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Abstract 

This thesis deals with the problem of hydrogen explosions in nuclear power plants, and evaluates if 

the reactor hall is to be seen as a safety barrier for such events. Today, the reactor hall is not seen as 

a safety barrier that is able to withstand an internal explosion. In the analysis Abaqus was used for 

the FEM calculations, where a main scenario of a wall subjected to a hydrogen explosion was used. 

In conclusion, the results showed that a reactor hall with the assumed dimensions cannot be seen as 

a safety barrier, since the deformation after a hydrogen explosion near the LEL was too great. 

However, it is also concluded that with increased wall and rebar dimensions it is possible to construct 

a wall of this kind that fulfills the requirements of a safety barrier.  
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Sammanfattning 

Denna uppsats tar upp problemet med vätgasexplosioner I kärnkraftverk, och utvärderar om 

reaktorhallen kan ses som en säkerhetsbarriär I sammanhanget. I analysen används FEM 

programmet Abaqus, där ett huvudscenario har byggts upp i form av en vägg som utsätts för ett 

explosionstryck. 

Sammantaget så visade resultaten på att en reaktorhall med dimensionerna som presenteras i 

rapporten inte kan ses som en säkerhetsbarriär, då deformationerna efter en explosion nära den 

lägre explosionsgränsen blir stora. 

Det konstateras samtidigt att med hjälp av en djupare vägg, kombinerat med för ändamålet designad 

armering, så finns det möjlighet till att i framtiden konstruera en betongvägg av detta slag som kan 

uppfylla kraven på en säkerhetsbarriär. 
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Nomenclature 

S – Von Mises stress (Abaqus) 

U – Displacement (Abaqus) 

PEEQ – Concrete damaged plasticity (Abaqus) 
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Abbreviations 

BBR - The Swedish National Board of Housing building regulations (Sv. Boverkets byggregler) 

BWR – Boiling water reactor 

CAE – Complete Abaqus environment 

CDP – Concrete damaged plasticity 

CFD – Computational fluid dynamics 

DOF – Degrees of freedom 

fck – Characteristic strength for concrete 

fctm – Tensile strength for concrete 

FEM – Finite element method 

fyk – Characteristic yield strength for rebars 

HDF – Hollow deck core slab (Sv.Förspänt håldäcksbjälklag) 

LEL – Lower explosion limit 

LOCA – Loss of coolant accident 

LTU – Luleå University of Technology 

NPP – Nuclear power plant 

PAR – Passive autocatalytic recombiner 

PRIMO – Library search system at LTU 

PWR – Pressurized water reactor 

SSM - The Swedish radiation safety authority (Sv. Strålsäkerhetsmyndigheten) 
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1 Introduction 

This chapter presents the background, aim and objectives of the thesis. It covers research questions 

and self-evaluation as well. 

1.1 Background 

Studies of the integrity of a reactor hall in the event of a hydrogen explosion are of interest to 

evaluate the consequences of such a scenario. Today, the reactor hall is not seen as a safety barrier 

that is able to withstand an internal explosion (Henoch, 2015), and this thesis aims to devise a 

method to evaluate if this is a correct assumption. To evaluate if this was a relevant question, the 

lowest concentration of H2 was used (i.e. LEL) in the calculations. LEL was used since a hydrogen 

explosion close to LEL is more likely, and develops the smallest explosion pressures. If the reactor hall 

fails close to LEL, there is no need to investigate larger concentrations of hydrogen. 

This thesis was based on studies of existing literature and studies to establish boundary conditions 

for an analysis. Interviews with persons recognized as skilled within their subject was a part of the 

acquisition of information as well.  

The finite element program Abaqus was used for the mechanical analysis. This thesis aims to serve as 

a description of a method that is applicable when evaluating constructions subjected to explosion 

pressures. 

1.2 Aim 

The aim was to create a model to evaluate what damages a hydrogen explosion at the lower 

explosion limit would cause to a reactor hall of a nuclear power plant, in different scenarios. 

1.3 Objectives 

The main objective was to perform a FEM analysis of a concrete structure subjected to pressures 

developed at a hydrogen explosion close to the lower explosion limit. 

1.4 Research questions 

1. What pressure is developed during an explosion with H2 concentrations close to LEL? 

2. What mechanical impact do these pressures impose? 

3. Is the reactor hall to be seen as a possible safety barrier? 

4. How is the LEL avoided with the use of PARs? 
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1.5 Limitations 

This thesis exclusively handles the situation of a leakage of H2 from the reactor confinement into the 

reactor hall in a BWR. It discusses the emission scenario only briefly and focuses mainly on the 

mechanical impact from an explosion and the recombination of H2 in the reactor hall. 

1.6 Self-evaluation 

This subject deals with a wide range of sciences. The focus was on the mechanical analysis, but it 

includes elements from both scenario analysis as well as chemical calculations. This links together 

many of the focus areas of the Master of Science in Fire engineering. 

The original expectation before starting this work was to get access to drawings of a reactor building 

in a Swedish NPP, but because of the confidentiality of these this was found to be a very time-

consuming process and the idea was abandoned mid-project. Since no drawings were available this 

became a limitation, henceforth the construction of the analyzed wall and the mechanical loads was 

arbitrary. 

After several tries of modelling the wall and applying the blast load with the methods we learnt 

during the courses, I had to introduce a new material parameter. With the help of David Lange, I 

introduced concrete damaged plasticity to have a more accurate calculation parameter to calculate 

the real behavior of concrete. This was a very time-consuming process, but later became the main 

parameter studied, hence the time was well spent. 
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2 Theory 

This chapter describes current European and Swedish rules and regulations that is relevant to the 

subject of this thesis. Theory of different types of nuclear power plant construction and fuel behavior 

is presented to introduce the reader to the problem of hydrogen mitigation.  

2.1 State of art 

This chapter describes rules and regulations currently used in Sweden when dimensioning fire 

protection. 

2.1.1 BBR 

The Swedish National Board of Housing is continuously publishing versions of building regulations 

(BBR). BBR states requirements for any given building and how to accomplish a consistent quality in a 

building, used to maintain a safe and predictable construction (Boverket, 2015). Many parts of a 

nuclear power plant can be designed using these rules, but not all. Since the nuclear industry is 

surrounded by large security arrangements this also includes higher standards of safety in the 

building design than usual, as well as several special design situations.  

2.1.2 Eurocodes 

Eurocodes address the general construction rules that apply to all buildings constructed as of today. 

In this thesis Eurocode SS-EN 1992-1-1 is of special interest since this part covers regulations 

concerning concrete constructions. 

2.1.3 Special regulations 

The Swedish radiation safety authority (Sv. Strålsäkerhetsmyndigheten, SSM) publishes rules that 

apply when constructing a NPP in Sweden. When this thesis was written the current rules were SSM 

2014:06. These special rules cover extra ordinary events and how to prevent catastrophic 

consequences from such events.  

