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Abstract 

 

 

In offshore oil and gas industries, Explosion Risk Assessment (ERA) rest on probabilistic risk 

assessment is widely used to obtain the numerical information of accidental loads in the primary design 

process. The objective of this evaluation is to predict the extent of explosion damage and to check 

potential issues before they occur. A gas explosions in an offshore structures can be catastrophic 

because of the presence of risky and combustible hydrocarbon materials, so all required safety systems 

must be maintained to ensure the integrity of a target structure within certain level of explosion impact. 

It is necessary to grasp the relationship between the level of explosion pressure and structural physical 

deformation to mitigate the critical damage from the explosion impact and reduce the acceptance level 

for explosion hazards as much as possible during the design process. In the case of explosions, live 

testing using a real structure is not possible due to the many safety concerns and excessive cost. 

Therefore numerical computational simulation is often undertaken using a 3D model. This 

computational method is able to extensively investigate the variety of potential explosion situations. 

Computational Fluid Dynamics (CFD) analysis is also an important part of an ERA to estimate potential 

explosion consequences in a risk area. By applying this method, various explosion pressure wave data 

can be obtained for established explosion scenario. Although substantial efforts have been made to 

advance the ERA process, scope remains for further research on detailed analysis of the explosion 

pressure wave time history and the assessment of risk to structural integrity.  

To suggest a method for gas explosion risk assessment, this study investigated the features of the 

explosion pressure wave, identified the structural damage due to explosion loading, and provided a risk 

evaluation technique taking into account the relation between gas explosion risk elements and the 

response of targeted structure. To handle such contents, the research was carried out dividing into three 

categories of explosion analysis, risk analysis and structural dynamic analysis. Firstly, in the explosion 

analysis, a great amount of explosion data have been analysed by using developed VBA code, so that 

distribution pattern for explosion wave properties and correlation between them were examined. 

Through this analysis, it was revealed that the intensity of rebound pressure is comparable with initial 

peak pressure in some cases. In addition, the influence of geometrical confinement on the extent of 

explosion pressure impact was identified. In the risk analysis chapter, explosion risk level and criteria 

have been described based on relevant principle, but the effect of rebound pressure phase was 

considered, and difference for explosion risk criteria between proposing method and conventional one 

was found. Correlation analysis for explosion wave properties indicated what type of explosion wave 

can be produced more frequently, and its likelihood was computed based on probabilistic approach. 
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Lastly, the interaction between explosion pressure and structural response was thoroughly investigated 

along with several issues. The influence of rebound pressure on physical deformation of structure was 

identified in terms of structural dynamics. Although its impact depends on the relative value for time 

domain, it has a remarkable effect on structural response. However, rebound pressure properties are 

usually negligible in the TNT explosion. Typical parameters in such an explosion are initial pressure 

phase. Whereas two more parameters, in this thesis, are proposed, i.e. rebound peak pressure and its 

duration time. Through an extensive investigation for a gas explosion in offshore topside platform, it 

was confirmed rebound pressure phase cannot be ignored in structure analysis related to explosion 

impact load. 
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Chapter 1 

Introduction 

This chapter has three sections which outline the research. Section 1.1 introduces the research topic, relevant 

industry field and key issues. It helps understand the direction for this research. Section 1.2 reviews two 

industry disasters, Piper Alpha in 1976 and Deepwater Horizon in 2010, which generated attention due to the 

significance of the accidents. Section 1.3 presents the significance and objectives of this study. 

 

1.1 Background 

The offshore facilities are multi-functional structure, which is normally used for processing hydrocarbon 

materials and for the storage of oil. Since such a multitasking require a set of apparatus and installations for 

the operation, offshore structures are very huge to involve all of them. Therefore, hazards of fire, explosion 

and potential accidents are bigger than onshore plant and the management of these risks is requiring more 

focused on. The floating production storage and offloading (FPSO) structure is a representative multi-

functional structure in this field, which has both equipment related to gas processing and liquefaction as well 

as storage system on their topside area. A great amount of combustible gas and substance could be created 

during the operation, so this facility always has a higher potential risk for an explosion incident [1]. If 

flammable materials are combusted, an explosion could occur, and heavy losses would result from the 

explosion pressure and toxic gas. These hazards have a negative impact on the structure itself as well as on 

other resources.  

Explosion incidents are considered a major hazard in the oil and offshore industries. According to offshore 

oil and gas industry statistics, more than 70% of accidents in offshore facilities are related to explosions [2]. 

Therefore, theoretical and practical insight for explosion incident are required for the safety of the offshore 

industry. Most offshore structure systems, in order to operate organically, are mass-processing facilities which 

have many sets of equipment and installations such as vessels, pipe-racks and storage tanks. The layout of 

task is also far more demanding compared to onshore structures due to the limited space available. Confined 

conditions can generate greater combustible gas compared to semi-confined or unconfined conditions, and 

confinement helps increase turbulence with a higher combustion rate. In confined conditions, a great amount 

of energy is given off, so that both structures and workers are in danger. In addition, oil leak which result from 

explosion impact can also cause serious damage to the ocean environment as well as marine ecosystems. 

Overall, an explosion incident in an offshore structure can be much more dangerous than an onshore explosion 

incident.  

To prevent potential tragedy, explosion risk analysis should be based on feasible hazardous scenarios, and the 

assessment of structural response exposed to explosion pressure waves is also required. [3-5]. The key interest 

in ERA is to lower the acceptance level for explosion hazards as much as possible and to offer the explosion 

design load according to the type of installations. However, implementation of ERA can vary in keeping with 
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the analyst performing it, and it is totally determined by the accuracy of selected variables like the geometric 

confinement, leak frequency calculation, ignition modelling and implementation of safety rules like shutdown 

and blowdown etc. [6-8].  

Common sense in ERA is to assess the performance criteria and corresponding explosion design loads based 

on the overpressure or drag pressure which can be generated by explosion ignition. [9, 10]. This is because 

explosion wave pressure is the most detrimental threat to structural stability. It can be characterised by a time-

varying pressure and its duration, and the interaction of explosion waves and the structure is the main cause 

of partial or global structural failure. The explosion wave is a time-dependent load, so its influence on the 

physical behaviour of structures is totally different from static problems. Therefore, the influence of several 

factors associated with explosion load-time profile on structural response should be extensively investigated 

considering not only static and dynamic analysis, but also linear and nonlinear analysis. 

In analysis, the method for applying explosion load is very important. The oil and gas industry normally 

pursues conservative design based on the very significant known safety issues, and the industry recognizes 

that most structural components experience major explosive damage during the initial normal pressure phase. 

The rebounded pressure phase is often neglected in an explosion-resistant design since its peak pressure is 

typically much smaller than peak overpressure in the normal phase. However, many studies have shown that 

rebounded pressure phase can have a very significant influence on structural response [11-13].  

Risk assessment is also important issue in ERA process. Generally, assessment can be divided into two types, 

quantitative and qualitative analysis. Both are vital for the risk analysis of a potential explosion event. As one 

of explosion risk factors, explosion load parameters can also be examined based on both approaches. In 

quantitative risk assessment, frequency and consequence results are required, and each risk factor is calculated 

considering specific scenarios. Each loading parameters such as overpressure, impulse and duration, is 

quantified and compared under several conditions. On the other hand, from qualitative analysis, the risk 

degree for each loading parameter can be identified by reviewing the structural response according to loading 

types. As a result, it means that the risk criteria for the explosion load are specified by applying both types of 

analysis. This study aims to systematically analyse the explosion risk parameters, especially explosion wave 

pressure, and assess their risk level considering structural behavior as well as probabilistic distribution of the 

elements. 

 

1.2 Gas explosion accidents 

Explosion accidents that occur on offshore facilities are some of the most devastating accidents that can occur. 

The injuries and property damage from an incident of this nature are extreme and can have long-term 

consequences. The most severe recorded offshore incidents are the Piper Alpha accident, which occurred on 

6 July 1988, and the Deepwater Horizon accident which occurred on 20 April 2010. Fig. 1 and 2 show the 
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aftermath from the accidents, and each accident is explained below [14, 15]. 

 

1.2.1 Piper Alpha  

Piper Alpha was an oil production facility in the North sea, which consists of four separated modules. It was 

situated on the Piper oilfield, approximately 193 km northeast of Aberdeen, Scotland. It began production in 

1976, operated by Occidental Petroleum Limited. At first, it was an oil-only platform but later changed to add 

gas production module. For worker health and safety, the most risky operations were distant from the 

residence district. However, the process of converting the facility from oil to gas broke this safety doctrine, 

considering the other concept that sensitive areas should be located together. As a result, the gas compression 

caused this tragic accident.  

On 6 July 1988, some malfunctioning parts and a small gas leak which ignited under pressure caused an 

explosion and the resulting oil and gas fires killed 167 people and caused damage of US$3.4 billion. At the 

time of the disaster, Piper Alpha provided about 10% of North Sea oil and gas production, and the accident 

was the worst offshore oil disaster in terms of loss of lives and economic damage. There are several reasons 

for the catastrophic outcomes. Most manager who had the authority to order evacuation were killed by the 

first explosion, and the platforms continued to pump oil and gas to Piper Alpha until the second explosion 

happened. The worker who saw that Piper Alpha was burning could not do anything because the worker 

thought they did not have authority to shut off production, even in such an urgent situation [16-20]. 

 

1.2.2 Deepwater Horizon 

Deepwater Horizon is the most recent explosion accident in the offshore industries. The accident not only 

caused an explosion in the topside area but also resulted in oil release for several months. It was wrapping up 

the well and was in the final stages of completion. An explosion of seawater from the drilling riser was 

occurred and the erupted seawater was followed by a combination of mud, flammable gas and water.  As a 

result, several explosions took place on the platform. At the time of the explosion, there were 126 crew on 

board. Eleven workers were presumed to have died during the initial explosion. The rig was evacuated, with 

many workers airlifted to receive an emergency medical treatment. The burning continued for about 36 hours 

after the first explosion, and then Deepwater Horizon sank two days later on 22 April 2010. The remains of 

the rig came to rest on the seafloor at a location approximately 1,500 m deep, and about 400 m from the 

northwest of the well. The oil spill reportedly continued for three months after the explosion, and over 4.9 

million barrels of oil were released. On 15 July 2010, the wellhead was finally capped. As well as the deaths 

and injuries of the crew, the released oil had an extremely negative effect on surrounding area, wildlife and 

coastal ecosystem. During the clean-up work, the coastline was closed, and a range of ships, barriers and 

many other methods were used to stop the spill from spreading. However, despite concerted efforts, it was 

estimated that over 450 km of the Louisiana coastline had ultimately been affected.  
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In January 2011, the oil spill commission team in the US White House released their report on the causes of 

the Deepwater Horizon accident. The report stated that the companies involved in the Deepwater horizon 

project had not taken measure to provide safeguards against an incident of this nature happening. The report 

also showed a chart on the correlation of decisions which possibly saved time and money, but increased the 

risk to the crew aboard Deepwater Horizon [21-26]. 

 (a)  (b) 

Fig. 1 Major explosion accidents in the oil and gas industries (a) Piper Alpha (b) Deepwater Horizon 

 (a)  (b) 

Fig. 2 Aftermath from the disaster (a) marine pollution by oil spill (b) seabird losses from oil spill  

 

1.3 Explosion risk analysis of offshore installations 

Hydrocarbon explosions and relevant hazards like fires, blasts and heat are the most frequent accidents that 

could be occurred in offshore structures [27]. The purpose of risk analysis is to offer required information for 

safety design and let operators recognize the significance of potential risks. To understand the explosion risk, 

systematic investigation of the risk from such hazardous activities need to be performed. At first, the most 

possible explosion scenarios considering operation environments should be assumed based on the statistical 

data or historical cases, and then the consequence of potential explosion is calculated in terms of overpressure 

and impulse. To perform more detailed consequence analysis, computational fluid dynamics (CFD) 

simulation are usually carried out for each of the cases established to characterize the explosion pressure 

profiles [28, 29]. In case of frequency data, historical data or probabilistic approach is generally used. 

Throughout the combination of consequence and frequency analysis, the corresponding risk could be 

calculated quantitatively [30]. On the other hand, qualitative risk assessment is commonly based on 
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experience or expertise and results in categorical estimates of risk. It may be sufficient for simple operation 

system which has fewer variables and uncertainties in terms of risk level. 

 

1.4 Significance and objective 

This research is intended to be useful in the offshore industries, where the principle of probability statistics is 

required to define design loads associated with an explosive event. In the industry, conservative design for 

explosion resistance is normally carried out based on rough estimations which mostly focus on the severity 

of overpressure. In the case of onshore plant, or unconfined structures, this method can be appropriate since 

explosion wave profile in such a region generally only has an initial pressure phase. However, the explosion 

wave which occurs in offshore facilities has other factors, such as rebound pressure phase, also called the 

negative pressure phase. This is a very controversial issue in this field. Some researchers claim that it is minor, 

and does not influence structural damage, but others emphasise it should be considered in the design stage. 

Therefore, the distribution of these factors and influence on structural response need to be thoroughly 

examined.  

In this research, the explosion wave profiles are used, in priority, in order to investigate what factors can 

influence properties such as peak pressure, duration, normal or rebound pressure phase and each impulse, and 

then extensive risk analysis including both quantitative and qualitative approaches can be performed. In 

common risk assessment, a wide range of consequences and relevant probabilistic issues are examined. 

Probability means the frequency of risk elements, and it is likely to be varied according to the type of incident. 

For the consequence analysis, it is necessary to compute the probability of the undesired event, and to include 

knowledge of personnel injury or fatalities, environmental damage and financial loss. However these impacts 

are often estimated by using databases of statistics and data on accident. After all, risk assessment of explosion 

event, mainly concentrates on gas dispersion and induced explosion pressure in order to obtain explosion 

wave loads in a target area.  

It is difficult to find previous research which performs risk assessment based on the interaction between 

explosion wave loads and the structural body even though structural capacity against explosion impact is most 

relevant to the degree of total damage. The explosion pressure time history has a lot of shapes, each of which 

can influence the structural response differently. In particular, the time factor is another crucial elements when 

analysing the structural behavior against the type of short pulse like explosion loading as there are many 

explosion loadings which have different duration times. The structural damage can be more severe or light 

with the same duration loading since each structure has a different natural periods according to its material 

properties. In addition, the superposition effects of initial and rebound pressure phase also have to be 

investigated carefully.  

Based on these issue, the objective of this research is to advance understanding of the interaction between the 
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explosion wave and structures, and to evaluate and define the gas explosion risk in terms of structural 

dynamics. The main objectives are: 

(1) To decide the primary risk elements in the explosion pressure time history.  

Original explosion pressure-time curve is usually oscillated quickly and sometime shows the transition of the 

pressure phase. Thus simplifying of this curve with reasonable assumption is required to investigate the 

variables more efficiently. An original curve without simplifying cannot be standardized due to its irregular 

shapes. Using the simplified explosion wave profile, its properties and influence on structural damage can be 

studied.  

(2) To establish a method for statistical and probabilistic estimation of explosion design load and quantitative 

risk for gas explosions.  

To do this, the probabilistic density function for the main factors and its correlation analysis are considered, 

so that the explosion load characteristics can be predicted approximatively. To classify the risk level of the 

target, the safety discipline as well as risk screening need to be investigated in qualitative aspects. Risk matrix 

diagram and explosion pressure contour analysis are also carried out for that. 

(3) To undertake quantitative consequence analysis for structural response by gas explosion loading including 

rebound pressure phase.  

In terms of dynamic response, the effect of rebound pressure phase is investigated using some structural 

models, and then the results are compared to the structural response with only the initial pressure phase. As a 

result, the conservativeness of traditional design method can be checked.   

 

1.5 Scientific problem and practical contribution 

A gas explosion in fully packed area like a FPSO topside platform is totally different with usual TNT 

explosion since it does not have much space to allow the blast pressure to escape. Due to such a geometrical 

condition, a gas explosion pressure wave normally has two types of pressure phase, initial and rebound 

pressure stages. However, the degree of damage by rebound pressure is highly controversial issue. Some 

researchers claim that its effect is insignificant since the level of rebound pressure is normally much lower 

than initial peak pressure level [31-34]. But, others emphasis it could be considerably influenced on the 

structural integrity, so its effect should be thoroughly considered in the design stage [35-39]. They agreed that 

rebound pressure is much lower than initial peak pressure, but they pointed its duration is much longer than 

initial phase, and thus it may have a greater impact on structural damage even though the pressure intensity 

is relatively small [40]. It is also indicated that the negative peak pressure doesn’t vary much whereas the 

positive peak pressure has big variation depending on the distance from the ignition position and the 

flammable gas cloud size. Hence, negative pressure phase should be considered as a critical factor to 

reasonably evaluate structural integrity. This study is with the latter. There are some issues need to be checked 
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for this topic. At first, the numerical range for rebound pressure should be investigated based on the type of 

total explosion pressure profile. The length of duration time, peak pressure value and the number of peak 

point are the most important factors which can be directly related to structural damage level. Second, the 

relationship between rebound pressure level and geometrical condition should be also identified. It could be 

checked using distributed monitoring points for recording pressure histories in computation model. Lastly, 

risk analysis including rebound pressure phase properties should be studied. 

 

1.6 The structure of the thesis 

This thesis consists of three main topics which are explosion, risk and structural analysis parts as shown in 

Fig. 3. In explosion analysis, explosion event and corresponding risk elements would be defined based on 

computational model for explosion simulation, and then be analyzed massive data-set using developed VBA 

code. This code is just for sorting and processing output data-set by CFD simulation. When it comes to 

explosion risk analysis, risk level and criteria would be established based on relevant principle and technical 

method, but remarkable thing is that this calculation would be based on the rebound pressure properties as 

well as initial pressure phase. Lastly, a series of finite elements analysis would be carried out to investigate 

the influence of each explosion pressure parameter on structural damage and performance.  

Based on these topics, this thesis is divided into six chapters from introduction to conclusion remarks. In this 

chapter, basic knowledge and background about this research were introduced.  

Chapter 2 shows an extensive literature review related to explosion risk assessment methods based on 

qualitative and quantitative approaches. In addition, several methodologies to calculate explosion loads are 

also reviewed. 

Chapter 3 presents the computation method for gas explosion simulation using 3D target model. 

Through the explosion simulation results, the properties of explosion waves and its numerical distribution 

according to explosion scenarios are analyzed. 

In chapter 4, the potential risk issue about explosion wave pressure are handled. After identifying risk 

elements in explosion wave profile, each explosion risk level and its criterial are described based on typical 

approach and proposing method. Correlation analysis between explosion wave properties are also performed 

in order to investigate probability distribution. 

Chapter 5 is for practical analysis of interaction between explosion loads and structure. The influence of 

explosion wave properties such as overpressure and duration time on structural physical damage or 

deformation are examined using both single degree of freedom model and finite element model. The effect of 

rebound pressure are also reviewed in terms of linear and nonlinear analysis. 

Chapter 6 summarizes the conclusions and new findings from this study. 
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Fig. 3 A framework for the thesis 
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Chapter 2 

Literature review 

This chapter has seven sections which introduce relevant other studies, theories and methodologies. Section 

2.1 and 2.2 describe the mechanism of gas explosion phenomenon in order to understand what kind of factors 

should be focused in this study. In section 2.3 and 2.4, methods for estimating a gas explosion impact are 

examined, it helps understand the modeling of gas explosion and dispersion. Section 2.5 and 2.6 present 

several issues related to gas explosion in offshore facilities. Design principles are primarily covered taking 

into account the characteristics of offshore modules and explosion wave travel.  Lastly, section 2.7 delineates 

the techniques of explosion risk analysis. 

 

2.1 Gas explosion phenomenon 

A gas explosion is regarded as an action in which the burning of gaseous materials, that is, combustible 

substances, cause a dramatic increase of pressure. It is a very complex phenomenon with several spatial and 

time issues as well as powerful gradients of field variables such as fluid density, velocity, temperature and 

pressure. Gas explosions can occur almost anywhere if combustible substances are present, which could be 

inside process equipment, buildings or offshore platform as well as open and unconfined process area. The 

level of explosion impact is related to flame speed and the quantity of released wave from the ignition source. 

