or "barriers". Then a frequency is calculated for each cut set, and the sum of these frequencies yields an equivalent failure rate for the whole system. What makes this method so efficient is the fact that it uses closed form formulae for the cut sets quantification. The base version of I&AB, published in [START_REF] Bouissou | Boolean approximation for calculating the reliability of a very large repairable system with dependencies among components[END_REF] and the patent file (Bouissou & Hernu 2015), is limited to Markov models. But in the recent years, an increased attention was given to the analysis of the spent fuel pool safety in nuclear plants. The used fuel rods are placed in the pool until their residual heat has sufficiently decreased to allow their transportation. This system presents a deterministic grace delay (when all the cooling systems are lost, it takes some time for the water to boil, time during which repairs can be performed). There are also deterministic failures due to the depletion of water tanks used to replace the evaporated water. This is why I&AB was extended in order to be able to take such delays into account. The theory of these extensions is available in [START_REF] Bouissou | Extensions of the I&AB method for the reliability assessment of the spent fuel pool of EPR[END_REF]).

In the present paper, we show the benefits of using the I&AB method from a user's perspective, by showing two examples of application, corresponding to two typical contexts. In the first example, we show how I&AB gives a good approximation of purely dynamic methods, starting from a BDMP modelling a complex electrical system with many kinds of dependences between components. In the second example, we show that very few changes are necessary to pass from a standard PSA model already available in RiskSpectrum to a model quantifiable with I&AB. We also give comparisons between the results of full scale PSA models quantified with the standard method and with I&AB.

Classical methods

Traditional PSA, Static Methods

Contemporary PSA studies typically apply fault-tree/eventtree analysis to build a so-called static model of the facility. Some dynamic information is encoded in sequences within event trees, with frequency events initiating the sequences and function events capturing the broad dynamic structure.

A master fault tree is built, which is then solved to produce an MCS (minimal cutset) list, and these are then in turn quantified and combined to give an overall reliability. Each cutset therefore contains an initiating event, and probability events modelling barrier failures. Their probability can be calculated from a failure rate and a mission time. For events e Congrès de Maîtrise des Risques et Sûreté de Fonctionnement λµ21 Reims 16-18 octobre 2018 modelling components supposed to function during the whole accident, the mission time is typically 24 hours, by international consensus. The barriers listed in a given cutset are assumed to start functioning at the time of the initiating event. This implies that if any of the barriers of the cutset does not fail during its mission time, then the initiating event has been mitigated, and the system moves to a "safe state". The initiating event is then considered to be repaired. This traditional, static PSA method has the advantage of being simple, but its results depend on the mission time, the choice of which is somewhat arbitrary. It is not related to the repair times of the components or the initiating event in a particular sequence. Repairs of components in the cutset are not considered, even though in reality a failed component might have the opportunity to be repaired during the mission time.

In order to illustrate differences between the calculation methods quoted in this section and the next one dedicated to I&AB, we will take a very simple example and show the interpretation of the methods in terms of state graphs. Let us consider a system consisting of three components S1, S2, and S3, with constant failure and repair rates (λ = 10 -4 h -1 and µ = 0.1 h -1 ). In the perfect state, component S1 is in This system can be represented in various ways in RiskSpectrum, for example like in Figure 2. This representation does not capture the fact that S3 is a standby component for S2. Its state graph is presented in Figure 3. First of all, no repairs are implied. Once an initiating event occurs, the failures of all other components in minimal products corresponding to it are supposed to be independent. In the state graph, we intentionally separate the perfect state from the rest in order to explicitly demonstrate that the occurrence of the top event given that the initiating event took place is limited by 24 hours.

Dynamic Methods

Dynamic models capture the full dynamic behaviour of the system, including e.g. the order of component failures in a failure sequence, repair times that are specific to each failing component, the possibility of considering successive failures and repairs, and dependencies between components due to standby redundancies. Importantly, repair rates for individual components are used instead of requiring a mission time that is uniformly applied after a given initiating event.