2.2 Reactor types 

There are several types of nuclear power plants operating in the world. The most frequently used is 

the light water reactor, and two of the most frequent types of light water reactors are boiling water 

reactor (BWR) and pressurized water reactor (PWR) (WNA, 2015). A light water reactor operates 

using regular water (H2O), and compared to a heavy water reactor the difference is that the heavy 

water reactor operates using deuterium oxide (D2O). Deuterium is an isotope of hydrogen that 

contains an extra neutron in its core, and bonded with oxygen it forms deuterium oxide. 
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BWR and PWR are the types of reactors that existed in Sweden when this thesis was written. There 

are, however, some key differences between the reactor types which are described in chapter 2.2.2 

and chapter 2.2.3. 

2.2.1 Reactor components 

2.2.1.1 Fuel 

The fuel used in PWRs and BWRs consist of uranium. There are two different isotopes of uranium 

used in NPPs, U-235 and U-238. U-238 is the most common isotope, representing 99% of the 

uranium ore, but U-235 is easier to use when extracting energy. The level of U-235 needs to be 

higher than in naturally occurring uranium to be used in regular NPPs to compensate for the neutron 

absorption of light water (WNA, 2015). 

To increase the U-235 content the ore is enriched to obtain a level of U-235 of around 3-4 %. The 

enrichment process is difficult and energy demanding since U-235 and U-238 has almost identical 

properties. One key difference is the molecular weight, which leads to the usage of centrifuges to 

separate the isotopes. A large scale enrichment process needs big and complex facilities, and all the 

enriched uranium used in Sweden is enriched abroad (SSM, 2015). 

The enriched ore is processed to uranium oxide, which in turn is compressed to cylindrical pellets 

that measures approximately 8 x 10 mm, see Figure 1. The pellets are formed into fuel rods which 

are encapsulated in zirconium and tin alloy capsules measuring about 4 m in height. 

 

Figure 1. Uranium oxide pellets. (WNA, 2015) 
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2.2.1.1.1 Fuel capsules 

The material of the capsules encapsulating the fuel is essential for the operation in NPPs. If an 

unfavorable material is used the capsules may quickly weaken and risk failure, as well as inhibit the 

fission process. This happens when the encapsulating material is prone to neutron absorption. To 

prevent weakening the capsules are made of different zirconium alloys (zircaloys) which have a small 

cross section area for neutron absorption. A small cross section area of the cladding means that 

there is more space between the molecules of the material. This is important to enable smooth 

passage for neutrons through the cladding, rather than colliding with the cladding and causing the 

material to deteriorate. (WNA, 2015). 

2.2.1.2 Moderator 

When uranium decays, it releases a neutron which in turn needs to collide with another uranium 

atom to keep the chain reaction going. The moderator is used to slow down the neutrons released in 

the fission process to create the best conditions for this to happen. 

The moderator in light water reactors is naturally occurring water. The difference between light and 

heavy water is described in chapter 2.2. The use of D2O is only needed when using natural occurring 

uranium with about 0.7 % U-235 (SSM, 2015). 

2.2.1.3 Control rods 

In order to maintain control of the chain reaction and keep it on an efficient level control rods are 

used. The control rods consist of neutron absorbing materials which will terminate the fission 

process if completely inserted between the fuel rods. They are used as well to tune the fission 

process to create the most optimal environment for the energy production (WNA, 2015). 

2.2.1.4 Coolant 

A coolant transports the heat away from the reactor core. In light water reactors the moderator 

consisting of water functions as the primary coolant as well, circulating through the core. In BWRs 

this is the only cooling system. In PWRs, however, there is a secondary cooling system where the 

water is evaporated and used in steam generators (WNA, 2015). 
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2.2.1.5 Steam generator 

The vaporized water is lead through a steam generator to generate electricity. The design of the 

generator varies depending on the type of reactor. 

2.2.1.6 Containment 

The containment is designed accordingly to withstand the core pressure build up for the different 

reactor types. A PWR generates higher pressures compared to a BWR, hence the design varies. Figure 

2 shows the containment, in form of a steel pressure vessel, at Forsmark 1, Sweden. In the figure, 

only the top made out of steel of the containment is visible in the water. 

2.2.1.7 Reactor hall 

The reactor hall is the building surrounding the containment, i.e. the surrounding room in Figure 2 

and Figure 6. 

 

Figure 2 Containment steel pressure vessel cap at Forsmark 01, Sweden. Hans Blomberg 
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2.2.2 Pressure water reactor, PWR 

This reactor type was originally used in submarines for propulsion, but was later introduced as power 

plants placed on land. In 2015 it is the most used type of reactor with over 230 active reactors used 

for power generation and additional several hundred used for propulsion at sea (WNA, 2015). A 

schematic image of how a PWR works is presented in Figure 3. 

 

Figure 3 Schematic image of a PWR (WNA, 2015) 

Figure 3 and Figure 4 is schematic images of describing the process of producing steam. The steam is 

lead to generators which in turn produces electricity. 

There are several differences between a PWR and a BWR, and a few of these key differences require 

an explanation for the purpose of this thesis.  

As seen in Figure 3, a PWR has two separate cooling systems, which allows the primary system to 

maintain a higher working pressure. The systems are separated in the steam generator, represented 

by the black dashed line in Figure 3. It will, as well, allow the secondary cooling system to be 

completely isolated from the radioactive material, removing the risk of radioactive nuclides 

damaging the steam generators.  

Since a PWR operates at higher pressures than a BWR there are different risks in the event of a 

failure involving the release of H2. The containment in a PWR is equipped with catalytic recombiners 

which deal with any excess of H2 produced. This is an acknowledged method that has proven itself as 
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efficient and safe. Chapter 2.7 further explains how PARs work. In relation to the containment the 

reactor core is relatively small which regulates the amount of H2 that can accumulate (Henoch, 2015).  

2.2.3 Boiling water reactor, BWR 

A BWR is similar to a PWR in many ways, but some key differences are the single circuit cooling 

system as well as the lower operating pressure. The single circuit cooling allows radioactive nuclides 

to pass through the steam generators causing an increased need to shield the turbines from the 

radiological impact. This is an increased cost of maintenance, since the shielding needs to be 

regularly maintained, which is motivated by a lower cost of construction. A BWR is more flexible in its 

operation and can be more easily adjusted in load-following mode (WNA, 2015). A schematic image 

of how a BWR works is presented in Figure 4. 

 

Figure 4 Schematic image of a BWR (WNA, 2015) 

The fuel assembly differs between the different types of reactors. Since this report exclusively 

investigates a BWR failure scenario only the BWR fuel assembly is of interest, and is presented in 

Figure 5. 
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Figure 5 Fuel assembly of a BWR (WNA, 2015) 

The reactor core is defined as all the components that is situated inside the confinement. Figure 6 

shows the steel cap of the core, which is the top most part of the confinement. The steel cap is 

described in Figure 4 as “steel pressure vessel”. The reactor core of a BWR (named “fuel elements” in 

Figure 4) is relatively large compared to the confinement (named “steel pressure vessel” in Figure 4), 

which makes larger concentrations in the confinement of H2 possible. To address this problem the 
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confinement is inerted with N2. Concentrations of H2 in the confinement up to 50 vol% are possible, 

but since no oxygen is present the risk of an explosion is non-existent. However, if the confinement is 

leaking H2may accumulate in the reactor hall (named “reinforced concrete containment and shield” 

in Figure 4) according to chapter 2.3. This may lead to an explosive atmosphere when the 

concentration of H2 is 4 % or higher (Henoch, 2015). Figure 6 shows the reactor hall at Forsmark NPP, 

Sweden. 