[41]. Once an explosion occurs in a certain location, explosion pressure waves are produced, and the pressure 

build-up can damage not only personnel and facilities but also the environment and ecosystems.  

When ignition is occurred, two types of the blaze, deflagration and detonation are generated. The difference 

between them is the speed of the blaze. The deflagration occurs at subsonic speed (1~1000m/s), and pressure 

can be increased, up to 5 times higher than the initial value, while the detonation mode propagates at 

supersonic speed (1000~3500m/s), and its peak pressure can increase to more over 20 times higher than the 

earlier pressure. Therefore, detonation can create a much more dangerous situation.  

Gas explosions are also classified as either confined or unconfined. If the gas cloud is located in an unconfined 

area, the explosion pressure can be negligible. However, in a confined situation, there is no venting and heat 

loss or very little relief of the explosion wave propagation, and the overpressure can be high. The detonation 

mode in a confined area is clearly the most dangerous situation. A gas explosion is very sensitive, its severity 

is dependent on many factors, making it difficult to estimate the consequences of each explosion case.  

 

2.2 Consideration for gas explosion model  

For an extremely short time, the explosion pressure suddenly soars until it reaches the peak value, and is then 

equilibrated with atmospheric pressure. This state of increasing pressure to just before equilibrium is called 

the overpressure phase, and the time retained in the overpressure phase means the initial phase duration. Fig. 
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4 indicates the typical pressure-time history which can appear in an explosion event [42, 43].  

At first, Fig. 4-(a) indicates a step rise in pressure from barometric pressure P0 to the maximum, Pm, followed 

by a dramatic decrease in value during a duration time of initial phase (tp). The second peak is related to the 

rebounded pressure wave from the obstacle. The pressure then reduces to below atmospheric point over a 

period tn, which is called the rebound phase duration. Finally, pressure returns back to usual as the shock wave 

passes by. This type of pressure-time curve can be measured in detonation mode, where the maximum 

overpressure can be high as 15-18bar.  

In Fig. 4-(b), the pressure increases slowly to the maximum point and then gradually decreases. The period 

of initial phase is longer but the peak pressure value is lower compared to the detonation pressure-time curve. 

This is because such an explosion mode occurs by a slower burning combustion process, which has relatively 

low level of overpressure of less than 1 bar. In offshore modules with plate decks, the burned gas could be 

stuck in the area, and it causes overpressure to increase to 2-3 bar or higher. The common interest in most 

explosion analysis is to investigate how explosion wave properties (overpressure, phase duration, etc.) 

depends on a number of variables such as fuel type, ignition source type and location, and size, shape and 

location of obstacles.  

The severity of overpressure in a given geometry is definitely influenced by the reactivity of fuel. Methane 

gas is normally known as the least reactive gas, whereas acetylene and hydrogen are the most reactive, so 

they can generate high pressure [44]. The ignition source and location properties also have a great effect on 

the explosion magnitude. Jet-type ignition source generates much higher overpressure than point type source 

[45, 46]. The last key factor is the level of confinement. Confining the geometry leads to pressure build-up 

and affects the propagation of the flame through the geometry by improving the turbulence of the burning 

flame, so that it helps accelerate the pressure wave travel. In general, there are three types of geometric 

confinement: fully confined, partially confined, and unconfined areas [47, 48]. A large quantity of flammable 

material is trapped in the area surrounded by highly congested sets of equipment, so that a more powerful 

pressure wave can be generated in such an area. Therefore, the degree of confinement should be reflected in 

great detail to derive a reliable explosion pressure data set [49].  

The kinds of the obstacles installed in the geometry can be regarded as another factor which can influence to 

higher overpressure. The more severe pressure is normally produced in an area with many small objects rather 

than one large object. This is because such an area causes the turbulence enhancement of the burning speed 

[50-52]. Therefore, at the primary design stage, such an issue is thoroughly examined taking into account 

potential explosion hazard and layout design. Lab scale test or computational analysis can be used to figure 

out the optimal equipment placement and to diminish an undesired damage. 
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 (a) 

(b) 

Fig. 4 Typical explosion pressure-time curve:  

(a) detonation mode, (b) slower combustion mode   

 

2.3 Methodologies for explosion impact estimation 

Four different analysis methods are introduced in this section. Empirical models generally use the results 

obtained by experiments. Two representative methods (TNT and multi-energy theory) commonly used in the 

industry are also discussed. 

 

2.3.1 TNT Equivalent method 

TNT equivalence is generally used to express the energy released by an explosion. The relationship between 

the weight of TNT charge and the distance from the ignition is considered. The diagram for TNT detonation 
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has been used to estimate the gas explosion magnitude, even though there are differences between them [53]. 

The pressure generated by gas explosion is much lower than TNT detonations, and even the pressure decay 

from TNT is much more rapid compared to a gas explosion [54, 55]. Nevertheless the reason for using this 

method is to predict peak pressure from a gas explosion. The TNT model uses a pressure-distance diagram to 

transform the maximum overpressure of gas explosions, and the equivalence of TNT charge is calculated 

from the energy content in the ignited gas cloud volume [56, 57]. To find the mass of TNT equivalent to the 

mass of hydrocarbon in the cloud, the following equation can be used: 

𝑊𝑇𝑁𝑇 ≈ 10 ∙ 𝛾 ∙ 𝑊𝐻𝐶 , [𝑘𝑔] eq (2.1) 

Where 𝑊𝑇𝑁𝑇  is the mass of TNT, 𝛾  is a yield factor (𝛾 = 3 − 5%) , and 𝑊𝐻𝐶  is the actual mass of 

hydrocarbons in the gas cloud. The number 10 indicates that most hydrocarbons have ten times higher 

combustion heat than TNT. For military purpose, ample tests of TNT have been performed by many 

researchers. As a result, a great amount of data were obtained, explosion wave properties like overpressure, 

phase duration time and impulse can be described by using the scaled factors. These factors are for an 

explosion of ground level, and rebound pressure influence on the total overpressure. The scaled factors are 

described in Table 1. For convenience of calculation, the scaled factors are described using the below equation 

developed by Brasie and Simpson [58]: 

𝑙𝑜𝑔10(𝑧) = 0.082(𝑙𝑜𝑔10𝑃0)2 − 0.529𝑙𝑜𝑔10𝑃0 + 1.526 eq (2.2) 

Where 𝑃0 is the maximum pressure in bars. This formula is only used when the maximum value is included 

in the range of 0.01 to 1 bar. In the original TNT equivalency model, however, the geometry was not 

considered. Therefore, in order to reflect the geometrical effects in the TNT model, another equation was 

proposed by Harries and Wickens [59]. The yield factor was increased to 0.2 and the weight of hydrocarbon 

was to accord with the weight of gas in the severely congested area. In case of natural gas, the equivalent 

TNT mass can be calculated using the following equation: 

𝑊𝑇𝑁𝑇 ≈ 0.16𝑉𝑒𝑓𝑓, [𝑘𝑔] eq (2.3) 

Where 𝑉𝑒𝑓𝑓 = min(𝑉𝑐𝑜𝑛,𝑉𝑐𝑙𝑜𝑢𝑑) indicates the smaller of either the total volume of the congested part or gas 

cloud volume.  
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Table 1. The scaled factors in TNT method 

Scaled factors Equation 

Scaled overpressure 

𝑃𝑠 = 𝑃𝑜/𝑃𝑎, 

(𝑃𝑜: Peak over pressure, 𝑃𝑎: Ambient 

pressure ) 

Scaled positive phase 

duration 

𝑇𝑑 =
𝑡𝑝

𝑊1/3
 

(𝑡𝑝: Positive phase duration) 

 Scaled arrival time 
𝑇𝑎 =

𝑡𝑎

𝑊1/3
 

(𝑡𝑎: Arrival time) 

Scaled impulse 
𝑖𝑠 =

𝑖𝑝

𝑊1/3
 

(𝑖𝑝: Positive phase impulse) 

 

2.3.2 Multi-energy method 

The multi-energy method proposed by van den Berg [60] is normally used to predict the level of gas explosion 

with variable strength. It estimates that only part of the gas cloud would contribute to the blast. The reason 

for this assumption is that an unconfined gas cloud only has a small effect on increasing pressure, and the 

level of confinement is regarded as the most important factor for increasing the overpressure. In the numerical 

analysis for this technique, the generation condition of explosion wave is regarded as formulaic type. It is 

only ignited at the central position in the spherical cloud with constant flame speed. There are two variables 

in the formula: a combustion-energy scaled distance and the strength of the explosion. The scaled distance, 

Rce, can be defined as: 

𝑅𝑐𝑒 = 𝑅0/(𝐸/𝑃0)1/3,    [𝑚] eq (2.4) 

Where 𝑅0 is the distance from the ignition centre, E is the total combustion energy and P0 is the barometric 

pressure. Most hydrocarbon type materials have similar total amount of energy, therefore the total combustion 

energy can be calculated by the following equation. 

E ≈ 3.5𝑉𝑐𝑙𝑜𝑢𝑑,    [𝑀𝐽] 

 

eq (2.5) 

The extent of the explosion impact is considerably different according to the position of ignition source. The 

charge strength is expressed using a number from 1 to 10, where 10 denotes a detonation mode.  

A correlation for the charge strength has also been proposed, based on the three factors of the volume blockage 

ratio (Br), the flame length (Lf) and the average obstacle size (Os) [61]. This approach also considered not 
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only the scale of the situation but also the fuel type by using the laminar combusting velocity (Vl) and a scale 

factor (D). The correlation is: 

𝑃𝐶𝑆 = 𝑎 [
𝐵𝑟 ∙ 𝐿𝑓

𝑂𝑠
]

𝑏

𝑉𝑙
2.7𝐷0.7 eq (2.6) 

When it comes to offshore structures, another researcher [62] has proposed a method for determing the charge 

strength using three variables: 

 Congestion: If congestion level is over the 30% of the limitation, it can be regarded as "High" 

 Ignition source: Low in spark and hot surfaces, High in naked flames and welding 

 Parallel confinement: Low for granted decks, High for plated decks. 

 

2.3.3 CFD method 

Computational fluid dynamics (CFD) analysis is a useful and effective method, which can describe the 

circumstance related to engineering phenomena including detailed geometrical condition. The main objective 

of such an analysis is to compute the numerical solutions using relevant governing equations for the 

phenomenon. To obtain the computation results, a series of mathematic techniques are required taking into 

account space and time domains. Through the discretisation process, several coupled algebraic equations are 

generated, and then they are applied to each sub-domain. Therefore, the outputs obtained by CFD model mean 

a great deal of information about the phenomenon. In general, CFD analysis is widely used to model an 

explosion event and calculate the explosion wave loads. It can not only investigate many different scenarios 

but can also repeat the same analysis with little extra effort. The consequence of a gas explosion depends on 

many variables, but explosion simulation using a CFD model can reflect this complexity with more realistic 

and accurate input data. In addition, the complex geometries can be designed by importing the 3D target 

model as shown in Fig. 5.  

One of the most popular CFD tools is the FLame ACceleration Simulator (FLACS) software developed by 

Global Explosion Consultants (GexCon). It is generally used to model the dispersion and combustion of 

flammable materials considering the geometries of the target and to generate explosion pressure responses by 

counting possible scenarios [63]. The validation of the model and the accuracy of simulation results has been 

confirmed by many studies [64-66]. Wang et al. [67] applied the FLACS model to analyse the shock wave 

propagation process in a building and to compare the blast-wave curve at different locations. Li et al. [68] 

used the FLACS model to assess the effect of safety gab in gas dispersion as well as the explosion risk for 

heavily congested offshore facilities. Hansen et al. [69] studied the explosion loading on different types of 

equipment with various shapes by using the FLACS explosion model. Dadashzadeh et al. [70] applied FLACS 

to investigate the dispersion of flammable hydrocarbon release and the explosion consequence of BP’s 

Deepwater Horizon accident. Das and Weinberg [71] used the FLACS code to present a project result for 

improving the application of correlation models in quantitative risk assessment (QRA) considering vapour 
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cloud explosion (VCE) events in offshore platforms. There are many previous research studies based on CFD 

analysis, but they have drawbacks. The main flaw is caused by the limitations imposed by the available 

computing hardware.  

 

 

 

Fig. 5 3D model for gas explosion analysis 

 

2.3.4 Experimental method 

The test method is the most accurate method for generating an explosion consequence database if all the 

variations in environmental conditions and operational systems in target structures can be reflected. However, 

explosion tests have many constraints such as space limitations, safety issues and excessive cost. Therefore, 

laboratory scale tests are normally performed to compare to computational simulation results. Some 

experimental studies for gas explosion are introduced as follows. Gieras et al. [72] carried out a lab-scale 

experiment on methane gas explosions. Fig. 6 shows the test apparatus of this study. A chamber which has a 

40-dm3 volume with 140 mm in diameter and 441 mm in height was used and the initial gas temperature 

inside the explosion chamber was varied, at 297, 373 and 473 K. A pressure gauge and temperature sensor 

were attached to the chamber’s outer surface.  

Jingde et al. [73] tested vented gas explosion with different separation gaps between tanks. Explosion-proof 

fans were used to mix the methane and air. The pressure measuring range is from zero to 150 kPa. Several 

pressure sensors were installed on the tank wall in order to measure internal pressure, while two other sensors 

were mounted on the neighbouring tanks for external pressure. The ignition system was remotely controlled, 

and only the ignition scenario in the central area was considered. Fig. 7 shows the explosion testing equipment. 
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Fig. 6 General view of 40dm3 explosion chamber and layout of the test facility. [72] 

 

 

Fig. 7 The explosion test set using a series of tank groups [73] 

 

 

2.4 Gas dispersion analysis 

A series of gas release and dispersion is one of event before explosion. The release condition can be divided 

into two cases: regulated release and accidental release. Regulated release events include those from power 

stations or boilers combusting natural gas and oil, while accidental releases are events due to external factors 

such as equipment or operational failure issues, such as the release of a toxic gas from storage tanks or vessels 

[74]. In these conditions, it is important to carefully consider the downwind concentration levels which might 

cause economic or environmental damage. The following section provides information on the level of 

exposure and useful data for emergency response procedures. 
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2.4.1 Release modes 

Understanding the mode of gas release and its behaviour is difficult, but very important, since gas is a very 

sensitive material and its behaviour hinges on the chemical properties of the material [75]. The type of gas 

release is divided into two categories according to release period. The first type is a release during a short 

period. It is normally occurred when the pressure in an apparatus is controlled by a safety device. In this case, 

gas dispersion is influenced by the environment conditions at that moment. The other type of release is a 

continuous release mode. It usually occurs from a broken pipe or a crack in a storage tank. Unlike the first 

type, this release occurs at relatively slow speed.  Another issue is the density of the released gas relative to 

that of the nearby air [76]. 

There are three types of dispersion mode depending on the level of gas density. The first type is the case of 

lower density than air, such as hydrogen releases, called positive buoyant dispersion. The second type, 

neutrally buoyant dispersion, occurs when the gas density is similar to the surrounding air. The third case is 

denser than air, but very different from the two other types. Many hazardous materials, such as chlorine, liquid 

petroleum gas (LPG) and ammonia, are involved in this dense gas dispersion. These dense gaseous materials 

are usually remained on the ground, so they can more easily affect to personnel. In addition, the dispersion of 

dense gases should be examined taking into account the congestion level of obstructions since they are much 

more dependent on the geometrical condition than elevated passive releases. Therefore, different models are 

required for each case. Sometimes, a series of models should be used in sequence. 

 

2.4.2 Main factors in gas dispersion 

The gas dispersion in the atmosphere is a complex issue influenced by many variables. However, atmospheric 

structure and turbulence are the dominant factors in gas dispersion. Other relevant factors are the material 

properties, storage types, meteorological conditions and the geography of the area. These factors are 

summarised below. 

1. Storage vessel type 

A liquefied gas in storage tank under pressure is normally at the room temperature. The representative gases 

stored in such a condition are ammonia, chlorine, propane and butane. These substances need to evaporate 

before being an airborne vapour. However, if these gaseous materials are stored at a higher temperature than 

their boiling point, it can cause a catastrophic rupture resulting in a two-phase release or aerosol, with much 

air being mixed into the gas cloud. The gas dispersion may therefore already be diluted by the significant 

quantities of surrounding air. In some cases of refrigerated storage, the low temperature on release results in 

the formation of a denser-than-air cloud. The dispersion condition also depends on whether the gap in the 

storage tanks is above or below the liquid level, the size of the gap in relation to the cross-sectional area of 

the storage, the actual storage conditions, and the material properties [77]. 
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2. Wind conditions: Speed and direction 

The wind condition is a significant factor in dispersing any gas released to the atmosphere. A higher wind 

speed can generally result in improved dilution compared to the heavy dense gas release case, so that the 

range of the hazard region can be smaller. However, in certain conditions, especially instantaneous or transient 

release cases, a high wind speed is able to transport a gas cloud further downwind, and then the potential 

hazard may increase [78]. Wind speed also affects the evaporation rate of non-boiling liquid pools, giving a 

higher evaporation rate for a higher wind speed. Contrary to this, a very low speed wind in stable or neutral 

conditions is able to make vapour flow very slowly. Therefore it may block gas diffusion to a more distant 

area, but it cannot have much influence on the rapid evaporation rate.  

The main influence of wind direction is whether the gas dispersion proceeds downwind or upwind. If the 

wind direction is toward an area containing many combustible materials and many operation systems, it can 

be much more dangerous. Therefore, the direction of prevailing wind should be considered when analysing 

the potential risk. In most areas, any direction of wind can produce, even though there are dominant conditions 

for speed or direction which can occur more frequently. 

3. Geographical conditions 

As mentioned in chapter 2.4.1, the release type can be varied according to the location of the apparatus and 

the kind of obstacles or installations. Barriers, like storage tanks, pipe-racks and buildings, have an effect on 

the dispersion, either by funnelling the gas in certain directions or by increasing the turbulence. As a result, 

enhanced mixing can occur. The issue is crucial in the case of dense gaseous materials affected by an 

inclination of ground. The surface roughness of the surrounding area included in the gas dispersion range can 

also influence the atmospheric turbulence and thus the rate of dilution. 

4. Gas density 

The released gas will rise until it make a thermal equilibrium condition if the gas density is lower than 

surrounding air. But, in the opposite case, the gases are likely to remain on the ground and to disperse with a 

different manner. The major roles for this trend are gravitational effect, wind speed and deflection. The 

gravitational effect is related to the potential energy, kinetic energy and the buoyancy effect. The potential 

energy can be calculated by the dispersing cloud and kinetic energy is described by wind speed. Lastly all 

gaseous materials are influence by upward force called buoyancy. In the case of a dense gas cloud, it is 

dragged to the ground, and thus it remains within a lower wind speed part of the atmosphere. In the initial 

phases of a large dense gas dispersion, the wind would be deflected by the presence of the cloud, so that it 

has the other micro-climate of reduced flow speed and turbulence. The density gradient at the top edge of the 

gas cloud also acts in a similar manner so that the atmospheric turbulence is suppressed, which results in a 

slower dilution of the gas cloud.  
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2.4.3 Modelling approach  

There are many different kinds of models for predicting gas concentrations and dispersion, but the models 

have been developed with only one or a few representative gas compositions, which are normally chosen 

based on buoyancy considerations and gas reactivity [79, 80]. In general, the worst case composition is used 

for dispersion modelling unless the likelihood of leaks from this composition is very low. The C3 and C4 are 

largely occupied in the worst case composition, and these gases tend to cause higher overpressure [81].  