EDF has developed several methods and tools for creating and quantifying dynamic models. In particular, BDMPs (Boolean logic Driven Markov Processes) are a powerful modelling formalism for the dependability analysis of dynamic systems [START_REF] Bouissou | A new formalism that combines advantages of fault-trees and Markov models: Boolean logic driven Markov processes[END_REF]. BDMPs have a graphical representation close to fault trees, yet they specify (potentially very large) CTMCs (continuous time Markov chains). For example, the system described above can be represented exactly by the BDMP of Figure 4 (the red dotted lines specify dependencies between the Markov processes associated to leaves).

Solving dynamic models exactly requires significant resources, and becomes intractable for PSA studies of large systems due to a rapid expansion of the state space. Even the powerful method implemented in the tool FIGSEQ (cf. § 4.2 and 5.3), consisting of a search and quantification of sequences leading to a target state is not applicable for BDMPs with more than a few hundred basic events (this is a very rough statement: in fact the structure of the BDMP is as important as its size).

Monte Carlo methods may suffer from excessive simulation times due to the high reliability of the systems under study: a very large number of simulations is required to produce a meaningful statistical picture of the failure modes. In such cases, the most-likely failure modes dominate, and it is difficult to see the contribution of the less-likely modes (this Communication 7E /3 page 2/9 e Congrès de Maîtrise des Risques et Sûreté de Fonctionnement λµ21 Reims 16-18 octobre 2018 is illustrated in the example of section 5). Thus, a BDMP model representing a full-scale nuclear PSA would be intractable with the above cited tools. But, by using the ability of KB3 [START_REF] Bouissou | Automated dependability analysis of complex systems with the KB3 workbench: the experience of EDF R&D[END_REF] to convert various models into static fault trees, it is possible to transform automatically a BDMP into a RiskSpectrum PSA model suitable for quantification by I&AB, which offers a brand new way to quantify very large BDMPs.

The I&AB method

The I&AB method offers a convenient balance between the static and dynamic methods described in the previous sections. The method was inspired by an insight of [START_REF] Collet | An extension of Boolean PSA methods[END_REF] noting that the majority of the behaviour of a fully dynamic model is captured by the first-order relationships between the failure of functioning components (i.e. the frequency events) and the standby components which act as barriers to the initial failure (i.e. the remaining basic events in a cutset). The initiating event is modelled as a repairable event which fails with rate . While it is failed and under repair (with repair rate ), the barriers , , ,…, are assumed to immediately begin to function. Barrier events may be either failure on demand or failure in function type events. Failure on demand events may fail with probability γ at the occurrence of the initiating event. If they fail, they are under repair (with repair rate ), and once repaired they cannot fail again (the system moves to a safe state). Failure in function events fail with rate and are repaired with repair rate . Failure in function events continue to operate after repair and may undergo successive cycles of failure and repair. If at any stage the initiating event is repaired, the system moves to a 'safe state' and cannot fail until the next initiating event. These assumptions correspond to the state graph of Figure 5 for the three-component system introduced in the previous section. It can be seen that this graph is a sort of mixture of the graphs corresponding to the standard PSA and the fully dynamic quantification methods. The PSA model is solved in the same way as for a static PSA, resulting in a minimal cutsets list to be quantified. These cutsets are then quantified using the I&AB method. This method is an analytic conservative approximation of the CTMC for the cutset. It captures the most important dynamic behaviour of a failure mode (that is, the first-order dependence between failures of barrier components), while offering an approximate analytical method. The reader is referred to [START_REF] Bouissou | Boolean approximation for calculating the reliability of a very large repairable system with dependencies among components[END_REF] and [START_REF] Bouissou | Extensions of the I&AB method for the reliability assessment of the spent fuel pool of EPR[END_REF] for a detailed description of the calculation. The first paper gives the generic equations for the quantification of a cutset, and the procedure to obtain automatically the relevant cutsets from a BDMP, using the fault tree generation function of KB3. The second paper gives the detailed analytical formulae for the quantification of a single cutset, and their extension in the case where there are deterministic delays.

Tools used for our experiments

RiskSpectrum PSA

RiskSpectrum PSA is an advanced tool for constructing and solving fault tree/event tree models of system reliability. The tool allows for full-scale probabilistic safety analysis of entire nuclear power plants, and is licensed for use at more than half of the world's nuclear power plants. The calculation engine RSAT is heavily optimised and allows efficient quantification of a master fault tree containing tens of thousands of basic events, and resulting in hundreds of thousands of minimal cutsets, while using reasonable computational resources. Appropriate use of a cutoff value ensures that a result which identifies the most significant cutsets can be achieved in a reasonable amount of computing time.