 

Figure 6 Reactor hall, Forsmark 01, Sweden. Photographed by Hans Blomberg. The red arrow point to the top of the 

reactor core. This is where H2 might leak out to the reactor hall. 

2.3 Sequence of events to failure 

Since a meltdown in a NPP may result in catastrophic consequences many various safety systems is 

present and built into the plant. In the unlikely event of a loss of cooling of the reactor core it is 

crucial to re-establish this as fast as possible. This thesis deals with the situation of failed cooling 

(Loss of cooling accident, LOCA), which allows the fuel to build up heat. 
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2.3.1 Chemical properties of Zirconium 

The fuel cladding consists mainly of Zirconium since it is pervious to neutrons. This is essential to get 

a good neutron economy in the fuel and impose no risk at normal operation temperatures (Henoch, 

2015). In the event of cooling failure, however, Zirconium will heat to temperatures well above 

1000oC resulting in different chemical properties than at normal operating temperatures. At such 

high temperatures Zirconium will spontaneously react with water, creating hydrogen gas according 

to the chemical equation (1): 

�� + 2��� → ���� + 2��  (1) 

This reaction is exothermal; hence it will significantly exacerbate the fuel heating problem. (Allen L. 

Camp, 1983) 

2.3.2 Recent failure of the Fukushima NPPs 

On the 11th of March 2011, a major earthquake took place of the coast of Japan that measured 9 on 

the Richter scale. It was followed by several aftershocks of varying intensity and two tsunamis, the 

highest measuring 15 meters above ground.  

The two Fukushima plants Daiichi and Daini are sited about 11km apart on the coast. The plants 

withstood the earthquake but were considerably damaged by the following tsunamis. Daini 

completed cold shutdown (core temperature < 100oC) on the 16th of March 2011, despite difficult 

conditions originating from the 9 m tsunami. No serious damage to the reactor was reported. At the 

Daiichi plant all of the reactor cooling backup systems were disabled by the 15 m tsunami, which 

made a core meltdown inevitable. 

When the cooling of the Daiichi reactor core failed the cooling water level started to decrease. When 

all the water had evaporated, the zirconium was heated to very high temperatures making reactions 

with the evaporated water possible. Since the reaction (1) is exothermal it further develops heat, 

thus accelerating the heating of the zirconium which in turn continues to produce hydrogen gas. 

When the hydrogen mixes with oxygen it creates an explosive atmosphere which only needs an 

ignition source to explode. Fukoshima NPP was not equipped with PARs, which allowed the H2 

concentration to rise in the powerplant (IAEA, 2013). 

The explosion that happened on the 12th of March 2011 at unit 1 destroyed the roof of the reactor 

hall and was the first explosion on the site. During the following days unit 3 and 4 exploded as well, 

resulting in serious damage on the reactor halls and surrounding structures as well as spreading 

radioactive debris in the surroundings of the plant (WNA, 2015). 
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2.4 Finite element method, FEM 

This thesis was based on calculations using the finite element method (FEM). This is a numerical 

technique to find approximate solutions for defined boundary value problems, using differential 

equations. This method uses limited regions divided into smaller parts, called finite elements 

(Ottosen, 1992). When the elements are joined together and connected, this is called a mesh. By 

connecting a large number of elements in a mesh, it is possible to find approximate solutions to a 

more complicated equation over a larger domain. This method is applicable on 1D, 2D and 3D 

problems. 

The method works by determining the behavior of each element in an analysis, and then putting 

these together to form the original region. This leads to the possibility of assuming linear variation of 

the variables over the element, even though the variable may vary non-linear over the global region. 

(Ibid.) 

In the calculations there are specific points where the variable is known, called nodal points. They are 

typically located on the boundary of the elements. The approximation for the element may be 

calculated using these nodal points.  

Another important aspect of a FEM calculation is the degree of freedom (DOF) specified for the 

element. This describes the state of the element, and the behavior of each element is described from 

a finite number of degrees of freedoms. Degrees of freedom are described as the value of one, or 

more, functions that are unknown in a set of nodal points. The definition of these is as the value of a 

primary field variable at connector node points. To get a more accurate approximation, more DOFs 

should be used. (Ibid.) 

FEM calculations can be made by hand, but to calculate more complex problems a computer 

software is usually used. This makes it possible to perform countless calculations at the same time, 

making it possible to calculate the behavior of complex structures such as a wall subjected to a 

hydrogen explosion. 

2.4.1 Abaqus 

The FEM software used in the calculations connected to this thesis is called Abaqus. Abaqus was used 

since it was the software used in the education of the author, and was well fit for the purpose of 

calculating mechanical impact on a wall originating from an explosion. 
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2.4.1.1 Method 

Abaqus use a three-step method for completing an analysis. The steps are visualized below. 

 

The pre-processing step consists of creating the model. In addition of creating the geometry 

parameters such as loads, materials, boundary conditions and output required are defined. 

The processing step is the calculation step, when all the calculations defined are performed. 

The post-processing step is the final step, and consists of the visualization of the results. In this step 

the user defined results may be organized and displayed in a used defined way, that may consist of 

spreadsheets, diagrams or colored visualizations of the geometry. 

Abaqus has several built-in software products, which all uses the same steps for calculations. The 

calculation step differs between the products, and allows for different type of problems to be 

calculated. 

2.4.1.1.1.1 CAE 

The CAE product (Complete Abaqus Environment) may be used to create a model as part of the pre-

processing stage. It can also monitor and visualize the results from advanced analyses. (Dassault, 

2016) 

2.4.1.1.2 Standard 

The Standard product is used when a static and low-speed problem is addressed, where highly 

accurate stress solutions are important. This may be used as the starting condition for continuation 

in the Explicit product. (Ibid.) 

2.4.1.1.3 Explicit 

The Explicit product is well-suited to simulate brief transient dynamic events. It can handle several 

nonlinear behaviors, such as contact between materials. This means that the analyzed object may 

consist of both steel and concrete, and the user is not limited to single material objects such as a 

steel beam. This product is therefore suitable for the analysis in this thesis; hence, this is the product 

of choice. (Ibid.) 

Pre-processing Processing
Post-

processing
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2.4.1.1.4 CFD 

The CFD product provides advanced computational fluid dynamics capabilities, and can be used with 

the CAE product for pre- and post-processing. It can solve laminar and turbulent flow problems, 

thermal convective problems as well as deforming mesh analyses. (Ibid.) 

2.4.1.1.5 Multiphysics 

The Multiphysics product can, as implied by the name, solve multiphysics problems. This includes for 

example hydrodynamic wave loading on flexible structures, and has been a part of Abaqus from the 

beginning in year 1979. (Ibid.) 