Two basis models for describing the steady release and momentary release are used to discuss the dispersion 

modelling approach: the positively buoyant model and the neutrally buoyant model [82]. The positive 

buoyancy case can occur when either the temperature of gases are higher than room temperature or the weight 

of gases are lower than the air. The hot stack gases and other residual gases are able to act in a positively 

buoyant manner [83, 84]. The stack gas is often used in estimating leeward concentrations of pollutants from 

stack releases. The neutrally buoyant model can predict the downwind concentration based on the Gaussian 

model for continuous dispersion as follows: 

C(x, y, z; H) =
𝑄

2𝜋𝜇𝜎𝑦𝜎𝑧
𝑒𝑥𝑝 [

−𝑦2

2𝜎𝑦
2 ] {𝑒𝑥𝑝 [

−(𝐻 − 𝑧)2

2𝜎𝑧
2

+ 𝑒𝑥𝑝 [
−(𝐻 + 𝑧)2

2𝜎𝑧
2

]]} eq (2.7) 

Where C is the concentration leeward at location (x,y,z) (kg/m3), Q is the release rate (kg/s), H is the release 

height (m), 𝜎𝑦 is the horizontal dispersion coefficient (m), 𝜎𝑧 is the vertical dispersion coefficient (m), 𝜇 

is the speed of wind (m/s), x is the leeward distance, y is the crosswind distance (m) and z is the vertical 

distance (m). The coordinates x,y,z indicate the distance leeward, current of air and vertical distance from an 

origin at the beginning of the release point at ground level. In addition, stability input is used in air quality 

dispersion modelling to facilitate estimates of horizontal and vertical dispersion parameters used in the models 

[85]. The commonly used air quality modelling application for stability input scheme was proposed by 

Pasquill in 1961 [86]. The dispersion coefficients are obtained graphically or numerically using the leeward 

distance and stability class of the atmosphere. This stability mark, from A to G, denotes the extent of vertical 

mixing in the atmosphere. Class A indicates an extremely unstable condition, D is the neutral stable state, and 

the last one, G, describes an extremely stable condition. Table 2 provides the parameters for the Pasquill 

stability classes as originally defined.  

It is unsuitable for general application, while the original scheme offered a criterion associated with dispersion 

modelling. It is essential to evaluate the extent of insolation present and note the range of wind speed. It is 

clear that some incompatibilities exist, such that high wind speeds (> 6m/s) with very unstable conditions like 

class A do not normally co-exist. It is common to report stability wind speed categories as A2 or D5. To 

establish the dispersion scenario, various leak and release conditions should also be defined, since the range 

of the gas cloud can be generated by various release conditions. It is important that the release location should 

not necessarily be based on the most likely leak area, but rather should be chosen by a range of release cases.  
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Leak properties is determined in the preventative range of feasible combinations of relevant variables, and 

the direction relative to the wind, leak point and free field jet. The duration of the leak, and therefore the mass 

of released gas, is determined by the gas detection time, shutdown procedures and inventory characteristics. 

If oil is present, it may contribute to cloud build-up by evaporation, flash-off or formation of suspended oil 

droplets. The latter is typically produced by the leak of pressurised oil containing a substantial portion of 

dissolved gas. The contribution of oil leakage to an explosion incident rests on the characteristics of segments, 

the corresponding leak frequencies and even the installation layout. The relevance of including a heavier gas 

composition in the explosion risk analysis, representing the oil, should therefore be evaluated further when 

information about segment characteristics and leak frequencies is available.  

The heavier gas dispersion is an important class of gas release scenarios, but difficult to calculate. To consider 

such an event, there are some release cases which can lead to dense gas behavior [87, 88]. The first case is 

the gas with molecular weight greater than air, such as liquefied petroleum gas (LPG) and chlorine. The 

second case includes liquefied gaseous materials at cryogenic temperature such as liquefied natural gas (LNG). 

The last case includes liquefied gases under pressure with boiling point below atmospheric, such as ammonia. 

It is possible to analyse the heavy gas dispersion in detail if the gas passes through a simple area. However, it 

is not modelled well if the targeted area has many obstacles, complex terrain or sloping ground. 

 

Table 2 Meteorological conditions defining Pasquill stability classes 

 Daytime insolation Night-time conditions 

Surface 

Wind speed 

(m/s) 

Strong Moderate Slight 
Thin overcast  

or > 4.8 low cloud 
≤3/8 Cloudiness 

< 2 A A–B B E F 

2–3 A–B B C E F 

3–5 B B–C C D E 

5–6 C C–D D D D 

> 6 C D D D D 

 

2.5 Gas explosion in offshore facilities 

Offshore structures have a variety of geometrical conditions with much equipment. Once an explosion occurs 

in this facility it can be very dangerous. A high-density equipment layout and a partly-open area can develop 

an explosion pressure build-up and support flame acceleration. This is because condensed explosive energy 

can be generated if the gas cloud is not able to escape from the ignition position. If a large gas cloud stays in 

a certain area, it is likely the explosion damage is much greater. This section considers the basic physics of 
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explosion cases to help develop a comprehensive understanding of the explosion phenomenon in offshore 

facilities.     

 

2.5.1 Offshore modules and compartments 

The internal area of an offshore module is regarded as a hazardous area since emissions of flammable and 

explosive gaseous materials could be the cause of ignition. If fuel or combustible gas is accidentally released 

in this area, a gas explosion may occur. Although gas detection equipment and safety installations should be 

capable of detecting such an issue every time, an explosion can occur in an instant, and an accident can always 

happen at an unexpected moment. The degree of explosion damage depends on several elements such as fuel 

type, gas cloud properties, geometrical conditions and congestion level. In particular, an explosion occurring 

in a confined area can be more serious.  

In an offshore module, with compartments and fully confined or partly confined areas containing installations 

related to operating systems, there are many kinds of equipment and objects, so that a gas cloud will be 

condensed into the inward area. In addition, equipment engulfed by the gas mixtures will play a role as 

obstructing objects during an explosion. Fig. 8 shows the example of a gas explosion which occurred in a 

partially restricted area with some objects. In such an area, flame acceleration is turbulent mixing caused by 

the creation of turbulent flow fields ahead of the flame. The flame will definitely be towards the right side 

since that is the only vent area in this compartment. When the flame dissipates the cloud, the gas expands. 

After the gas finishes expanding, the unburnt gas is propelled forward by the flame, and a flow is provoked 

within the compartment. In this process, some of the unburnt gas will move out through the opening vent. On 

the other hand, the gas left in the compartment flows around the installations, and then this equipment can 

interrupt the flow and make turbulence ahead of the flame. In this way, the relative location between the 

opening area and the ignition point is a dominant factor in how the explosion pressure and turbulent flame 

acceleration develop during an explosion. Therefore rational layout and compartment design should be 

required to substantially reduce potential explosion risk. 

 

Fig. 8 Gas explosion in a partly confined area with several pieces of equipment [89] 
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2.5.2 Pipe-racks, vessels and tunnels 

A pipe-rack is an elevated truss structure designed to support pipes, cables or other instrumental equipment 

on the offshore platform module to another structure. It also transports oil and gaseous materials, and needs 

to be connected to other process systems. Therefore, failure of pipe systems can lead to an escalation of an 

initial explosion event, and cause secondary damage that can influence the entire system’s failure, which may 

in turn have much more severe consequences. Under basic physics in this case, turbulence is also the dominant 

parameter in developing flame speed in pipe-racks [90]. After the gases burn, it enlarges and propels residual 

gas to the front of the flame. The flow to the front of the flame can help a turbulent boundary layer to develop 

and the turbulence then increases the burning rate. The highest velocity of the flame is when the gas is ignited 

in the semi-closed foam. In this case, the gas at the front of the flame is propagated through the pipeline and 

can cause much turbulence. In the fully-closed foam, the flame accelerates quickly at the very beginning, but 

then decelerates later since the flow in front of the flame is blocked by the closed end.  

There are two types of storage vessels: horizontal and vertical vessels. Both types usually have small openings 

such as the connection part with the pipe and relief valve, and pressure can be relieved by them during an 

explosion. However, the relief process is very slow, and it is difficult to reduce the pressure quickly, so 

pressure build-up can occur like the event in fully-closed foam, and interconnections may contribute to a 

strong pressure build-up. This phenomenon is called pressure piling. Where multiple vessels are connected 

by pipes, tanks and unit operations, ignition in a vessel and pressure piling may lead to a deflagration to 

detonation transition and a very large explosion shock wave, and this wave travels through the passageway 

into the next enclosure. The first explosion pressure together with secondary one in the other part produces a 

combined huge explosion beyond the equipment’s control. Explosion pressure can be further more increased 

by fuel type, concentration level, the filling ratio, the number of vents and the combustion rate. Although all 

of vessels are not filled with combustible gaseous materials, even a small difference in filling ratio may have 

big variations in explosion consequences. 

 

2.6 Principles of design philosophies for offshore facilities 

Offshore facilities are likely to be affected by several loads and structural deformations arising from service 

requirements including from the general to the extreme. Therefore, the task is to build a structure that is able 

to withstand all requirements throughout the projected lifetime. In structural design, it is very important to 

use a proper design philosophy considering structure properties to ensure structural integrity since specific 

design guidelines and the safety discipline depends on the service environment during the design life. This 

philosophy can be generally divided into two categories of limit state design (LSD) and permissible stress 

design (PSD) concept. In the permissible stress design, the maximum stress in structural members by service 

loads should not exceed the elastic limit state. This limit is generally defined by ensuring that stresses remain 

within the limits through the use of safety factor. By using the safety factor, it is possible to consider many 
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uncertainties due to natural variability, inaccurate evaluation and variation in design procedure. Therefore, 

the design criterion of the PSD method can be expressed as follows: 

∑ 𝜎𝑤 ≤ 𝜎𝑝 = 𝜎𝑛𝑓𝑠 eq (2.8) 

Where 𝜎𝑤 is a working stress due to the design load, which is based on the loading value in elastic limit, 𝜎𝑝 

is the permissible stress of the design material, 𝜎𝑛 is the material’s nominal stress, and finally 𝑓𝑠 indicates 

the safety factor specified along with the design rule. Selection of permissible stress depends on successful 

similar past experience and the relevant design code. It is very simple to use, but it is difficult to consider 

various uncertainties and the true safety factor against failure modes. Nevertheless, the PSD method is still 

used in several industries.  

In contrast to the permissible stress design, the LSD method considers all actions likely to occur during the 

design life. A limit state means a state of a structure beyond which it can no longer perform the intended 

function. For these conditions, the applicable strength can be assumed and employed in design as a limit for 

such behaviour. The load-carrying capacity of a structure is normally evaluated using simplified design 

formula or by using a computation method such as nonlinear finite element analysis including detailed 

modelling related to geometric conditions, material properties and loading condition. Internationally most 

structural design concepts have now shifted from the permissible stress design to the limit state design since 

the LSD method leads to more rigorous design and is even more economical. In dealing with uncertainties, 

the LSD method incorporates uncertainties in the design into an approach of partial safety factors [91]. The 

partial safety factor is related to the design ‘demand’ load and resistance effect. The fundamental principle of 

partial safety factor based design criterion can be described as follows: 

𝐷𝑑 < 𝑅𝑑 eq (2.9) 

Where 𝐷𝑑 is factored design demand load and 𝑅𝑑 is design resistance. Each factor can be expressed as: 

𝐷𝑑 = 𝛽0 ∑ 𝐷𝑘𝑖(𝐹𝑘𝑖, 𝛽𝑓𝑖)
𝑖

 eq (2.10) 

𝑅𝑑 = 𝑅𝑘/𝛽𝑚𝛽𝑐 eq (2.11) 

Where 𝛽0  is a partial safety factor considering the level of seriousness of the particular limit condition 

associated with safety and durability arising from economic, social consequences and any other special 

situation. 𝐷𝑘𝑖(𝐹𝑘𝑖, 𝛽𝑓𝑖)  is the distinguishing measure of demand for loading type i, calculated from the 

distinguishing measures of loads, 𝐹𝑘, and amplified by the partial safety factor, 𝛽𝑓, taking into account the 

uncertainties in regard to loads, 𝑅𝑘 is the distinguishing measure of resistance, 𝛽𝑚 is a partial safety factor 

considering the uncertainties owing to material properties, 𝛽𝑐 is a partial safety factor for the uncertainties 

on the resistance of the structure, e.g., construction quality, corrosion, method considered for determination 

of the capacity and so on. Fig. 9 indicates the relationship between partial factors for demand load and 
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resistance in the LSD. The design demand load and resistance are types of stress which can be represented by 

a statistical distribution. If the design load is larger than the resistance load, the system would fail. LSD is a 

reasonable design method based on the limit state condition that limits the continued safe operation of the 

target structure. Generally, four limit states are considered in the relevant design process [92]: 

1. Ultimate limit state (ULS): This state is associated with the collapse of a structure due to the loss of 

structural integrity. It means loss of equilibrium in the structural system or local buckling and collapse due to 

pressure. 

2. Serviceability limit state (SLS): This state indicates the failure modes for normal operations due to the non-

functionality of routine operation. It is not related to catastrophic failure but reduces the operation capability. 

3. Fatigue limit state (FLS): This is associated with fatigue crack occurrence of structural details due to stress 

concentration and damage accumulation under the cyclic loading. It can be divided into two types: low-cycle 

fatigue involving plastic deformation, and high cycle fatigue not involving plastic deformation. 

4. Accidental limit state (ALS): This is a condition related to excessive structural damage caused by accidental 

load, such as explosion, fire, dropped object, collision and so on. Accidental cases normally directly influence 

the structure, the environment and personnel.  

By comparing each limit state, it is evident that a different safety level or design criteria may be used according 

to the type of limit state. Therefore, it is important to use a rational design method considering the operational 

environment and the intended structure’s properties. 

 

 

Fig. 9 Partial factors in limit state design  
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2.7 Gas explosion risk evaluation 

Explosion risk assessment identifies the vulnerable components of an offshore facility under a possible 

explosion event and investigates methods to alleviate damage to personnel, structural members and the 

environment. This section discusses general risk assessment methodology and explosion risk assessment with 

relevant issues. 

 

2.7.1 Design philosophy for gas explosion 

As noted in the previous section, explosion is regarded as an accidental limit state, so an accidental load based 

design method can be used in explosion-resistant design. Accidents in offshore oil and gas facilities are 

defined as undesired events during the operational process. The objective of analysing accidental cases is to 

evaluate the level of initial damage and check if the particular hazard could progress toward the worse case 

in terms of personnel, environmental impacts and financial damage. The worst accidental event occurs when 

the local damage causes a series of additional following events. For example, an initial explosion may have 

an effect on the failure of primary structural systems. It could be regarded as a minor event if this issue is 

resolved by repairing that system, but any additional failures including subsequent global damage could lead 

to the potential loss of life or devastation of the environment.  

Under the explosion, pressure would increase rapidly, and it often increases to a load where nonlinear 

structural response is expected. Therefore, explosion design criteria should be modified to consider the 

acceptability of the nonlinearity including large deformation. To define the explosion design criteria, 

explosion risk assessment is also required since an explosion event has a random probability distribution 

characteristic. The method for assessing gas explosion risk follows the typical risk assessment for offshore 

facilities including existing risk identification and structural response assessment [93].  

There are several methods for identifying risk in facilities. A number of industry databases on accidents or 

operation failures are available. With this data, possible risk scenarios related to undesired events can be 

identified. Potential explosion risk is examined by considering the combined effect of the frequency of the 

accident and its consequence. This process is called preliminary risk assessment. In the detailed assessment, 

the events checked in the preliminary stage are categorised considering risk tolerance, and events with very 

low frequency and insignificant consequence can be removed. The final assessment aims to reduce the level 

of conservatism in the initial stage. It highlights mitigation activities for risk exposure and makes a conclusion 

that sufficient structural capacity or operational constraints exist to reduce the risk. 

 

2.7.2 Terminologies in risk assessment 

Several terms are used in risk analysis, but there is some inconsistency in applying them. For example, ‘hazard’ 

and ‘risk’ are often used to have the same meaning even though they are different. As this confusion may 

reduce the reliability of the results, key terms related to general risk assessment are defined. 
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Hazard 

Hazard is usually defined as a source of potential damage. It means all situations that could lead to an 

undesired event. Hazards in offshore facilities include abnormal high pressure or temperature in any operation 

system, the occurrence of smoking in a dangerous area, flammable materials and storage tanks with toxic 

substances. 

It is important to note that ‘hazard’ indicates potential damage or harm, not a realised one. The purpose of 

risk analysis is to ensure this very potential damage does not appear and if the damage does appear, then 

mitigation methods are required.  

Risk 

The risk is expressed as the product of the likelihood with which events are predicted to happen and the 

consequence of their outcomes. Although risk consists of both dimensions, general understanding for risk 

tends to be related more to the severity rather than the probability. But risk is two-dimensional and this means 

risk can be controlled by minimising the extent of loss or severity of the undesired event, and by reducing or 

eliminating the likelihood of the event. Therefore probabilistic concepts should be included in ‘risk’ 

assessment. 

Likelihood 

The likelihood of a certain risk is defined as events per unit time (normally per year). The likelihood of an 

event can be acquired from industry information or historical data. If this data are not available or cannot be 

used, the likelihood is computed using risk assessment models. 

Consequence 

The consequence can be defined as the number of injured or killed people, environment and property damage, 

money lost, and so on. Regardless of the measurement, the consequence should be defined for each event. 

 

2.7.3 The principle of risk assessment 

Several activities are included in the risk analysis process, but risk assessment is a key issue since it means 

identifying the extent of risk which must be managed adequately. Representative technical reports stress the 

importance of the relationship between the level of effort in assessing risk and the extent of the risk [94-96]. 

The purpose of risk assessment is to ensure that all potential hazards are investigated quantitatively or 

qualitatively. Fig. 10 shows the general risk management process. 
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Fig. 10 The procedure of typical risk management 

The methodology for risk assessment can be categorised into two types: quantitative and qualitative 

approaches.  

Quantitative risk assessment 

Quantitative risk assessment is a systematic approach of identifying a major accident hazard with its 

likelihood and consequences. This methodology is usually required for production or process systems 

including extreme operational environments. The results are expressed quantitatively for how certain risk is 

dangerous to people, the environment and other properties. The validity of quantitative results is assessed by 

identifying key assumptions and risk driving factors. Acceptable risk criteria could be required if there are 

significant changes to system operations or major hazard plant construction plans. Quantitative risk 

assessment can be divided into four key stages. Each stage is summarised below [97, 98]. 

Step 1 System definition 

System definition is divided into three elements of system boundary, the purpose of the system, and activities 

within the system boundary. The definition of the system boundary is important to analyse systematically, 

because if it is not investigated clearly, the result can be confused with interacting systems. The system 

objective describes the intent of the target system with inputs and outputs. The last element is to make a list 

of activities that could occur within the system during operation. 

Step 2 Hazard identification 

Hazard identification includes all aspects associated with the safety discipline, environmental issues, 

economic loss and so on. This step is the most significant step in the entire risk assessment process. By using 

several techniques like ‘What if’ analysis or Hazard and Operability (HAZOP) analysis, potential factors in 

the system are checked. 
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Step 3 Frequency and consequence analysis of hazards 

This stage involves investigating the frequency at which the identified potential hazards are expected to 

happen. Some hazard events, such as explosion, fire and collision, can directly have a negative effect on the 

system, but other events, like oil leak or gas release, may not be a direct hazard but can be the cause of a 

catastrophic event. Therefore this type of hazard requires further analysis based on relevant principles like 

event tree analysis technique. Consequence analysis evaluates the magnitude of the physical effect of 

hazardous outcomes identified in the hazard identification stage. It investigates the structural response or 

system damage to the hazard, and lists how an event can escalate. It also provides a basis for estimating the 

fatalities that could happen as a result of the event. Computational methods can be used to describe the effect 

of a hazardous event. The representative computational models are fire, explosion and gas dispersion.    

Step 4 Risk evaluation and decision making 

Based on the results of the previous stage, each risk level is compared using established criteria, and evaluated 

as either tolerable or dangerous. The decision making stage for risk reduction should identify whether the risk 

level is included in the “As Low As Reasonably Practicable (ALARP) region”. If it is exceeds the ALARP, 

the most effective and efficient risk reduction measures are prepared.  

Qualitative risk assessment 

On the other hand, qualitative risk analysis is used to quantify the risk related to a particular hazard. This 

approach also uses the frequency and consequence concepts even though they are not numerically estimated. 

Instead, each indicator is assessed by verbal expression, such as high frequency, low frequency. It may often 

be difficult to provide exact numerical outputs for probability distribution or consequence estimation for a 

certain risk with the quantitative approach. However, the qualitative assessment method can be a good 

substitute for risk screening and comparing several alternatives in this situation. If numerical information is 

used in the analysis by quantifying the frequency and consequence for potential risk, the analysis would 

change to a semi-quantitative or quantitative risk assessment.  