All I&AB quantifications presented in this paper are made with an alpha version of RiskSpectrum PSA/RSAT which includes the I&AB quantification method as an add-on. In I&AB, the final quantified cutset value is not a simple product of values from the contributing basic events. This has practical consequences for the master fault tree generation algorithm in RSAT in relation to cutoff and modules. For cutoff, a conservative estimate of the value of a partially-generated cutset is made, and compared to the cutoff value. Since this value is not exact, it is incompatible with relative cutoff. Relative cutoff is therefore not used in these calculations. Similarly, module values cannot be calculated exactly; a conservative estimate for module values is also used in cutoff. Cutsets containing modules must be de-modularised before they can be quantified with the I&AB method. A further cutoff check is applied to the cutset values during de-modularisation, once the I&AB value has been calculated. Both of these changes result in a decrease in MCS generation performance compared to the quantification of the static method.

The I&AB quantification of MCS lists is significantly more complex than for static PSA quantification (which uses a simple product of basic event values) and this leads to corresponding increases in computation time. This is not a problem for single quantification of MCS lists where the quantification time is still quite manageable. Upcoming versions of RSAT will implement a quantification method which is efficient for the repeated calculations which are required for importance or uncertainty analysis of the MCS list.

The KB3 workbench

The theoretical concepts of BDMP could be implemented easily in powerful software tools thanks to the KB3 workbench [START_REF] Bouissou | Automated dependability analysis of complex systems with the KB3 workbench: the experience of EDF R&D[END_REF] based on the Figaro modelling language. Figure 6 shows the architecture of the workbench:

1. Knowledge bases in Figaro, generic models for a category of systems like thermohydraulic systems or abstract objects like the leaves, gates etc. of a BDMP are developed by knowledge management experts using a specialized editor: FigaroIDE;

2.

The user loads a knowledge base in the tool KB3 which becomes a dedicated GUI and then builds a system model with this GUI; 3.

The system model is then translated into a purely textual representation, in the Figaro 0 language, a sub-language of Figaro that enables formal verifications and transformations;

4. The Figaro 0 model can either be transformed into a fault tree and sent to RiskSpectrum or another fault tree processing tool or be directly processed by one of the two dynamic model solvers FIGSEQ or YAMS. Depending on the characteristics of the Figaro 0 model, only a sub-set of these three uses may be available.

For more than ten years, BDMPs have been used with FIGSEQ and YAMS for assessing the reliability, availability, and safety of complex reconfigurable systems of various kinds: electrical, thermohydraulic, information systems...

The possibility to quantify them with the I&AB method in RiskSpectrum will widen their application domain, paving the way towards full scale PSAs of nuclear power plants essentially based on BDMPs. System to be studied This use case, described in full details in [START_REF] Bouissou | A Benchmark on Reliability of Complex Discrete Systems: Emergency Power Supply of a Nuclear Power Plant[END_REF]) is a discrete system, including most difficulties one can encounter when assessing the dependability of a complex system: reconfigurations with cascades of instantaneous probabilistic transitions, repairs, high redundancy level, common cause failures, large differences between the lowest and highest transition rates, multidirectional interactions (because of short circuits), looped interactions, existence of deterministic delays (due to battery depletion).

This system is a part of a French nuclear power plant. The hypotheses on the qualitative behaviour of the components and the control system are as accurate as possible, but the reliability data (failure and repair rates) are fake, for confidentiality reasons. However the orders of magnitude are realistic.

Model characteristics

We used the BDMP described in [START_REF] Bouissou | A Benchmark on Reliability of Complex Discrete Systems: Emergency Power Supply of a Nuclear Power Plant[END_REF] as the starting point of all our reliability calculations. Two kinds of description are available for this BDMP: the graphical representation given in the article itself, and the Figaro 0 file which is the basis for calculations by FIGSEQ or YAMS.

Both the article and the model can be downloaded from the MARS 2017 workshop web site. Here, we will just give a few characteristics of the BDMP: it comprises 81 basic events, 14 AND gates, 5 PAND (priority AND) gates and 35 OR gates.