2.5 Structural behavior of reinforced concrete 

Concrete is a material widely used in structures that need to withstand large pressures. Reinforcing 

bars are always present to compensate for a low tension resistance, and this creates a useful 

construction material in many ways. (T. Isaksson, 2010) 

When exposed to a considerable pressure rise concrete will deform, which in turn will result in 

pressure- and tension zones. A schematic figure of a wall exposed to a uniform blast pressure from 

the left side, restricted of movement in top and bottom, is shown in Figure 7. The dark blue zones are 

subjected to compression and the green, yellow and red zones are subjected to tension of varying 

intensity. 
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Figure 7. Schematic figure of a wall exposed to blast pressure. The dark blue zones are subjected to compression and the 

green, yellow and red zones are subjected to tension of varying intensity 

Figure 7 is an exaggerated display of the wall to explain the deformation mechanism rather than to 

show a real deformation. In reality the deformations are generally measured in millimeters, thus 

barely visible. Figure 8 and Figure 9 shows an example of a more complex geometry subjected to 

explosion pressures from the inside of the compartment. The geometry is constricted of movement 

on the edges of all walls and the roof. 

 

Figure 8 Example of room explosion, frontview. 
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Figure 9 Example of room explosion, backview. 

2.5.1 Compression 

In the compression zones of the concrete, large compression pressures will build up and the concrete 

will eventually be crushed. The compression strength of concrete is very high and can be varied 

depending on what type of concrete that is used. Hight strength concrete is for example used in 

bridges, and normal strength concrete is normally used in normal buildings that is not exceptionally 

large. (T. Isaksson, 2010). 

2.5.2 Tension 

The tension zones are most prone to cracking. Cracking happens when the tension resistance of the 

steel reinforcing bars exceeds the resistance of the concrete. Since the tension resistance for 

reinforcing bars is much higher than for concrete this happens almost instantaneously when applying 

load. Cracking in concrete due to tension is inevitable and is compensated for when dimensioning the 

component. (T. Isaksson, 2010) 

2.6 Hydrogen explosion 

When establishing boundary conditions for the FEM analysis, the first step was to analyze a hydrogen 

explosion and its components. There are two different types of combustion phenomena in this kind 

of problem. Depending on what speed of the combustion wave (i.e. flame) propagates with through 

the unburned fuel, the reaction is either called a deflagration or detonation. Deflagration refers to 

propagation in subsonic speeds and detonation to supersonic speeds (SFPE, 2008). A detonation 

rarely occurs in large open spaces (Deimer, 2000), hence a deflagration is assumed further on. 

When assuming a deflagration, some limitations needed to be introduced. The scenario analyzed in 

this report assumed the H2 concentration builds up from 0%, and for an explosion to occur the 

concentration need to reach LEL. LEL for hydrogen is around 4%, depending on room temperature 

and pressure, which makes this concentration interesting to investigate. 
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2.7 Passive autocatalytic recombiners, PARs 

The best way of avoiding hydrogen explosion damage is to prevent the explosion itself. One way to 

prevent a hydrogen explosion is to remove the hydrogen from the air, hence preventing an explosive 

atmosphere in the reactor hall. This can be achieved with a passive autocatalytic recombiner (WNA, 

2015).  

A passive recombiner works without electricity or moving parts and needs no human interference, 

making it a highly reliable safety system. A PAR is very effective, removing 99.5% of the H2 in the air 

in a single passage at ideal temperature. The temperature is controlled by the geometry of the PAR 

housing, as well as the size and number of catalyst plates. However, there are some risks involved in 

the recombination process discussed in chapter 2.7.1. 

2.7.1 Chemistry 

When recombining H2 and O2 into H2O using a PAR, different catalytic substances may be used. Two 

examples of such catalytic substances are palladium and platinum. The reaction is strongly 

exothermal, which means that the system emits large amounts of heat. The basic reaction formula is: 

2�� + �� + 	
�
��� → 2��� + 	
�
���  (2) 

Because of the exothermal characteristics of the reaction certain security measurements needs to be 

set in place. The spontaneous ignition temperature for an explosive air/H2 mixture is about 560oC in 

room temperature and atmospheric pressure, and when unrestrained with unlimited amount of H2 

and O2 the operation temperature of a PAR may reach well above the ignition temperature. Because 

of this the PAR is designed to only allow a reaction rate such that temperatures are kept low (United 

States of America Patent No. US 8173571 B2, 2012). The limitation of the PAR may allow H2 to 

accumulate, and to prevent this the number of PARs in a volume is varied to ensure this will not 

happen. A PAR is also designed to start the recombination process without delay so that the air/H2 

mixture is kept below the H2 LEL. 

2.7.2 Design of a PAR 

There are a number of different design solutions on how to produce an effective PAR. The basic idea 

is to use the exothermal reaction to create a natural buoyancy effect to transport air and H2 through 

the construction, called the chimney effect. The air/H2 mixture is lead through catalyst plates to 

initiate the reaction (United States of America Patent No. US 8173571 B2, 2012). The operating 

principles of a PAR are shown in Figure 10. 
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Figure 10 Operating principles of a PAR. Source: Candu Energy Inc. 

The catalyst plates are a key factor for controlling the reaction rate. Since a PAR operates using the 

chimney effect, different designs on the plates may create a specific air flow designed to keep 

temperatures at a pre-defined value.  

The US 8,173,571 patent describes both designs of and materials used in catalyst plates. As 

mentioned in chapter 2.7.1 a noble metal is suitable as a catalyst, and to construct the catalyst plate 

bodies different metal oxides can be used. According to (United States of America Patent No. US 

8173571 B2, 2012) molybdenum trioxide, MoO3, is an advantageous embodiment material since it is 

especially permeable to H2 exclusively. This entails advantageous resilient properties concerning 

catalyst contaminants, which would otherwise compromise the function of the catalyst plates. 
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3 Method 

This chapter describes and motivates the method used in this thesis. 

3.1 Work process 

To complete the research questions the approach chosen was to perform a literature review and a 

case study. The work process is presented schematically in Figure 11. 

 

Figure 11 Work process 

The literature review focused on research and documents retrieved from different organizations 

involved in the nuclear power production area.  

The explosion calculations were immediately limited to involve only deflagration, since a detonation 

is a very complex situation to describe and simulate and will rarely happen in large open volumes. 

(Deimer, 2000) The hand calculated pressure was used as a static pressure in Abaqus to simulate the 

mechanical impact on the wall. 

In the interpretation of the results from the FEM analysis in Abaqus, the results were compared with 

hand calculated structural resistance. 

  

1

• Litterature review

• Limitations

2

• Explosion pressure calculations

• Wall properties assesment and load determination

3

• Sensitivity analysis

• FE analysis

4
• Interpretation of results from FE analysis

5
• Suggestions for further investigations
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3.2 Literature review 

The purpose of a literature review is to gather relevant information and sources to be consulted later 

in the project. This was achieved through web based search systems such as Google and PRIMO, 

interviews with people involved in the nuclear power production area, as well as information in 

articles, publications and scientific journals. 