Qualitative risk analysis methods can be employed relatively easily. They can consider potential hazards from 

the early stage in the life-cycle of the target system since they provide ways to assess the relevant issues 

systematically. The representative application, the risk matrix method, provides a list ranking the potential 

hazard elements based on the acceptance criteria. Although this result may not directly influence the safety 

issue, it may have an effect on the availability and reliability of the target. Many previous practical cases have 

shown this approach can identify a large amount of useful information.  

Qualitative analysis has many benefits, but also disadvantages. Due to relying heavily on the experience and 

knowledge of analysts, the results may not be comprehensive and may also be biased to particular factors. 
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2.7.4 Risk assessment techniques 

There are several practical techniques for risk assessment. The What-if analysis method is roughly structured 

and similar to the brainstorming approach. Multidisciplinary skill and information are used to consider 

unexpected events involving potential negative consequences. The method investigates latent difference 

between design, fabrication, alteration and operating intent. The application range is vast and flexible, so the 

“what-if” method can be used in any stage in the process life-cycle based on available knowledge. But the 

analysis is too unsystematic for use in new designs and evaluation of operating plants. Considerable time is 

required to prepare the “what-if” questions.  

Fault tree analysis (FTA) is a top-down method that is widely used to describe the events and component 

failures related to the main undesired events. The fault tree construction starts with the top event, generally a 

major potential risk. In the case of the top event, the conditions required for producing the event are recognised 

and regarded as new events at the next level of the tree. It continues until the root cause or primary events 

that instigate the occurrence of the top event are detected. To describe the sequence of each event, component 

failure and the correlation between them, fault tree analysis uses OR logic and And logic. At each level, if 

one or more events can cause an event on an upper level, they are combined with OR. Alternatively, if one or 

more events must occur simultaneously to produce the higher event, they are combined through an AND gate. 

Fault tree analysis can be used to evaluate or predict the reliability of highly complex systems.  

The Hazard and Operability (HAZOP) analysis technique is a structured and systematic examination of a 

complex planned or existing operation in order to examine and assess safety risks in a process installation and 

potential operability problems [98]. HAZOP is rest on a principle that estimates risk events are occurred by 

potential abnormality from the design specification. Identification of such issue is facilitated by using sets of 

guidewords as an organized list of abnormality perspectives. The guidewords are made by adding predefined 

adjectives (i.e. high, low, etc.) to the properties of process parameters, and a group of analysts and experts 

discuss the causes and consequences of each deviation. If a certain concern is discovered, the group must 

ensure there are the appropriate safeguards to prevent the deviation from happening.  

Event tree analysis (ETA) is a logical model to combine the success and failure from individual factors. It has 

various pathways leading to all the possible outcomes of the particular event. It can be applied to investigate 

the effects of functioning or failed systems after the event has happened [99, 100]. In many cases, the same 

result may be measured, but it is important to check the different paths in spite of the same outcome. Event 

tree analysis is available for systems early in the design process to check latent issues that may occur, rather 

than correcting events after they happen. Therefore it can help to prevent undesirable events by providing a 

risk assessor with the probability of occurrence.  

Although the logic of event tree analysis and fault tree analysis seems similar in some parts, the methods are 

different. Both methods involve the identification and classification of events and factors, but with a different 
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focus on undesired events. The main objective of fault tree analysis is to prevent any loss, while event tree 

analysis focuses on mitigating negative outcomes. Therefore event tree analysis should offer all paths 

including a successful outcome, while fault tree analysis just focuses on the failures of a particular component. 

Event tree analysis can be used in both quantitative and qualitative approaches. In the qualitative approach, 

its value is in the structure of the tree itself. By analysing the structure of an event tree, the analyst can 

understand how the results of a negative event can escalate and how safety measures are applied to mitigate 

such an event. In the quantitative approach, a probability concept is used for each branch. Therefore it is very 

important to have probability data. If it is not available, the analyst should use other analytical tools based on 

reliability theory. 

 

2.7.5 Application in offshore explosion risk 

An explosion accident is a potential hazard that can lead to very destructive damage of the total system. 

Particularly in the offshore oil and gas industry, explosion risk analysis (ERA) is compulsory in the design 

stage since the entire system in an offshore facility is exposed to hazardous and flammable hydrocarbon 

materials. The main purpose of ERA is to identify and mitigate vulnerable members in the target system that 

could lead to fatal damage if exposed to an unexpected situation. An explosion event occurs through 

accidental release of gaseous materials into the area followed by an ignition source. Therefore ERA for such 

a target should take into account a series of events associated with the explosion like gas leak, dispersion and 

ignition. Based on the principle of quantitative risk assessment, it is possible to systematically identify events 

for that issue [101]. But the ERA is usually performed in a probabilistic manner since there are a great number 

of scenarios together with geometries or operational conditions.  

The basic concept of the probabilistic ERA is to use the computational fluid dynamics (CFD) methodology. 

By using CFD, it is possible to consider relevant factors involving their probability or frequency distribution 

with possible scenarios. Although there are almost infinite scenarios in the real world, fewer practical 

scenarios are used in the CFD. But reasonable scenarios can be used by dividing the possibility of real values 

into several intervals, and then selecting representative data at each interval. In this way, gas dispersion or 

explosion scenarios including hazard elements can be established, and then potential explosion wave pressure 

data caused by explosion ignition can be derived.  

Fig. 11 shows the schematic overview for ERA using CFD methodology. As described in the figure, it is 

divided into two categories according to the distribution of the gas cloud. The first section focuses on deriving 

the probabilistic distribution by considering the combination effect of gas dispersion analysis and its 

probability investigation. Leakage cases as the initial event should be studied based on the probabilistic 

approach, and then the frequency of established leak scenarios should be computed considering any relevant 

factors like wind direction, leak rate and distribution [102-104]. Ventilation analysis should be carried out 

prior to gas dispersion simulation to get the flow geometries influenced by wind conditions [105]. In the 
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second part, explosion overpressure is assessed using the exceedance curve which consists of frequency 

distribution and the pressure range. It is normally used in the explosion-resistant design stage to determine 

the explosion design load.    

 

Fig. 11 Schematic overview of typical ERA based on CFD method [106] 
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Chapter 3 

Gas explosion analysis  

3.1 Introduction  

In the offshore oil and gas industry, explosions by flammable gaseous material release are the most hazardous 

undesired events. To assess this accidental case, structural designers may need to investigate thousands of 

possible scenarios in order to get explosion loading information. The methodology is divided into two 

approaches: experimental analysis and computational analysis. Due to the many limitations and assumptions, 

the experimental approach is not appropriate for large scale structures with complex systems, while the 

computational method can reflect many conditions and reduce limitations compared to experiments. This 

chapter discusses the entire process from gas explosion computational analysis to applying a design load. To 

create an explosion pressure data set, CFD analysis was conducted using flame acceleration simulator 

(FLACS) software, and then these data were investigated using a data processor program developed based on 

VBA code. 

 

3.2 Methodology for gas explosion analysis 

3.2.1 Explosion simulation by FLACS code 

The remarkable issue in a gas explosion is a dramatic pressure increase within an extremely short time. The 

fuel-oxidiser mixture can amplify this pressure increase. The extent of pressure is influenced by the flame 

speed and how the pressure enlarges away from the ignition position. A gas explosion can happen anywhere 

if there are combustible substances. However, the extent of a given gas explosion may vary according to the 

environmental conditions (e.g. wind direction, speed or leak rate) and geometric conditions (e.g. layout 

principles, confinement level and obstacles). To establish gas explosion scenarios based on these parameters, 

the CFD methodology is used with a very detailed 3D model. It is a very useful and effective method that can 

reflect mechanical phenomena in complicated flow geometries. The representative software, Flame 

Acceleration Simulator (FLACS), can model a potential explosion event caused by flammable fluid release 

based on user defined characteristics. It requires a complex computing process since it is associated with a 

range of influence factors such as environmental conditions, leak conditions, geometry, fluid materials and 

ignition resources [107, 108]. It is not possible to set up an actual experimental apparatus for offshore facilities 

involving a semi-confined geometry where a large quantity of flammable gaseous materials are confined in 

such an open area due to highly congested obstacles, but the CFD method can overcome this limitation by 

using a computational model based on most of the relevant parameters.  

In this study, the target FLACS model is a geometrical floating production, storage and offloading (FPSO) 

facility which is a very detailed model including stairs, handrails and equipment as well as the main modules 

and installation as described in Fig. 12. In general, the FPSO structure is classified into two main parts based 

on the extent of the explosion influence: the turret module and the process module. The turret is moored to 
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the seabed with chains, wires and anchors. It allows the FPSO to use the direction that minimises the impact 

of waves, wind and currents. The topside platform is of key interest in this study since it has a much higher 

explosion risk compared to other parts of the FPSO facility because a great quantity of flammable gaseous 

materials are produced in the operational procedures of the process module. Therefore, it is important to 

understand the relationship between gas cloud size and explosion pressure intensity. In the FLACS model, a 

box-shaped stoichiometric gas cloud concept is used to define different amounts of gas cloud volume. 

Although it has some uncertainties, it is widely used to find a connection between leak frequencies and the 

intensity of pressure. Finally, this study covers hundreds of explosion scenarios as shown in Table 3. For 0.5 

m of grid size, the four smallest cloud sizes were considered up to 1,560 m3, while the three largest cloud 

sizes have been considered for 1.0 m of grid size.  

Based on these established scenarios, explosion analysis was conducted using FLACS to produce explosion 

pressure responses. To measure explosion wave pressure data, two types of measurement tools were used as 

described in Fig. 13. A thousand point monitors were evenly distributed on all the modules, and local panel 

monitors were also distributed on both deck and explosion-resistant wall areas. Once ignition occurred at a 

user defined location, the explosion wave can then propagate to all directions within the sweep of the effect. 

At this time, a shock wave goes through the porosity monitoring tools mentioned earlier, so that each wave’s 

pressure variation with time can be recorded at each position. 

 

Fig. 12 3D FLACS model for explosion analysis [109] 
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 (a) 

 
 (b) 

Fig. 13 The measurement tool for explosion pressure data (a) monitoring point (b) monitoring panel [110] 

 

Table 3. Details of explosion scenarios for each module [109] 

Module 

positions 
Grid sizes 

Ignition 

positions at 

elevation view 

Cloud positions† Cloud sizes 

Ignition 

positions at plan 

view 

1. A 

2. B 

3. C 

4. D 

5. E 

6. F 

1. 0.5 m 
1. Bottom 

2. Top 

1. Center 

2. Left 

3. Right 

4. Bottom 

5. top 

1. 199 m3 1. Center 

2. 465 m3 

3. 900 m3 

4. 1560 m3 

1. Center 

2. Edge†† 

2. 1.0 m 
1. Bottom 

2. Top 

1. Center 

5. 2480 m3 

6. 3730 m3 

1. Center 

2. Edge 

7. 5320 m3 

1. Center 

2. Left 

3. Right 

4. Bottom 

5. top 

2. Left 

3. Right 

4. Bottom 

5. top 

5. 2480 m3 

6. 3730 m3 

1. Center 

2. Edge 

† Cloud positions – within a module 
†† Edge – same position as the cloud position index 
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3.2.2 Validation for gas explosion model 

The corresponding explosion computational analysis was carried by the developer of FLACS, which is one 

of the best validate tools for modelling flammable gas releases or explosion incidents in the oil and gas fields 

[64, 111-113]. To validate the accuracy of FLACS computation results, many efforts have been made by both 

academic fields and industries. As a result, FLACS software is often used in explosion analysis or relevant 

industrial project. There are several studies to investigate the effect of geometrical congestion to the FLACS 

explosion loading computation. Most results indicated that the level of pressure in congested area packing 

with piping of smaller diameter is much higher than the pressure of a geometry including larger diameter 

piping rack in the same volume [114]. The gas explosion simulation performed in this study were conducted 

to identify the potential explosion loads based on the detailed geometry and processing fluid material 

information at the final design phase of FPSO structure. Since the modeling details are the most critical factor 

affecting the explosion pressure wave response, 3D model using in this study includes minor obstacles such 

as small piping, stairs, vessel, and storage tank as well as all the equipment and structural systems on the 

FPSO topside area. All of structural modeling and required computational analyses basically have been 

followed the recommendation by the FLACS manual. 

 

3.2.3 Gas explosion parameters 

In explosion analysis, dispersion is the phenomenon in which materials spread within a fluid. Materials are 

generally diffused from high concentration regions to relatively low concentration regions, and diffusion can 

happen in liquids or gaseous materials. Therefore, dispersion analysis is required to define representative gas 

cloud properties which can be produced in possible release scenarios. Table 4 shows the gas composition used 

in the computational analysis. Based on these properties, dispersion analysis was conducted to establish gas 

cloud size and leak information considering possible leak scenarios and environmental conditions.  

Of environmental factors, the representative element is wind conditions involving direction, speed and 

turbulence level. In this study, wind speed was assumed taking into account a linear correlation estimation 

between external wind speed and internal flow, and then a dispersion study was performed to determine the 

spread of gases in several conditions including wind properties, ventilation, observations about installations, 

and the features of surrounding area. The leak state was also considered by a preventive range of possible 

combinations of leak properties and includes variations in directions relative to the wind directions, leaks 

impinging on objects, free field jets and dispersive leaks. The leak locations were determined to be close to a 

specific installation or in an area with several leak sources. The eight leak rates considered in the analysis are: 

0.75, 1.5, 3, 6, 12, 24, 48 and 96 kg/s. In addition, six different directions of +/− X, +/− Y and +/− Z and 

dispersion conditions were used for specific leak locations. For turbulence modelling, FLACS code uses a 

Reynolds-Averaged Navier-Stokes approach. This assumption rests on the principle of classifying the velocity 

term of fluid and scalar quantities like pressure and gas concentrations into the average and fluctuating 
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elements. The transport equations can be solved for the average values, and a model is used to describe the 

influence of variations of elements on the average. The average values for velocity, pressure and 

concentrations computed by using the FLACS model are regarded as the results in statistically steady flows. 

Table. 4 Fluid compositions (mole fraction) 

Compositions C1 C2 C3 C4 C5 CO2 H2O 

Portions 40% 14% 25% 19% 2% 0% 0% 

 

3.3 Explosion design load factors  

As offshore facilities have a possibility of experiencing a gas explosion accident during the design life, the 

structural members in facilities should resist such potential loads. Therefore, it is necessary to satisfy the 

performance criteria of offshore safety discipline subjected to a specific level of risk-based explosion load by 

international standards [115-117]. A structure that is exposed to an explosion pressure is normally subject to 

a differential pressure load. An explosion causes the formation of incident shock waves and reflected waves. 

Generally, explosive energy can make the ambient pressure increase instantaneously until reaching the peak 

overpressure. At this time, an incident wave of pressure influences on structures that are not parallel with the 

wave route, and it is reflected and strengthen, generating rebounded pressure. Although the duration time of 

the explosion pressure is very short, interaction between the overpressure in shock waves and the actual 

loading applied to the structure is not simple. If the pressure wave generates in a closed area, and the incident 

wave energy is then reflected, the initial peak pressure would also increase more. Hence, many analysts in 

relevant fields take into account initial peak pressure as the most dominant design factor.  

However, gas explosion pressure-time history measured from computational analysis for complicated 

offshore facilities is a little different. Although the level of initial peak pressure is higher than the rebound 

peak pressure, it fluctuates more. In some cases, the rebound pressure phase had a larger portion of the entire 

shock wave’s pressure-time history. The gas explosion pressure curve can have many different shapes based 

on the rate of pressure rise, fluctuating cycles and so on. Therefore, it is very important to apply these factors 

to design formula. Fig. 14 shows idealised explosion design load profiles with different approaches. Fig. 14(a) 

shows the general design concept focused mostly on the initial peak pressure. In this case, the analyst only 

wants to get the level of peak overpressure. The point is to determine the critical point of peak pressure in 

terms of structure failure. Fig. 14(b), however, has a few more factors. For this method, the properties of the 

rebound pressure phase should be considered. The interaction between the initial and rebound phases needs 

to be considered since these two different phases would apply almost coincidentally in terms of the structure 

itself. Therefore, in this study, explosion design parameters were established which included these issues.  

Fig. 15 illustrates the entire procedure for risk-based explosion-resistant design. Ideally, for extensive 

numerical analysis about explosion wave factors, all feasible potential explosion cases are meticulously 
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examined, and CFD analysis is carried out in order to model gas dispersion and explosion. Although scenario 

assumption is very important part, it remains beyond the scope of this study. The accidental load generally 

considered acceptable is influenced by the safety functions which correspond to 10-4 or 10-5 per year for a 

single accidental event. It normally corresponds to an overall frequency of 5 x 10-4 per year as the impairment 

frequency limit of the system. Explosion design load could be assumed based on this frequency range. But a 

different safety discipline should be required according to the extent of potential risk. For example, extra 

safety measures may be needed in high risk areas or the residential area. After identifying all of the safety 

critical elements, a possible undesired explosion event is assessed with explosion wave load parameters. The 

next step is to perform the structural analysis using computed design loads. For more accurate analysis, 

nonlinear analysis is recommended. If the outcome satisfies the safety rule or guideline, this stage is 

terminated. However, if the result is not acceptable, the analysis returns to the “re-selection design load” stage. 

Here, two methods can be considered according to the control of the design layout. If there is modification of 

the structural geometry condition or configuration, re-assessment is required, but additional analysis is just 

required if there is no critical change. 

 (a) 

 

(b) 

Fig. 14 Approaches for determining design load parameters: (a) initial peak pressure based, (b) 

combination of initial and rebound pressure phase [110] 
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Fig. 15 The typical procedure for risk-based explosion resistant design [109] 

 

3.4 Explosion simulation data sorting method 

In the explosion computational analysis, a thousand monitoring points and panels were used to record 

explosion pressure data with hundreds of explosion scenarios. As hundreds of thousands of explosion 

pressure-time history data can be generated as outcomes, it is not possible to investigate the numerical 

information in such a large data set using a simple method and a data processor was required. In this study, 

Visual Basic Application (VBA) code based on Excel software was used to develop a program to analyse the 

enormous data set. Fig. 16 shows the algorithm and several functions of this developed code. First, the text 

type files can be generated as an outcome in the CFD analysis software. They are original files before 

classifying based on user defined properties, and include the record for pressure variation with time. After 

extracting all of the data from the CFD analysis program, the VBA commander can bring up all of the 

extracted files. The next stage is to sort these a great amount of data set as user wanted. The most important 
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factors which should be investigated are the numerical properties associated with pressure, impulse and the 

time domain in each stage. The developed VBA code offers the several functions which can bring such values 

from the output data, and even compares these parameters based on user defined scenarios and data types. In 

addition, the original fluctuating explosion pressure-time curve can be transformed to an idealised triangle 

shape curve which is generally used as the loading condition in finite element analysis (FEA). This issue is 

discussed in more detail in Chapter 5. 

 

Fig. 16 Descriptions of the developed data processor based on VBA code 

 

3.5 Data analysis for explosion simulation results 

3.5.1 Initial peak pressure 

First, the distribution of explosion pressure according to different gas cloud volumes and distance from the 

ignition was investigated as shown in Fig. 17. In each case, the level of average peak pressure in both the 

initial and rebound phases was marked with different colours, and the ratio between the initial and rebound 

peak pressure was depicted with a black dotted line. It is clear that the variation of initial peak pressure was 

large with regard to factors such as gas cloud volume and ignition distance, while rebound pressure had 

relatively small variation. The gas cloud volume which contributes to the explosion energy source directly 

influenced the level of peak pressure. However, the relationship between peak pressure and ignition distance 

was not linear. As described in Fig. 17, a larger gas cloud indicated a higher peak pressure. Although rebound 

peak pressure had a little fluctuation, initial peak pressure definitely increased with gas cloud volume. But 

the relationship between peak pressure and distance from ignition position was different. Peak pressure at 25 

metres from the ignition position was higher than the peak value 15 metres from the ignition location, and 

then decreased again at the location further than 25 metres away. Peak pressure at closer locations to the 

ignition is expected to be high, but the analysis result shows there may be other factors which can contradict 
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common knowledge. This is because the intensity of the explosion wave pressure can be influenced by several 

factors like geometrical congestion and other obstacles [118]. 

