
Abstract 
 

 
 
The present study is concerned with deterministic and probabilistic analysis of ex-vessel 

melt risks in a Swedish designed BWR plant. The focus is placed on a station blackout 

(SBO) scenario, with immediate SCRAM and subsequent activation of the main steam 

valve isolation (at 52 s). Four sequences were examined in detail to study the effect of 

two valves systems related to the operation of ADS (Automatic Depressurization 

System), and cavity flooding by water from suppression pool. The later action 

constitutes a cornerstone in the SAM (Severe Accident Management) strategy adopted 

in the newer Swedish and Finnish BWR plants.  

 

On the deterministic side, the US NRC MELCOR code was used to simulate the BWR 

system behaviours and phenomena that govern threats to the containment integrity. 

Remarkably, time factor (such as delays in instrumentation activation) was found to be 

of paramount importance to the sequence’s dynamics and consequences.  On the 

probabilistic side, a review of methods in Level 2 Probabilistic Risk Analysis (PRA) 

based on classical concepts of event trees-fault trees reveals that the existing methods 

ignore the time dependence, suggesting the need and potential value to explore a 

dynamic approach. In the present work, a recently-developed concept of dynamic fault 

trees was adopted. Specifically, dynamic structures were built into the tree’s branching 

points to enable capturing the effect of time-competing events in Level 2 PRA (severe 

accidents). The technique was successfully implemented in Matlab\Simulink. The 

method was then applied to four cases to compute the probability of occurrence of 

various key events. 

 

For the four cases studied, MELCOR results show the time for cavity rupture due to 

debris ablation varied between the 17.5 h and the 30.5 h. They also show direct 

containment heating (DCH) when ADS fails to operate. Interestingly, the probabilistic 

results exhibit associative and competitive behaviours in the two valve systems, 

confirming the need to account for their interdependence.   
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1 Introduction 
 
The purpose of this work to analyze the main threats to a ABB-Atom BWR containment 
integrity by the ex-vessel melt in a station blackout (SBO) event with a loss of forced 
circulation of coolant inside the vessel, SCRAM carried out immediately after the SBO 
and the isolation of the main steam valves achieved at 52s after the initiating event. 
The Station Blackout is an initiating event started by the loss of all alternating current 
(AC) power at NPPs. This event involves the loss of offsite power (LOOP) and if is 
combined with the loss of the onsite emergency power supplies (typically EDGs – 
Emergency Diesel Generators) it causes a loss of forced circulation of the coolant 
inside the reactor vessel. 
 
It is also aimed to examine aspects that have potential influence on the assessment of 
the related risks. This analysis will have special interest in events timing. To analyze 
the probability of occurrence of the events and take into account their dependencies on 
time, observed in the deterministic analysis, and on themselves are the aims that are 
going to be treated in the probabilistic analysis of this MSc Thesis.  
 
The work is divided into two sections: deterministic analysis and probabilistic analysis. 
The deterministic analysis is organized as follows: a brief description of the 
deterministic analysis given to indicate the why this analysis is needed, a description of 
the code and inputs used in the analysis and the results of the deterministic analysis 
obtained in the studied cases.  
 
The probabilistic analysis is organized as follows: a description of the probabilistic 
analysis given to indicate the why this analysis is needed, a brief description of the 
state of the art in dynamic analysis, a description of the software used, a description of 
the model, blocks, simulation parameters, inputs and outputs used, the results of the 
model implementation and the dynamic event tree built in the results.  
 
All the results are based on assumed probabilities that do not necessarily correspond 
to actual plant conditions. 
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2 Deterministic Analysis 
 

2.1 Definition  

 
The deterministic analysis is a physical approach for describing the behaviour of a 
system based on predictable events. In this analysis, for a particular input there is one 
and only one possible output (prediction). 
This method has the advantage to be a robust tool to track physical phenomena 
because there is a tight relationship between input and output. However, the 
development of the deterministic analysis carries out certain drawbacks. As the relation 
between input and output of the system is predictable and it is always the same, the 
method cannot cope with safety level measurement. What is to say, as there is no 
possible branching in the events, the scope of this analysis is only related to the final 
output, other possible events that might end happening are not taken into account. This 
drawback repels in a conservative conclusion of the analysis and may end up in 
reflection of non-realistic cases.  
 
Some of the situations, inside nuclear power safety, where this type of analysis is 
carried out are design basis accidents - DBA’s, anticipated transients scenarios (safety 
margin at normal operation) and the single failure criteria. 
  

2.2 Objectives 
 
This work is focused on the PSA Level 2 target. The probabilistic safety assessment is 
a comprehensive, structured and logical analysis method to identify and assess risk in 
complex technical systems. Its purpose is to cost-effectively improve safety and 
performance in a plant. The Level 2 is an addition to Level 1 and it is focus on core 
damage accidents, the containment response and the transport of radioactive material 
from the core to the environment. Detailed accident progression and containment 
performance analysis are the Level 2 objectives which are studied by means of the 
deterministic analysis [Ref 1].  
 
This work aims to analyze the main threats to the BWR containment integrity and 
examine aspects that have potential influence on the assessment of the related risks. 
This method’s robustness in tracking event sequences affecting the plant safety 
provides possible consequences of a given scenario. So, this method gives the 
consequences of imposed inputs and it is not able to decide if the outputs to the initial 
event (SBO) are realistic cases.  
 

2.3 Initial conditions 
 
This work is based on a SBO (Station Blackout) in a ABB-Atom BWR Power Plant [Ref 
2]. Some of the relevant technical data of the NPP are as shown in the Annex 1.1. 
 
The purpose of reactor containment is to prevent the fission products to leak to the 
environment during a severe accident. The containment walls are made of pre-stressed 
concrete, reinforced by a 5-mm thick steel liner which is embedded at least 20mm in 
the concrete. In the containment there is an inerted atmosphere (nitrogen at 
atmospheric pressure) to avoid the risk of hydrogen combustion during accidents.  
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The BWR containment has two main parts: a primary containment (drywell) and a 
secondary containment (wetwell). The drywell locks in the reactor vessel, its associated 
instrumentation and the primary coolant piping. It is divided in the upper drywell and the 
lower drywell (pedestal). The wetwell is a water reservoir at atmospheric pressure and 
room temperature. This water reservoir exists in order to maintain the containment 
pressure below its critical limit (5 bar for static loads) under all operation and accident 
conditions. The wetwell has piping connections to the reactor vessel to transport 
vapour and gases if the pressure inside the reactor vessel is approaching to its limit. 
These piping connections are governed by the Safety Relief Valves –SRV- and the 
Automatic Depressuration System -ADS-.  
 
The Station Blackout is an initiating event started by the loss of all alternating current 
(AC) power in the plant. This event involves the loss of offsite power (LOOP) and if is 
combined with the loss of the onsite emergency power supplies, typically Emergency 
Diesel Generators (EDGs), it causes a loss of forced circulation of the coolant inside 
the reactor vessel. Risk analyses performed for NPPs indicate that the loss of all AC 
power can be a large contributor to the core damage frequency, contributing up to 74 
[Ref 3] percent of the overall risk for some plants. Although NPPs are designed to cope 
with a LOOP event through the use of onsite power supplies, LOOP events are 
considered to be precursors to SBO. An increase in the frequency or duration of LOOP 
events increases the risk of core damage. 
 
In the SBO scenario studied in this work, there is a loss of forced circulation of coolant 
inside the vessel, immediately followed by a SCRAM, the fuel is at EOL –end of life-, 
and the isolation of the main steam valves is achieved at 52s after the initiating event. 
 

2.4  Software used: MELCOR code 
 
The software used to tracking event sequences affecting the plant safety is MELCOR 
Code Version 1.8.5 [Ref 4]. MELCOR Code is a fully integrated, engineering-level 
computer code that models the progression of severe accidents in light water reactor 
nuclear power plants. MELCOR is being developed at the Sandia National Laboratories 
for the U.S. Nuclear Regulatory Commission as a second-generation plant risk 
assessment tool and the successor to the Source Term Code Package. 
 
This code has an unified framework that includes the thermal-hydraulic response in the 
reactor coolant system, reactor cavity, containment, and confinement buildings; core 
heat up, degradation, and relocation; core concrete attack (MCCI); hydrogen 
production, transport, and combustion; fission products release and transport 
behaviour. 
 
The architecture of MELCOR is based on an executive driver and a number of major 
modules, or packages, that together model the systems present plant and their 
interactions. The various code packages have been written using a designed modular 
structure with interfaces between them. These interfaces are sometimes triggered by 
an event. This trigger, e.g. an amount of debris mass inside the lower head, might 
slightly distort the behaviour of physical parameters in a short period of time because 
there is no effective change of information between packages. 
 
MELCOR modelling is general and flexible, making use of a “control volume” approach 
in describing the plant system. In the ABB-Atom BWR NPP, it has been used the 
control volumes shown in figure 1 for the nodalization of the containment and the 
reactor vessel. The nodalization of the core is shown in figure 2. More details of these 
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control volumes nodalizations have be seen in [Ref 5] ABB-Atom BWR Plant 
description. 
 

 
Fig.1. Nodalization of the containment 
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Fig.2. Nodalization of the Core 

 

2.4.1 Inabilities of MELCOR  
 
There are assumptions and deficiencies in the MELCOR Code which may have 
affected the prediction of accident sequences studied and therefore, the consequences 
of the modelled runs. Remedy of these shortcomings is out of the scope of this work 
and as such they contribute to errors in MELCOR results presented therein.  
 
Specifically, MELCOR main inability exhibited in this work is due to the trigger event in 
the interface (which manages the information sent from one package to another) 
between the Core Package (COR) and the Cavity and Fuel Dispersion Interactions 
Packages (CAV/FDI). MELCOR Code delays the initial debris ejection into the cavity 
and until the integrated mass of debris leaving the failed reactor vessel has reached 
5000.0 kg [Ref 6] (the recommended value for the sensitivity coefficient, the default 
value is 0.0 kg). This delay is due to numerical problems encountered in the CAV 
package arising from the existence of small quantities of debris on the containment 
floor. The initial debris hold up mass sensitivity coefficient (5020-BH/FDI-CAV-Initial 
Debris Holdup Mass) carries out a delay between the vessel failure and the debris 
ejection. So, the water (in a hot vapour phase) coming out from the reactor vessel to 
the cavity is the only physical material traceable during this period.  
 
Another potential inaccuracy is the way a vessel failure is modelled. This work 
considers a penetration failure as the only mechanism for a vessel failure: neither the 
vessel creep failure nor the upper head alpha failure is modelled and therefore the 
debris has an only path to arrive to the cavity: the penetration. However, MELCOR just 
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models a single penetration failure: when temperature reaches 1000ºC in the lower 
head only one penetration is allowed to fail. This model is based on the fact that the 
debris should flow through the failed penetration and other possible penetrations 
failures after this event are not taken into account. 
 
There are simplifications in the wetwell description as well: the incoming material 
(gases, mixture of gases and steam) from the vessel reaches the wetwell via “flutes”. 
The flutes are tree shapes piping that are submerged in the suppression pool in order 
to achieve an optimal dispersion of the incoming hot gases from the vessel. These 
flutes are not modelled in the control volume. Nevertheless, MELCOR supposes a 
perfect dispersion of heat transfer with no high concentrations of hot incoming material 
in the suppression pool. For the code, the partial pressure of the water pool at the 
surface corresponds to the saturation pressure at the surface temperature [Ref 7]. This 
is the way MELCOR Code copes with the temperature gradient, however it is not a real 
behaviour for the heat and concentration dispersions.  
 
The neutron behaviour inside the core is also not modelled in transients. In transients, 
MELCOR Code represents the core only as a source of decay heat. However, 
achieving criticality after the scram event is theoretically possible. In the case where 
the control rods are already molten, and so the neutron poison that ensures the 
negative reactivity is no longer there, a slug of liquid water to the core could moderate 
the neutron kinetics and the core could achieve prompt criticality. In this MSc work, this 
event is only mentioned as a threat to the vessel and the containment, but it is not 
taken into account in the calculations because of MELCOR inability to model this 
phenomenon.    
 
 
 

2.4.2 MELCOR code inputs 
 
The deterministic analysis is based on the study of a SBO event in an ABB-Atom BWR. 
The causes that lead the NPP to the SBO scenario are outside the scope of this work. 
All cases studied with MELCOR used the following inputs. 
 

- The vessel, containment and reactor building are being simulated and have 
their own control volumes  

- The fuel used in the simulation describes the behaviour of the core in the end of 
life (EOL). The beginning of life (BOL) core is more reactive than the EOL one 
and therefore, requires more neutron poison. However, the EOL core has more 
fission product aerosols, vapours and other trace species that could be 
released from the fuel and the debris.  

- There is no forced circulation of coolant available. Therefore, there is nor steam 
to the turbine neither feedwater coming from the condenser. The internal pumps 
are not allowed to operate during the whole simulations. 

- The SCRAM takes place immediately after the start of every simulation.  
- The main steam line is effectively isolated 30.2 s from start of the simulation. 

However, the signal is given to the valves in 1.5 s and the message received by 
MELCOR Code output is in the 51.8 s. The isolation is carried out by automatic 
mode. The other alternative is to carry out by the “operators” with a delay higher 
than 1.5 s, however this alternative will not be included in the present work. 

- Neither the containment nor the core sprays are allowed to be activated as 
there is no forced circulation (pumps) available. 

- The containment venting in the drywell is available because there is no need of 
electricity supply to make this system operative. The containment venting is 
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pipe system which makes possible the withdrawal of gases through the Venturi 
scrubber, after the disk rupture event. 