We made a few simplifying assumptions in order to keep the model relatively simple. We supposed that the sources of the low voltage part (which, in fact come from the high voltage part except the battery) are perfectly reliable: this is to avoid a loop in the structure of the BDMP. We did not model "negligible" short-circuit propagations. The idea is the following: if a short circuit is possible (directly) on a bus bar, taking into account, in addition, the propagation of a short circuit coming from one of its neighbours will not have a significant impact. This is because this propagation would In a first variant (that we call "Markov approx." in the comparison of results), we replaced the fixed time (one hour) of the battery depletion by an Erlang distribution: Erlang(2, 2/h). This is necessary to keep a markovian model and to be able to use the tool FIGSEQ which uses analytical formulae. For the Monte Carlo simulation performed with YAMS, this approximation is not necessary. A long repair time (1000h) is chosen for the battery, to ensure that, after a given initiating event, the battery is not restored.

Communication
In the model to be quantified by FIGSEQ or YAMS, it is possible to take into account the fact that the house load functioning cannot be repaired until the GRID is available.

To do so, we created a single repairman who repairs the basic events relative to the GRID and the house load functioning. Since from the initial state, the house load functioning is not active, this repairman will always be taken first to repair the GRID. This will inhibit the repair of the house load functioning until the GRID is repaired. With I&AB, it is not possible to take into account this kind of dependence. So, we set the repair rate of the two basic events corresponding to the loss on demand and in operation of the house load functioning to 0. This amounts to consider that the repair is impossible after a given occurrence of an initiating event that triggers the house load functioning, and that as soon as the initiating event is repaired, the house load functioning is available anew.

Comparison of quantification methods

FIGSEQ explores paths in the Markov graph implicitly defined by the BDMP. This graph is huge and it is impossible to build it exhaustively, even on a very powerful machine. But, most systems, even very reliable ones, have some weak points. The exploration of all sequences having a probability larger than a given threshold can reveal those weak points and save the work of exploration of sequences negligible compared to dominant sequences. FIGSEQ is based on a smart algorithm that explores loops in the Markov graph only once, while taking into account in the probability calculation the fact that these loops can be traversed any number of times. But what makes the exploration so efficient (a result with a precision of about 10% on the reliability and asymptotic availability is obtained on a simple laptop in 5mn) is the properties of BDMP that reduce drastically the number of sequences to explore thanks to the "relevant event filtering" technique, explained in detail in [START_REF] Bouissou | A new formalism that combines advantages of fault-trees and Markov models: Boolean logic driven Markov processes[END_REF].

YAMS uses event driven, non-accelerated Monte Carlo simulation. Besides simplicity, the main advantage of this method is that it can process any Figaro 0 model, whatever the probability distributions associated to transitions. Here, it is thus possible to consider that the batteries are depleted after exactly one hour of functioning. More precisely, two options are possible in the model, corresponding to an optimistic and a pessimistic hypothesis. Optimistic: as soon as the battery is no longer needed, it recovers its full capacity so that it can again provide power for 1 hour. Pessimistic: if the battery is intermittently used, it will cease to provide power as soon as the cumulated function time reaches 1 hour. This even holds for very distant uses of the battery, for example after two different initiators. For the system studied here, this distinction makes no difference on the results, because the influence of the battery is very low.

Of course, the main drawback of Monte Carlo simulation is its large CPU consumption and its lack of precision in the case of reliable systems. The results given by FIGSEQ are based on two approximations: an Erlang distribution is assumed for the time to failure of the battery (Markov approximation) and the time spent by the system in degraded states is supposed to be negligible. The Markov approximation has a negligible impact (see below comments about I&AB). The fact that the estimation given by FIGSEQ is pessimistic, compared to the YAMS result indicates that in fact the time spent in degraded states is not negligible. This is due to long repair times for a certain kind of loss of offsite power, due to extreme climatic conditions, and for diesel generators. FIGSEQ yields the most accurate qualitative results. In only 20 seconds, it finds the 106 most probable sequences (or paths in the Markov chain) leading to the failure of the system.