3.3 Case study 

The case study was set up to study a specific case in the area of structural behavior at the event of an 

explosion. The different approaches used were pressure development in a reactor hall and structural 

behavior of a concrete wall. More information about the approaches is found in chapter 4.1 and 

chapter 4.2. 

This case was chosen as a result of an interview with Anders Henoch, specialist in severe accidents at 

the Ringhals NPP, Sweden. There is an extensive amount of information available about cases 

concerning hydrogen explosions and mitigation in a BWR confinement, however there is room for 

more detailed studies outside the confinement in the reactor hall. 

The reactor hall is not seen as a safety barrier today, since it is assumed that the strength of the wall 

is lower than the developed pressure from a hydrogen explosion. This report aims to evaluate the 

pressure developed at H2 LEL and compare this to the strength of the walls. If the pressure turns out 

to be greater than the strength of the wall, it is interesting to analyze the difference. If the difference 

is small, this may open up the possibility to strengthen the wall in order to make this a valid safety 

barrier.  
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4 Calculations 

This chapter includes all the hand calculations made in this thesis, which are later included in the FEM 

analysis. Material properties are presented in this chapter as well. 

4.1 Hydrogen explosion 

The explosion was assumed to be a deflagration due to the assumed hydrogen concentration in the 

air close to LEL (4vol %), and the large open volume in the reactor hall. The focus of this thesis was to 

evaluate the resistance of the structures for the lowest possible pressure developed from a hydrogen 

deflagration, hence the concentration chosen is strictly LEL for hydrogen.  

4.1.1 Pressure calculations 

Figure 12 describes the relation of hydrogen mole fracture in relation developed adiabatic isochoric 

temperature at different hydrogen mole fractions (Allen L. Camp, 1983). It also shows what pressure 

that is developed in these relations, and this pressure is used for further analysis. Since the chart 

does not show the LEL for H2 of 4%, it is assumed that the graphs are linear in this area. 

 

Figure 12 Adiabatic, Constant-volume combustion. Pressure for various initial conditions 
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Using the chart the pressure rise can be linearly calculated, and the result for T1=300K is presented in 

Table 1. The table also present the pressures used in the sensitivity analysis in chapter 6.2. 

Table 1 Pressure calculations 

Hydrogen concentration [vol%] Pressure rise [kPa] Pressure rise (kN/m2) 

4 265 265 

8 380 380 

12 540 540 

 

The combustion pressure was applied uniformly on the wall to simulate a deflagration at the LEL of 4 

% H2. (Allen L. Camp, 1983) 

4.2 Properties of the concrete wall 

All the material properties used in this chapter are obtained from Eurocode. 

4.2.1 Concrete 

The concrete quality was assumed to be C35/45. Table 2 provides the necessary information needed 

to perform the calculations. 

Table 2 Material properties for concrete 

Concrete C35/45  

Density 2300 kg/m3 

fck 35 MPa 

fctm 3.2 MPa 

Young’s modulus 34 GPa 

4.2.2 Rebars 

The rebar quality used in the calculations is of standard quality, see Table 3. 

Table 3 Material properties for rebars 

Rebar B500B  

Diameter 20 mm 

fyk 500 MPa 

 

Since the rebars were assumed to have a big impact on the results, this would be a part of the 

sensitivity analysis in chapter 6.1. 
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4.2.3 Dimensions 

The dimensions of the reinforced concrete wall used are 10.0 x 3.0 x 0.6 m (WxHxD). These 

dimensions were formulated in terms of how big a commonly used standard prefabricated concrete 

wall element is (Svensk Betong, 2015) combined with an average wall thickness of a model used in a 

previous similar explosion analysis (Saarenheimo, 2000). 

4.2.4 Loads 

This chapter describes the different loads applied to the wall. 

4.2.4.1 Roof 

To simulate the behavior of the wall during the explosion the load from the roof was needed. Since 

no drawings were available, an assessment of the roof construction was made. Figure 13 shows the 

roof of one of the reactor hall on Ringhals. It is blurred in the map service due to security. The image 

was retrieved from Eniro.se the 24th of July 2017. 

 

Figure 13 Ringhals NPP, reactor hall roof dimensions 

The load from the roof was calculated from an 80 x 60 m concrete/steel roof. Since the roof is quite 

large with large spans, and is assumed supported only by at the walls and a row of columns in the 

middle of the building, a HDF roof supported by concrete columns and steel framework would be a 

suitable construction (Svensk Betong, 2017). Hence, 30 m spans with frameworks with cc 8m was 

used. This leads to a total area that needs support from the walls to be 60 m x 4 m, assuming half the 

load from the framework is applied to the wall rather than the first column.  See Figure 14 for 

principal sketch of the roof. 
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Figure 14 Principal sketch of roof construction. Black indicates walls, red indicates columns and blue indicates 

framework. The green zone highlights the load that is applied to the wall. Figure is not to scale. 

To assess if this was a relevant construction assumption, the HDF slabs would have to have at the 

least one side measuring 8.0 m. This is in range of prefabricated HDF slabs, and would result in the 

approximate dimensions of 1.2 x 8.0 x 0.2 m (WxDxH) (Svensk Betong, 2017). Hence the construction 

was relevant for the calculations. 

When knowing how the roof is assumed to be constructed, the load can be calculated. The wall was 

modeled to be 10.0 x 3.0 x 0.6 m, which means it will take load from 3.0 m of the 60 m wall. See 

Figure 15 for a principal sketch. 
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Figure 15 Roof construction, the yellow and orange fields indicates area of the load for each wall element 

The HDF element has a heaviness of up to 330kg/m2 (Svensk Betong, 2017) for the proposed 

dimensions. The applicable area of the HDF is 12 m2, which means the load from the roof per wall 

element will be per Table 4. 

Table 4 Roof load calculations 

Roof load calculations  

Roof area per wall element 12 m2 

Heaviness  330 kg/m2 

Total 3960 kg 

Total load per wall element 38.85 kN 
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4.2.4.2 Load from the wall element 

The load from the wall element itself is a part of the design when building any structure. The 

catachrestic of this weight is that it varies very little, and together with the weight of the roof etc. is 

named own weight (Sv. Egenvikt). These values are found in tables and product specifications, and 

since the wall consist of concrete and rebars its weight is 25 kN/m3 (T. Isaksson, 2010). Table 5 shows 

the values for the load of the wall element. 

Table 5 Wall element load calculations 

Parameter Magnitude and unit 

Dimensions 10.0 x 3.0 x 0.6 m 

Volume 18 m3 

Tabulated load 25k N/m3 

Total load for wall element 450 kN 

 

This load was used as a centric load in the Abaqus model. 

4.3 Boundary conditions 

When constructing a building the boundary conditions of the construction members are of great 

importance. (T. Isaksson, 2010) As proposed by Euler in Figure 16 there are several different 

boundary conditions that implies different buckling modes. In this thesis, the principal buckling mode 

till be Euler 2. See chapter 5.2.4 for more information. 

 

Figure 16 Euler buckling modes 

  



 27

5 Finite element model 

This chapter presents details regarding the FEM models. 