- Only one penetration failure is allowed when the lower head achieves the 
temperature value 1000 ºC. However, debris ejection to the cavity is started 
when the lower head contains 5000 kg of debris.     

-  Safety relief valves (SRV) are operative from the start of the simulations as they 
do not require electric supply to operate. MELCOR represents the behaviour of 
these 5 SRV’s flow by the flows number FL191, FL196, FL197, FL198 and 
FL199 (Diagrams “Safety Relief Valves and ADS Integrated H20 Mass Flow” 
from Annex 1.2. to Annex 1.5.).  

   

2.5 Description of the different cases 
 
The purpose of the deterministic analysis is to study the different consequences 
between a reference model and other models. The cases have different imposed 
events apart from the inputs above mentioned. 
 
In the reference model, from now on Case 1, the automatic depressurization system 
(ADS) and the SAM’s Cavity flooding, where water from the wetwell floods the cavity, 
are operative.  
 
The ADS is a safety valve system on the pipe connecting the vessel and the wetwell: it 
is used for depressurizing the vessel in accident conditions. It is connected to the 
wetwell by means of piping. In reality, the ADS opening can be opened by automatic 
triggers or by the operator. The MELCOR Code only models the opening behaviour by 
the automatic triggers. The inputs that automatically trigger the intervention of the ADS 
are: 

- A drywell pressure higher than 0.9555 bar,  
- A drywell pressure rise rate higher than 130 Pa/s  
- A water liquid level in the downcomer lower than 28.25 m (L4 signal, that is 
0.7m above the top active fuel).  

 
The last trigger event must appear after the two other triggers have occurred or the 
ADS will not be activated. The behaviour of the pipe flow is represented by the 
MELCOR by flow number 180 (FL180). The behaviour of the ADS valve fraction open 
is represented by the control function CF189. 
 
During the SAM’s Cavity flooding, liquid water flows from the suppression pool to the 
cavity in the lower drywell. 734 m3 of water are available in the wetwell to flood the 
cavity. This operation increases the cavity’s liquid water level from 0 m to 8.29 m 
(height and volume measured just before the penetration failure in the Case 1). The 
purpose of this operation is to cool the debris coming out from the penetration and 
make the MCCI attack dynamics slower. The cavity flooding is user-specified time. The 
behaviour of the valve is represented by MELCOR by the control function CF171 and 
once opened it has a constant open fraction of 1. The behaviour of the water flow 
through this valve is represented by the flow number FL170. 
 
In Case 1, the ADS signal starts with a 900 s delay from the time when the last trigger 
appears (L4 Level). There is another delay of 5 s until the system is totally opened. The 
ADS intervention event happens at time 1800 s after the start of the simulation. The 
SAM’s Cavity flooding also starts at this time. As written above, this case is the 
reference and the other cases consequences are being compared to this one.  
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In Case 2, there is a delay in the opening of the ADS. This delay makes the ADS open 
3600 s after the time the ADS signal. The ADS is completely opened in time 5396 s. 
The SAM’s cavity flooding starts at time 1800 s.  
 
In Case 3, there is no ADS intervention during the whole simulation. The SAM’s cavity 
flooding starts at time 1800 s. 
 
In Case 4, the ADS operates as in Case 1 so it is completely opened at time 1800s. 
The SAM’s Cavity flooding is not operative during the whole simulation. 
 
Case 2 and Case 3 are supposed to model a scenario where the ADS is not operative 
during a period of time (2) or during the whole simulation. In reality, in Swedish BWR, 
the ADS electric supply relies on 4 different lines that end in four different batteries. 
Case 2 represents a delay in the supply of the ADS power that can be supposed as a 
delay in the start up of one of those batteries. This event can happen because, for 
instance, one of the 4 lines is broken. Case 3 represents a failure in the electric supply 
of the ADS or a failure of the valve system.  
 
The Case 4 are supposed to model a scenario where the SAM’s Cavity flooding is not 
operative. The SAM’s Cavity flooding can fail to operate either by an operator error or 
by a failure in the valve system. 
 
The Cavity flooding as a SAM’s is supposed to be a strategy able, not only to cool as 
far as possible the molten debris, but to increase the heat transfer between the debris 
and its surroundings. The cavity radius is the curvature radius between the vertical and 
horizontal walls of the containment and it is used as a parameter to evaluate the attack 
to the containment wall. As the heat transfer increases, the cavity radius speed 
diminishes, so the containment rupture event is delayed. It has been modelled [Ref 8] 

to be a heat transfer rate with no water 25.0
m

MWRHS =   (assumed) and with water 

21
m

MWLHS = (conservative value). 

This speed depends on the molten corium concrete interaction (MCCI), especially 
because of two reactions: 

Thermal excursion: 

kgZr
MJSiZrOSiOZr 1.222 ++→+  

Energy Zr-Concrete reaction: 

)(8.4, exothermic
kgConcrete

MJE ZrC =  

 
There has been a Case 5 run in the present study. It had the combination of the inputs 
in Case 2 and Case 4. However, due to an error in a sensitivity coefficient value, there 
was no confidence in its results; therefore this case was not taken into account in the 
deterministic analysis. The error was a nearly 100 times higher value in the “sc1504”: 
This coefficient specifies the tolerances on internal consistency in the representation of 
the volumes within the core package database.  
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2.5.1 Case 1: Reference.  Time Dependency in Normal  Operation. 
 
Although this work is focused on the ex-vessel melt phenomena, the in-vessel 
behaviour must nonetheless be taken into account. In Case 1, events timing is shown 
in (Annex A.2.). 
 

2.5.1.1 In-Vessel behaviour (Annex A.2.) 
 
Until the ADS starts operation, the SRV-4 (open at 7.0001 MPa and closes at 7.9000 
MPa when loading and from 7.9000 to 6.9999 MPa when unloading) lets the coolant 
reach the wetwell. The integral mass of the material transported to the wetwell is 57.75 
tons. At time 1800 the ADS starts to operate and decreases the In-Vessel pressure, 
closing the SRV-4. The core begins uncovered as the ADS starts to operate. Then the 
core cells increase their temperature as there is no liquid coolant that takes out their 
decay heat. At 2826s, the generation of hydrogen starts. This generation is first due to 
the oxidation of the steel. At 3144s, cells 110, 210 and 310 achieve 1178K. This is the 
temperature where Zirconium starts to be oxidized. The Zirconium is present in the fuel 
arrays made of Zircaloy-2 (Composition in weight = 1.5%Sn, 0.3% Fe+Cr+Ni, 0.1% O, 
rest Zr (98.1%)) or Zircaloy-4 (Composition in weight = 1.5%Sn, 0.3% Fe+Cr, 0.1% O, 
rest Zr (98.1%)) and the oxidation reaction is ruled by the law: 
  

222 22 HZrOOHZr +→+  

As there is 36.7 tons of Zircaloy inside the Vessel, the theoretical Hydrogen production 
may arrive to 3.6 tons. However, during the whole simulation there is only 28.48% of 
the theoretical value.      
 
The temperature inside the core continues to increase, the cladding is threatened and 
damaged and the fuel gap release starts at 2911 s. The main radioactive material 
group released is Noble gases (mainly Xe) –353 kg during the whole operation-, 
followed by Alkali Metals (mainly Cs) -174 kg during the whole simulation-. As the 
temperature in the hottest cells is greater than 2000 K, at time 5100 s, there is an 
excursion of H2 generation (from 65 to more than 350 kg of Hydrogen in a few 
seconds). At this time the vessel is coping with a pressure peak of 7.4 bar. The ADS is 
opened again. 
 
At time 6452s, the core plates start to fail. The core support structure (plateb) in cell 
304 fails by yielding. An amount of water inside the lower plenum is pushed towards 
the core (achieving a pressure of 13,33 bar) because of this failure. This event is a 
threat to the vessel as the core has no longer the neutron poisons from the control rods 
and prompt criticality could be achieved. This situation does not occur in this case; 
however there is a debris quench in ring 3. At time 6574, the penetration 1 in radial ring 
1 arrives to its failure temperature (1000ºC). The Lower Head penetration failure event 
occurs. The initial diameter of the hole is 7.1cm. There is an ejection of very hot vapour 
into the cavity; however MELCOR Code is not able to model the ejection of molten 
corium into this volume until there are 5000 kg of debris in the Lower Head. This event 
occurs at time 10233s. Just 165s before, at time 10068, the core support structure 
column in cell 202 fails by yielding and the core starts collapsing. The core structures 
can no longer support the core because the failure in columns below it.  
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2.5.1.2 Containment behaviour (Annex A.2.) 
 
The first pressure increase starts in the wetwell at time 5088s. The time for the first 
increase in pressure, up to 1.8 bar, copes with the time for the first excursion of H2 
generation in the core. The hydrogen is transported through the ADS valve and piping 
to the suppression pool. The non-condensable gases (mainly H2) reach the wetwell 
atmosphere. During this period of time, the cavity pressure is governed by the wetwell 
pressure. The wetwell and the drywell are connected by the vacuum breaker and 
through a path submerged in the water pool. The vacuum breaker is a valve that allows 
the transport from material inside the wetwell atmosphere to the drywell atmosphere. 
This valve opens when the difference between pressures is up to 10000Pa (0.1bar). 
The vacuum breaker purpose is to maintain the integrity of the wall, threatened by 
pressure difference. The path submerged has the same purpose, but in reverse 
direction.  
 
The temperature in the wetwell behaviour depends on the hot H2 coming from the 
vessel through the ADS.  
 
After the penetration failure, the pressure behaviour of the containment volumes is 
ruled by the cavity pressure. The cavity pressure increases as hot vapour outcomes 
from the vessel. After the penetration failure (at 6574 s) the vapour partial pressure 
increases up to 3.597 bar after 37380 s. The pressure in the containment keeps 
increasing and all volumes are above 5 bar from 35195 s up to 37550 s (nearly 40 
min). This pressure cannot be considered a dynamic load; therefore it is a threat to the 
containment. The maximum pressure peak is of 5.31 bar and it is reached after 37380 
s the SBO (623 min). This is the rupture disk event. The rupture disk is a device that 
separates 2 shutdown valves. They are both opened during normal operation and one 
is facing the drywell and the other is facing the scrubber (filter). This filter can absorb all 
materials (with an efficiency rate) but noble gases (such as Xe-133, Xe-135, Ar-37 and 
other radionuclide species) and hydrogen. The total vapour mass flow to the scrubber 
is 294.25 tons. The total N2 mass flow to the scrubber is 5803 kg and the total H2 mass 
flow to the scrubber is 2094 kg. At this time, the containment has lost its integrity 
(although in a “controlled” leakage).  
 
The temperature in the cavity is ruled by the vessel failure. There are 2 peaks in the 
cavity atmosphere temperature profile. The increase starts at 6574s, the lower head 
penetration failure time, and it increases up to 333 K (first peak) and 462 K (second 
peak). The runaway in the cavity liquid temperature starts at 10233 s, time of the debris 
mass ejection from the lower head. Its maximum value (around 425 K) is reached when 
the atmosphere pressure peaks in the cavity.  
 
The debris mass ejection into the cavity causes a chemical reaction that starts a 
narrow power peak (up to more than 3 MW). At 15397 s the power produced by the 
chemical reaction reaches 15.94 MW; 6.69 MW are due to molten corium concrete 
interactions (MCCI). At times 68746 s and 68820 s there are respectively the maximum 
(503.97 MW) and minimum (-1452.5 MW) narrow heating peaks. 
 
The debris mass inside the cavity attacks the 1 m thick wall. When the cavity radius 
increases from 4.5 m to 5.5 m the containment breaks and the simulation stops. The 
debris mass begins to attack the 5 mm steel liner at 18421 s. It achieves a 5.5 m radius 
at 109691 s. It has an average speed of 39.44 mm/h. 
 
No direct containment heating (DCH) was detected in this case. 
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2.5.2 Case 2: Delay of 1h in the ADS start up  
 

2.5.2.1 In Vessel behaviour  (Annex A.3.) 
 
In this case, the SAM’s Cavity flooding starts as in Case 1. As there is a delay of 1h in 
the ADS start up, the timing and the consequences of the events change considerably. 
The H2 generation inside the core starts 134 s later than in Case 1; however its 
behaviour is much different. H2 core production is a 156.8% more than in the reference 
(from 431 kg in Case 1 to 1107 kg in Case 2). It also starts in runaway and its 
generation rate diminishes when the ADS starts to operate (at 5396 s). Before that 
event occurs, at time 3200 s – nearly 5 min later than in Case 1-, there are radioactive 
materials released (with the same behaviour as in Case 1) due to the oxidation of the 
Zircaloy. More than 100s before the ADS is activated (at 5280 s), the core becomes 
uncovered. As the ADS is activated there are narrow pressure peaks of the order of 
7MPa possibly due to small steam spikes inside the vessel. At 8108 s, the core support 
structures (Plateb) failure begins in cell 104 and therefore the debris starts to quench in 
ring 1. At 15617 s, there is the lower head penetration failure. This event occurs more 
than 2 h 30 min later than in Case 1. The core support columns fail by yielding in cell 
403 at 16075 s, consequently the core start collapsing at this time. 
 
In this case, the SRV-4 stops operating 1 h later (when the ADS starts) and it is 
possible to transport up to 96.78 tons of hot material from the core to the suppression 
pool. The ADS transports up to 76.18 tons, until the penetration failure event takes 
place. 
 