(a) (b) 

Fig. 17 Significance of rebound pressure (a) for different flammable gas cloud volumes, (b) for different 

distance from the ignition positions 

 

3.5.2 Rebound peak pressure  

There is controversy about whether to include the rebound pressure phase in the explosion wave profile when 

performing the explosion-relevant analysis. Some researchers have claimed the rebound pressure phase is not 

generated in most real situations or its impact is so insignificant that it could be ignored [119, 120]. However, 

extensive explosion pressure data analysis showed that the rebound pressure is sometimes quite significant 

and should not be neglected. This means the interaction between the rebound pressure phase and structural 

damage should also be considered. In this study, the distribution between the initial and rebound peak pressure 

was examined based on a large explosion pressure data set.  

Fig. 18 shows the comparison results for the quantitative difference between both pressure types. It is evident 

that initial peak pressure is higher than rebound pressure in many cases, but some cases show the rebound 

pressure is almost similar or even higher than the initial peak pressure level. For the point-pressure (NP) data 

case, entirely, the level of rebound pressure is quite low compared to the initial pressure data, but some data 

are similar to the initial pressure group included at a relatively low level as shown in Fig. 18(a). Fig. 18(b) 

shows each pressure distribution measured by panels, and most rebound pressure levels are higher compared 

to the earlier case, and even comparable with initial peak pressure. The occurrence of the rebound pressure 

phase depends greatly on the location of ignition. The representative case is a tunnel. If the explosion source 

is ignited in a tunnel with a closed end, there would be overpressure first, and then the shock wave travels to 

the opening, where a high level of rebound pressure can then be produced inward. On an offshore facility, the 

offshore topside area is very complicated, and has a suitable geometrical environment to generate rebound 

pressure. Therefore, the rebound pressure phase should be applied for reasonable explosion analysis and 
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structural assessment except when the level of the rebound pressure is very low compared to the initial peak 

pressure. 

 

Fig. 18 Significance of rebound pressure (a) for different flammable gas cloud volumes, (b) for different 

distance from the ignition positions 

 

3.5.3 Contribution of geometrical condition 

The panel monitors on the gas explosion-resistant wall were grouped into three sections in both the horizontal 

and vertical direction. The horizontal direction monitors were divided into three areas of compression module, 

piping-rack connected area and separation module. The vertical groups were categorised as the air-affected 

area, deck-connected area and support-connected area. As a result, a total of nine sections were distinguished 

to investigate the distribution of explosion pressure properties based on geometrical difference. Tables 5 and 

6 show the comparison results of each parameter depending on the geometrical division. All the numbers in 

each table denote the average value. The tables show the distinctions evident among each section. The highest 

pressure and impulse level was measured at the support-connected area and piping-rack connected area, and 

both of them were more similar to the closed type section than other areas.  

As mentioned earlier, the intensity of an explosion pressure wave can be more powerful in such an 

environment. The FPSO structure is usually designed to produce and store hydrocarbon, so there is an 

arrangement of process and utility modules alongside a central pipe-rack which typically has very confined 

geometry. Arranging the piping-rack along the longitudinal centreline allows for process and utility equipment 

to transfer oil and gaseous materials to modules either side [121]. Both the support-connected area and the 

piping-rack connected area were influenced by the reflected pressures, which were generated by the pipelines 

and surrounding equipment. Fig. 19 indicates one example for the explosion pressure contour diagram 
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showing the wave propagation. As described in the figure, the higher pressure was generated near the 

obstacles or installations. But the pressure level was definitely low when there was empty space or a gap 

between equipment since the pressure wave can move out along the opening. To clearly understand this issue, 

the numerical pressure distribution of each module was investigated. As described in the FLACS 3D model, 

each module has a different congestion level and layout features. These conditions can result in different 

consequences even if the level of ignited explosive energy is similar. Therefore, how explosion pressure and 

impulse vary in this situation should also be analysed.  

Table 5 Numerical results for explosion wave parameters dependent on the direction of height 

Division 

Pmax. 

(MPa) 

Pmin. 

(MPa) 

Time 

(initial, s) 

Time 

(rebound, s) 

Impulse 

(initial, 

MPa·s) 

Impulse  

(rebound,  

MPa·s) 

Air-affected 0.017 0.006 0.06 0.13 0.000513 0.0004 

Deck-connected 0.030 0.013 0.062 0.11 0.00093 0.00071 

Support-connected 0.045 0.016 0.063 0.12 0.00143 0.00097 

 

Table 6 Numerical results for explosion wave parameters dependent on the direction of width 

Division 

Pmax. 

(MPa) 

Pmin. 

(MPa) 

Time 

(initial, s) 

Time 

(rebound, s) 

Impulse 

(initial, 

MPa·s) 

Impulse 

(rebound, 

MPa·s) 

Air-affected 0.017 0.006 0.06 0.13 0.000513 0.0004 

Deck-connected 0.030 0.013 0.062 0.11 0.00093 0.00071 

Support-connected 0.045 0.016 0.063 0.12 0.00143 0.00097 

 

  

Fig. 19 Explosion pressure contour diagram with wave propagation 
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(a) (b) 

Fig. 20 The average peak pressure and impulse in each pressure phase at the modules 

(a) average peak pressure (b) average impulse 

 

Table 7. The consequence for risk elements of explosion wave in each module 

Module 

Types 

Risk elements from blast wave 

P1 (kPa) P2 (kPa) I1 (kpa·s) I2 (kpa·s) R1 (s) R2 (s) 

Module 1 14.12 9.25 0.63 0.92 0.045 0.099 

Module 2 12.08 9.12 0.07 0.94 0.058 0.107 

Module 3 24.34 13.15 0.09 1.13 0.037 0.087 

Module 4 23.16 12.47 0.087 1.09 0.041 0.088 

Module 5 21.19 12.21 0.092 1.18 0.040 0.099 

Module 6 35.27 14.01 0.102 1.16 0.028 0.085 
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Chapter 4 

Stepwise Explosion Risk Analysis for induced gas explosion event in FPSO facilities 

4.1 Introduction 

With demand for energy increasing, the offshore oil and gas industry is using more developed installations to 

be possible obtaining resources in more remote and dangerous region. These environments inevitably lead to 

more hazardous accidental events and engineering difficulties in using preventive design [122-127]. The 

FPSO structure, the representative facility in this field, has a multi-functional structural system. It does not 

need to include many external support components, and therefore allows oil and gases to be changed into 

forms more capable of being moved using manufacturing facilities of its own. To connect a series of systems 

on each module efficiently, many types of equipment and systems associated with the operational process are 

required, making the topside area of a FPSO facility very congested. Many flammable carbon materials 

remain due to the repeated manufacturing process. These operational conditions not only increase the 

potential for explosion accidents, but also aggravate the extent of system damage or mechanical structure 

damage by high pressure explosions. Ignition occurring on the FPSO process area could cause serious 

engineering problems with devastating effects. Workers could be killed or seriously injured and all system 

components could fail. Oil leakage due to breakage of storage tanks could also have catastrophic impacts on 

the ocean environment and marine ecosystems.  

To minimise latent hazards, FPSO structures should be designed taking into account the feasible risk cases of 

explosion incident and technical guidelines preventing from increasing these undesired issues. 

An explosion risk assessment (ERA) is very helpful in making risk-informed decisions to reduce undesired 

accidents. ERA is performed during the initial design stage as part of safety inspection and is done to lessen 

the acceptance level for risk elements as much as possible and to offer the numerical range of explosion 

pressure affecting to the structural damage of safety critical apparatus. Typically, technical reports are 

produced considering safety measures in order to offer design input parameters. The reports address the 

performance criteria and corresponding explosion design pressure influenced by overpressure and drag 

pressure [128-130]. Although many studies have explored ERA, there are still several unresolved issues. This 

chapter presents a practical method to evaluate the explosion design load considering the extent of peak 

pressure and duration time, in both the initial and rebound pressure stages, using probability distribution 

functions with correlation analysis, and compares it to conventional industry practices. 

 

4.2 Explosion risks assessment (ERA) general approach 

Explosion risk assessment follows the typical risk assessment principles. Since all the attention is 

concentrated on the explosion hazard, target issues are much more specific and some stages can be excluded. 

In the ERA process, the most important element is explosion risk identification. Based on the cause of the 

explosion, the influencing factors and their probability, the most dominant hazard elements are identified. As 
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mentioned earlier, these analyses can also be used in qualitative and quantitative approaches. Qualitative 

explosion risk description is expressed by words. It focuses on the definition of potential explosion 

circumstances, and the combined effect of likelihood and consequence for each event rather than numerical 

detailed analysis for outcomes. On the other hand, quantitative explosion risk assessment gives quantitative 

estimates of explosion risk considering the elements composing them [131, 132]. Each explosion risk output 

is computed based on specific scenarios with comparison analysis for explosion risk acceptance criteria. Both 

approaches are needed to identify high explosion risk areas and to manage the system efficiently.  

The research in this chapter is similar to a semi-quantitative concept. Explosion wave pressure is regarded as 

the most important aspect of analysis since it has a decisive influence on structural mechanical damage. In 

the worst circumstance including a higher gas leak rate and geometrical confinement, it can produce a more 

powerful explosion wave despite a similar extent of explosion. Thus explosion wave properties should be 

more clearly quantified to define the explosion risk level and acceptance criteria.  

A typical ERA model for an explosion event was summarised in Fig. 20. The first step is to define the targeted 

potential explosion event. The boundary condition for the target area should be described clearly considering 

interfaces with other installations. All the activities that could happen within the system and may directly have 

an effect on the potential explosion need to be listed. The next step is to assess the explosion risk factors 

which then determine the whole content of the ERA, since establishing the risk elements directly affects what 

data are analysed. Subsequent consequence and likelihood investigations are carried out based on the 

identified risk elements, and the explosion risk level is described through the analysis results. Once the 

explosion risk is computed by the earlier stage, the next step is to assess whether that risk is tolerable or not. 

If the explosion risk level is regarded as tolerable, then it is managed by the safety design discipline. Otherwise, 

risk reduction measures are needed. This research also followed this typical process, but the core contribution 

is the boxed area in Fig. 21. Most analysts pay more attention to the potential impact of an explosion incident 

on the environment, equipment assets and personnel rather than on an explosion’s immediate cause, while 

this research concentrates more on the root of an explosion which can have catastrophic impacts. 
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Fig. 21 The flowchart of explosion risk assessment model 

 

4.3 Explosion event and target area definition 

The targeted issue in this chapter is gas explosion shock waves which are likely to generate in the topside 

process module of an FPSO structure. Typically, the FPSO topside area is built with several modules for 

different purposes. Each module has many equipment and interface systems in order to perform gas 

compression, oil processing and storage and treatment tasks [133]. Many flammable gaseous materials can 

be produced during operations, and they are a potential risk for ignition and explosion. Once an explosion 

occurs, an explosion wave travels into the air, and then the surrounding structure components are exposed to 

the explosion wave impact load. This impact directly influences the physical damage of structure [134]. The 

level of impact loading exerted on the structure varies along with external and internal elements. External 

elements are the variables associated with the explosion source, such as ignition types and explosion material 

types, while internal factors are related to the structure itself, such as material properties and structural shape 

[135].  

 

4.4 Identifying risk elements 

4.4.1 Limit state concept risk estimation. 

After an explosion event, explosion pressure waves are produced which can directly influence, significantly 

or insignificantly, structural physical damage even at a distance. Due to the geometrical dependency on 

explosion pressure level, extensive parameter analysis for explosion waves based on applying detailed input 
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materials is needed to identify explosion wave risk elements. Unlike previous studies which only focused on 

initial peak pressure, this research designated risk factors more broadly. These key elements are the duration 

time, impulse and peak pressure in two opposite pressure phases as described in Fig. 22. The figure shows 

both original explosion pressure-time history and its idealised curve. All the explosion wave curves were 

transformed into this type, and then comparative analysis was performed on the risk aspect. It is remarkable 

that the area under the curve of each pressure phase is the same even though the pressure-time history was 

simplified as a triangular shaped loading condition. This means both of them are identical in terms of impulse 

which is represented by the integral of force with respect to time. There are three reasons for this simplification 

as follows. First, the original curves oscillate frequently, so it is hard to establish the target variables for 

identifying risk elements. Second, in setting a time step for finite element analysis, the oscillated loading 

curve requires a very fine segment at each step, which takes too much computational time. Third, by applying 

this idealisation based on reasonable assumptions, it is possible to compare and evaluate not only explosion 

wave properties but also their influence on the physical damage of the structure for all explosion pressure 

data on the same basis. 

The pressure-time history information is input data to assess the extent of an explosion event. It can be used 

as a loading condition to investigate the target model's response and damage pattern. Since the foremost 

purpose of present research is to extract the risk elements included in explosion wave and to evaluate their 

effect to structural stability in terms of physical damage, the application of advanced theories or technical 

aspects in structural analysis is not primarily focused in this study. The main task, therefore, is to classify the 

dominant factors in the explosion load time history, and then the extent of hazard for each variable is assessed 

using both qualitative and quantitative approaches. 

 

Fig. 22 Idealized explosion wave profile and the definition of its risk elements 
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4.4.2 Qualitative ERA 

In the qualitative explosion risk assessment of FPSO facility, both safety function and risk monitoring are 

required concurrently. Such a multi-functional structural system has a lot of components, installation, 

connection system for operation effectively [136]. Therefore, it has a host of possibilities of undesired event 

in several parts. As described in the qualitative ERA approach, first, the safety function and risk screening 

were considered simultaneously to establish the risk level of the target area. The reason for this multiple 

analysis is that FPSO facilities are normally managed using both guidelines. The safety function includes 

design philosophies and operation rules or maintenance issues to prevent explosion incidents. On the other 

hand, the potential risk screening task can be performed considering risk frequency and consequence.  

The objective of risk screening is to investigate which part is regarded as a low risk area for an explosion 

incident and whether or not it requires additional action for more detailed structural analysis [137]. Table 8 

lists the risk screening categories according to safety measures and maintenance guidelines. Not only are 

consequence and frequency classified based on the risk level, but the influence of safety installations as per 

each risk level has also been assessed. Meanwhile, the potential explosion hazard was separated using the risk 

matrix shown in Table 9. The high and low-risk area can be identified given the matrix. Low risk areas are 

definitely less complicated due to fewer installations and other components, so these areas can be unstaffed 

facilities with low intervention frequency by workers, which can then facilitate more focus on the relatively 

high risk areas.  

Fig. 23 indicates the explosion pressure contour when ignition occurs in the centre of the module. From this 

diagram, it is evident which areas should be prioritised to prevent an undesired explosion event, and it is also 

clear that the high risk area showing a high level of explosion pressure is around obstacles like the blast wall. 

On the other hand, weak pressure was measured in the less congested zone due to the secured space for 

escaping pressure waves. 
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Table 8. Risk screening index considering safety function 

Ⅰ. Risk level Description for consequence severity 

A Low 

• No loss of production and damage to equipment 

• Negligible 

B Moderate 

• Safety installation can cover most of area 

• Minor damage to equipment and/or facility 

C Major 

• Safety installation can cover some parts only, requiring significant preventative 

action 

• Serious loss of production 

D Critical • Urgent remedial action required 

Ⅱ. Risk level Description for likelihood or frequency 

1 
Almost 

Certain 

• Expected to occur in most circumstances 

• Safety installation for only human living areas. 

2 Likely 

• Probably occur in most circumstances 

• Safety installation covers critical potential area of FPSO structure 

3 Possible 

• Must occur at some time 

• Safety installation covers most of area of FPSO structure 

4 Unlikely 

• May occur at some time 

• Requiring medium level of maintenance and intervention  

5 Rare 

• May occur, but only under exceptional circumstances 

• Requiring high level of maintenance and intervention 
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Table 9. Risk matrix diagram for potential risk screening 

Likelihood or Frequency Consequence Severity 

Low Moderate Major Critical 

(A) (B) (C) (D) 

Almost Certain 1 High Extreme Extreme Extreme 

Likely 2 Moderate High Extreme Extreme 

Possible 3 Low High Extreme Extreme 

Unlikely 4 Low Moderate High Extreme 

Rare 5 Low Moderate High High 

 

 

Fig. 23 Explosion pressure contour according to wave propagation  

 

 

4.4.3 Quantitative risk assessment: As Low As Reasonably Practicable (ALARP) application 

In quantitative risk assessment, the ALARP concept is used as a hazard acceptance basis. The ALARP is a 

concept of quantitative risk expressing that undesired hazard should be made less to a certain level which is 

as low as reasonable practicable [138]. Whether certain risk is tolerable or not is generally judged based on 

the three regions described in Fig. 24. Each boundary is defined by target safety levels. In the upper 

“unacceptable region” the risk is regarded as being intolerable and further safety measures are required. In 

the lower “ALARP region” risk is regarded as being widely acceptable, so no further safety measures are 

needed. To determine this region for an explosion event, the overpressure versus frequency exceedance curve 

is typically used. In this curve, the risk level can be regarded as the ALARP region by considering Individual 
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Risk Per Annum (IRPA), which is a measure of the annual risk to an individual working on the facility. In 

general, the proper ALARP region range is from 10-5 to 10-4 per year in terms of IRPA. Based on this range, 

a reasonably practicable extent of overpressure is obtained numerically, and it is often used as the design 

strength of offshore structures. The last region is the “negligible region”, normally called the intermediate 

ALARP region. The risk included here is considered to be tolerable only if it is revealed to be ALARP, namely, 

if it is demonstrated that no further reliable reduction measures could be applied cost effectively.  

However, the principle of ALARP should not only be understood as simply a quantitative measure for the 

hazard, since it is also used for a practical judgement of the balance between potential risk and benefit in 

design aspects. Although it is a very useful tool to evaluate certain risks quantitatively, the mechanism of 

ALARP should not only be understood as merely a quantitative measure for potential hazard. The other 

important purpose is to judge the proper balance between potential hazard and design benefit [139-141]. 

However, in the typical ERA approach, the limitation of this principle is to only use the overpressure (initial 

peak pressure) as the measurement of the risk. Even though initial peak pressure is the main cause of structural 

physical damage in an explosion pressure wave, there are definitely other properties that could influence on 

the damage, like the rebound pressure phase. This approach is not a limit state concept, which should consider 

all factors related to the event. Therefore, the more in-depth analysis based on all explosion loading 

parameters should be implemented to fully understand the relevant risk of physical damage from explosion 

waves. 

 

Fig. 24 The application of ALARP principle; the overpressure versus exceedance frequency 
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4.5 Probabilistic analysis 

Many assumptions used in the explosion analysis procedures are required to determine the variation in the 

probabilistic analysis results. Even though probabilistic concepts are commonly used in the offshore oil and 

gas industry to evaluate accidental loads from explosion and fire, a firm instruction has not been established 

[142-144]. This section introduces several methods to study probabilistic issues of explosion wave properties. 

Based on probability theory, numerical distribution characteristics and correlation between each variable were 

investigated and explosion wave history was assessed by considering a pressure phase progressively with the 

event tree analysis technique. 

 

4.5.1 Probability distribution of explosion pressure parameters 

An explosion event is a complex phenomenon, since several variables with uncertainties should be considered. 

Explosion wave pressure, which is regarded as the most crucial risk factor here, varies according to the extent 

of explosion source energy and ignition condition. This means, in terms of the probabilistic approach, 

explosion wave properties could be considered as random variables affecting the intensity of an explosion. A 

random variable is defined as a variable which can be obtained by a random phenomenon, and the relevant 

factors mentioned earlier such as wind direction and speed or leak rate do not have any rule for their formation. 

Therefore, all factors associated with the explosion pressure profile are outcomes generated by random 

variables [145]. Thus, peak pressure, duration time and impulse of both the initial and rebound phases were 

used as random variables, and their probability distributions were analysed to understand the variability of 

numerical properties. Probability density functions (PDF) were computed using the entire explosion pressure 

data set. A PDF is generally used to describe the probability of random variables included in a particular range, 

as opposed to taking any one particular value [146]. Applying a PDF to the explosion pressure data set can 

be helpful in understanding the variation in established scenarios. Based on the numerical analysis results for 

explosion wave time history, each PDF was computed. The resulting median value and deviation of each data 

point are marked in the graph (Fig. 25 and 26).  