5.1 FEM Program 

There are currently numerous finite element programs on the market. This study used Abaqus (ver. 

6.14) as it fulfills all the requirements for the calculations in question.  

5.2 Abaqus modeling 

The calculations are made using shell elements in Abaqus, with reinforcing bars (rebars) applied as a 

smeared layer in the model. To simulate concrete cracking a method called concrete damage 

plasticity (CDP) is used. 

5.2.1 Materials 

The input parameters of the materials used consists of three parameters for concrete, and two for 

steel (rebars). 

5.2.1.1 Concrete 

The concrete was modeled with defined behaviors for density, elasticity and CDP. Table 6 shows 

input parameters. CDP uses a stress/strain relationship, see Appendix A for more information. 

Table 6 Concrete input data 

Parameter Magnitude and unit 

Density 2300kg/m3 

Youngs modulus 36Mpa 

Poission’s ratio 0.25 

CDP See Appendix A 
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5.2.1.2 Rebars 

The steel rebars was modeled as standard rebar quality, see Table 7. 

Table 7 Rebar input data 

Parameter Magnitude and unit 

Denisty 7850 kg/m3 

Youngs modulus 210 GPa 

Possion’s ratio 0.3 

Diameter 20 mm 

Spacing 50 mm 

Area per rebar 314 mm2 

5.2.2 Sections 

In order to set a material for the parts used in Abaqus sections were used.  

 

Figure 17 Abaqus section manager 

Since the wall consist of both concrete and rebars, this was assigned as described in Figure 18. 

 

Figure 18 Abaqus section assignment 
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When using shell elements, thickness may be specified in the section area as shown in Figure 19. 

 

Figure 19 Shell thickness specified in section area 

The rebar spacing and area were specified in options for the section. Figure 20 shows one of the 

settings used in the model. 

 

Figure 20 Rebar layers settings editor 
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5.2.3 Model geometry and mesh 

As described in chapter 4.2.2 the dimensions of the wall are 10.0 x 3.0 x 0.6 m (WxHxD). Figure 21 

shows the wall geometry from Abaqus. The wall is tilted in the viewport, in the calculations the wall 

is perpendicular to the ground. 

 

Figure 21 Wall geometry as shell element 

Figure 21 shows the shell visualization of the wall, and Figure 22 visualizes its real dimensions. For 

the sake of a more comprehending visualization the model will be displayed with its real dimensions 

further on in the thesis. 

 

Figure 22 Wall geometry displayed with real dimensions 
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The wall was meshed using shell elements shown in Figure 23, with the standard element library, and 

linear geometric order (element type: S4R). See Figure 24 for more information. 

 

Figure 23 Visualization of meshed wall 

 

Figure 24 Element type used for the wall 
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5.2.4 Boundary conditions and applied load 

Figure 25 shows a schematic image over the applied boundary conditions in Abaqus. The wall was 

restricted in the top and bottom for transversal movement, and restriction in rotation movement 

around the y-axel. This simulates hinged connections to the floor and roof. 

 

Figure 25 Boundary conditions applied 

Figure 26 shows a schematic image of the applied loads. The explosion pressure was applied 

uniformly on the wall in the z-direction, and the weight of the roof was applied from the top in the y-

direction. The gravity load was applied as a centric force in the Y direction. 

 

Figure 26 Schematic image of applied loads 
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The magnitude of the applied load from the roof is an estimated value, and the roof is assumed to be 

made of concrete as well. The estimation of the roof load is made accordingly to chapter 4.2.4.1. All 

the applied loads are found in Table 8. 

5.2.5 Steps 

Three different steps were used in the analysis, as presented in Figure 27. Initial, explosion and a 

third step without any interactions to investigate the residual effects after the explosion step, if there 

were any. 

 

Figure 27 Step manager from Abaqus 

5.2.6 Applied loads and pressures 

Table 8 describes all the applied loads and pressures in the calculations.  

Table 8 Applied loads and pressures 

Type of load/pressure Magnitude Unit Location 

Explosion pressure 7950 kN Face of the wall 

Roof load 38.85 kN Top edge of wall 

Wall element load 450 kN Center of the wall element 
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5.3 Output 

To evaluate the wall integrity after the explosion, three different parameters were chosen. These 

were displacement (U), von Mises stress (S) and CDP - concrete damaged plasticity (PEEQ). These 

three all represents interesting values that are relevant to the research question. 

Displacement shows how much the wall is displaced from its origin. If this number is large, it can be 

concluded if the wall cracks or fails. 

Von Mises stress is a value that is compared to the strength of the material analyzed. If von Mises 

stress is bigger than the strength of the analyzed part, the part fails. 

CDP uses the concept of isotropic damaged elasticity in combination with isotropic tensile and 

compressive plasticity to represent the inelastic behavior of concrete, which accurately represent the 

realistic behavior for concrete (Dassault, 2016). CDP is therefore a good way to see where cracks 

form in the wall, the higher the CDP in the analysis, the more likely it is to have plastic deformation of 

the wall.  

It is important to emphasize that the values calculated in Abaqus are calculated using an arbitrary 

wall design, which means that the position on the wall of the peak stresses is just as important as the 

stresses themselves. 
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6 Sensitivity analysis 

Since the analyzed wall is an assumed geometry, a sensitivity analysis of a few selected properties of 

the wall and the loads. This chapter aims to describe the different variations. 

6.1 Reinforcement 

The reinforcement placed in the FEM model was varied together with the diameter to see what 

impact different rebar sizes and placements had on the result. The sensitivity analysis focuses only on 

the diameter of the rebars, since this was assumed to have the greatest impact on the results. (T. 

Isaksson, 2010) 

In Table 9 the different input parameters on the rebars are shown. 

Table 9 Rebar input parameters 

Rebar diameter and cross section area Placement from surface 

16 mm, 201 mm2 70 mm, 120 mm 

20 mm, 314 mm2 70 mm, 120 mm 

25 mm, 491 mm2 70 mm, 120 mm 

 

6.2 Deflagration pressure 

The pressure developed in the deflagration is interesting to study as a part of the thesis research 

questions. The thesis aim was to perform the analysis strict for LEL, but it was still interesting to see 

how the wall behaves under different loads and if there were some residual effects connected to 

different pressures. An assumption in this thesis is that the whole enclosure is filled with H2, but local 

deflagrations may also occur and impose lower pressure rises. This is, however, a complex 

phenomena and is not further analyzed in this analysis but may be a suggestion for further work. 

Table 10 describes the different pressures used in the analysis. 

Table 10 Pressure variations 

Deflagration pressure Resulting pressure over wall element Corresponds to vol% H2 

265 kPa 7950 kN 4 % 

380 kPa 11400 kN 8 % 

540 kPa 16200 kN 12 % 
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6.3 Wall thickness 

Wall thickness is a good parameter to study since it is relatively easy to vary when building the wall in 

the model. 