2.5.2.2 Containment behaviour    
 
The time for the first increase in pressure is equal to the time needed to achieve the 
Zirconium’s oxidation temperature in the core. The runaway is simultaneous with the 
ADS intervention at 5397 s. It is a very fast runaway where the pressure in the wetwell 
atmosphere increases up to 3bar in very few seconds. The wetwell atmosphere 
temperature has also a fast runaway up to 382K and continues to increase albeit at a 
lower rate up to 425 K. The maximum wetwell pressure achieved is 5.481 bar at 35060 
s, however the pressure is over 5 bar for more than 1 h 30 min (5646 s). The maximum 
partial pressure for the hydrogen is 3.647 bar, for the nitrogen is 0.724 bar and for the 
water vapour is 1.078 bar. After time 35060 s, the wetwell atmosphere pressure 
suddenly drops to less than 2 bar. This is the rupture disk event. It takes place 2320 s 
(nearly 39 min) before than in Case 1. The total vapour mass flow to the scrubber is 
274.58 tons. The total N2 mass flow to the scrubber is 6514 kg and the total H2 mass 
flow to the scrubber is 2688 kg. At this time, the containment has lost its integrity 
(although in a “controlled” leakage).  
 
The temperature behaviour in the cavity is ruled by the vessel failure. The cavity 
atmosphere temperature starts at 15617 s, the lower head penetration failure time, and 
it increases up to 398 K (first peak) and 410 K (second). The runaway in the cavity 
liquid temperature starts at 18740 s, the time of the debris mass ejection from the lower 
head. The maximum cavity atmosphere temperature is at 38183 s and it is up to 450 K.  
At 18740 s, the debris mass ejection event occurs and 460.31 tons are ejected to the 
cavity during the whole simulation. Debris causes a chemical reaction heat peak of 
36.05 MW and 14.75 MW come from the MCCI. The debris starts to attack the 
containment cavity radius at 19728 s and the radius achieves a 5.5 m length at 116026 
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s (cavity rupture). That is 6335 s (1 h 45 min) later than in Case 1. The average radius 
increase speed is 37.38 mm/h, about 5.22% lower than in Case 1.  
 

2.5.3 Case 3: No ADS available 
 

2.5.3.1 In Vessel Behaviour  (Annex A.4.) 
 
In this case, the SAM’s Cavity flooding starts as in Case 1. As ADS is not available 
during the whole simulation, the timing and the consequences of the events change 
considerably, but must be the same as in Case 2 until the ADS start. The H2 generation 
inside the core behaves like in Case 2. There is a 181.7% more of H2 core production 
(from 431 kg in Case 1 to 1214 kg in Case 3). The hydrogen generation also starts in 
runaway and its generation rate diminishes at 7190s (after penetration failure). There 
are radioactive materials released at time 3200 s and the core begins to be uncovered 
at 5280 s, just as in Case 2 and about 2480 s (40 min) later than in Case 1. At time 
5340 s, a pressure peak (nearly up to 8 MPa) of hot liquid water occurs in the core. 
This event is threatening the vessel because a water slug in the core with no control 
rods (now damaged) could make it achieve prompt criticality. At 6462s (about 27min 
earlier than in Case 2 and only 10 min before Case 1) the core support structures 
(Plateb) failure begins in cell 404 and therefore the debris starts to quench in ring 4. At 
6626 s (not even 3 min after the structures failure), the penetration failure event occurs.  
This event occurs only 2 min before than in Case 1, although the in-vessel behaviour is 
totally different. The molten debris mass ejection to the cavity takes place only 17s 
after the penetration failure. Therefore, only 17s are necessary to achieve 5000 kg of 
debris in the lower head. The core support columns fails by yielding in cell 403 at 9644 
s (1 h 47 min before Case 2 and 7 min before Case 1), consequently the core start 
collapsing at this time. 
 
In this case, the SRV-4, the SRV-2 and the SRV-1 are being operative. The SRV-2 
opens at 7.4001 MPa and closes at 8.0 MPa when loading and when unloading from 
8.0 MPa to 7.4001 MPa. The SRV-1 opens at 8.0001 MPa and closes at 9.0 MPa when 
loading and when unloading from 8.9 MPa to 7.4001 MPa. The SRV-4 starts to open at 
the beginning of the simulation and is capable of carrying, from the core, up to 107.36 
tons of material during the whole case. The SRV-2 (started at 5449 s) can only 
withdraw 5084 kg and the SRV-1 (started at 6628 s and closed at 6669 s) copes with 
366 kg. In this simulation, all SRV’s close few seconds after the penetration failure 
occurs, due to the decrease in in-vessel pressure caused by this event.  
 

2.5.3.2 Containment Behaviour  
 
The containment behaviour is totally different in this case from the seen before. This 
case main event is a sudden and narrow pressure peak with a maximum value of 5.817 
bar at 6740 s. This pressure peak is very fast and the pressure is above 5 bar for just 
102 s. This first pressure runaway starts at 3594 s. This is the time that the cladding 
achieves the oxidation temperature of Zircaloy. The hydrogen generated leaks to the 
wetwell through the SRV-4 achieving a partial pressure above 4 bar. The temperature 
of the cavity atmosphere increases until 1081 K at 6720 s. At this time, the debris and 
water are launched from the vessel penetration failure into the cavity. However the 
atmosphere of the wetwell only achieves 423 K at 6744 s. The temperature in the 
cavity only exceeds 1000 K for 72 s. The name of this threat to the containment is 
direct containment heating (DCH). At time 6680 s, the rupture disk event takes place. 
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This happens before the pressure achieves the maximum value but it is still in the 
pressure runaway period. The H2 leakage is up to 2619 kg during the whole simulation, 
the N2 leakage is up to 6188 kg and the vapour is up to 285.71 ton. The total vapour 
mass flow to the scrubber is 285.71 ton. The total N2 mass flow to the scrubber is 6188 
kg and the total H2 mass flow to the scrubber is 2619 kg (25% more than in Case 1). At 
this time, the containment has loss its integrity (although in a “controlled” leakage).   
 
The first peak produced by the chemical reaction heat takes place when the debris 
ejection begins (at 6643 s). It reaches 90.07 MW and 67.99 MW are due to the MCCI. 
There is a second increase in pressure that starts in the cavity at 11064s. It is due to 
an increase in the corium launched from the vessel and the second chemical reaction, 
(MCCI included). This second chemical reaction heat interaction achieves a value of 
85.00 MW and 12.07 MW from them correspond to MCCI.  
 
The debris starts attacking the containment wall from the time 16501 and reaches a 5.5 
m cavity radius at 102124 s with 458.989 ton of debris. This is the cavity rupture time. It 
has an average radius increase speed of 42.04 mm/h (9.7% faster than Case1). 
    

2.5.4 Case 4: No SAM’s Cavity flooding available 
 

2.5.4.1 In-Vessel Behaviour (Annex A.5.) 
 
In Case 3, the in-vessel behaviour was expected to be the same as in Case1 because 
the ADS starts to operate at the same time. However, slight differences have been 
notice in events timing after the start of hydrogen generation. The core support plate (in 
cell 304) fails 400 s earlier in Case 3. Therefore, the penetration failure event takes 
place before (422 s earlier). This 422 s advancement can be explained by the different 
heat transfer between the vessel and the cavity environment. As there is no SAM’s 
Cavity flooding, the cavity atmosphere temperature may increase some degrees in 
comparison to the temperature in Case 1 because there is no pool where the heat can 
sink. After this event occurs, differences in accident consequences and timing must be 
noticed. At time 9579 s, the core support structure (column) in cell 102 fail s by yielding 
and consequently the core starts collapsing. This event happens 489s earlier than in 
Case 1. At time 9580 s, just after the columns failure, the lower head achieves more 
than 5000 kg of debris and there is the debris mass ejection to the cavity. It takes place 
653 s before than in Case 1.  
  

2.5.4.2 Containment Behaviour  
 
Before the penetration failure event occurs, there are no significant differences 
between the cases. The total pressure in the cavity and in the wetwell increases after 
the penetration failure has a maximum value of 5.12 bar at 17621 s. The containment 
volumes show a pressure higher than 5 bar for 418 s. This pressure peak is mainly due 
to the partial pressure of N2 (2.136 bar) and H2 (2.059 bar) coming from the vessel and 
are now heated by the debris. The pressure and atmosphere temperature is ruled by 
the debris and water mass ejected from the vessel in this case. The event that makes 
the pressure decrease is the disk rupture. It takes place more than 5 h 29 min (19759 
s) earlier than in Case 1. Up to 285.27 ton of vapour (nearly 9 ton less than in Case 1) 
are carried through the rupture disk. There is 23.7% less H2 being carried to the 
scrubber.  
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There is a high excursion of temperature in the cavity with its start by the end of the 
liquid water (previously ejected from the Vessel). The max temperature achieved is 
1534 K at 25222 s but the cavity atmosphere temperature stays higher than 1000 K for 
37322 s (10 h 22 min).  
 
The debris mass ejection into the cavity causes a chemical reaction that starts a 
narrow power peak (up to more than 37 MW). At 15397 s the chemical reaction begins 
heating up to 37.42 MW (more than the double of the 15.94 MW of the Case 1); 13.47 
MW from that chemical reaction power are due to molten corium concrete interactions 
(MCCI). At times 54421 s and 53622 s (earlier than the 68746 s and 68820 s of Case 1 
timing) there are respectively the maximum (31.34 MW) and minimum (-119.61 MW) 
heating peaks. 
 
The debris mass inside the cavity attacks the 1m wide wall. When the cavity radius 
increases from 4.5 m to 5.5 m the containment breaks and the simulation stops. The 
debris mass begins to attack the 5mm steel liner at 16901 s (25 min earlier than Case 
1). The total debris mass ejected to the cavity is 379.53 tons which is considerably less 
than the 462.29 tons ejected in Case 1. However, it achieves a 5.5 m radius at 62544 s 
(compared to the 109691 s of Case 1). It has an average increase radius speed of 
75.66 mm/h. This speed is 92.11% faster than in Case 1.  
 
No timing correlations between chemical reactions and MCCI with the cavity 
atmosphere temperature have been found. 
 

2.5.5 Conclusions and relevant time dependencies 
 
The time dependencies are considered for 5 major parameters, namely the vessel 
penetration failure, the containment maximum pressure load, the disk rupture, the 
average increase speed in the cavity radial ablation and the cavity failure time. The 
amount of time when the pressure inside the containment exceeds 5 bar and specific 
special events for some cases are taken into account, as well.  
 
The main difference between Case 1 and Case 2 is a delay in the lower head 
penetration failure in up to 138% of Case 1 time. A delay for 1h in the ADS opening 
also increases the time exceeding 5 bar inside the containment volumes (140% more 
time; 1h34min) and slightly increases the containment maximum pressure. The disk 
rupture is nearly 42 min before but the time for the cavity rupture is 1h 45min later. The 
absence of a possible prompt criticality achievement is also a relevant difference. 
 
Case 3 has an early narrow high pressure peak inside the containment (DCH) that 
carries out an early disk rupture (462% early than in Case 1; 8h34min before). The 
cavity rupture event is only 2h2min earlier in this case. The possible prompt criticality is 
achieved nearly 19min before. 
 
The absence of a SAM’s cavity flooding, Case 4, makes high pressure in the 
containment last for 5h 29min (648% more than in Case 1). This increase in pressure 
makes the atmosphere temperature of the drywell above 1000K for 10h22min. It also 
carries out the disk rupture 4h56min before than in the first case. However, the main 
consequence is the increase in the average cavity radial ablation speed. This increase 
in the attack of the molten corium to the concrete makes the cavity rupture event occur 
nearly 13h earlier than in Case 1.  
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 Case 1 Case 2 Case 3 Case 4 

Vessel Penetration 
Failure (s) 6574 15617 6626 6152 
Max Pressure Released 
in Cavity (bar) 5.31 5.48 5.82 5.12 
Time exceeding 5 bar(s) 2355 5646 102 17621 
Disk Rupture (s) 37550 35060 6680 19759 
Cavity Radius Increase 
speed (mm/h) 39.44 37.38 42.04 78.87 

Cavity Rupture (s) 
109691 

(30h28min) 
116026 

(32h13min) 
102124 

(28h22min) 
62544 

(17h22min) 

Special Event Prompt at 6452s - 
Prompt at 5340s 

DCH 
T>1000K for 10h 

22min 
 
 

 
Fig.3. Comparison between pressures in the Drywell for the 4 Cases 

 

2.6 Link between Deterministic Analysis to Probabil istic Analysis 
 
The deterministic analysis performed provides the dynamics and consequences of 
selected accident sequences. Given the consequences, the actual risk of these 
sequences can be studied within the framework of the probabilistic risk analysis (PRA). 
There is a need to implement a dynamic method that is able to reflect the importance of 
time dependencies of various actions/factors, such as delays in the ADS actuation. The 
classical probabilistic analysis based on static event trees/fault trees is not able to 
handle such time dependencies. Based on a literature review, a method was found, 
implemented. Results of the work on probabilistic analysis are given in the next section.   
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3 Probabilistic Analysis 
 

3.1 Definition 
 
The probabilistic analysis is an approach for describing particular events occurrence. It 
is based on the definition of risk as the consequence of a particular event multiplied by 
its probability of occurrence [Ref 1].  The probabilistic analysis inside the PSA level 2 is 
not based on physical phenomena behind the detailed accident progression and 
containment performance, but it is based on the possible paths that the accident 
progression could take, so it is necessary to complete the deterministic analysis. To 
analyze the probability of occurrence of the events and the uncertainty associated to 
the study are some of its objectives and they are going to be treated in this work. Its 
main advantages are its “realistic” focus (best estimate calculations) as it challenges 
the search of the “true” sequence. As it copes with “all” possible paths probabilities, it 
can measure the safety level affecting the plant. Therefore, this method provides a 
quantitative number (probability) on which decisions can be based. On the other hand, 
this type of analysis is time consuming and it difficult to model. Furthermore, there are 
always some conservative assumptions to be made. 
 