In addition, the coefficient of variation was computed to compare the probability distribution for each property. 

It means the ratio of the standard deviation to the average, and it can be used to compare the degree of variation 

from one data series to another type, even if the average values are completely different. The coefficient of 

variation (CV) for parameters in the initial pressure phase is 0.86, 0.7 and 0.85, respectively. For parameters 

in the rebound phase, the CV is 0.28, 0.32 and 0.34. They were relatively small compared to the initial phase 

because the scattering extent of initial peak pressure data was bigger than the rebound pressure group and 

even sensitive to explosion scenario factors mentioned in the previous chapter. As a result, in the initial peak 

pressure data group, all the distributions were close to the log-normal distribution type as shown in Fig. 25, 

while rebound peak pressure data showed a completely different style. Furthermore, Fig. 26 shows that only 

the peak pressure data set indicated a normal distribution, but for duration time and impulse in the rebound 
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phase, there was no clear relationship between the input data.  

Fig. 27 shows the reason for the relationship by indicating the relationship between peak pressure and the 

corresponding impulse properties. The duration time effect made an irregular distribution. While there is no 

clear linear relationship, it is evident that the initial pressure-impulse dependence was more linear than the 

rebound phase combination. Most data that have a higher initial peak pressure value have longer duration 

than the relatively small peak pressure group. However, this feature was not found in the rebound pressure 

phase data set. Hence, the distributions of the initial peak pressure and their impulse were similar, while the 

rebound wave properties were different for each factor. The results corresponding to each distribution are 

summarised in Table 10. 

(a) (b) 

(c) 

Fig. 25. Probability density function for parameters in positive pressure phase  (a) for the peak 

pressure, (b) for the impulse (c) for the duration time 
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(a) (b) 

(c) 

Fig. 26. Probability density function for parameters in positive pressure phase  (a) for the peak 

pressure, (b) for the impulse (c) for the duration time 

 

(a) (b) 

Fig. 27. Scatter diagram between peak pressure and impulse (a) initial peak pressure and impulse (b) 

rebound peak pressure and impulse 
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Table 10. Results for probability distribution of parameters in both pressure phases 

1) Probability distribution for parameters in positive phase 

Initial peak pressure Initial phase impulse Initial phase duration time 

P1ave. 

(kPa) 
σP1 C.V 

I1ave. 

(Pa·s) 
σI1 C.V 

T1ave. 

(ms) 
σT1 C.V 

21.53 18.58 0.86 834.1 584.15 0.7 118.38 101.18 0.85 

2) Probability distribution for parameters in negative phase 

Rebounded peak pressure Rebound phase impulse Rebound phase duration time 

P2ave. 

(kPa) 
σP2 C.V 

I2ave. 

(Pa·s) 
σI2 C.V 

T2ave. 

(ms) 
σT2 C.V 

11.48 3.2 0.28 1068.9 338.11 0.32 195.28 65.62 0.34 

 

 

4.5.2 Correlation coefficient analysis 

In the ERA, the general approach of correlation analysis for explosion wave load is to evaluate the relationship 

between peak pressure and its impulse. The explosion pressure-impulse diagram shows the three loading 

zones of impulsive, quasi-static and dynamic domain according to their duration time and peak pressure 

intensity [147-149]. The diagram is usually used to categorise the explosion wave loading type and to assess 

the structural damage as well as the human injury based on each loading condition [150]. But this 

classification considers only initial peak pressure and its impulse and it cannot be defined as short or long 

term based only on its digit comparison. In this study, long or short duration should be separated by 

considering the relative ratio between the natural period of the structure and the total duration time of applied 

loading. It is essential to investigate explosion pressure properties in detail before considering the structural 

eigenvalue. Pearson product-moment correlation coefficients were used to assess the extent of correlation 

between different explosion pressure profiles. The correlation coefficients were computed by the following 

equations. 

COV(X, Y) =
1

𝑛−1
∑ (𝑋𝑖 −

𝑛

𝑖=1
�̅�)(𝑌𝑖 − �̅�), (�̅� =

∑ 𝑋𝑖

𝑛
, �̅� =

∑ 𝑌𝑖

𝑛
) eq (4.1) 

𝜎𝑋
2 =

1

𝑛 − 1
{∑ 𝑋𝑖

2 −
(∑ 𝑋𝑖

𝑛
𝑖=1 )2

𝑛

𝑛

𝑖=1

} eq (4.2) 

𝜎𝑌
2 =

1

𝑛 − 1
{∑ 𝑌𝑖

2 −
(∑ 𝑌𝑖

𝑛
𝑖=1 )2

𝑛

𝑛

𝑖=1

} eq (4.3) 
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𝑟(𝑋, 𝑌) =
𝐶𝑜𝑣(𝑋, 𝑌)

𝜎𝑋 · 𝜎𝑌
=

𝑛 ∑ 𝑋𝑖𝑌𝑖 − ∑ 𝑋𝑖 ∑ 𝑌𝑖
𝑛
𝑖=1

𝑛
𝑖=1

𝑛
𝑖=1

√𝑛 ∑ 𝑋𝑖
2 − (∑ 𝑥𝑖

𝑛
𝑖=1 )

2𝑛
𝑖=1 · √𝑛 ∑ 𝑌𝑖

2 − (∑ 𝑌𝑖
𝑛
𝑖=1 )

2𝑛
𝑖=1

 
eq (4.4) 

Where COV (X, Y) is the covariance of X and Y, 𝜎𝑋  and 𝜎𝑌  mean the standard deviation of X and Y, 

respectively. Thus, the correlation between each factor is computed using those equations. If the correlation 

coefficient (r) is close to either +1 or-1, it means a positive or negative linear relationship. The correlation 

analysis results are summarised in Table 11. Each variable was defined as follows: 

 r(Pp, PR): correlation between initial peak pressure and rebounded peak pressure 

 r(Ip, IR): correlation between initial and rebound phase impulse  

 r(Tp, TR): correlation between duration times in each stage. 

The results showed all factors have a strong association, and this indicates that the initial phase has a 

significant effect on the following rebound phase. The higher initial peak pressure is more likely to produce 

stronger rebound pressure, and it is also the same in the relationship between the duration times of both stages. 

Typically, when designing the structure to have the potential risk for accidental impact load, the resonant 

frequency range should be ascertained to prevent the oscillation with larger amplitude when the loading is 

applied. Around resonant frequencies, even small accidental loads have the ability to produce large 

deformation due to the storage of vibrational energy. Also, the structural dynamic effect is totally dependent 

on the relationship between structural frequency and loading duration. If the natural period is shorter than the 

expected impact loading, the dynamic effect can be reduced by the effect of the rebound phase, but in the 

opposite case, the dynamic effect would be large. Therefore, it is important to determine the possible range 

of explosion impact loading duration. Since total duration time is determined by combining the two pressure 

phases, the correlation investigation of duration time is needed for resonance avoidance design. In addition, 

quantifying explosion pressure properties and predicting their correlation conservatively is necessary to 

estimate explosion risk and to have a practical use in the design stage. 

Table 11 The correlation coefficient analysis result 

Strength of Association Range (Positive) Coefficient, r Value 

Small .1 to .3 𝑟(𝑃𝑝, 𝑃𝑅) 0.458 

Medium .3 to .5 𝑟(𝐼𝑝, 𝐼𝑅) 0.798 

Large .5 to 1.0 𝑟(𝑇𝑝, 𝑇𝑅) 0.554 
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4.5.3 Event tree analysis 

Most damage criteria related to accidental explosion loads are based only on the intensity of initial peak 

pressure as described in Table 12 [151]. However, in the limit state design concept, all actions likely to occur 

should be considered together. The extensive investigation of numerical properties of explosion wave profiles 

identified that the rebound pressure phase also has a considerable proportion in them. Therefore, its influence 

on structural damage should be assessed. According to previous studies, the initial pressure phase can last for 

about 0.01–0.25s, and its counter phase is usually longer. The extent of damage could be significantly different 

according to the duration time even if the wave has the same amplitude. This section explores the types of 

explosion pressure profiles that could be more hazardous and investigates their probabilistic issue.  

In the two physical phases in an explosion pressure wave, structures experience different physical effects. 

Major deformation firstly occurs during the initial pressure phase, followed by the secondary effect of the 

rebound pressure phase. Although it appears each phase is independent, it is not long enough for structures to 

respond separately in each stage. However, it can be regarded as a sequence of events despite the short time 

from the risk assessment aspect. Event tree analysis (ETA), which is generally used to assess the outcomes of 

a certain system which has a probability of occurring after an initiating event, could be used. In the explosion 

wave travel, initial peak pressure is regarded as the initiating event, and then subsequent factors are produced 

in regular sequence. The ETA analysis result for the explosion pressure wave is summarised in Fig. 28. As 

the initiating event, the standard for initial peak pressure intensity was classified into three cases based on the 

criteria in Table 6. For the next event, rebound peak pressure was divided into two branches considering its 

normal distribution features. In normal distribution type, data converged into a mean value, so the data can 

be divided into less than or more than mean value. Finally, duration time is categorised in the same manner. 

Duration time can independently influence damage to structural members or installation systems to some 

extent regardless of the peak pressure intensity. The extent of structural damage or failure mode can vary 

according to the relationship between the natural period of structure and the total duration time of explosion 

wave. If the pressure waves have a similar time period to the targeted structure’s natural period, it can result 

in excessive vibration, which can cause very serious physical damage. This is the worst case scenario for 

equipment like reciprocating compressors. Therefore, the investigation for resonance frequencies is required 

to avoid this undesired event.  

It is noted that the ETA results have something in common with the correlation analysis result. The rebounded 

peak pressure is more likely to be less than its average if the initial peak value is less than or equal to the 

ALARP range. The explosion risk level, however, should not be determined based solely on this issue. 

Impulse property is also an important factor associated with structural physical damage and failure. If a 

relatively lower peak with a long period of time is applied to certain structures, it can cause a more hazardous 

situation than its counterpart scenario. The level of impulse for each case was used to evaluate the extent of 

explosion risk, as shown in Fig. 29. This criteria is changeable as it is analyst defined. If different scenarios 
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are used, it must be modified. The new finding is in the overlap area between ALARP and dangerous damage 

criteria. The negligible region could be acceptable, but it is difficult to clearly separate the ALARP and 

dangerous region, since there is overlap between them considering the total impulse range. Therefore, 

judgement of explosion risk criteria based only on the initial peak pressure is not enough. To be clearer, 

structure response analysis for the total impulse should be investigated. 

Table 12 The influence of peak overpressure 

Peak overpressure 

(MPa) 
Description of damage Criteria 

0.001 Crack in glass 
Negligible 

0.003 Shattering of glass 

0.01 Repairable damage to equipment and structural member ALARP 

Region 0.02 Minor damage to steel frame 

0.03 Major damage to equipment and structural member 
Dangerous 

0.17 Severely damaged or demolished 
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Fig. 28 Event tree analysis for explosion pressure considering both initial and rebound pressure phase 

parameters. 
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Fig. 29 Impulse range based on the peak pressure criteria 
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Chapter 5 

Structural Response analysis 

5.1 Introduction 

To analyse the structural response against accidental impact load which is dependent totally on time, several 

conceptual idealisations and simplifying assumptions based on physical systems are required. Three 

assumptions are about material, loading and geometrical conditions. Material assumptions mean 

simplification of material behaviour considering homogeneity or isotropy. The loading assumption considers 

the external force to be a periodic or simple type. Geometric assumptions point to simplification of target 

structures by unidirectional elements, and also assume that a continuous structure may be separated as a 

discrete model by specifying relevant information. The main objective of this chapter is to investigate what 

type of explosion loading can be more dangerous to structural physical damage. Appropriate assumptions and 

theories are taken into account and the extent of structural damage is identified in more detail by comparing 

it with the typical explosion loading-structural response analysis method. Lastly, the limitations of the typical 

approach are described. 

 

5.2 Analytical model 1: single and multi-degree of freedom system or target model 

Single and multi-degree of freedom systems are normally used to simplify complex structures to a simple 

type model. They can be conveniently described using four elements as shown in Fig. 30 and Table 13. By 

combining several springs and dampers, a multi-degree of freedom model can also be easily established. 

Models using the above four elements may provide a reasonable result on the structural response of the model 

itself, but only limited and inaccurate information on issues related to real structural behaviour. If specific 

values or exact descriptions for that response were the main focus, this approach would not be useful. 

However, this study is not focused on such a quantitative analysis, as it is more interested in the qualitative 

comparison analysis for response and deformation to distinguish the more severe type of explosion loading 

conditions in terms of the structure itself. Therefore, from a practical point of view, the result from this 

analytical model can be sufficient for satisfying the objectives and understanding the characteristics of 

structural dynamic behaviour as well as design and safety requirements.  

 

Fig. 30 Single and multi-degree of freedom models 
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Table 13 Four elements of single degree of freedom system 

Element 1 (mass, m) Mass and inertial characteristic 

Element 2 (external force, F(t)) Elastic restoring force and potential energy storage 

Element 3 (spring stiffness, k) Frictional characteristics and energy dissipation 

Element 4 (damping coefficient, c) Loading acting on the structural model 

 

5.2.1 Motion equation for analytical model 

The system motion can be expressed using D’Alembert’s principle which explains that a mass generates the 

force of inertia with its acceleration to oppose its motion, so that a system may be set in a dynamic equilibrium 

state (see Fig. 31). Through the sum of forces along the direction u, the second order differential equation can 

be obtained as follows [152]: 

𝑚�̈� + 𝑐�̇� + 𝑘𝑢 = 𝐹(𝑡) eq (5.1) 

Where F(t)=0 means that the response is free vibration caused by initial excitation. 

Assuming a solution u(t) = C𝑒𝑠𝑡 and substituting equation (1), we obtain: 

mC𝑠2𝑒𝑠𝑡 + 𝑐𝐶𝑠𝑒𝑠𝑡 + 𝑘𝐶𝑒𝑠𝑡 = 0 eq (5.2) 

 

After abbreviation of the common factor, 𝐶𝑒𝑠𝑡, the characteristic equation for the system is: 

m𝑠2 + 𝑐𝑠 + 𝑘 = 0 eq (5.3) 

 

By applying the quadratic formula, the roots of that equation can be obtained: 

𝑠1, 𝑠2 =
−𝑐 ± √𝑐2 − 4𝑚𝑘

2𝑚
  eq (5.4) 

 

Three cases may occur for the quantity under the radical. It may be zero, positive or negative.  

Case I. Critically-damped system (c=ccr) 

If a system oscillates with critical damping (c=ccr), equation (4) can be written as: 

𝑠1, 𝑠2 =
−𝑐𝑐𝑟 ± √𝑐𝑐𝑟

2 − 4𝑚𝑘

2𝑚
  eq (5.5) 
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The expression under the radical in the above equation is equal to zero: 

√𝑐𝑐𝑟
2 − 4𝑚𝑘

2𝑚
= 0, ∴ 𝑐𝑐𝑟 = 2√𝑚𝑘 = 2𝑚𝑤𝑛, ∵ (𝑤𝑛 = √

𝑘

𝑚
 ) ; 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

In a critically damped system, the roots are equal, that is: 

𝑠1, 𝑠2 =
−𝑐𝑐𝑟

2𝑚
  eq (5.6) 

Case II. Overdamped system (c>ccr) 

In this case, the damping coefficient is greater than the critical damping value, and the expression under the 

radical of equation (4) is positive. Therefore, there are two roots of equation (1), and consequently the solution 

is given as follows: 

u(t) = 𝐶1𝑒𝑠1𝑡 + 𝐶2𝑒𝑠2𝑡 eq (5.7) 

There is no oscillatory motion in the overdamped system. The extent of oscillations decays exponentially with 

time to zero. 

Case III. Underdamped system (c<ccr) 

The last case is when the damping coefficient is less than the critical value, so that the expression under the 

radical is negative. The solutions of the characteristic equation are as below: 

𝑠1, 𝑠2 =
−𝑐 ± 𝑖√4𝑚𝑘 − 𝑐2

2𝑚
 eq (5.8) 

Euler’s formula and Taylor series expansion can be applied: 

𝑒𝑖𝑥 = 𝑐𝑜𝑠 𝑥 + 𝑖𝑠𝑖𝑛 𝑥 

𝑒−𝑖𝑥 = 𝑐𝑜𝑠 𝑥 − 𝑖𝑠𝑖𝑛 𝑥 

eq (5.9) 

The general solution of the underdamped system can be derived by substituting the roots (s1 and s2) into 

equation (5) considering the above relationships. 

u(t) = (𝐶1
′𝑐𝑜𝑠 𝑤𝑑𝑡 + 𝐶2

′ 𝑠𝑖𝑛 𝑤𝑑𝑡)𝑒
−(

𝑐
2𝑚

)𝑡
 eq (5.10) 

Where 𝐶1
′  𝑎𝑛𝑑 𝐶2

′  are redefined constants of integration and 𝑤𝑑 is referred to as damped natural frequency, 

and is given by: 
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𝑤𝑑 = √
𝑘

𝑚
− (

𝑐

2𝑚
)2 eq (5.11) 

or  

𝑤𝑑 = 𝑤𝑛
√1 − 

2
 eq (5.12) 

Where  =
𝑐

𝑐𝑐𝑟
 points to the damping ratio of the system. 

Applying initial condition as u(t=0)=u0 and u(t = 0); 𝑢0 𝑎𝑛𝑑 �̇�(𝑡 = 0); �̇�0 into equation (8) gives: 

u(t) = (𝑢0cos 𝑤𝑑𝑡 +
𝑣0+𝑢0𝑤𝑛

𝑤𝑑
sin 𝑤𝑑𝑡) 𝑒

− 𝑡
 eq (5.13) 

 

Fig. 31 A system dynamic equilibrium state 

 

5.2.2 Validation for structural model: undamped system 

The present research of structural dynamic response with the analysis of a fundamental and simple type of 

system uses the undamped SDOF model because the energy dissipated is quite small in the case of an 

extremely short excitation like explosion pressure [153-155]. The damping ratio of a steel structure is also 

very small, about 2%, compared to other materials such as concrete, therefore the damping coefficient can be 

ignored. For validation, a series of response analyses were carried out as shown in Fig. 32. It compares results 

between the response of the damped and undamped SDOF models. The maximum value of Dynamic Load 

Factor (DLF) means the peak value of displacement divided by the static displacement. The figure shows 

there is only a small difference for the structural response by damping effect, so that it was ignored in this 

study and an undamped SDOF model was used for analysis. If the damping device is left out of the practical 

model, the model can be re-organised as below (see Fig. 33).  

Lateral stiffness (k) is obtained using equation (12): 

𝑘 =
3𝐸𝐼

𝐿3
 

eq (5.14) 

The motion equation of the undamped SDOF model can be expressed using the following equations: 
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𝑚�̈� + 𝑘𝑢 = 𝐹(𝑡) eq (5.15) 

The general solution of this differential equation can be obtained using the superposition of sine and cosine 

functions: 

𝑢 = 𝐴𝑐𝑜𝑠 𝑤𝑡 + 𝐵𝑠𝑖𝑛𝑤𝑡 eq (5.16) 

By differentiating the above equation with regard to time: 

�̇� = −𝐴𝑤𝑠𝑖𝑛 𝑤𝑡 + 𝐵𝑤𝑐𝑜𝑠 𝑤𝑡  eq (5.17) 

The constants of integration A and B are determined by the initial conditions of displacement and velocity. At 

time t=0: 

𝑢𝑡=0 = 𝐴,    𝑣𝑡=0 = 𝐵𝑤  eq (5.18) 

Substituting A and B into equation (14) gives: 

𝑢 = 𝑢0 cos 𝑤𝑡 + 
𝑣0

𝑤
sin 𝑤𝑡 

eq (5.19) 

This expression is a simple type function of the time variable t. Therefore, the response of the undamped 

system can be described using a single degree of freedom. 

 (a)  (b) 

Fig. 32 Comparison between the response of the damped and undamped model 
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Fig. 33 Undamped single degree of freedom model 

 

5.3 General equation for beam model 

The basic equation of beam theory is a differential equation of its behaviour, linking the function of external 

force, initial and boundary condition [156]. 