Table 11 shows the different wall thicknesses used in the model 

Table 11 Wall thicknesses variations 

Wall thicknesses used in Abaqus 

600 mm 

800 mm 

1000 mm 

6.4 Sensitivity analysis combinations 

In order to limit the variations for each sensitivity analysis, the following tables describes how the 

different input variables were combined. The variations are set to the standard assumed geometry 

and calculated pressure rise when they are not varied. Table 12 shows the original input summarized. 

Table 12 Original input 

Reinforcement diameter [mm] Pressure rise [kPa] Wall thickness [mm] 

20 265 600 

6.4.1 Reinforcement variation 

Table 13 describes the reinforcement variation. 

Table 13 Reinforcement variation 

Reinforcement diameter [mm] Pressure rise [kPa] Wall thickness [mm] 

16 265 600 

20 265 600 

25 265 600 
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6.4.2 Deflagration pressure variation 

Table 14 describes the pressure variation for the deflagration. 

Table 14 Pressure variation 

Reinforcement diameter [mm] Pressure rise [kPa] Wall thickness [mm] 

20 265 600 

20 380 600 

20 540 600 

6.4.3 Wall thickness variation 

Table 15 describes the variation of wall thickness. 

Table 15 Wall thickness variation 

Reinforcement diameter [mm] Pressure rise [kPa] Wall thickness [mm] 

20 265 600 

20 265 800 

20 265 1000 

6.4.4 Job visualization Abaqus 

Table 16 shows the resulting variations used in Abaqus for the sensitivity analysis. 

Table 16 Job visualization Abaqus 

Job name Rebar diameter [mm] Deflagration pressure [kPa]  Wall thickness [mm] 

Job-1 16 265 600 

Job-2* 20 265 600 

Job-3 25 265 600 

Job-4 20 380 600 

Job-5 20 540 600 

Job-6 20 265 800 

Job-7 20 265 1000 

*Job-2 is the primary analyzed wall element according to 4.2. 

All the jobs will be benchmarked against Job-2 since this is the original model and the assumed wall 

construction.  
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7 Result 

This chapter describes the results from the calculations in Abaqus in figures and charts. The results 

from the calculations are obtained accordingly to chapter 5.3, and calculated as described in Table 

16. Job-2 is visualized first, since this is the original model. 

The analyzes are visualized in the following figures and charts. The visualizations are captured at the 

end of the explosion step. The charts display the different variables through the step with no 

interactions, step 3, as well to include the residual effects according to chapter 5.2.5. 

The charts are focused on displacements since this is the best variable suitable for visualizing in a 

single point through the entire analysis. The other variables are complex and are best visualized as an 

image of the whole element. 
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7.1 Primary analysis 

This chapter presents the result from the primary analysis. 

7.1.1 Job-2 

Figure 28 to Figure 30 shows the visualization of Job 2 at the end of the explosion step. Figure 31 

shows a graph over the displacement through both the explosion step and step 3. 

 

Figure 28 Job-2 Concrete damaged plasticity 
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Figure 29 Job-2 Von Mises stress 
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Figure 30 Job-2 Displacement 
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Figure 31 Displacement magnitude 

Figure 31 shows the residual effects on the wall. The behavior in the graph is an unlikely real 

behavior for the wall since damping is not included in the model, but because of these limitations in 

Abaqus compared to the real life deformation, this is the result from the calculations. In the 

sensitivity analysis, the graphs are limited to 2 seconds on the X-axis since the peak value is reached 

before this time in all of the scenarios. 

Table 17 displays a summary of the results in Job 2. The displacement is the most interesting result to 

analyze since this is comparable with the other jobs in the sensitivity analysis in a straight forward 

way, in the same node in all the models. 

Table 17 Result summary Job 2 

Variable Value 

Concrete damaged plasticity (PEEQ) 2.49 *10-3 

Von Mises stress (S) 27.59 MPa 

Displacement (U) 325 mm 
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7.2 Sensitivity analysis 

This chapter presents the results from the sensitivity analysis. 

7.2.1 Job-1 

Figure 32 to Figure 34 shows the visualization from Abaqus for Job-1. 

 

Figure 32 Job 1, Concrete damaged plasticity 
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Figure 33 Job 1, Von Mises stress 
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Figure 34 Job 1, Displacement 
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Figure 35 shows the displacement over time for Job 1. 

 

Figure 35 Job 1, displacement over time 

The maximum values of each variable are presented in Table 18. 

Table 18 Summary of job variables Job 1 

Variable Value 

PEEQ 2.122 E-3 

S 23.22 MPa 

U 355 mm 
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7.2.2 Job-3 

Figure 36 to Figure 38 shows the visualization from Abaqus for Job-1. 

 

 

Figure 36 Job 3, Concrete damaged plasticity 
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Figure 37 Job 3, Von Mises stress 
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Figure 38 Job 3, displacement 
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Figure 39 shows displacement over time for Job 3. 

 

Figure 39 Job 3, displacement over time 

The maximum value for each variable is presented in Table 19. 

Table 19 Summary of job variables Job 3 

Variable Value 

PEEQ 2.225 E-3 

S 14.54 MPa 

U 244 mm 
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7.2.3 Job-4 

Figure 40 to Figure 42 shows the visualization from Abaqus for Job-4. 

 

Figure 40 Job 4, Concrete damaged plasticity 
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Figure 41 Job 4, Von Mises stress 
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Figure 42 Job 4, Displacement 
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Figure 43 shows the displacement over time for Job 4. 

 

Figure 43 Job 4, displacement over time 

Table 20 shows the maximum value for each parameter for Job 4. 

Table 20 Summary of job variables Job 4 

Variable Value 

PEEQ 4.910 E-3 

S 21.87 MPa 

U 447 mm 
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7.2.4 Job-5 

Figure 44 to Figure 46 shows the visualization from Abaqus for Job-5. 

 

 

Figure 44 Job 5, Concrete damaged plasticity 
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Figure 45 Job 5, Von Mises stress 
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Figure 46 Job 5, Displacement 
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Figure 47 shows displacement over time for Job 5. 

 

Figure 47 Job 5, displacement over time 

Table 21 shows the maximum value for each parameter in Job 5. 

Table 21 Summary of job variables Job 5 

Variable Value 

PEEQ 9.992 E-3 

S 20.16 MPa 

U 642 mm 
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7.2.5 Job-6 

Figure 48 to Figure 50 shows the visualization from Abaqus for Job-6. 

 

Figure 48 Job 6, Concrete damaged plasticity 
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Figure 49 Job 6, Von Mises stress 
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Figure 50 Job 6, Displacement 
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Figure 51 shows the displacement over time for Job 6. 

 

Figure 51 Job 6, displacement over time 

Table 22  shows the maximum value for each parameter from Job 6. 

Table 22 Summary of job variables Job 6 

Variable Value 

PEEQ 1.604 E-3 

S 13.39 MPa 

U 184 mm 
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7.2.6 Job-7 

Figure 52 to Figure 54 shows the visualization from Abaqus for Job-1. 

 

Figure 52 Job 7, Concrete damaged plasticity 
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Figure 53 Job 7, Von Mises stress 
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Figure 54 Job 7, Displacement 

 



 66

Figure 55 shows the displacement over time for Job 7. 