3.2 Differences between static and dynamic probabil istic analysis 
 
The static probabilistic analysis is the classical approach to the PSA’s to accident 
progression studies. This classical approach is based on 2 tools: the fault tree and the 
event tree. 
 
The fault tree is a pictorial diagram designed to identify the general fault classes. Top 
events (undesired events) are developed from basic events (unique failure modes in 
components/functions at the lowest level of examination). This development is carried 
out by means of deductive logic. 
 
The event tree is a logic model representation which analyses accident sequences 
ending in certain specified consequences. An initiating event (departure of accident 
sequence) starts the sequence that passes through function events (models of 
barriers) until ending in a consequence. 
 
There are some assumptions in PSA’s classic tools that are considered drawbacks in 
this work. The main assumption [Ref 9] is that any potential change in the ordering of 
events does not affect the final output, unless specifically modelled; hence changes in 
timing of events should not modify results. Furthermore, dependences between top 
events are dealt within a binary framework, so the timing in events is not taken into 
account in the final probabilistic analysis but as initial conditions in the events 
occurrence. 
 

3.3 Dynamic analysis: state of the art  
 
There have been extensions of the classical tools towards dynamic systems in order to 
improve the above mentioned assumptions. Some of these extensions are the 
expanded event tree, the go flow and the explicit Markov state-transition model [Ref 9]. 
 
The expanded event tree is an evolution of the classical event tree that incorporates 
more variables, such as process variables. Its advantages are based in its multiple 
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branches under top events where there are explicit inclusions of key values. These key 
values can be anything from physical values (e.g. pressure inside the vessel) to time of 
occurrence of a special event. Its main drawback is that it is extremely complicated 
when several components, process variables or multi components states must be 
treated. Moreover, it does not convey easily the idea of competition between different 
events. Furthermore, loops or simple events at multiple points need arbitrary truncation 
rules. 
 
The go flow pictorial diagram design to identify signal propagation; hence it is a 
dynamic system, although the propagation cannot be necessary in time. The analyst 
creates a signal which propagates through the system. The probability of a certain 
output in time is determined algebraically. A number of predefined operators are used. 
These operators can be failure modes, logic operators or triggers. The go flow 
emphasizes in physical signals, the user must specify if it is success or failure. Its main 
advantage is its compactness compared with event tree/fault tree. However, it is not 
designed to structure information. For example, common class failures are not treated 
unless an extra operator is created. The go flow is only interested in time-dependent 
probabilities of success; therefore any deviation from nominal behaviour is treated as 
failure and not modelled. 
 
The explicit Markov state-transition model is based on the Markov chains. They are a 
discrete time stochastic processes. A Markov chain describes the states of a system at 
successive times. At these times the system may have changed from the state it was in 
the moment before to another state or it may be in the same state. The changes of 
state are called transitions. The Markov property shows the system is memory less; 
hence it does not "remember" the states it was in before, just "knows" its present state, 
and therefore bases its "decision" to which future state it will transit purely on the 
present, not considering the past. It has the assumption that any component status 
change given in a time interval takes effect at the end of this interval. In the explicit 
Markov state-transition model, the probability density function for all variables is 
uniform. However, this is not the main drawback. Its main drawback is the use of huge 
matrixes (size: ki*lj) when the number of possible values for process variables (ki) and 
the number of possible states for components (lj) increases. 
 
As these extensions of the classical tools towards dynamic systems have inabilities 
that are needed to carry out dynamic analysis, there have been 2 new models 
introduced with implicit state transitions methodologies: the Montecarlo simulation (MC) 
and the discrete dynamic event tree (DDET). However, before introducing these two 
models a differentiation in the uncertainty concept must be done. From here in 
advance, it will be defined as uncertainty (type I): the effects in frequency of already 
identified accident sequences (e.g. the frequency of rupture of a specific valve) and it 
will be defined as uncertainty (type II) the effects in detailed form of these accident 
sequences (e.g. the opening fraction value of the valve failed). 
 
The DDET is based on an event tree where there are branch conditions at discrete 
points in time accounting all possible sequences. These branching conditions can be 
user-dependent or based on a probability criterion. Its main advantage is that allows 
systematic lineation of accident scenarios. However it is not capable of dealing with 
uncertainties (II). Nowadays, the most known DDET code is DYLAM.  
 
The MC simulation is based on a large number of possible evolutions of the plant built 
by samplings. The damage probability is obtained by average results. Its main 
advantages are its predetermined sample size and the ability of dealing with 
uncertainties (I) and (II). However, its main inabilities are the difficulty in identifying 
accident scenarios and a non systematic search. Similar sequences are sampled often. 
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A comparison between DYLAM and MC has been made by Pr. Smidts, C [Ref 10]. In 
this comparison, there where taken into account low and high transitions rates as 
MTTT (mean time to transition). These transitions were compared to some 
characteristic time constants such as the mission time, the time to system failure and 
the time to system success. The comparison shows that the MC –Continuous ET has a 
high level of efficiency in high transitions rates and it develops lower computing times in 
those rates. In other words, the calculations are faster. It also shows that the MC 
efficiency is independent from the component repair rate. Moreover, DYLAM –Discrete 
ET shows low transitions times supremacy.  
 
The hybrid tools [Ref 9] have been theorized for PSA in order to cope with the 
advantages of the two dynamic methods, MC and DDET. These hybrid tools that 
combine MC simulation with DDET are the Skeleton and the MCDET.  
 
In the Skeleton, when a transient is initiated a main set point-based branch will occur, 
transitions in operation are less probable. A DDET is then built only on transitions 
associated with set points. Afterwards a MC simulation is run to search new sequences 
in a systematic way; forcing transitions in operation to occur. Its main advantage is that 
each section of skeleton estimates conditional damage probability. However, it has still 
the inability to cope with uncertainties (II).  
 
In the MCDET, when a transient is initiated a main set point-based branch will occur, 
transitions in operation are less probable (same procedure as the Skeleton). Firstly, 
sampling distributions of uncertain parameters are carried out. Then a DDET is built 
corresponding to all possible discrete outputs of set-point branch points. Lastly, a 
reduced MCDET for computational reasons is built to reduced computational operation 
time. Its main advantages are to takes into account uncertainties (I and II) and to have 
a systematic search for scenarios (DDET). However, the ability of dealing with 
uncertainties is fully random -some situations lying on the “tails” are worth to 
investigate-. Furthermore, random samplings lead to not very different scenarios.  The 
MCDET provides confidence interval on the frequency of scenarios that are             
covered, however, it has problems in confidence interval of consequences (the value of 
process variables can be different). 
 

3.4 Method: Event Tree + Dynamic Fault Tree 
 
In order to implement the knowledge acquired, a dynamic fault tree based on the 
Skeleton hybrid tool must be combined with a classic event tree.     
 
Both event tree analysis and fault tree analysis are used in PSA, especially in 
identifying system interrelationships due to shared events [Ref 11]. Although there are 
differences between them, these two analyses are so closely linked that fault trees are 
often used to quantify system events that are part of event tree sequences.  
 
In the code used in this work, every branch of the classical event tree will be defined 
using dynamic fault tree structures.  
 
Each structure could be resolved separately for dynamic systems where no 
dependencies exist in different structures. The branch point of the event tree will be 
represented with the DDET, with “true” states representing the positive branch point 
and “false” states representing the negative branch point, since each state in the MC 
simulation inside the Skeleton represents either “true” or “false”. The advantage of 
solving the structures separately is mainly in saving computing time and storage 
memory.  
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Fig. 4. from Ref 11: “Combining Dynamic Fault trees and Event trees for Probabilistic Risk 

Assesment”: by Hong Xu, Joanne Bechta Dugan. 
 

However, the events that are studied in this probabilistic analysis are not independent, 
as the ADS start up signal and the SAM’s Cavity flooding start up signal can be 
launched from the control room. These two events share the control room behaviour 
(electric supply, operator behaviour…) and therefore, the MC simulation inside the 
dynamic fault tree must be the same. The occurrence of two uncommon events could 
be competitive (creating a competition: it happens one event or the other) or, on the 
other hand, it could be associative (if one event happens, it is more probable that the 
other occurs). If such a relationship exists, the study of the uncommon events 
competition into separate MC simulations would not be “realistic”.  
 
Only one dynamic fault tree will be implemented in this work, increasing the 
computational time and the storage memory. In future implementations of the model, if 
more units are added, “a feasible and efficient way is to make use of the concept of 
modularization by analyzing all related units within one module, and deal with all non-
related modules independently” (from Ref 11, “Combining Dynamic Fault trees and 
Event trees for Probabilistic Risk Assessment” by Hong Xu,  Joanne Bechta Dugan). 
 

3.5 Dynamic Fault Tree model 
 

3.5.1 Software used: Matlab\Simulink  
 
The software used for the development of the dynamic fault tree has been selected 
from five possible candidates: @Risk, Relex, Risk Spectrum, Galileo and 
Matlab/Simulink. 
 
@Risk software uses MC simulation with links to “Excel.exe”. Its mains drawbacks are 
the inability for connecting events and it has no constructing Event Tree tool available.  
 
RELEX Fault Tree/Event Tree software is available with static and dynamic gate types, 
common cause failures (CCF), event types, importance measures such as Birnbaum, 
Criticality, Fussel-Vessely and formats to import/export with Office and Adobe pdf. Its 
main costumers are the aerospace enterprises NASA, British Aerospace and 
Lockheed. It has other costumers in the Oil and Gas Industry as well as the Electronics 
Industry. This, however, is a commercial package and it is use in this work was not cost 
effective.  
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Risk Spectrum software is designed for PSA and it is based in classic fault trees and 
event trees modules. Although it copes with uncertainty analysis based on MC 
simulation, its main drawback was the impossibility of changing the defined trees 
blocks in order to make them dynamic. 
 
GALILEO software is based on Hybrid Automated Reliability Predictions (HARD), MC 
integrated simulation, and dynamic fault tree tools. These software modules carry out 
automatic modularization of fault trees and independent solution of modules, efficient 
solution of static sub-trees using binary decision diagrams, efficient solution of dynamic 
sub-trees using Markov-based techniques, multiple time-to-failure distributions  (fixed, 
exponential, lognormal, Weibull), static and dynamic coverage modelling, phased 
mission modelling and analysis  and sensitivity analysis. Galileo is available 
commercially or for Non-Profit Research and Educational Use by the University of 
Virginia. However, it was impossible to arrange an agreement to use this software, 
during the time required to finish this work. 
 
Simulink is a software package, inside Matlab, for modelling, simulating, and analyzing 
dynamic systems. It supports linear and nonlinear systems, modelled in continuous 
time, sampled time, or a hybrid of the two. Systems can also be multirate, i.e., have 
different parts that are sampled or updated at different rates. The elastic ability for new 
blocks configuration and its random generator power (in Matlab workspace) were the 
main reason to use Simulink as platform to build the dynamic fault tree. 
 

3.5.2 Implemented Blocks (Annex B.1.) 
 
The dynamic fault tree model is based on tracking signals in time. This tracking needs 
specific blocks where delay functions and time dependency relations are implemented. 
These specific blocks are called dynamic gates and have been implemented in this 
work.  
 
The dynamic gates that have been used in the model are: 
  

- Spare Gate: Given a master signal (in) and a slave signal (spare), the Spare 
Gate answers the master signal. Once the master signal fails (0), the Spare 
Gate answers the slave signal (spare). If the slave signal fails, the system is 
triggered and the gate answers “false” (0) until the end of the run. The Spare 
Gate is initialized positively; hence the default answer before the first signal 
arrives to the gate is “true” (1) [Ref 12]. 
- FDEP Gate (functional dependency gate): Given two inputs, “First” and 
“Second”, the FDEP Gate answers “false” in output “Out1”. Until the “First” input 
is activated (1), “Second” inputs values do not matter. Once the “First” input is 
activated it will remain in this state until the end of the simulation. Once the 
“Second” input is activated (1) after the “First” input activation, the “Out1” output 
will remain activated (1) until the end of the simulation. The FDEP Gate is 
initialized negatively; hence the default answer is zero. This negative initiation is 
carried out in order to cope with the delays in its inputs signals. 
-Stay bat Gate: Given a Boolean input “In1”, the Stay bat Gate answers this 
input. If the input state changes, the gate is triggered and it answers the value 
of state changed until the end of the simulation, no matter other changes of 
state. The Stay bat Gate can be negatively or positively defined. If the gate has 
a negative initiation, the default answer is “false” and the trigger is a rise from 
“false” to “true”; after this event, the gate will answer “true” until the end of the 
simulation. This initiation takes place between the delay systems and 
instrumentation blocks. If the gate has a positive initiation, the default answer is 
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“true” and the trigger is a descend from “true” to “false”; after this event, the gate 
will answer “false” until the end of the simulation. This initiation takes place after 
Prob+Boolean blocks signals. 

 
There are other blocks implemented in this work that are not dynamic ones but they are 
also needed for the model. These blocks simulate instrumentation and transform data. 