Using RiskSpectrum, we have tested two methods: the standard PSA method with a mission time of 24h, and the I&AB method. Why 24h? Simply because this is the value used for nuclear PSAs, and the studied system is part of a nuclear power plant. With such a mission time, the batteries are useless in the PSA method: their failure probability is equal to 1. For I&AB, the implementation available now in RiskSpectrum is not able to take deterministic failures into account, this is why we used the Markov approximation. However, using the Python implementation of I&AB mentioned in [START_REF] Bouissou | Extensions of the I&AB method for the reliability assessment of the spent fuel pool of EPR[END_REF], we could see that the Markov approximation changes the result by less than 3%. The standard PSA method seems to perform better in that case than I&AB, but this is just a matter of chance: the "dominant" cutsets it gives are not at all the same as those found by FIGSEQ or by I&AB. On the contrary, I&AB identifies the correct dominant failure scenarios. The advantages of I&AB over the PSA method become even more obvious in the following sensitivity analysis: we change only the mean repair time of the loss of offsite power initiator. Its value in the system description is 200h, and in the sensitivity analysis we set it to 20h. Of course, the results of the PSA method are unchanged, since it does not take repairs into account at all. What happens to the other results? This is the object of Table 2. The differences between the methods become more obvious. The Monte Carlo simulation is no longer usable on a laptop: it would require hundreds of hours to obtain a few sequences in addition to the global reliability estimator. The PSA method is now very pessimistic compared to I&AB. The CPU time for analytical methods is not affected. The ratio of the I&AB result divided by the FIGSEQ result changes from 3.9 to 3.3: I&AB becomes less conservative.

In fact, this example is not favourable to I&AB, because the dominant sequences involve several failures that can happen only in a given sequence, whereas I&AB considers they can happen in any order. On other examples, we could find that I&AB gives a result much closer to the result of FIGSEQ.

6

Second use case: full scale PSA of a nuclear power plant 6.1 How to transform a standard RiskSpectrum PSA model in order to quantify it with I&AB RiskSpectrum PSA models only require minor additions for quantification with I&AB: frequency events (used to represent initiating events) and any other events for which we want to consider repairs must be assigned a repair rate µ. (Other basic events are assigned a repair rate of zero.)

A more detailed explanation is needed for models containing so called Repairable type basic events in the RiskSpectrum setting. Such basic events are used to represent normally-running components which can be unavailable when an initiating event occurs, due to maintenance or repairs. The model requires failure rate and repair rate (specified as a mean time to repair, MTTR) as mandatory parameters, which are used to calculate an unavailability, that converges towards /( + ). Then this unavailability is considered as a probability of on demand failure of the component after an initiator in the standard PSA method.

So, if the model contains basic events which use the Repairable reliability model, each of them should be replaced by a sub-tree: an OR gate with two sons, corresponding to an on demand failure with a probability calculated like in the static PSA method, and an in function failure which can have specific failure and repair rates because they are the rates to be considered in the context of an accident sequence.

The same model may be quantified using I&AB and the static quantification method. Since relative cutoff cannot be used in I&AB, this should not be used in static quantifications when comparing results from the two methods.
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Comparison between static PSA and I&AB

The aim of the evaluation on large scale PSA models is to illustrate advantages of the I&AB method for real-life analyses in the nuclear industry. We calculate frequencies of serious consequences (mostly core damage) by the usual static method and by I&AB. Note that the size of these analyses is prohibitive for a fully dynamic analysis using state-based methods (including Monte Carlo simulation, given the fact that probabilities to estimate are very low. Cf.

Table 3).

The I&AB method brings two important features which make the comparison of top frequencies less straightforward: (i) the accident duration is not specified by an upper bound, but by a repair rate on the initiating event and (ii) one can let failed components be repaired by assigning repair rates to them.

There is no simple relation between an upper bound on accident duration and a mean accident duration. If we compare results from an analysis which uses 24 hours mission time (upper bound) with another analysis which uses 24 hours MTTR then clearly the latter is more conservative. In an exponential distribution, the mean value is at the 63rd percentile. In 27 percent of accidents, the duration will exceed 24 hours. In fact, in 13 percent, it will exceed 48 hours, in 5 percent it will exceed 72 hours and in 2 percent it will exceed 96 hours. What is a reasonable upper bound in this case? We evaluate top frequencies with different mission times and different mean repair times of initiating events and allow readers to compare the results themselves. As for repairs, clearly, one can expect lower top event frequencies from models with repairs compared to models which do not take repairs into account.