𝑚
𝑑2𝑢

𝑑𝑡2
+ 𝐸𝐼

𝑑4𝑢

𝑑𝑥4
+ 𝑃

𝑑2𝑢

𝑑𝑥2
= 𝑄(𝑥, 𝑡) 

eq (5.20) 

Where u(x,t) means the deflection, EI is the flexural stiffness, P and Q mean the compressive load and lateral 

excitation load, respectively. By assuming a uniform cross-section area, mass (m) and bending stiffness (EI) 

can be regarded as constant along the longitudinal direction. 

The free vibration of an undamped model in individual modes can be described mathematically as follows: 

𝑢(𝑥, 𝑡) = 𝜑𝑛(𝑥)𝑞𝑛(𝑡) eq (5.21) 

Where the deflected shape (𝜑𝑛) is not varied according to time. The time variation of the displacements (𝑞𝑛) 

is described as the sum of the complementary solution (𝑞𝑛
𝑐) and the particular solution (𝑞𝑛

𝑝
), that is: 

𝑞𝑛 = 𝑞𝑛
𝑐 + 𝑞𝑛

𝑝
 eq (5.22) 

This equation leads to the following formulation for deflection of the beam. 

𝑢 = 𝜑𝑛(𝑞𝑛
𝑐 + 𝑞𝑛

𝑝
) = 𝜑𝑛𝑞𝑛

𝑐 + 𝜑𝑛𝑞𝑛
𝑝

= 𝑢𝑐 + 𝑢𝑝 eq (5.23) 

Considering a deflection of the beam in the nth natural mode: 

𝑢𝑛(𝑡) = 𝑞𝑛(𝑡)𝜑𝑛 eq (5.24) 

The corresponding acceleration is:  
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�̈�𝑛(𝑡) = �̈�𝑛(𝑡)𝜑𝑛 eq (5.25) 

And the associated inertia forces are:  

𝑓𝑛 = −𝑚�̈�𝑛(𝑡) = −𝑚𝜑𝑛�̈�𝑛(𝑡) eq (5.26) 

By using a generalised single degree of freedom system, it can be formulated with work or energy principles. 

The virtual displacement theory can be used to describe the system’s equilibrium. In other words, the external 

virtual work (δ𝑤𝐸) is identical to internal virtual work (δ𝑤𝐼). The external virtual work for the forces 𝑓𝐼(𝑥, 𝑡) 

acting on the virtual displacements (δ𝑢(𝑥)) is: 

δ𝑊𝐸 = ∫ 𝑓𝐼(𝑥, 𝑡)𝛿𝑢(𝑥)𝑑𝑥
𝐿

0

 eq (5.27) 

The internal virtual work is due to bending moments 𝑀(𝑥, 𝑡) acting on the curvature (δ𝑘(𝑥)), and it can be 

described as follows: 

δ𝑊𝐼 = ∫ 𝑀(𝑥, 𝑡)𝛿𝑘(𝑥)𝑑𝑥
𝐿

0

 eq (5.28) 

Substituting 

𝑀(𝑥, 𝑡) = 𝐸𝐼(𝑥)𝑢′′(𝑥, 𝑡)     𝛿𝑘(𝑥) = 𝛿[𝑢′′(𝑥)]     eq (5.29) 

Therefore 

δ𝑊𝐼 = ∫ 𝐸𝐼(𝑥)𝑢′′(𝑥, 𝑡)𝛿[𝑢′′(𝑥)]𝑑𝑥
𝐿

0

   eq (5.30) 

These functions of virtual work can also be expressed in terms of the generalised coordinate z and shape 

function 𝜑(𝑥). From equation (2) we obtain: 

𝑢′′(𝑥, 𝑡) =  𝜑′′(𝑥)𝑧(𝑡)       �̈�(𝑥, 𝑡) = 𝜑(𝑥)�̈�(𝑡)     eq (5.31) 

Substituting the above equations in the external virtual work’s formula: 

δ𝑊𝐸 = −𝛿𝑧[�̈� ∫ 𝑚(𝑥)[𝜑(𝑥)]2𝑑𝑥 + �̈�𝑔(𝑡) ∫ 𝑚(𝑥)
𝐿

0

𝜑(𝑥)𝑑𝑥
𝐿

0

    eq (5.32) 

and also, 

δ𝑊𝐼 = 𝛿𝑧[𝑧 ∫ 𝐸𝐼(𝑥)[𝜑′′(𝑥)]2𝑑𝑥
𝐿

0
]     eq (5.33) 

Through the equilibrium for internal and external virtual work: 
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𝛿𝑧[�̃��̈� + �̃�𝑧 + �̃��̈�𝑔(𝑡)] = 0     eq (5.34) 

Where �̃� is the generalised mass, �̃� is the generalised stiffness, and �̃� is the generalised force. They are 

defined as: 

�̃� = ∫ 𝑚(𝑥)[𝜑(𝑥)]2𝑑𝑥
𝑙

0

 eq (5.35) 

�̃� = ∫ 𝐸𝐼(𝑥)[𝜑′′(𝑥)]2𝑑𝑥
𝑙

0

    eq (5.36) 

�̃� = ∫ 𝑚(𝑥)𝜑(𝑥)𝑑𝑥
𝑙

0

    eq (5.37) 

Equation (11) should be valid for every virtual displacement, therefore: 

�̃��̈� + �̃�𝑧 + �̃��̈�𝑔(𝑡) = 0,   �̃��̈� + �̃�𝑧 = −�̃��̈�𝑔(𝑡)    eq (5.38) 

 

This is the formula for the behaviour of the beam-column deflecting according to the shape function. By 

dividing �̃�, it gives: 

�̈� + 𝑤𝑛
2𝑧 = −Γ ̃ �̈�𝑔(𝑡)    eq (5.39) 

 

This equation is the same as the governing equation of the single degree of system, except for the following 

factor:  

Γ ̃ =
�̃�

�̃�
 eq (5.40) 

𝑊ℎ𝑒𝑟𝑒 𝜑(𝑥): shape function 

�̃�: Generalised mass 

�̃�: Generalised stiffness 

𝑝 ̃ (𝑡): Generalised force 

U(t): the function describing the displacement corresponding to the free end of the beam. 
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5.4 Amplitude-frequency relation of explosion wave load 

In an explosion, a great amount of energy is released in several forms like high temperature, fire, shock wave 

and gaseous materials. All of them are harmful for structures, but the explosion shock wave accompanying 

high pressure and large impulse is regarded as the most dangerous in an explosion. The explosion pressure, 

commonly called overpressure, is expressed relative to ambient pressure rather than an absolute value. In an 

offshore facility, structural failure may lead to environmental destruction, like the aftermath of the Deepwater 

Horizon accident. Therefore, a firm understanding of explosion wave load is required. This section analyses 

explosion load in a structural dynamic aspect rather than ERA aspect. Fig. 33 shows the distribution of 

amplitude and frequency for several load cases. The explosion wave clearly has a much higher amplitude than 

the other cases. Although wind load is also included in high amplitude in some cases, its frequency range is 

very small. Generally, higher amplitude has a more severe effect on structural damage or deformation. 

However, frequency is also an important factor in damage and deformation. Resonance is a good example 

related to frequency. Resonance is a phenomenon caused by an external force which can drive another 

structural system to oscillate with bigger amplitude at specific frequencies. This phenomenon normally occurs 

when the natural frequency of a structure is in accord with the external force duration. Under this condition, 

large amplitude oscillations can be generated despite small periodic force. As described in Fig. 34, explosion 

wave load has a large frequency range from low to very high frequency. Therefore, structural response 

analysis based on the extensive scope of the amplitude-frequency relation is required. 

 

Fig. 34 Comparison for amplitude-frequency relations of structural load cases   
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5.5 Contribution of amplitude based on pulse shape to dynamic load factor 

As mentioned above, the dominant factors of explosion loading are amplitude (overpressure) and its 

frequency (duration time). First, the influence of pressure on dynamic response was investigated. The pulse 

shape and the level of peak pressure should be considered together to discuss this issue. The influence of 

pulse shape on dynamic properties is shown in Fig. 35. It indicates the relation between maximum Dynamic 

Amplification factor (DAF) and pulse shape for different loading amplitudes. DAF is defined as the 

displacement at any time t divided by the static displacement (μ𝑠𝑡) which occurs by a force of magnitude F0 

[157]. As shown in Fig. 34, two different types of triangular pressure-time curve have been used. Each 

triangular pulse has the same duration and peak load, but the time to reach peak pressure is different. The 

bigger number next to the curve means a higher amplitude acted on the target. For the result in Fig. 35(a), the 

higher amplitude generates the larger dynamic effect and the bigger values of td/tn have a greater dynamic 

load factor. However, the other pulse, the symmetric triangular pulse in Fig. 35(b), shows a different pattern. 

Except for the highest amplitude case (F0/Rm=1.5), all of the cases fluctuated over the values of td/tn, and the 

range of fluctuation was larger in higher amplitudes.  

The boxed area is noteworthy in these results. This area means the smaller values of td/tn, that is, pulse duration 

is shorter than the natural period of the target. In this area, both cases clearly showed a similar pattern. But 

the other area, which has a longer duration than the natural period, showed a very different pattern. This is 

because the maximum deformation is influenced by the rapidity of the loading only if the pulse loading 

duration is longer than the structure’s natural period. Therefore, no matter how strong the peak pressure is, if 

its length is very short compared to the natural period, structural dynamic movement is never influenced by 

the loading shape.  

Fig. 36 gives an additional description of this result by showing the response spectra for three different load 

shapes: rectangular, half-cycle sine and triangular shapes,. Fig. 36(a) is the result for different shapes but the 

same amplitude, and Fig. 36(b) is the result for different amplitudes but the same area (impulse). Under the 

same amplitude, the rectangular-shaped load generated the largest deformation, since this loading case 

increased suddenly from zero to peak load (P0), that is, it has the most rapid rising time to peak load compared 

to the other shapes. The triangular-shaped load, however, is initially the slowest, so that it produces the 

smallest deformation. The response of the half-cycle sine load was in between the rectangular and triangular-

shaped loads. In Fig. 36(b), each load case has the same area in pressure-time history. Therefore, the 

rectangular-shaped load’s amplitude is P0/2, the amplitude of triangular load is P0, and the half-cycle sine load 

is (0.25π)P0. As described in the figure, in the range of short length load (td < tn/4), the maximum deformation 

is never influenced by the loading shape, but it is definitely dependent on the pressure-time curve’s area. 
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(a) 

(b) 

Fig. 35 Maximum dynamic load factor for the undamped SDOF model acted on by a triangular 

pulse (a) extremely increased types (b) normal increased types 

 

 
(a) 
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(b) 

Fig. 36 Maximum response for three different kinds of loads: 

(a) same amplitude (b) same area 

 

5.6 Contribution of higher frequency to dynamic response properties 

To investigate the influence of higher frequency load on structural response, the following analysis was 

carried out. By comparing loads with the Eigen frequency of the SDOF model, relatively higher frequency 

and lower frequency loads were considered. 

The Eigen frequency is calculated by: 

𝑓1 =
1

2𝜋𝑤1
 ;   𝑤1 = √

𝑘1

𝑚1
  eq (5.41) 

 

Where w1 is the angular natural frequency, and the corresponding period is then calculated: 

𝑇1 =
1

𝑓1
  eq (5.42) 

While the frequency of acted load was constant, the Eigen frequency of the SDOF model was controlled by 

changing mass. As a result, different values for the ratio between Eigen periods and loading duration time 

were derived as described in Table 14. By using this coefficient, each frequency mode can be classified and 

the influence of different frequencies on structural dynamic response can be understood. However, such 

modes are very different if the properties of rebound phase are taken into account. Table 15 shows the 

classification of loading cases acted upon the SDOF model including the rebound phase. Although 

eigenvalues and loading duration are different from earlier cases, the value of td/tn is the same. Therefore, it 
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is possible to investigate the influence of the rebound phase together with the effect of different frequency 

modes in the target model.  

Fig. 37 shows the results based only on the initial pressure phase. It indicates the dynamic response which 

can be expressed as total response divided by static displacement as a function of normalised time t/td for each 

case. It is clear that each case shows a different type of dynamic response. The case where the Eigen-period 

is the same as the loading duration (td/tn=1) showed the highest amplitude of dynamic property, and the farther 

away from this case, the lower the amplitude. The effect of higher frequency mode means that structural 

behaviour has enough time to react against the pulse, so that its highest value is observed within the pulse 

duration. On the other hand, for the lower frequency effect, its behaviour does not have enough time to reach 

peak amplitude. Therefore, in the range right after the arrival of pressure, the higher frequency mode’s 

influence on the structural behaviour is more significant compared to its counterpart. The contribution of the 

rebound pressure phase is also closely related to a high frequency mode.  

As described in Fig. 38, in the lower frequency modes which have a shorter period (tn) than the pressure 

duration (td), it also does not reach the highest amplitude in the short time (t<td). In addition, the peak values 

within the duration time were smaller compared to the same conditions focused only on the initial pressure 

phase. This means that the rebound phase overlaps with the prior pressure stage, so that its response looks as 

though the initial pressure phase is weakened. However, as for the other cases (with shorter than loading 

duration), the response was also generated in the opposite direction from the initial pressure stage because the 

displacement in the higher frequency mode has enough time to react in both the initial and rebound pressure 

phases. 

Table 14 Classification of loading frequency based on Eigen values of SDOF model (initial phase only) 

Case No. Eigen frequency (1/s) Eigen period (s) Duration time (s) td/tn 

1 3.2 0.312 0.078 0.25 

2 6.4 0.156 0.078 0.50 

3 12.8 0.078 0.078 1.0 

4 19.2 0.052 0.078 1.5 

5 25.6 0.039 0.078 2.0 

6 32.3 0.031 0.078 2.50 

7 38.5 0.026 0.078 3.0 
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Table 15 Classification of loading frequency based on Eigen values of SDOF model (inclusion of rebound 

phase) 

Case No. Eigen frequency (1/s) Eigen period (s) Duration time(s) td/tn 

1 1.67 0.599 0.15 0.25 

2 3.3 0.303 0.15 0.50 

3 6.7 0.150 0.15 1.0 

4 10 0.1 0.15 1.5 

5 13.4 0.075 0.15 2.0 

6 16.7 0.060 0.15 2.50 

7 20 0.050 0.15 3.0 

 

 

 

Fig. 37 Dynamic load factor (DLF) in function of normalized time (t/td) for the different loading frequency 

(Only positive phase) 
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Fig. 38 Dynamic load factor (DLF) in function of normalized time (t/td) for the different loading frequency 

(Including negative phase) 

5.7 Pressure-Impulse diagram 

This section presents a pressure-impulse diagram of the analytical model subjected to explosion loading. It is 

one of the tools for assessing the structural elements, which indicates the combinations of pressure and 

impulse that generate the same level of damage to a target structure under the specific loading profile. 

Therefore, the specified damage level can be recognised based on the combination of pressure and impulse. 

Fig. 38 compares two different pressure-impulse diagrams according to explosion loading condition. The left 

and below region in this diagram mean the damage would not be induced, but those regions on the right and 

above the curve indicate damage in excess of the allowable limit would be produced [158]. The actual level 

of damage depends on the characteristics of both loading profiles and structural type, and the pressure-impulse 

diagram established here is based on the SDOF model and a triangular-shaped explosion pressure-time history. 

For an undamped linear SDOF model under a symmetric triangular load with duration td, the functions of 

displacement are as follows: 

𝑢(𝑡) =
2𝑃0

𝐾
(

𝑡

𝑡𝑑
−

𝑡𝑛

2𝜋𝑡𝑑
𝑠𝑖𝑛2𝜋

𝑡

𝑡𝑛
)      0 ≤ 𝑡 ≤

𝑡𝑑

2
 eq (5.43) 

𝑢(𝑡) =
2𝑃0

𝐾
{1 −

𝑡

𝑡𝑑
+

𝑡𝑛

2𝜋𝑡𝑑
[2𝑠𝑖𝑛

2𝜋

𝑇𝑛
(𝑡 −

1

2
𝑡𝑑) − 𝑠𝑖𝑛2𝜋

𝑡

𝑡𝑛
]}     

𝑡𝑑

2
≤ 𝑡 ≤ 𝑡𝑑 eq (5.44) 
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𝑢(𝑡) =
2𝑃0

𝐾
{

𝑡𝑛

2𝜋𝑡𝑑
[2𝑠𝑖𝑛

2𝜋

𝑡𝑛
(𝑡 −

1

2
𝑡𝑑) − 𝑠𝑖𝑛

2𝜋

𝑡𝑛

(𝑡 − 𝑡𝑑) − 𝑠𝑖𝑛2𝜋
𝑡

𝑡𝑛
]}      𝑡 ≥ 𝑡𝑑 eq (5.45) 

where K is the spring stiffness, P0 is the peak load and tn is the Eigen-period of the SDOF model. 

In addition, the dimensionless force and impulse terms are defined as below: 

�̂� =
𝑃0/𝐾

𝑥𝑚𝑎𝑥
 eq (5.46) 

𝐼 =
𝐼

√𝐾𝑀 𝑥𝑚𝑎𝑥

 eq (5.47) 

The horizontal asymptote of the pressure-impulse diagram means the resistance of the target model for quasi-

static loads, and vertical asymptote indicates the resistance against the impulse of applied loads. Both 

asymptotes of the pressure-impulse curve can be obtained based on the principle of energy conservation. In 

the case of the impulsive asymptote, it can be assumed that due to inertia effects the initial total energy 

imparted to the system is in the form of kinetic energy only [159]. For the quasi-static loading regime, the 

load can be assumed to be constant before the maximum deformation is achieved. The derivation of it is as 

follows: 

𝐸𝑘(𝑡=0) =
𝐼2

2𝑀
 eq (5.48) 

𝐸𝑠 =
1

2
𝐾𝑢𝑚𝑎𝑥

2  eq (5.49) 

𝐸𝑤 = 𝑃0𝑢𝑚𝑎𝑥 eq (5.50) 

Quasi-static asymptote 

𝐸𝑤 = 𝐸𝑠,    𝑃0𝑢𝑚𝑎𝑥 =
1

2
𝐾𝑢𝑚𝑎𝑥

2      ∴  
𝑃0

𝐾𝑢𝑚𝑎𝑥
=

1

2
 

Impulsive asymptote 

𝐸𝑘 = 𝐸𝑠 ,    
𝐼2

2𝑀
=

1

2
𝐾𝑢𝑚𝑎𝑥

2      ∴  
𝐼

√𝐾𝑀𝑥𝑚𝑎𝑥

= 1 

Fig. 39 is the pressure-impulse diagram based on the mentioned points. It shows both asymptotes are equal 

to derivation. The diagram considering load time history with the rebound pressure phase is also shown. Based 

on the dynamic domain, each curve’s position changed. In the domain from impulsive to dynamic, the 

pressure-impulse curve with only the initial phase has the wider area above the curve, but around the quasi-

static area, the opposite effect occurred. It has the same meaning as the response analysis results where the 
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displacement amplitude is decreased by the inclusion of the rebound phase under the short duration time 

condition.   

 

Fig. 39 Pressure-impulse diagram for two types of triangular pressure-time history 

 

5.8 Finite element analysis  

5.8.1 Validation of FE model 

To further investigate the impulsive response of the beam model, a finite element analysis (FEA) was carried 

out using the ANSYS Workbench program. FEA normally has three stages: pre-processor, solution and post-

processor. In the pre-processor stage, input data should be defined in order to produce the factor that is used 

for computational analysis in the next phase, such as target model, geometrical shape, material properties, 

mesh information, loading and boundary conditions. The input data are used to determine the properties of 

each element and node by computing nodal force and displacement as well as generating element matrices 

based on the predefined input data set. Both stages are very important. There are many research articles 

focusing on these stages. For example, User-defined Material (UMAT) is a key issue because it can define 

the material mechanical behaviour using various material constitutive models even if it is not included in the 

commercial code of a finite element analysis program [160, 161].  