 
- Prob+Boolean Gate: Given a random number input, “random”, and a constant 
probability number input, “prob”, the Prob+Boolean Gate answers fail (0) if 
random is less or equal to the “prob input”. It will answer “true” (1) if “random” 
input is higher than “prob”. The Prob+Boolean Gate is used to transform 
random data comparisons to Boolean data. 
- Instrumentation Block: The Instrumentation Subsystem has 4 inputs. “Delay” is 
the Boolean (activate-fail) input incoming. “Elec” is the electricity supply input. 
There are also “Prob” and “Random” inputs that enter an inside Prob+Boolean 
Gate. If “Delay” and “Elec” are activated, independently of the order: The 
“Random” input will be charged.  If the random number is lower than the “Prob” 
input the “Out1” output will be “false” (0) otherwise, the block will answer 
“Delay”, that is to say, “true”. This block is used to simulate the behaviour of the 
instrumentation. It can cope with delays in the activation or failures with 
recoveries in the electric supply signal. However, once the random number is 
lower than the probability number, it simulates an instrumentation failure 
(physical component) and therefore will answer “false” with no possible 
recovery.  

 

3.5.3 Branches and systems 
 

3.5.3.1 Electric supply systems 
 
There are 3 independent electric supply systems modelled in the dynamic fault tree: 
the “lines 1 to 4” system, the “line 5” system and the “line 6” system. The “lines 1 to 4” 
system models an electric supply signal to the instrumentations inside the vessel and 
the containment, with the exception of the cavity flooding valve block. The “line 5” 
system models an electric supply signal to the Control Room block and the “line 6” 
system models the electric supply signal to the cavity flooding valve block. 
 
The “lines 1 to 4” system is based on the Swedish ADS electric supply design with 4 
independent battery lines. It has 4 Prob+Boolean Gates with independent random 
numbers input, each with a failure probability of 0.0004. They are linked together by 3 
Spare Gates. The delay behaviour is modelled afterwards, as the Spare Gates are 
initialized positively; hence they are not able to distinguish between a failure and a 
delay (with a possible recovery). This delay behaviour is modelled by a subsystem 
called “Delay Energy Supply” that has only one output: the electric supply signal. In this 
subsystem, a 2 period delay is applied from the failure of the first battery to the 
recovery carried out by the second battery; therefore a “false” signal would be 
answered by the output during 2 periods. If the second battery fails, the delay applied 
would be of 5 periods until the third battery starts to operate. Lastly, if the third battery 
fails, a 10 period delay would be applied. If the 4 batteries fail in the same run, this 
subsystem will answer “false” until the end of the simulation run.  
 
The “line 5” and “line 6” systems are modelled in the same way. They are simplified 
systems based on the “lines 1 to 4” system. Each of them has a Prob+Boolean Gate 
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with an independent random number input with a failure probability of 0.0001. The 
signal is then connected to a Stay bat gate that is initialized positively; therefore, once 
the signal becomes “false”, it remains in this state until the end of the simulation. As 
there is only one battery modelled for each of these lines, no recovery after failure is 
allowed. The “line 5” and “line 6” systems have no delay modelled in their operation. 
 
 

 
Fig.5. Electric Supply Systems 

 
 

3.5.3.2 Instrumentation branches 
 
There are 3 instrumentation branches in this model: the “main response” branch, the 
“alternative response” branch and the “cavity flooding” branch.  
 
The “main response” branch models the 3 instrumentations that trigger the ADS. The 
physical ADS start up is triggered by 3 events. These events are a pressure higher 
than 0.9555 bar in the drywell, a rise in that pressure higher than 130 Pa/s and a liquid 
water level in the downcomer lower than 28.25 m (level L4). These events are 
modelled as instrumentation blocks that check their occurrence with an associated 
delay in their activation from the simulation start. The events delays average value is 
taken from the deterministic analysis. The instrumentation blocks have a failure 
probability depending on where they are located. If the physical instrumentation is 
located in the containment, the instrumentation failure probability will be 0.0001 (see 
5.5.4. Inputs and simulation description). However, if the instrumentation is inside the 
vessel, the failure probability will be increased up to 0.0002. There is a need to link 
their signal as the events must happen in a specified order. The pressure in the drywell 
and its rise rate (no matter their order in appearance) must occur before the level L4 is 
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achieved. Therefore, these signals are connected to a FDEP Gate that will not read 
any answer from the level L4 signal until the other two signals from the branch are 
activated. The signal is then divided into two paths. The main path is taken into a delay 
block that simulates the ADS delay between the trigger events and its start up. This 
signal is then carried to an instrumentation block that models the ADS physical 
instrument. The second path is driven to the Control Room Block. 

 
Fig.6. Instrumentation Branch: “main response” 

 
The “alternative response” branch models, in a simplified way, other possible 
instrumentation inside the vessel and the containment. As the ADS instrumentation 
triggers are allowed to fail in this model, the “alternative response” instrumentation 
blocks represent the substitute signal that will show the operators the necessity to 
activate in manual mode the ADS. The branch instrumentation blocks are related to 
these events: hydrogen detection inside the vessel, hydrogen detection in the wetwell 
and oxidation temperature for the cladding inside the vessel.  As in the “main response” 
branch, these events are modelled as instrumentation blocks that check their 
occurrence with an associated delay in their activation from the simulation start. The 
events delays are given an average value calculated from the deterministic analysis. If 
the physical instrumentation is located in the containment, the instrumentation failure 
probability will be 0.0001. However, if the instrumentation is inside the vessel, the 
failure probability will be increased up to 0.0002. The signal of the 3 instrumentation 
blocks is driven to an AND gate, and from the gate, to the Control Room block.  
 
The “cavity flooding” branch models the valve that lets the liquid water flow from the 
wetwell to the drywell in the SAM’s Cavity flooding. It has one instrumentation block 
with an incoming delay. As the valve is physically located in the containment, its failure 
probability is 0.0001.   
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Fig.7. Instrumentation branches: “alternative response” and “cavity flooding” 
 

3.5.3.3 Operator System 
 
There is one branch in the model that represents the operator behaviour during the 
SBO. The branch is focused on the “main response” and “alternative response” signal 
to the Control Room block. The Control Room block will answer the “main response” 
signal. If the “main response” signal fails, the Control Room block will then deliver the 
“alternative response” signal. If that last signal fails, the control room will answer “false” 
until the end of the operation. The Control Room output signal is sent as a Master 
signal to a FDEP gate. The slave signal (only read when the Master signal arrives, in 
“true” mode) comes from the “operator behaviour” branch. This branch is based on 3 
Prob+Boolean Gates. These gates represent the operator standard actuation (with a 
0.0001 probability of failure), the operator error (with a probability of occurrence of 
0.0001) and an act of terrorism (with a 0.00001 probability of occurrence). These gates 
are link together by 2 Spare Gates. The master signal is the operator actuation. If that 
signal fails, the spare signal is read. The spare signal comes from the second Spare 
Gate that has for master signal the operator error. If the operator error fails (that is to 
say, if the operator has a non-defined error) the slave signal is read. This is the act of 
terrorism signal. If the signal is “true”, it means that there is no terrorism act. A very low 
failure probability has been modelled for this branch, as the operator failure in 
activating the ADS in manual mode in a SBO (when the control room is operative and 
the incoming trigger signals are activated) is supposed to be nearly unreasonable in 
this work.  
 
Once the slave signal coming out from the “operator behaviour” branch is read by the 
FDEP gate, the signal is sent to the “cavity flooding” branch and to the ADS second 
delay block. Two instrumentation blocks representing the ADS are used to be able to 
track from where (operator mode or auto mode) does the start up signal come from. 
These 2 instrumentation block have the same failure probability, the same electric 
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supply signal and the same random number incoming from Matlab workspace; 
therefore they behave as one instrumentation block with two delay input signals.    

 
Fig.8. Operator System 

 

3.5.4 Inputs and Simulation description  
 
The simulation solver used to simulate the configuration of the current model was Fixed 
Step type. There is the possibility of using an Euler type solver (“ode1” in Simulink), 
however the implementation of the inputs (with no defined vector size) was not solved; 
hence this configuration was adopted. Future implementations of the model should 
improve this configuration.  
 
The simulation start time was fixed at 0.0 and the stop time was fixed in 660.0. The 
stop time should have been 6600.0 if time step based on seconds was needed. The 
reason for 6600 s as stop time is because at approx. at this time there is the lower 
head penetration failure event in the Case 3. For the two system behaviours studied, 
ADS and SAM’s Cavity flooding, there is no reason for their activation after this event. 
Nevertheless, a division in the sample time in periods of 10 s is accepted in this work. 
This hypothesis is based on two considerations. On one hand, every simulation run last 
less with a lower sample time; hence more runs can be made with the same “real” time. 
More runs are synonymous of a bigger population in the statistical study of the results; 
therefore more accuracy of its conclusions. On the other hand, there has not been 
discovered any relevant events dependency that requires less partition in time in the 4 
cases studied in the deterministic analysis. However, and as observed before, there 
will be no need of these 10 s periods partition in future implementations of the model if 
the solver is changed into an Euler type (in principle, every block of the model is 
prepared to be used with this solver).    
 
There are 24 inputs from Matlab workspace to the Simulink space. The necessity to 
create these inputs is due to the fact that Simulink erases the seed in which the 
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random generator stops in the end of the run. Moreover, for every run in Simulink, the 
random generator seed starts at zero, carrying out the same result every run. However, 
a Montecarlo simulation is needed for reflecting low probability events.  
 
For every run, the inputs are based on random numbers associated in vectors of size 1 
column by 660 rows (simulation time steps). As there are 10000 runs in the study, the 
inputs will consist in a matrix shape of 660 rows and 10001 columns, where the first 
column is locked with the time steps (1 to 660). The random seed state is changed with 
the instruction: 
 

“rand('state',sum(100*clock))” 
 
every time the simulation is launched (with the correspondent number of runs). 
Therefore, every time the simulation is launched, the inputs will be different. However, 
Matlab workspace remembers the seed every run (increasing it of one unit every run) 
and there is no need to change its state. 
 
The 660 row division in the timing has a significant relation with the failure probability 
constants adopted in the model. For example, some instrumentation blocks outside the 
vessel have a “prob” input of value 0.0001. If there are 660 times where a uniform 
random number is going to be compared to it (supposing the independency of these 
numbers), the probability of failure during the whole run will be ruled by a binomial 
distribution function because either the event happens (random>prob) or it does not 
happen (random<=prob). Therefore [Ref 13]: 
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So the final probability (0.0001 in 660) ends in p’=0.0622; hence there would be 6.22% 
of one (x=1) failure during one run. For a “prob” input of value, 0.0002 the p’ value 
would be 0.1171. Lastly, for a p=0.0004, the p’ for one single failure would be 0.2077; 
hence there are 20.77% possibilities in an electric supply line failure form “elines1to4”, 
but to have a double failure has 2.49% of possibilities. 
 
The inputs are divided in electric inputs, instrumentation inputs, operator inputs and 
delay inputs. The random numbers of the electric inputs, instrumentation inputs and 
operator inputs are uniformly distributed pseudorandom numbers with a maximum 
value of 1 and a minimum value of 0.  The delays in the inputs are divided into two 
categories: the well-known delays and the unknown delays. The delays in physical 
events are inside the well-known category and the distribution of their values has been 
taken from the deterministic analysis of the 4 cases. Moreover, the unknown delays 
correspond to the delays that come from the “operator behaviour” branch: delop and 
delcavflood. This delays have been modelled with a higher shape parameter (up to 85 
in delop), in order to represent the associated uncertainty. Every delay has been 
modelled with a uniform distribution with the exception of the delays in hydrogen 
detection. As the hydrogen generation has a very fast runaway in its beginning of life 
and then decreases in a lower slope, the selected distribution has been Weibull 
distribution. The Weibull distribution is often used in the field of life data analysis due to 
its flexibility—it can mimic the behaviour of other statistical distributions such as the 
normal and the exponential. Weibull distributions are usually used to represent 
manufacturing and delivery times in industrial engineering problems, while it is very 
important in extreme value theory and weather forecasting. It is also a very popular 
statistical model in reliability engineering and failure analysis. 
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 Type Upper limit 

value 
Distribution 

function 
Shape 

parameter 
Scale 

parameter 
delwwh2 well-known 306 weibull 1 20 
delcorh2 well-known 306 weibull 1 20 
Delcortemp well-known 508 uniform 0.9 6 
deldcl4 well-known 90 uniform 0.9 6 
Deldwpr well-known 62 uniform 0.9 6 
Deldwp well-known 62 uniform 0.9 6 
Delads well-known 93 uniform 0.9 6 
Delop not known 120 uniform 0.9 85 
Delcavflood not known 94 uniform 0.9 2 
 
 
 

3.5.5 Outputs description 
 
In this dynamic fault tree, 10 outputs for the 10000 simulation runs have been studied 
in order to obtain the probability of failure of the SAM’s Cavity flooding and the 
probability of failure of the ADS. It has been also studied the time where this failure 
takes place and the delays in the signals. The matrixes where the output logical values 
have been saved are of size 661x10001. The first column corresponds to the discrete 
timing (from 1 to 661) that is divided into periods of 10 s, therefore the equivalent time 
is 6610 s each run. 
 
The outputs studied are: 

- Matrix 1: “ads”. This output tracks the opening and closing of the ADS during 
the simulation. It is a final output and it has no consequence for other outputs. 
This output gives the probability of failure of the ADS.  

- Matrix 3: “cavflood”. This output tracks the opening and closing of the SAM’s 
Cavity flooding valve during the simulation. It is a final output and it has no 
consequence for other outputs. This output gives the probability of failure of the 
SAM’s Cavity flooding. 