 

Figure 55 Job 7, displacement over time 

Table 23 shows the maximum value for each parameter in Job 7. 

Table 23 Summary of job variables Job 7 

Variable Value 

PEEQ 1.094 E-3 

S 18.79 MPa 

U 105 mm 
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7.3 Result summary and comparison 

Table 24 shows the maximum displacement for each scenario. N.B. that this is the maximum 

displacement of the whole simulation, which differs from the table summaries of the job variables. 

Job name Displacement [mm] Changed variable 

Job 1 423 16 mm rebar diameter 

Job 2 325 Original model 

Job 3 242 25 mm rebar diameter 

Job 4 491 380 kPa blast pressure 

Job 5 725 540 kPa blast pressure 

Job 6 182 800 mm wall thickness 

Job 7 116 1000 mm wall thickness 

Table 24 Maximum displacement 

Figure 56 shows all the displacements up to 2 seconds. 

 

Figure 56 Displacement over time, all jobs 

  

-50

50

150

250

350

450

550

650

750

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2

D
is

p
la

ce
m

e
n

t 
[m

m
]

Time [s]

Displacement, all jobs

Job 1 Job 2 Job 3 Job 4 Job 5 Job 6 Job 7



 68

8 Analysis 

The results indicate that the method using Abaqus is a good way of analyzing the wall integrity. PEEQ 

and displacement is especially good way of visualizing the wall behavior, and from these values it can 

be determined quite well the possibility of a failure in specific areas of the wall. 

8.1 Comparsion PEEQ 

Below is a comparison of the PEEQ variable for three different jobs. The scale in the top left corner 

indicates the magnitude for each color, and it shows that there are variations of where the biggest 

cracking on the wall occurs. These particular jobs were chosen because they showed differences in 

where on the wall PEEQ peaked. The values for job 5 shows PEEQ during the biggest explosion 

pressure, and job 6 shows values during standard explosion pressure and 800 mm wall thickness. Job 

2 is visualized for reference. Even though the colors on the figures vary over the wall between the 

images, a closer look shows that the indicated values differ some, but not that much. This shows that 

it may appear some differences in the maximum PEEQ values depending on the input values, but the 

model will still be suitable in all the cases. 

   
Job 2 Job 5 Job 6 

Figure 57 Comparison of PEEQ 

8.2 When is a wall broken? 

It is a slightly philosophical question to determine if a wall is broken or not. It can in some cases be 

debated if large cracks, and in some matter even larger openings in the wall still would mean that the 

wall fulfills its requirements.  In terms of NPP security the wall would need to stop any radioactive 

material to spread outside the building. In this case, large cracks or openings would allow radioactive 

material to spread to the surroundings and the safety barrier would not have fulfilled its purpose. 

The maximum displacement of the wall in the main scenario is 325 mm in the middle of the wall, and 

this is of course a very big displacement for a concrete structure of any kind. The PEEQ plotted in 

Figure 28 shows that cracking forms in several areas of the wall, closer to the top and bottom of the 
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wall. This result is probably a combination of the roof load and gravity load together with the blast 

load horizontally applied to the wall. It also gives a hint of that the boundary conditions is very 

important in the analysis, showing that the results from Job-2 deflects as proposed in Euler 2 shown 

in Figure 16.  

8.3 Residual effects 

The residual effects in Figure 31 shows that the maximum displacement does not occur until after 

the explosion step is finished. This is probably an effect from the momentum created in the explosion 

step, which is decreasing after the explosion has finished. This is important information when using 

this type of simulation, since it is the maximum values that are of interest to analyze a wall failure. 

8.4 Sensitivity analysis 

The sensitivity analysis is as well an important part of this thesis to answer research question number 

3, Is the reactor hall as to be seen as a safety barrier? When analyzing different pressures and 

constructions of the wall, the results are divided into groups. Figure 56 clearly shows that the blast 

pressure has a very big impact of the displacement, and Job 4 and 5 displays the biggest deflections. 

Following this, the next group is the varied reinforcement in job 1 to 3. In the range of 242 mm to 

423 mm these displacements are placed, and some residual effects of the momentum created in the 

explosion are visible. The last group is the jobs where the wall thickness are varied, and these 

displacements are the smallest of them all. Even though the reinforcement of 25 mm in diameter 

showed lower displacements than the walls with smaller rebars, it seems that it is much more 

effective to make the wall thicker with a smaller dimension of rebars. This means that even if the 

reactor hall is not as to be seen as a safety barrier today the best way of varying the construction, if 

one would want to build the wall as a safety barrier that holds a H2 explosion, is to increase the wall 

thickness. Reinforcement will have a large effects on the results as well, this is always the case with 

concrete structures. A clever combination of these two will probably give the best results. This also 

needs to be combined with a cost benefit analysis to see what costs this solution implies, and 

compare this to other security measures used to raise the security.  
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8.5 Research questions 

This section specifically handles answers to the research questions. 

8.5.1 What pressure is developed with H2 concentrations close to LEL? 

According to the linear calculations of Figure 12 the pressure developed is 280 kPa at 4 vol% H2, 

when the reactor hall is filled with H2. This impose a total pressure on the wall of 7950 kN, which is a 

very large load. The sensitivity analysis shows that the wall behaves in roughly the same way when 

increasing the pressures, but no unexpected behaviors is displayed. This means that the model is a 

good way for determining the effects of an explosion, even if you increase the pressures to simulate 

bigger explosions. 

8.5.2 What mechanical impact do these pressures impose? 

The mechanical impacts imposed from the explosion is cracks and displacement. Job-2 displays quite 

large displacements of several hundreds of millimeters, which implies that the wall breaks. 

8.5.3 Is the reactor hall to be seen as a safety barrier? 

The straight answer to this question is no, if the wall is built as assumed in this thesis. The best way 

to structurally increase the possibility to use the reactor hall as a safety barrier is, according to the 

analyzed variables in this thesis, to increase the wall thickness. 

8.5.4 How is the LEL avoided with the use of PARs? 

The 4th research question handles the use of PARs to avoid a build up of H2 in the reactor hall. The 

usage of PARs is already widely incorporated in many of the NPP designs (WNA, 2015), but mostly in 

the confinements. Since this thesis proves that the displacements for the wall widely exceeds the 

limits of any concrete structures, PARs should definitely be a part of the solution in the combination 

with thicker walls as discussed in chapter 8.5.3. More recent designs of NPPs suggest you should use 

PARs in the reactor hall as well, but it should also be considered to be installed in older NPP designs. 
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APPENDIX A 

Stress/strain relationship used in Abaqus CDP parameter. 

Inelastic strain Yield stress 

0 0 

0 10.45816733 

0.000434755 20.34883721 

0.000710289 28.42960289 

0.001071125 33.43949045 

0.001527778 35 

0.004416667 21 

0.007198276 10.86206897 

0.009823232 6.363636364 

0.012385171 4.133858268 

0.014919725 2.889908257 

0.017440821 2.130434783 

0.019954604 1.634241245 

0.02 0 

 

 