We have selected three large real-life PSA models for our evaluation and modified them for confidentiality:

• Model 1 and Model 2: analysis cases chosen are those which make the biggest contribution to core damage.

• Model 3: analysis cases with important Mission Time events are selected for analysis, i.e. those analyses for which I&AB is likely to have a large impact for long accident durations. (ACs 1, 2, 3). A Core Damage analysis over all initiators is added for comparison (AC 4).

These analysis cases each involve several thousand gates and basic events. Largest analyses have more than ten thousand gates and four thousand basic events. All analyses include CCF events and modules.

The numerical results we present illustrate differences between the static and I&AB methods and show situations in which gains from the I&AB method are significant. We investigate the behaviour of models for accident durations t = 24h, 48h, 96h, 192h. Static PSA models are modified by changing all mission time parameters with value in the range [24h, t] to t. The same models are modified for use in I&AB by setting a corresponding repair rate on initiating events (µ=1/24, 1/48, 1/96, 1/192 h-1).

Repair rates for the other basic events are set to:

• 1/20 h -1 for failure in function events (for all initiating event repair rates) • Zero (no repairs) for failure on demand events. An exception to this is analysis case 3 of Model 2.

•

Mission time events less than or equal to 20 hours are assigned values from their static PSA interpretation (a Q value is calculated and considered as an on demand failure, without repair). This is because a component with a short mission time is considered to not be repairable during the accident sequence. • CCF (common cause failure) events are assigned pessimistic repair rates obtained by considering that the components lost because of a CCF are repaired one after the other, and that they are restarted only when all repairs are completed.

A number of conclusions may be drawn by comparison of Tables 3 and4, while bearing in mind the differences between an upper bound on accident duration and a mean accident duration (a 24h mean repair time includes a significant likelihood that the accident duration is >24h). For 24h accident durations, the results of the I&AB method are comparable to the static method, showing a modest decrease in top value across the analysis cases studied. This indicates that the static PSA method is sufficient in 24h mission time scenarios, though it does not hurt to use I&AB.

For long accident durations, the benefits of I&AB over the static PSA method can be very significant: in the most dramatic cases the I&AB results are approximately one fifth of the static values. times, as these events can take a long time to repair (this characteristic was taken into account in the model of section 5). Here, I&AB can greatly reduce the conservatism of the static approach. Comparing the differences in results across models and analysis cases chosen, we note that I&AB has a much more significant effect when it is applied to analysis cases which have mission time events with a high importance. The impact of the I&AB method is reduced (but still significant) when applied to the important analysis cases in a model (Models 1, 2 and AC 4 of Model 3) without deliberately targeting those analysis cases which show the greatest benefit with I&AB.

The impact of repairs on failure on demand events is not thoroughly investigated in this study. We did not have reliable repair information for these events, and allowing repair on these introduces yet another advantage to the I&AB method. The results show that the I&AB method can yield a significant improvement even when only considering repair of in function failures, which are central to the dynamic aspect of I&AB. Nonetheless, we were able to easily isolate an important failure on demand event in one case (the HRA event of Model 2, Analysis Case 3, marked with an asterisk). Allowing repairs for this event showed nearly an entire order of magnitude improvement in the result. Clearly these results show that the I&AB method can be used in a targeted way, allowing the modeller to concentrate efforts where there will be the most significant impact.

Conclusion

The I&AB method, implemented with RiskSpectrum PSA as a collaboration between Lloyd's Register and EDF, provides a means of analysing certain dynamic aspects in complex dynamic and repairable systems, such as nuclear power plants. From the set of results given in this article, and also on the basis of our experience on several other cases, we can conclude that in order to compute the reliability of such complex systems, the I&AB method is a good compromise between the precision of state-based analysis methods and the rapidity of the static PSA method that has been in use in the nuclear industry since the WASH-1400 report in 1975.