- Matrix 4: “elines1to4”. This output tracks the opening, closing and delays of the 
4 battery lines that are wired to the ADS instrumentation block. The output is 
located after the Delay Energy Supply Block. It is a main output because it is 
connected to all instruments in the core and the containment, with the exception 
of the cavity flooding valve. Once this output fails, all the instruments connected 
to it fail. Furthermore, once this output loads a delay, all instruments will suffer 
from this delay. 

- Matrix 5: “eline5”. This output tracks the opening and closing of the energy 
supply system of the Control Room block. This energy supply system has been 
simplified and once failed, is forever failed in the rest of the running simulation. 
This output is related to the Control Room block, so if this output fails, the 
Control Room Block is not able to operate. As is to say, no response will be 
send to the instrumentations. 

- Matrix 6: “eline6”. This output tracks the opening and closing of the energy 
supply system of the cavity flooding valve. This energy supply system has been 
simplified and once it fails, it cannot recover. This output is related to the cavity 
flooding block, so if this output fails, the cavity flooding valve block is not able to 
operate. 
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- Matrix 7:”opads”. This output tracks the opening or failure signal after the 
second ADS instrumentation. It is located just before the ADS function and 
gives information about the owner (operator) of the opening or failing signal.  

- Matrix 8: “autoads”. This output tracks the opening or failure signal after the first 
ADS instrumentation. It is located just before the ADS function and gives 
information about the owner (“mainresponse”) of the opening or failing signal. 

- Matrix 9:”ordercavflood”. This output tracks the opening, delay or failure signal 
after the operator branch. It is located just before the delay in the operators 
opening signal block and gives information about the signal given by the 
operators after the control room block authorizes the launch of this signal.   

- Matrix 10: “alterresponse”. This output tracks the signal incoming from the 3 
alternative instrumentation branch, which trigger the ADS and the SAM’s Cavity 
flooding. It launches the signal to the control room block coping with the 
incoming delay. 

- Matrix 11: “mainresponse”. This output tracks the signal incoming from the 3 
main instrumentation branches, which trigger the ADS and the SAM’s Cavity 
flooding. It launches the signal to the control room block coping with the 
incoming delay.  

 
Several statistics tools have been used for the study of the results. The mean value 
and the standard deviation of a studied variable for all the runs have been studied for 
the following section. However, and as it is important to understand the system’s 
behaviour, the analysis of the variance has been done to some relations between 
variables.  

3.5.6 Results 

 
The matrixes where the output logical values were saved are of size 661x10001. The 
operation of the studied variable and the start up of its signal are represented with 
“true” (value 1) and the failure, the time where it has not started to operate and the 
delays are represented with “false” (value 0). The first column corresponds to the 
discrete timing (from 1 to 661) that is divided into periods of 10s, therefore the runs 
equivalent time are periods of 6610s; therefore some algorithms have been 
implemented. Such algorithms a post-process the results, some functions have been 
implemented: “startclose1.m”, startclose3.m”, “startclosez.m” and “findcope.m” (Annex 
2: 9.3.Implemented Software). “startclose3.m” is an evolution of “startclose1.m” and it 
is used to take the values of the time for the first and last “true” of sequences of “true”. 
For example, if in the column “i”, that expresses the information of that variable in run 
“i”, there are 2 sequences of “y” and “z” “true” this algorithm will return a vector with 
four different time values: the first time value for the first sequence start, the second for 
the last “true” of the first sequence, the third for the second sequence start and the last 
for the last “true” of the second sequence. The “startclosez.m” eliminates the total 
failure cases of the “startclose3.m” (or the startclose1.m”). The “findcope.m” finds 
columns names that are equal presents in two given vectors that result from a “find” 
Matlab algorithm.   
 
In the following, all mean and standard deviation values are referred to the periods of 
10 s. 
 
Matrix 11: mainresponse  
 
The main response signal fails 404 times out of the 10000 runs (failure probability = 
4.04%). Its start to operation has a mean of value 83.9916 (87.5277 without the 
failures) and a standard deviation of value 17.2683 (1.0990 without the failures). The 
maximum time of the start signal is at 93 and the minimum value is at 86. The main 
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response signal has 1503 delays and all the delays values are 4 (see “matrix 4: 
elines1to4” study).    
 
 
Matrix 10: alterresponse  
 
The alternative response signal fails 1406 times out of the 10000 runs (failure 
probability of 14.06%). Its start to operation has a mean of value 249.1305 (289.8551 
without failures) and a standard deviation of value 101.3204 (11.7696 without failures). 
The maximum time of the start signal is at 219 and the minimum value is at 318. The 
alternative response signal has 47 delays and all the delays values are 4 (see “matrix 
4: elines1to4” study). 
 
Matrix 9: ordercav_ads 
 
The order signal from the operator branch fails 57 out of the 10000 runs (failure 
probability of 0.57%). Its start to operation has a mean of value 94.0327 (94.6985 
without failures) and a standard deviation of 37.6985 (37.1261 without failures). The 
maximum time of the start signal is at 313 and the minimum value is at 86. There are 
no delays as it is a positive defined signal (once launched, it remains “true”).  
 
Matrix 5: eline5 
 
The electric supply signal for the control room block branch fails 650 out of the 10000 
runs (failure probability of 6.50%). It begins to operate from the start of the simulation. 
Its failure to operation has a mean of value 639.29, without failures, and a standard 
deviation of value 96.2096, without failures. The minimum time value for the failure is at 
2. There are no delays as it is a negative defined signal (once the value changes from 
“true” to “false”, it remains “false”). 
 
Matrix 6: eline6 
 
The electric supply signal for the control room block branch fails 605 out of the 10000 
runs (failure probability of 6.05%). It begins to operate from the start of the simulation. 
Its failure to operation has a mean of value 640.3173 and a standard deviation of value 
93.4894. The minimum time value for the failure is at 2. There are no delays as it is a 
negative defined signal (once the value changes from “true” to “false”, it remains 
“false”). 
 
Matrix 4:elines1to4 
 
The electric supply signal for the ADS instrumentation blocks, the main response 
branch and the alternative response branch fails 2303 times out of 10000 (failure 
probability of 23.03%). However, these failures are recovered in 4 periods (40 s) as this 
is the time for the delay to recovery (this electric supply block is formed by 4 battery 
lines). There is no run with a complete failure in the energy supply signal and there is 
no run where there has been more than one failure in the block. The delays have a 
recovery start time of mean of value 312.7451 and standard deviation of 187.9531. 
They are uniformly distributed along the running time and no relation between their 
time occurrences has been discovered.    
 
Matrix 8: autoads 
 
The automatic mode ADS operation signal fails completely 566 times out of 10000 
(failure probability of 5.66%). However, it has 1505 recoveries and their delay time is 4 
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periods (elines1to4 delay time for recovery). Its first start time to operation has a mean 
of value 177.0779 with a standard deviation of value 1.5533 (without failures). Its 
maximum start time value is 183 and its minimum is 174.  
Matrix 7: opads 
 
The operator mode ADS operation signal fails completely 379 times out of 10000 
(failure probability of 3.79%). However, it has 1693 recoveries and their delay time is 4 
periods (elines1to4 delay time for recovery). Its first start time to operation has a mean 
of value 328.2243 with a standard deviation of value 44.4583 (without failures). Its 
maximum start time value is 582 and its minimum is 152.  
 
Matrix 3: cavflooding 
 
The SAM’s cavity flooding signal fails completely 399 times out of 10000 (failure 
probability of 3.99%). It has a start to operation mean of value 179.9313 (187.4089 
without failures) and a standard deviation of value 51.2196 (36.4824 without failures). 
However, it has 820 cases where the cavity flooding is stopped before reaching the last 
run period (661). In standard SAM’s operation, the time for the liquid level in the cavity 
to reach 4 m (approx. half of its standard height in normal operation) is 2400 s (240 
periods). There are 423 cases where the time in operation is lower than this value. 
Moreover, there are 112 cases where the time in operation is lower than 60 periods. 
These 112 cases are taken into account in the failure probability and therefore its last 
value increases up to 5.11% (8.22% if the 423 cases are taken into account). 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0

50

100

150

200

250

300

350

400

450

500

runs

tim
e 

in
 o

pe
ra

tio
n

 

Fig.9. Cavity flooding’s time in operation  

Matrix 1: ads  
 
The ADS signal fails completely 242 times out of 10000 (failure probability of 2.42%). It 
has a start to operation mean of value 188.5051 (183.9433 without failures) and a 
standard deviation of value 61.9918 (67.7435 without failures). However, it has 1514 
cases where the ADS is stopped before achieving the last run period (661). In standard 
ADS operation, the time operating is 5250 s (525 periods). The time in operation mean 
is lower than this value. It is up to 449.5861 with a standard deviation of 109.6033 
(failures included). However, there are 270 cases where the time in operation is lower 
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than 5% of this value (282.5 s, 28.25 periods). This case is taken into account in the 
failure probability and therefore its last value increases up to 2.70% (5.73% if the 
bound is left in the 25% of the standard operation value -1412.5 s, 141.25 periods-). 
Finally, there are 95 cases where the ADS starts to operate beyond the 540 period 
(0.95% reference to Case 3). This percentage would increase to 1.72% if the boundary 
period considered was 525. There are no starts after the 585 period, so the ADS failure 
probability will not be changed. It shall be adopted this percentage considering the 
conservative assumption that from period 525 to period 585, the behaviour of the 
containment variables are the same as in Case 3. 
 
Matrix 3: cavflood vs Matrix1: ads 
 
All the results are based on assumed probabilities that do not necessarily correspond 
to actual plant conditions. However, the relationships between these two matrixes 
should demonstrated dependency; otherwise the static probabilistic approach would 
also be valid.  
 
There are 69 runs in common between the SAM’s Cavity flooding failure – Case 4 - 
(511 runs) and the ADS total failure – Case 3 - (242 runs). This number of runs gives a 
probability of 0.69% for these two events (Case 3 and Case 4) at the same sequence. 
The probability is much higher than if the two events were independent (0.07577%). 
Being [Ref 13]: 
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The sd has a value of 8.307*10-4, and for a confidence interval of 99.5% with a t-student 
method (t=3.291), the lower value of the interval stays in 0.00687266, which is far away 
from 0.0007577. In conclusion, it can be certified with a 99.5% of confidence that this 
two probability values do not come from the same population. 
 
There are 4 runs in common between the SAM’s Cavity flooding failure (511 runs) and 
the 1 hour delay in the operation of ADS – Case 2 - (172 runs). This number of runs 
gives a probability of 0.04% for these two events (Case 2 and Case 4) at the same 
sequence. The probability is much lower than if the two events were independent 
(0.07358%). The sd has a value of 6.3249*10-4, and for a confidence interval of 99.5% 
with a t-student method, the upper value of the interval stays in 0.0042082, which is far 
away from 0.0007358. In conclusion, it can be certified with a 99.5% of confidence that 
this two probability values do not come from the same population. 
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Fig.10. ADS time in operation 
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Fig.11. ADS start period to operate  
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3.5.7 Introduction to the analysis of variance, cov ariance 
 
In probability theory and statistics, the expected value (or mathematical expectation) of 
a random variable is the sum of the probability of each possible outcome of the 
experiment multiplied by its payoff ("value"). Being the random variable Y and f(y) its 
probability density [Ref 13]: 
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The variance of a random variable is a measure of its statistical dispersion, indicating 
how far from the expected value its values typically are. The variance of a real-valued 
random variable is its second central moment, and it also happens to be its second 
cumulant. The variance of a random variable is the square of its standard deviation. 
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The covariance is an important parameter in the study of the lineal dependency of 2 
random variables. Being X and Y random variables: 
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It will be defined the correlational lineal coefficient as there is a need for a parameter 
that has a value independent from the units measured by the variables X,Y. 
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This coefficient will determine the lineal dependency for 2 defined variables. It will have 
a value between 1 and -1. When this coefficient is zero, it will mean that there is no 
lineal dependency between the variables, however, absolute values near 1 will specify 
a strong dependency. 
 
The p value method will be also used in the analysis of the results. The p value of an 
observed value tobserved of some random variable T used as a test statistic is the 
probability that, given that the null hypothesis is true, T will assume a value as or more 
unfavourable to the null hypothesis as the observed value tobserved. "More unfavourable 
to the null hypothesis" can in some cases mean greater than, in some cases less than, 
and in some cases further away from a specified centre. In simpler terms, a p value is 
the probability of obtaining a finding at least as "impressive" as that obtained, assuming 
the null hypothesis is true, so that the finding was the result of chance alone. The fact 
that p-values are based on this assumption is crucial to their correct interpretation. As 
the calculation of a p value is based on the assumption that a finding is the product of 
chance alone, it patently cannot simultaneously be used to gauge the probability of that 
assumption being true. 

3.5.8 Relationships between the outputs 
 
This section studies the relationship between event timing in the results. Although their 
relationships are well-known as the outputs are from the model (and so their 
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relationships are defined), this study corroborates, not only the linear dependency of 
some parameters, but the independency of those supposed to be independent. 
Therefore, this section is also about examines the randomizing power of the software 
used in the model (Matlab).     
 
The SAM’s cavity flooding signal failure (Matrix3) is strongly related to its electric 
energy supply line failure (Matrix6). Its variance analysis shows a p value zero and a r 
of value 0.6675 (with a upper boundary of 0.6565 and a lower boundary of 0.6782 for a 
95% of confidence interval). This strong lineal dependency is easy to understand as 
the cavity flooding signal has only one studied input more and since once the eline6 
fails the cavity flooding signal also fails. The other input studied is (Matrix9: 
ordercav_ads). Its relation with the cavity flooding signal takes place in the time to start 
to operate. This two parameters are strongly related with a p value also zero and a r of 
value 0.6882. These two inputs, Matrix6 failure and Matrix9 start up, are not related 
linearly between them. The variance analysis shows a r of value 0.0180 and a p value 
of value 0.0713. Therefore, they are considered independent.   
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Fig.12. Relationship between Cavity flooding failure and eline6 
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Fig. 13. Relationship between cavity flooding intervention and main response start signal 
 

The Matrix9 start signal is linearly related to the Matrix11: mainresponse start.  The 
variance analysis shows a r of value -0.8375 (with a upper boundary of -0.8433 and a 
lower boundary of -0.8316 for a 95% of confidence interval) and a zero p value. 
However, the expected linear dependency between Matrix9 start and Matrix10: 
alternativeresponse has not been seen so strong. The variance analysis shows a r of 
value -0.1083 (with a upper boundary of 0.0828 and a lower boundary of 0.1337 for a 
95% of confidence interval) and a zero p value. This weak dependency can be 
explained by the fact that the alternative response is only seen by the Matrix9: 
ordercav_ads when the Matrix11 fails. 
  
The Matrix4: elines1to4 first failure signal do not have a linear dependency neither with 
the Matrix11 failure signal nor with the Matrix10 failure signal. The variance analysis 
shows a r of value 0.0045 and a r of 0.0040 respectively. The first p value is 0.6518 
and second p value is 0.6888, therefore the null hypothesis cannot be discarded. This 
behaviour has its reason to be not only in the strong dependency between the 
responses and the 3 instrumentation failure rates that live in the respective branches; 
but also in the difference in timing on the occurrence of these events, that is, the first 
failure in elines1to4 can appear before any signal (main or alternative) has been 
launched. 
 
The Matrix3: ads start signal shows a strong linear dependency between the Matrix8: 
autoads start signal and Matrix7: opads start signal. The variance analysis shows for 
Matrix8 a r of value -0.4133 (with a upper boundary of -0.4295 and a lower boundary of 
-0.3969 for a 95% of confidence interval) and for Matrix7 a r of value 0.7120 (with a 
upper boundary of 0.7022 and a lower boundary of 0.7215 for a 95% of confidence 
interval). The both p value are 0. This stronger dependency in the opads start signal is 
due to the fact that this signal is always seen by Matrix3 but only taken into account 
when the autoads fails, although it has a lower failure rate. 
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The Matrix3: ads failure signal also shows a linear dependency between the Matrix4 
failure signal. The variance analysis shows a r of value 0.3557 (with a upper boundary 
of 0.3384 and a lower boundary of 0.3727 for a 95% of confidence interval) and a null p 
value. Furthermore, the Matrix3: ads delay time shows a strong linear dependency 
between the Matrix4 delay time. The variance analysis shows a r of value 0.7124 (with 
a upper boundary of 0.7026 and a lower boundary of 0.7219 for a 95% of confidence 
interval) and a null p value. This strong dependency is explained by the fact that only 
the delays of the eline1to4 are preceded by “false” signals because they are the only 
instrumentation allowed to recover after failure (as they are a system of 4 master-slave 
components). 

0 100 200 300 400 500 600 700
0

100

200

300

400

500

600

700

ADS first close

el
in

e1
to

4 
fir

st
 f
ai

lu
re

 

Fig.14. Relationship between eline1to4 first failure and ADS first close 

 

3.6  Event tree 
 
The development of the results leads to the graphic representation of the dynamic 
event tree. This graphic representation does not differ from the classic event tree, 
however the results are different. The 2 studied systems behaviours (ADS and SAM’s 
Cavity flooding system) are related to each other; furthermore, the two initiating events 
start at the same time (1800s) in a SBO standard operation, when none of the systems 
components fail. For these reasons, there are two possible dynamic event trees that 
are correct (shown below). The “SBO’s Dynamic Event Tree 2” is recommended as the 
model and the consequences in the deterministic analysis are focused on the ADS 
behaviour and because it makes easier to track the accident sequence. The final 
engineering use in management and decision making of the event trees (dynamic or 
not) must not be forgotten.  
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Since the author of this work did not know the actual probabilities, certain values were 
assumed, not necessarily related to the real ones, in order to perform the calculations. 
However, they show relations between events that can be explained by time 
dependencies. The probability of occurrence is 0.69% for Case 3 and Case 4 at the 
same sequence. This probability is much higher than if the two events were 
independent (0.076%).  This reveals an associative behaviour of the 2 events. 
Moreover, the probability of occurrence is 0.04% for Case 2 and Case 4 at the same 
sequence. This probability is much lower than if the two events were independent 
(0.074%). This reveals a competitive behaviour of the 2 events. As seen in section 
5.5.6., both relationships are dependent within a confidence interval of 99.5%. 
 
The probabilistic results show associative and competitive behaviours in the 2 valve 
systems and therefore cannot be treated as independent. 

   

 

Fig.15. SBO’s Dynamic Event Tree 1 
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Fig.16. SBO’s Dynamic Event Tree 2 

  

The use of the dynamic event tree is the same as the classical event tree. The dynamic 
event tree starts with the initiating event; in this case it is the SBO. The main branch is 
divided into two when the first possible event occurrence is reached. If the event takes 
place, the next step is followed by the straight line. If the event does not take place, the 
negative is represented by a lower branch. It must be taken into account that an event, 
such as “No 1h delay in ADS” is the negation of the event and actually, if there is a 1h 
delay in ADS event, the user must continue in the lower branch. Every branch has its 
probability of occurrence. The final probability for an event occurrence is shown in the 
very end of the branch where it is also shown the consequence (e.g.  Case 1). 

3.7 Conclusions 
 
The dynamic event tree based on a Skeleton type dynamic fault tree represents better 
the time dependencies. The probabilistic results show associative and competitive 
behaviours in the 2 valve systems and therefore cannot be treated as independent. 
Moreover, it is capable to give a more accurate way to assess risk as it does not share 
the classical tools assumptions. Although, the ordering of the events is taken into 
account, the link between events must be carried out by the designer of the model. 
These links form part of the systematic search for new accident sequences. 
Dependences between top events are not only dealt with a binary framework; a time 
variable classifies the events. However, the dynamic event tree has still the inability to 
cope with uncertainties (type II, i.e. the effect in detailed form of accident sequences). 
This inability can be reduced as much as needed, since a block-based model can be 
re-designed with more blocks to take into account a specific variable without changing 
the rest of the tree branches.  
 
All the results presented in this work are based on assumed probabilities that do not 
necessarily correspond to actual plant conditions. However, the relationships between 
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the different cases studied readily demonstrated dependency (associative and 
competitive); otherwise the static probabilistic approach would also be valid. 
 
The dynamic event tree modelled in this work appears to be a promising tool for 
bringing in a bridge to PSA level 2. However, it must be based on a previous 
deterministic study. As the final result is represented with a classical event tree, the 
event tree user has to learn no new procedure. The decision making and management 
is as clear as before. However, as said before, the dynamic structures (not seen in the 
final result) give a more accurate way to assess risk. As delays and competitions 
between events are taken into account, new accidents sequences are studied and 
therefore the result in a classical event tree form will increase its size. This could be a 
drawback, as seen in the expanded event trees, where their size and complexity make 
them inefficient in to use. 
 
The dynamic event tree modelled in this work complements the deterministic analyses 
which have been routinely performed for different nuclear power plants including work 
at the Nuclear Power safety Division in KTH. The deterministic analyses provide the 
necessary foundations on which the probabilistic analysis is built. The probabilistic 
model described is independent from the software used in the deterministic analysis; 
hence it may cope with different methods used in deterministic analysis.   
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Annex A 

Annex A.1.  
 

 
 

Annex A.2. Case 1 

 

 

Nº Event Start Time 
(s) 

Description/ Consequences 

1 Station Blackout 0 There is no electricity in the plant. 
No forced circulation of coolant is 
available.  

2 Scram 0  

3 Isolation of main steam 
lines 

51.82  
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4 Beginning of core 
uncovering 

1800s  

5 Lower drywell flooding 1800 The water begins to flow to the 
pedestal from suppression pool  

6 ADS starts 1800s L4<28.25 + DW 
Pressure>0.9555bar + DW 
Pressure Rise> 130 Pa/s 

7 Beginning of H2 
generation 

2826s  

8 Beginning of fuel gap 
release 

2926s// 
2911s 

Main radioactive material group 
released is Noble gases (Xe), 
followed by Alkali Metals (Cs). 

9 Beginning of core plate 
failure 

6452 Core support structure (Plateb) in 
cell 304 fails by yielding 

10 Start of debris quench 6452 Start in ring 3 

11 Lower head penetration 
failure 

6574 Lower head penetration 1 in radial 
ring 1 has failed. Initial diameter 
of hole is 7.100E-02 m 

12 Beginning of molten 
debris mass ejection to 
the cavity 

6574// 
10233 

Until there aren’t 5000kg of debris 
in the lower head MELCOR doesn’t 
change package 

13 Beginning of failure of 
core support columns 

10068 Core support structure (Column) 
in cell 202 fails by yielding 

14 Core starts collapsing 
due to failure in columns 

10068 Core structures can no longer 
support core because failure in 
columns below it. 

15 First MCCI Interaction 10236  

16   Second MCCI Interaction 15397// 
Max peak 
68820 

Second MCCI achieves a peak of -
1452 MW  

17 
 

Cavity rupture due to 
MCCI 

109691 Simulation Stop  

 
Table of main events in time for Case 1 
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In-Vessel Pressure Evolution 

 

 

 
Pressure Evolution of the In-Core Water in Liquid State 
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Safety Relief Valves and ADS Integrated H20 Mass Flow 

 

 
Cavity Mass Evolution 
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Hydrogen Production in the Core 

 

 
Cladding Temperature compared to Oxidation Temperature of Zirconium 

 

 



 49 

 
Radioactive Mass Released from Core Components 

 

 
Cavity Chemical Heat Reactions 

 



 50 

 
Mass in the Cavity Debris Layer 

 

 
Cavity Radius 
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Pressure in WW (_200), DW(_300) & Cavity (_400) 

 

 
Pressure in WW (_200), DW(_300) & Cavity (_400)  
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Partial Pressure of Hydrogen (_6) and Nitrogen (_4) behaviour 

 

 
Temperature in WW (_200), DW(_300) & Cavity (_400)  
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Annex A.3. Case 2 

 

Nº Event Start Time 
(s) 

Description/ Consequences 

1 Station Blackout 0 There is no electricity in the plant. 
No forced circulation of coolant is 
available.  

2 Scram 0  

3 Isolation of main steam 
lines 

51.82  

5 Lower drywell flooding 1800 The water begins to flow to the 
pedestal from suppression pool  

7 Beginning of H2 
generation 

3070s It begins with Excursion, 
achieving 1107kg of total 
cumulative production (431 in 
normal op = 156.8% more (count 
SP and DW?!)) 

8 Beginning of fuel gap 
release 

3200s Main radioactive material group 
released is Noble gases (Xe), 
followed by Alkali Metals (Cs). 
It is 290s later than in Normal op. 

4 Beginning of core 
uncovering 

5280s 3480s later than with ADS normal 
operation 

6 ADS starts 5395.9 L4<28.25 + DW 
Pressure>0.9555bar + DW 
Pressure Rise> 130 Pa/s 

9 Beginning of core plate 
failure 

8108.5 Core support structure (Plateb) in 
cell 104 fails by yielding 

10 Start of debris quench 8108.6 Start in ring 1 

11 Lower head penetration 
failure 

15617.1 Lower head penetration 1 in radial 
ring 1 has failed. Initial diameter 
of hole is 7.100E-02 m 

12 Beginning of molten 
debris mass ejection to 
the cavity 

15617.1// 
18739.7 

Until there aren’t 5000kg of debris 
in the lower head MELCOR doesn’t 
change package 

13 Beginning of failure of 
core support columns 

16074.9 Core support structure (Column) 
in cell 403 fails by yielding 

14 Core starts collapsing 
due to failure in columns 

16074.9 Core structures can no longer 
support core because failure in 
columns below it. 

15 First MCCI Interaction 19620 MCCI Heat Peak reaches 14.75 
MW from a total of 36.05 MW of 
Chemical Reaction. 

16   Second MCCI Interaction 41217// 
Max peak 
42261 

Second MCCI achieves a peak of 
51.85 MW  

17 Cavity rupture due to 116026 Simulation Stop  
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 MCCI 
 

Table of main events in time for Case 2 
 
 

 
In-Vessel Pressure Evolution 
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Pressure Evolution of the In-Core Water in Liquid State 

 

 

 

 
Safety Relief Valves and ADS Integrated H20 Mass Flow 
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Cavity Mass Evolution 

 

 

 
Hydrogen Production in the Core 
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Cladding Temperature compared to Oxidation Temperature of Zirconium 

 

 

 
Radioactive Mass Released from Core Components 
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Cavity Chemical Heat Reactions 

 
Cavity Radius 
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Pressure in WW (_200), DW(_300) & Cavity (_400) 

 

 
Partial Pressure of Hydrogen (_6), Nitrogen (_4) and water vapour (_3) in WW 
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Temperature in WW (_200), DW(_300) & Cavity (_400) 

 

 
Drywell leakage I 
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Drywell leakage II 

 

Annex A.4. Case 3 
 

Nº Event Start Time 
(s) 

Description/ Consequences 

1 Station Blackout 0 There is no electricity in the 
plant. No forced circulation of 
coolant is available.  

2 Scram 0  

3 Isolation of main steam 
lines 

51.82  

5 Lower drywell flooding 1800 The water begins to flow to the 
pedestal from suppression pool  

6 ADS starts NO 
OPERATION 

L4<28.25 + DW 
Pressure>0.9555bar + DW 
Pressure Rise> 130 Pa/s 

7 Beginning of H2 
generation 

3060 Only 10s before than with 1h 
delay in ADS. It begins with 
Excursion, achieving 1214 kg of 
total cumulative production  

8 Beginning of fuel gap 
release 

3200 16s before than on 
MELCOR.mens. Main radioactive 
material group released is Noble 
gases (Xe), followed by Alkali 
Metals (Cs). Before Core 
Uncovering 
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4 Beginning of core 
uncovering 

5280s 3480s later than with ADS 
normal operation 

9 Beginning of core plate 
failure 

6462 Core support structure (Plateb) 
in cell 404 fails by yielding 

10 Start of debris quench 6462 Start in ring 4 

11 Lower head 
penetration failure 

6626 Lower head penetration 1 in 
radial ring 1 has failed. Initial 
diameter of hole is 7.100E-02 m 

12 Beginning of molten 
debris mass ejection to 
the cavity 

6626// 6643-
9673 

It is only 17s until 5000kg of 
debris in the lower head are 
achieved?  