The first use case we have shown is a public benchmark, on which anybody can try and compare other tools to the ones used here: KB3-BDMP for constructing the model, FIGSEQ, YAMS for quantifying it with state-based methods, FIGARBRE for transforming the BDMP into a fault-tree suited for the application of the I&AB method in RiskSpectrum. With these tools, it takes no more than one day to model the system with a fully dynamic model (a BDMP with 81 basic events) and (with I&AB in RiskSpectrum) one second to obtain both an estimation of its reliability and more than one thousand dominating cutsets.

For the second kind of application, i.e. direct use of I&AB on full scale nuclear PSA models, we could only give global results because of confidentiality constraints. Preparing existing PSA models for I&AB quantification requires only minor changes: repair times for initiating events and selected (by a PSA engineer) basic events in the model need to be provided. The method reduces the conservatism of the static model, especially when an analysis with longer accident duration is relevant. Decreases in the top frequency value between 50-90% are demonstrated for certain analyses with longer accident duration in large-scale contemporary PSA models. More importantly, as shown on the first use case, I&AB has the potential to reorder completely the dominant cutsets if repair rates depend on components and do not have uniform values, like in the experiments we performed. This can greatly improve the optimisation of resources for improving the safety of nuclear power plants.

  operation and components S2 and S3 are in standby. As soon as S1 fails, S2 starts functioning. When both S1 and S2 are failed, S3 replaces them.

Figure 1 .

 1 Figure 1. Markov chain modelling the system.A truly dynamic model, that takes all these hypotheses into account, is the Markov chain of Figure1. We use a bold font for components in operation and a regular font for those in standby; numbers with bars indicate failed components. Notice that there is only one functioning component in each state. This Markov chain takes into account repairs of all components and, consequently, the fact that the system can repeatedly go back to the perfect state during the mission time. The only possible trajectory (without loop) resulting in the top event is successive failures of S1, S2, and S3.

Figure 2 .

 2 Figure 2. System representation in RiskSpectrum.

Figure 3 .

 3 Figure 3. State graph giving the semantics of the PSA model, which excludes repairs

Figure 4 .

 4 Figure 4. BDMP model specifying the Markov graph of Figure 1.

Figure 5 .

 5 Figure 5. Markov chain corresponding to I&AB assumptions.
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Figure

  Figure 6. The KB3 workbench 5 First use case: emergency power supply of a NPP 5.1 System to be studied

  7E /3 page 4/9 e Congrès de Maîtrise des Risques et Sûreté de Fonctionnement λµ21 Reims 16-18 octobre 2018 require the refuse to open of a circuit-breaker, an event with a low probability.Slightly different variants of the BDMP are necessary for different uses, because of intrinsic limitations of methods. The fact of having variants is easy to handle with KB3, because the tool has built-in functions for this kind of task.

Table 1

 1 compares the performances in terms of CPU consumption and precision of four methods, applied to the same (except for the variants mentioned above) BDMP model. All calculations were performed on the same laptop, with an Intel Core i5 processor. YAMS is supposed to give the "most accurate" result, in the sense that it can process the model closest to the real system behaviour.

Unfortunately, it requires more than one hour to get a rough estimation (the +-2E-6 in the table means that the 90% confidence interval half width is 2E-6) of the system unreliability at 10 4 h. This global result is obtained with 20 million simulations, among which so few are qualitatively identical that the qualitative results obtained are only 12 sequences among the first (i.e. most probable) ones.

Table 1 .

 1 Congrès de Maîtrise des Risques et Sûreté de Fonctionnement λµ21 Reims 16-18 octobre 2018 ones, especially with the use of a cutoff. It is then possible to obtain a precise global result and more than one thousand dominant cutsets in less than one second! The price to pay for this rapidity is a loss of precision: the results are excessively conservative. Comparison of the performances of various quantification methods

	Calcula-	CPU	Cutoff	Unrel. at	Qualitative
	tion type		(Prob.	10 4 h	results:
			at	"best	number	of
			10 4 h)	estimate"	sequences or
					cutsets
	FIGSEQ (Markov approx.)	20s 3mn10	1E-8 1E-10	3.48E-5 3.84E-5	106 first s. 1266 first s.
	YAMS (batteries 1 hour) = exactly	70mn sim.) (2E7		2.53E-5 +-2E-6	12 s. among the first
	RiskSpect rum I&AB (Markov	7s 1s	0 1E-10	1.35E-4 1.35E-4	467474 cuts 1187 first
	approx.)				
	RiskSpect rum (PSA method) Pr(Batt	8s <1s	0 1E-11	8.85E-5 8.85E-5	467474 cuts 3164 first (in another
	failure)=1				order!)