15 First MCCI Interaction 6630 - (must 
be from 
6643?) 

MCCI Heat Peak reaches 
67.99!!! MW from a total of 
90.07!!! MW of Chemical 
Reaction. 

13 Beginning of failure of 
core support columns 

9644 Core support structure (Column) 
in cell 403 fails by yielding 

14 Core starts collapsing 
due to failure in 
columns 

9644 Core structures can no longer 
support core because failure in 
columns below it. 

16   Second MCCI 
Interaction 

11060 Second MCCI achieves a peak of 
85.00 MW and 12.07MW MCCI 
Heat Peak 

17 
 

Cavity rupture due to 
MCCI 

102124 Cavity radius achieves 5.5m. 
Simulation Stop  

 
Table of main events in time for Case 3 
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In-Vessel Pressure Evolution 

 

 

 

 
Pressure Evolution of the In-Core Water in Liquid State 
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Safety Relief Valves and ADS Integrated H20 Mass Flow 

 

 

 

 

 
Cavity Mass Evolution 
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Hydrogen Production in the Core 

 

 

 
 

Cladding Temperature compared to Oxidation Temperature of Zirconium 
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Radioactive Mass Released from Core Components 

 

 

 
Cavity Chemical Heat Reactions 
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Mass in the Cavity Debris Layer 

 

 
Cavity Radius 
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Partial Pressure of Hydrogen (_6) and Nitrogen (_4) in WW (_200) 

 

 
Pressure in WW (_200), DW (_300) & Cavity (_400) 
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Pressure in WW (_200) and Cavity (_400)  

 
 

 
Temperature in WW (_200) and Cavity (_400) 
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Rupture disk 

 

Annex A.5. Case 4 
 

Nº Event Start Time 
(s) 

Description/ Consequences 

1 Station Blackout 0 There is no electricity in the 
plant. No forced circulation of 
coolant is available.  

2 Scram 0  

3 Isolation of main steam 
lines 

51.82  

4 Beginning of core 
uncovering 

1800s No liquid Water Pressure 

5 Lower drywell flooding NO 

OPERATION 

The water begins to flow to the 
pedestal from suppression pool  

6 ADS starts 1800 L4<28.25 + DW 
Pressure>0.9555bar + DW 
Pressure Rise> 130 Pa/s 

8 Beginning of fuel gap 
release 

2920 
(MELCOR), 
2911 from 
graph 

Total 711 kg.Main radioactive 
material group released is Noble 
gases (Xe)-344kg, followed by 
Alkali Metals (Cs)-170kg.  

7 Beginning of H2 
generation 

2829  

9 Beginning of core plate 
failure 

6056 Core support structure (Plateb) 
in cell 304 fails by yielding 
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10 Start of debris quench 6056 Start in ring 3 

11 Lower head 
penetration failure 

6152 Lower head penetration 1 in 
radial ring 1 has failed. Initial 
diameter of hole is 7.100E-02 m 

13 Beginning of failure of 
core support columns 

9579 Core support structure (Column) 
in cell 102 fails by yielding 

14 Core starts collapsing 
due to failure in 
columns 

9579 Core structures can no longer 
support core because failure in 
columns below it. 

12 Beginning of molten 
debris mass ejection to 
the cavity 

9580// 6152-
9699 

 

15 First MCCI Interaction 9580  MCCI Heat Peak reaches 13.47 
MW from a total of 37.42 MW of 
Chemical Reaction. 

16   Second MCCI 
Interaction 

14581 Second MCCI achieves a peak of 
31.34 MW and -119.61MW  

17 
 

Cavity rupture due to 
MCCI 

62544!!! NEARLY HALF THE TIME THAN 
IN NORMAL OP. Cavity radius 
achieves 5.5m. Simulation Stop  

 
Table of main events in time for Case 4 

 

 
In-Vessel Pressure Evolution 
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Pressure Evolution of the In-Core Water in Liquid State 

 

 
Safety Relief Valves and ADS Integrated H20 Mass Flow 
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Cavity Mass Evolution 

 

 
Hydrogen Production in the Core 
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Cladding Temperature compared to Oxidation Temperature of Zirconium 

 

 

 
Radioactive Mass Released from Core Components 
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Cavity Chemical Heat Reactions 

 

 
Mass in the Cavity Debris Layer 
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Cavity Radius 

 

 

 
Pressure in WW (_200), DW(_300), Core (_12) and Steam separator (_18)   
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Partial Pressure of Hydrogen (_6) and Ntrogen (_4) in WW (_200), Cavity (_400) I 

 

 
Partial Pressure of Hydrogen (_6) and Ntrogen (_4) in WW (_200), Cavity (_400) II 
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Temperature in WW (_200), Cavity (_400) II 

 
 

 
Material launched from the Lower Head Penetration Failure at 6151s 
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Rupture disk 
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Annex B 

Annex B.1. Implemented blocks 

Spare Gate block 
 

 

 
 
Embedded MATLAB Function:  
 
function  out = wsg(in,spare)  
% This block supports an embeddable subset of the M ATLAB language.  
% See the help menu for details.  
  
out=in  
if  in==0;  
out=spare;  
end 
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FDEP gate 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

Prob+Boolean Block 
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Embedded MATLAB Function 
 
 
function  y = BooleProb(u,prob,inp1,inp2)  
 
y = u;  
if  y<=prob  
    y=inp2;  
end  
if  y>prob  
    y=inp1;  
end  
end  
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Stay bat Block 
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Instrumentation Block 
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Energy Supply Block 

 

 
 
Embedded Matlab Function 
 
function  [out,delay1, delay2,delay3] = delay123(bat,in,dg1)  
  
% This function gives the delay answer  
out=in;  
delay1=0;  
delay2=0;  
delay3=0;  
if  out>0  
    if  bat>0  
      delay1=1;  
    end  
    if  bat<=0  
        if  dg1>0  
            delay2=1;  
        end  
    end  
elseif  delay3==1;  
end  
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Control Room Block 
 

 
 
Embedded MATLAB Function: 
 
function  answ = ControlRoomInstr(u,ualtern,elec,cte1,cte2)  
 
answ = cte2;  
if  elec>cte2  
    if  u>cte2  
        answ=cte1;  
    end  
    if  u<=cte2  
        if  ualtern>cte2  
            answ=cte1;  
        end  
    end  
end  
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Annex B.2. Dynamic Fault Tree 

 
 

 

Annex B.3. Implemented Software 
 

Startclose1 
 
function [firstop]= startclose1(matrix)  
  
firstop=ones(2,10000);  
for  i=2:10001  
    c=matrix(:,i);  
    thezero=find(c==0);  
    if  length(thezero)==661  
        firstop(1,i-1)=0;  
        firstop(2,i-1)=0;  
    continue  
    end  
    theone=find(c==1);  
    first=theone(1);  
    firstop(1,i-1)=matrix(first,1);  
    last=first;  
    for  j=first+1:661  
        if  c(j)==0  
            break ;  
        else  
            last=j;  
        end  



 88 

    end  
 

Startclose3 
 
function [stop]= startclose3(matrix)  
  
stop=zeros(4,10000);  
for  i=2:10001  
    c=matrix(:,i);  
    seq=0;  
    j=1;  
    first=false;  
    while  ((seq<=4) & (j<=661))  
        if  first==false  
            if  c(j)==1  
                first=true;  
                seq=seq+1;  
                stop(seq,i-1)=matrix(j,1);  
            end  
        else  %first==true  
            if  c(j)==0  
                seq=seq+1;  
                stop(seq,i-1)=matrix(j-1,1);  
                first=false;  
            else  %c(j)==1  
                if  j==661  
                    seq=seq+1;  
                    stop(seq,i-1)=661;  
                end  
            end  
        end  
        j=j+1;  
    end  
 end      
 

Startclosez 

 
function [matz]= startclosez(matrix)  
  
matz = matrix(:,1);  
for  i=2:10000  
    if  matrix(2,i)>2  
        matz=[matz matrix(:,i)];  
    end  
end  
 

Findcope 
 
function [numb]= findcope(vec1,vec2)  
  
numb=0;  
c=length(vec1);  
d=length(vec2);  
for  i=1:c  
    for  j=1:d  
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        if  (vec1(i)==vec2(j))  
            numb=numb+1;  
            break ;  
        end  
    end  
end  
         
 

Rundft 

 
This file runs dft_ads_1 "i" times. For each run it  inizializes all 
variables that  
% need random values with a new seed and saves the results in .m files    
  
  
matrix1=[1:661]';  
matrix2=[1:661]';  
matrix3=[1:661]';  
matrix4=[1:661]';  
matrix5=[1:661]';  
matrix6=[1:661]';  
matrix7=[1:661]';  
matrix8=[1:661]';  
matrix9=[1:661]';  
matrix10=[1:661]';  
matrix11=[1:661]';  
rand( 'state' ,sum(100*clock));  
for  i= 1:10000  
  
  %electric inputs  
  line1 = 1 - rand(660,1);   %the 20 is related to the time step  
  line2 = 1 - rand(660,1);  
  line3 = 1 - rand(660,1);  
  line4 = 1 - rand(660,1);  
  line5 = 1 - rand(660,1);  
  line6 = 1 - rand(660,1);  
  matline1=[[1:660]' line1];  
  matline2=[[1:660]' line2];  
  matline3=[[1:660]' line3];  
  matline4=[[1:660]' line4];  
  matline5=[[1:660]' line5];  
  matline6=[[1:660]' line6];  
  %instrumentation inputs  
  instww = 1 - rand(660,1);  
  instcorh2 = 1 - rand(660,1);  
  instcortemp = 1 - rand(660,1);  
  instdcl4 = 1 - rand(660,1);  
  instdwpr = 1 - rand(660,1);  
  instdwp = 1 - rand(660,1);  
  instads = 1 - rand(660,1);  
  instcavflood = 1 - rand(660,1);  
  matinstww=[[1:660]' instww];  
  matinstcorh2=[[1:660]' instcorh2];  
  matinstcortemp=[[1:660]' instcortemp];  
  matinstdcl4=[[1:660]' instdcl4];  
  matinstdwpr=[[1:660]' instdwpr];  
  matinstdwp=[[1:660]' instdwp];  
  matinstads=[[1:660]' instads];  
  matinstcavflood=[[1:660]' instcavflood];  
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  %operators inputs  
  inerop = 1 - rand(660,1);  
  interr = 1 - rand(660,1);  
  inacop = 1 - rand(660,1);  
  matinerop=[[1:660]' inerop];  
  matinterr=[[1:660]' interr];  
  matinacop=[[1:660]' inacop];  
  %delays inputs  
  delwwh2=306-random( 'wbl' ,20,1,[660,1]);  
  delcorh2=306- random( 'wbl' ,20,1,[660,1]);  
  delcortemp=508-random( 'unif' ,0.9,330,[660,1]);  
  deldcl4=90-random( 'unif' ,0.9,6,[660,1]);  
  deldwpr=62-random( 'unif' ,0.9,6,[660,1]);  
  deldwp=62-random( 'unif' ,0.9,6,[660,1]);  
  delads=93-random( 'unif' ,0.9,6,[660,1]);  
  matdelwwh2=[[1:660]' delwwh2];  
  matdelcorh2=[[1:660]' delcorh2];  
  matdelcortemp=[[1:660]' delcortemp];  
  matdeldcl4=[[1:660]' deldcl4];  
  matdeldwpr=[[1:660]' deldwpr];  
  matdeldwp=[[1:660]' deldwp];  
  matdelads=[[1:660]' delads];  
   
  delop=120-random( 'unif' ,0.9,85,[660,1]);  
  matdelop=[[1:660]' delwwh2];  
   
  delcavflood=94-random( 'unif' ,0.9,2,[660,1]);  
  matdelcavflood=[[1:660]' delcavflood];  
   
  sim( 'dft_ads_1' )  
   
  matrix1 = [matrix1 ads];  
  matrix2 = [matrix2 noads];  
  matrix3 = [matrix3 cavflood];  
  matrix4 = [matrix4 elines1to4];  
  matrix5 = [matrix5 eline5];  
  matrix6 = [matrix6 eline6];  
  matrix7 = [matrix7 opads];  
  matrix8 = [matrix8 autoads];  
  matrix9 = [matrix9 ordercav_ads];  
  matrix10 = [matrix10 alterresponse];  
  matrix11 = [matrix11 mainresponse];  
  
end  
save( 'dft_results_13_06' );  
 
 
 
 
 