The calculations by RiskSpectrum are by far the fastest Communication 7E /3 page 5/9 e

Table 2 .

 2 Effects of a sensitivity analysis: division by 10 of the mean repair time of loss of offsite power

	Calcula-	CPU	Cutoff	Unrel. at	Qualitative
	tion type		(Prob.	10 4 h	results:
			at	"best	number	of
			10 4 h)	estimate"	sequences or
					cutsets
	FIGSEQ (Markov	8mn	1E-11	3.85E-6	2498 first s.
	approx.)				
	YAMS (batteries = exactly 1 hour)	At least 10h…			
	RiskSpect rum I&AB (Markov	1s	1E-11	1.29E-5	2196 first cuts
	approx.)				
	RiskSpect rum (PSA method) Pr(Batt	8s <1s	0 1E-11	8.85E-5 8.85E-5 (unchan-	467474 cuts 3164 first (in another
	failure)=1			ged!)	order!)

Table 3 .

 3 Summary of static calculations on large scale PSA models (column 1: model and analysis case numbers)

Ana- lysis case Top frequency (1/year), for Mission Time 24h 48h 96h 192h

  Due to the differences in upper bound vs mean accident duration, it is relevant to compare the I&AB 96h and static 192h results also, in which case the I&AB results can be close to one tenth of the static results. This shows that I&AB can have a significant impact for long accident durations:

	M1A2	1.60E-07	1.76E-07	2.03E-07	2.40E-07
	M1A3	6.81E-09	1.12E-08	2.30E-08	5.62E-08
	M1A4	1.52E-08	2.63E-08	5.81E-08	1.59E-07
	M1A5	7.64E-09	1.47E-08	3.34E-08	9.52E-08
	M1A6	1.77E-10	2.64E-10	5.45E-10	1.98E-09
	M2A1	1.17E-05	1.41E-05	2.01E-05	3.96E-05
	M2A2	1.08E-06	1.77E-06	3.72E-06	1.22E-05
	M2A3	2.05E-06	3.93E-06	7.91E-06	1.76E-05
	M3A1	3.16E-07	4.10E-07	7.17E-07	2.05E-06
	M3A2	3.87E-08	7.54E-08	2.21E-07	9.58E-07
	M3A3	1.94E-07	2.97E-07	5.96E-07	1.65E-06
	M3A4	4.37E-06	4.85E-06	6.12E-06	1.03E-05

because repair during the accident sequence is possible, and taking these repairs into account can have a drastic effect on the results obtained. Accidents caused by certain initiators, such as Loss of Offsite Power caused by external events, are appropriate to study with long accident duration Communication 7E /3 page 7/9 e Congrès de Maîtrise des Risques et Sûreté de Fonctionnement λµ21 Reims 16-18 octobre 2018

Table 4 .

 4 Summary of I&AB calculations on large scale PSA models (column 1: model and analysis case numbers)

	Ana-	Top frequency (1/year), for IE MTTR	
	lysis case	24h	48h	96h	192h
	M1A2	1.57E-07	1.73E-07	1.96E-07	2.28E-07
	M1A3	6.16E-09	9.71E-09	1.70E-08	3.12E-08
	M1A4	1.37E-08	2.24E-08	4.06E-08	7.71E-08
	M1A5	7.25E-09	1.30E-08	2.52E-08	5.02E-08
	M1A6	1.61E-10	2.43E-10	3.89E-10	6.75E-10
	M2A1	1.10E-05	1.20E-05	1.34E-05	1.69E-05
	M2A2	7.79E-07	1.09E-06	1.42E-06	2.36E-06
	M2A3	2.04E-06	3.89E-06	7.58E-06	1.48E-05
					1.74E-06*
	M3A1	3.15E-07	3.82E-07	5.09E-07	7.16E-07
	M3A2	3.82E-08	6.07E-08	1.07E-07	1.92E-07
	M3A3	1.91E-07	2.87E-07	4.74E-07	8.48E-07
	M3A4	4.33E-06	4.79E-06	5.54E-06	6.79E-06
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