However, the main objective of the present study is not to develop the FEA technique, so commercial code in 

ANSYS software was used. Fig. 40 shows the main factors covered in the pre-processor stage. I-beam was 

modelled based on the standard specification for structural steel in ASTM A6/A6M-03 [162]. The dimensions 

of each part are described in Table 16. Material properties are standards for a steel structure and are 

summarised in Table 17. For plasticity properties, a bilinear isotropic hardening model was used, and tangent 
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modulus was calculated based on the recommendation for accidental load cases. In the DNV-RP-C204 

document [10], the critical strain and hardening parameters for several steel grades are proposed, and the 

relationship between the hardening parameter (H) and tangent modulus (Et) is as follows: 

H =
𝐸𝑡

𝐸
 ,   𝐸𝑡 = 𝐻 ∙ 𝐸 eq (5.51) 

The value of the tangent modulus was obtained by using the above equation. For the loading condition, the 

triangular-shaped load expressed as time-varying pressure acted upon the external flange of the beam, and the 

displacement of the mid-span area was measured along with each loading condition. To sum up, the I-beam 

model composed of structural steel with shell type elements was used to analyse the specific structural 

response considering explosion wave amplitude, frequencies, and the transition for the pressure phase.  

In the post-processor stage, the results data were processed and then shown in graphical form to check or 

compare each output data. 

 

Table 16. Dimension of I-beam’s cross-section 

Cross-section (I-section) Dimension (mm) 

 

w1 w2 w3 t1 t2 t3 

103 103 106 8.8 8.8 7.1 

 

Table 17. Material properties of FE-model 

Property Symbol Value Unit 

Density ρ 7850 kg/m3 

Young’s Modulus E 210000 MPa 

Poisson’s Ratio γ 0.3 - 

Yield Strength 𝜎𝑦 355 MPa 

Tangent Modulus 𝐸𝑡 714 MPa 
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Fig. 40 The detailed configuration for finite element I-beam model  

 

5.8.2 Linear analysis results: contribution of peak pressure and duration time 

For the purpose of a number of analyses on the dynamic structural response by explosion pressure, a variety 

of load amplitudes and frequencies were considered. First, in terms of linear behaviour, the finite element 

beam model’s motions were thoroughly analysed. The typical characteristic of an explosion load is a high 

amplitude and very short duration time. However, high and short do not mean the absolute value. High 

amplitude means overpressure relative to the ambient value, and short duration time indicates relative 

shortness compared to the natural period of the target model. Therefore, in the present study, the loading 

duration was classified into five cases comparing its length to the beam’s Eigen-period as described in Table 

18. The response was measured by dividing it into two areas: forced oscillation and free oscillation zone. 

Therefore, the beam was allowed to freely vibrate for a while even after the end of loading. The peak 

amplitude level used was in a reasonable range occurring during a gas explosion on an offshore platform 

[163]. To assess the influence of duration time on structural response, different lengths of duration were used 

with constant peak pressure (refer to Fig. 41).  

The results for these loading conditions are shown in Fig. 42. In the deflection-time curve, all responses 

showed the dynamic amplification, but its magnitude varied by loading duration times. Except for very short 

loading case, the maximum deflection values in all cases were much higher than the static solution by the 

inertial effects and dynamic amplification. To get an overview of the relationship between dynamic 

amplification and duration time, the Dynamic Amplification Factor (DAF) according to each duration time 

was plotted in Fig. 43(a). The peak value was measured when the loading duration was equal to the target 
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model’s Eigen-period, and based on this loading condition, if the duration was longer or shorter than it, the 

DAF decreased. Therefore critical duration time to structural failure varied according to the target’s period, 

and cannot be defined by quantitative aspects. The influence of peak overpressure on structural response, 

however, shows a perfectly linear relationship. As shown in Fig. 43(b), in all loading conditions, the DAF 

value increased with the higher overpressure.  

Table. 18 The five cases for relative length of explosion pressure  

Classification 
Relative length 

 (td/tn) 
Loading duration (td) 

Very short 0.1 0.0014s 

Slightly short 0.5 0.007s 

Eigenperiod 1 0.014s 

Long 5 0.07s 

Extremely long 10 0.14s 

 

Fig. 41 Applied loading conditions of different duration time with constant peak pressure   
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Fig. 42 Results for deflection-time curve 

(a) (b) 

Fig. 43 The variation of dynamic amplification factor according to explosion load properties (a) by 

duration time, (b) by peak pressure 

 

5.8.3 Linear analysis results: Contribution of the rebound pressure phase 

Another issue which needs to be carefully considered in explosion load properties is the influence of the 

rebound phase on structural behaviour. In the offshore industry and many related studies, the rebound phase 

is often overlooked in a widely used triangular form of loading condition even though its impulse and 

frequency considerably influence structural response [164, 165]. The present study investigates the influence 

of these pressure phase properties on the structural response. By comparing the results for different total 
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duration time relative to the target’s Eigen-period, the physical influence on the structure has been assessed 

in total length of loading as well as phase transition aspects. Two types of triangular-shaped loads were used. 

For the assumption method for these load profiles, first total duration was selected considering the target 

model’s period and it was divided into two main categories of shorter than the natural period and longer than 

the natural period. The reason for this separation is due to the time-dependent response, which means the 

response would be different based on whether loading duration is shorter or longer than the target’s natural 

period. One was shorter than the Eigen-period, and the other was longer than it. For the relation between each 

phase duration, reportedly, the rebound phase duration is known to be longer than the initial phase duration 

[166, 167]. Thus a 1.5 times longer rebound phase duration was selected compared to the initial phase. As a 

result, a triangular-shaped load was composed of initial and rebound phases. The initial peak pressure is 0.5 

MPa and duration time is 0.1s, followed by the rebound phase with less peak amplitude and longer duration 

compared to the earlier one as indicated in Fig. 44. Each peak pressure was equal, but total duration was 

different because this is the usual assumption associated with explosion load profiles in the industry or 

relevant research area [168, 169].  

Fig. 45 shows the deflection response for each loading condition. In Fig. 45(a), the loading duration was a 

quarter of the Eigen-period, so its free oscillation range was between 0.0035s and 0.1s. In addition, Fig. 45(b) 

indicates the response by the loading of duration 1.25 times longer than the natural period, and free 

oscillations which occurred between 0.0175s and 0.5s. According to the results, it is clear that a very different 

deflection pattern was measured. The quick convergence to initial condition after hitting peak point was 

measured in Fig. 45(b).  

For more detailed analysis, the variation of deflection amplitude was investigated. Each amplitude point was 

measured until arrival at the tenth peak value. A1, A3, A5, A7 and A9 mean peak deflection point in the initial 

loading direction, and the other values (A2, A4, A6, A8 and A10) indicate the rebound peak deflection points. 

Under the short loading condition, there is some fluctuation in each amplitude point over the time, but no 

unexpected results. However, the other case showed noteworthy behaviour, and it is described in Fig. 46. It 

indicates the normalised deflection value in each amplitude point. A1 and A2 are the maximum values in each 

zone, and these values gradually decreased over the time.  

It is also important to investigate separately the response characteristics based on oscillation stage of forced 

and free oscillation stages. The stages from A1 to A3 and from A2 to A4 are within the loading duration, that 

is forced oscillation stage, and all the other sections are included in the free oscillation stage. As described in 

Fig. 45, the largest decrease occurred in the forced vibration stage, and if the value (P2/P1) was bigger, the 

decrease was also larger. In other words, rebound pressure has a direct impact on the total response by 

decreasing the rebound displacement. The bigger the rebound phase’s ratio compared to the initial phase, the 

less rebound displacement occurred. Detailed values for each point are summarised in Table 19. 
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Fig. 44 The loading condition including negative phase (different impulse) 

 (a) 
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 (b) 

Fig. 45 Deflection of FE beam model according to different ratio of rebound pressure to positive 

pressure: (a) shorter than Eigen-period (td/tn=0.25), (b) longer than Eigen-period (td/tn=1.25) 

 (a) 
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 (b) 

Fig. 46 Normalized deflection of FE beam model according to different ratio of rebound pressure to 

initial pressure: (a) initial defection zone, (b) rebound deflection zone 

 

Table 19 Summary of peak deflection points 

 Initial deflection zone Rebound deflection zone 

Variation of deflection (%) Variation of deflection (%) 

A1→A3 A3→A5 A5→A7 A7→A9 A2→A4 A4→A6 A6→A8 A8→A10 

Case 1 -1.4 +6.7 -2.6 +0.3 - -3.9 +5.8 -5.4 

Case 2 +18.6 -3.0 +4.2 -4.7 +7.6 -3.5 +0.05 +1.9 

Case 3 +78.5 -0.4 -1.3 +2.2 -4.5 +3.6 -1.7 +0.6 

Case 4 -25.3 -6.5 -8.5 -8.7 -35.1 -11.3 -11.6 -11.8 

Case 5 -34.7 -5.1 -9.1 -9.7 -54.3 -6.5 -6.3 -6.8 

Case 6 -49.7 -5.1 -6.3 -6.7 -59.1 -9.1 -9.2 -9.2 

 

5.8.4 Nonlinear analysis results 

Nonlinear finite element analyses were carried out to examine more specifically the overall structural response 

of a steel beam model in possible explosion loading conditions. The bilinear isotropic hardening model was 

used to model the plasticity in the analysis. This section investigates the nonlinear properties such as 

permanent displacement and plastic strain by core elements in explosion wave loading profiles. For the 

applied loading condition, first, it was set up as described in Fig. 47. In this analysis, the same impulse but 

different types of loading were used. While the duration time was a constant value, each peak pressure was 
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controlled with the same assumption. In all cases, the duration time of the rebound pressure phase was two 

times longer than the initial phase, but the rebound peak pressure was a fifth of the initial peak pressure.  

Based on this assumption, a series of finite element analyses were performed. Fig. 48 shows the result for 

deflection of the mid-span over the time according to the existence of rebound pressure and the comparison 

results for the permanent deflections. These figures show that the plastic responses start to oscillate around a 

permanent deformation in each condition, and the oscillation amplitude was lower along with the higher peak 

pressure. This means the higher initial peak pressure produces an initial deformation similar to the permanent 

value. Therefore, it can be said that permanent deformation is more dependent on the level of peak pressure 

than the duration time length.  

Fig. 49 shows the plastic strain contour results according to each loading condition. Under the equal rebound 

phase, initial peak pressure was divided into two cases of 1.5 times and 3 times higher peak pressure. For the 

purpose of comparison, only initial phase load cases were also controlled in the same manner. As described 

in the figure, the most severe plastic deformation occurred at the fixed support-section of the beam, and the 

higher plastic strain value was measured in the higher initial peak pressure. But, the extent of plastic 

deformation decreased if the rebound phase was considered. As a result, the explosion loading case involving 

the rebound pressure phase reduced the permanent displacement and plastic strain value. This is because the 

rebound phase acted like a superposition effect, rather than applying individually followed by the initial phase, 

since the total duration of explosion load is extremely short unlike the other impact cases such as seismic or 

wind loads. Therefore, it can be concluded that the influence of rebound pressure is to somewhat reduce the 

damage of the initial peak pressure. 

 

Fig. 47 The loading condition with equal impulse 
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(a) (b) 

(c) 

Fig. 48 Comparison of permanent deflection under two types of loads 

 

 

Fig. 49 Comparison of plastic strain contour under two types of loads 
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5.9 Application 

Advanced computational methods provide a many opportunity for the realistic assessment of the structural 

response subjected to accidental load case that could be induced by unintended events during the operation, 

installation or decommission tasks. The main purpose of assessment for the accidental loadings is to 

understand the extent of potential initial damage and to prevent the similar accident in the future. Among 

these load cases, explosion wave load was key interest in this study. The explosion event begins with 

accidental release of flammable materials into the environment followed by an ignition source, and then the 

great amount of energy is given off, so that the structure is ended up in dangerous situation. There are several 

detrimental factors to structural stability, and explosion wave pressure is normally regarded as the most 

dominant factor to structural mechanical damage. This study is extensively dealing with gas explosion 

phenomenon from its numerical implementation to structural response analysis, and research techniques and 

approaches for explosion analysis using in this study could be practically applied in several sectors as 

summarized below. 

5.9.1 FLACS output monitoring tool 

The developed VBA code in this study can be used to classify and investigate the numerical information of 

explosion wave profiles. The pressure time history files are produced as an output data of FLACS software, 

and it could be an enormous amount of data according to the user defined variables. The explosion scenarios 

are usually established considering ignition information, geometry and operation conditions, so that many 

types of explosion event could be realized in simulation. The VBA code in this study can numerically analyze 

the simulation results regardless of input properties. Once explosion pressure-time data is acquired through 

the FLACS, each file can be edited as VBA code input files, and then it brings the numerical information of 

each file and compares these properties based on scenarios and data types. In addition, real wave shape can 

be transformed as linear triangular model based on equivalent impulse, so that it also can be used as explosion 

design load input data in structural analysis. Lastly, the peak pressure and duration time of each data and the 

graphical characteristic can be monitored using this code. Therefore, it can effectively manage and calculate 

the design numerical value in relevant future analysis. 

5.9.2 Explosion risk criteria 

In typical Explosion Risk Assessment (ERA), the risk criteria has been usually established based solely on an 

overpressure. However, not only overpressure level but also its duration time can influence on the structural 

dynamic response, so total impulse properties should be used to determine the guideline of tolerance level for 

explosion potential risk. The explosion impulse could be characterized by a time-varying overpressure and 

its duration, and the interaction of that impulse and structures is the main cause for partial or global structural 

failure. The explosion wave is time-dependent load, so its influence on physical behaviour of structures is 

totally different from static load cases. Therefore, the structures exposed to explosion risk should be designed 
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to withstand a few possible explosion accidental cases. As described in this study, it was revealed that the 

widely adopted triangular explosion design load brought more damage about 1.2 times more on the structure 

compared to the proposed design load considering both initial and rebound pressure phases even though the 

amount of impulse was exactly same. This is because structural response is very sensitive to the frequency 

domains and the amplitude of explosion load. Therefore, it is proposed to use a design explosion load 

representing the non-stationary characteristics of real explosion pressure waves to establish explosion risk 

criteria through this study. 

5.9.3 Gas explosion design load 

In typical explosion design, it is a usual approach to disregard the rebound pressure phase. The structural 

analysis results in this thesis, however, showed the significance of rebound pressure properties on structural 

damage and deformation. Based on the energy equivalent method, the gas explosion pressure wave profiles 

could be simplified as a triangular waveform composed of initial and rebound peak pressure (Pmax, Pmin), 

impulses (Ip, In) and their duration time (Dp, Dn). The initial pressure phase is the expansion stage, and the 

burning gas expands and pushes gas outward toward the vent. Excess burnt gas is removed in the combustion 

process, and the temperature of the remaining burnt gas decreases rapidly and shrinks. That is the reason for 

the generation of rebound pressure phases, which causes a flow to move in the opposite direction. In addition, 

the target model response can continuously oscillated between these expansions and shrinkages for some time. 

However, it was damped quickly, so the initial expansion and shrinkage are more important than the 

oscillation characteristic. That’s why the oscillatory effect of real explosion wave was not considered in this 

study; only the linear shape of the pressure-time curve was used to analyze the structural dynamic response 

pattern.   

5.9.4 Structural dynamic analysis 

The present study proposed a realistic assessment and practical application of the structural analysis technique 

that enables the explosion pressure wave histories to be defined in the highly congested area bounded by 

several components without being overly conservative. Moreover, this study found that the rebound pressure 

phase and frequency domain of an explosion wave are considerably influencing structural damage and 

deformation even though these properties are normally ignored in a widely used explosion design load form.   

This study has arranged structural dynamic response pattern very detailed considering the relationship 

between structure's natural frequency and duration time including total impulse. Therefore, these results can 

be the guideline for the structural analyses subjected to such an impact load. For example, it is possible to 

predict roughly damage levels of target structures if the natural frequency of them and expected pulse time 

are known, and the specific level can be identified based on the pressure-impulse diagram proposed in this 

thesis. 
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Chapter 6 

Research highlights and discussion  

There are many factors causing considerable overestimation in structural response during the typical 

procedure of probabilistic explosion risk assessment (ERA) in the oil and gas industries. Generally, the typical 

triangular shaped explosion design load file is using initial peak overpressure and impulse which is widely 

adopted in TNT explosion responses. However, this research found that gas explosion occurred in very 

complicated area generates considerable rebound pressure waves unlike TNT explosion. To investigate the 

effect of this rebound pressure phases, in this study, we performed a series of structural damage analysis 

considering existing calculation and proposed method, and even compared the risk analysis results. As a result, 

it was found that overpressure loads only considering initial pressure phase are excessively overestimated in 

some cases and thus structural damage criteria is also established excessively more than necessary. It is the 

best to be conservative in design for safety, but it should be reasonably conservative taking economy into 

consideration. The main findings of this thesis are summarized as follows:   

6.1 Findings in gas explosion analysis 

The objective of gas explosion analysis was to examine the entire process of explosion computational analysis 

and investigate the numerical distribution of explosion pressure properties. To conduct the extensive gas 

explosion pressure data analysis, an exclusive user defined program for an explosion pressure data set 

acquired from CFD analysis was used. Several analyses revealed which factors can lead to more dangerous 

situations in explosion waves, and the significance of rebound pressure was confirmed. The following results 

can be drawn from this chapter. 

 The shape of the explosion wave pressure-time curve was dependent on several factors such as explosive 

source, geometric conditions, structural shapes, obstacle types and congestion level. Most instances of 

higher pressure were measured near a blast wall.   

 Congestion level had a significant impact. Higher initial peak pressure was produced by more congested 

geometry conditions, so it is important to retain open terrain to prevent higher explosive impact being 

generated in the design stage or layout procedure. 

 From the comparative analysis for initial peak pressure and rebound peak pressure, the initial peak 

pressure has a relatively larger variation compared to the rebound peak pressure, and in some cases, its 

level was similar to rebound pressure.  

 The features of explosion wave properties in different groups on the blast wall were examined by 

analysing the CFD results at each position on the blast wall. The intensity of explosion pressure was 

higher at the bottom of the wall than at the top section because of reflections of pressure waves in the 

enclosed space.  
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6.2 Findings in explosion risk analysis 

The main purpose of risk analysis for gas explosion events in topside platform was to establish an ERA taking 

into account potential risk elements with the limit state concept. A number of factors related to uncertainties 

in explosion risk estimation have been identified. In typical ERA, the main issue is solely the maximum 

explosion pressure in the initial phase. Hence, each section in the FPSO structure is usually simply determined 

as a high or low risk facility based on whether the induced initial peak pressure is bigger than the design load. 

However, the criteria could be different if rebound pressure properties are taken into account. This issue 

should be checked by investigating the interaction between structural response and these properties as covered 

in Chapter 5. In summary, chapter 4 categorised the risk assessment for gas explosion using both quantitative 

and qualitative approaches as well as probabilistic analysis for explosion pressure properties. The primary 

results are listed as follows.    

 Qualitative analysis for explosion risk elements was performed with a risk screening process considering 

safety function and maintenance doctrine, and the risk level in the consequence severity and likelihood 

was categorised reflecting the safety function. The congestion level can directly influence the potential 

explosion risk through the explosion pressure contour analysis. 

 In the quantitative risk assessment for an explosion event, the risk acceptance criteria were described 

based on the application of ALARP.  

 The risk screening for the explosion wave data set showed that the risk elements from the explosion wave 

profile could be divided into peak pressure, impulse and duration. Their properties were thoroughly 

investigated considering possible explosion circumstances. 

 The probability distribution for chosen factors from the explosion wave profile was investigated. It was 

found that the distribution type of positive and negative phase factors is completely different. The 

relationship between peak pressure and its impulse was also studied. There is no obvious linear 

relationship, but positive pressure and impulse are closer to a linear relationship compared to its 

counterpart. 

 The correlation analysis between the explosion wave profile factors found a positive linear relationship 

among all of the parameters. 

 Risk criteria based solely on the positive peak pressure can be inaccurate. For more accurate assessment 

of explosion risk criteria, other factors should be considered such as peak pressure in each phase with 

duration time. 

 

6.3 Findings in structural response analysis  

This chapter analysed the influence of explosion pressure impact load on structural response and damage. 

Two different types of structural models were used, and dynamic response features were compared by 

considering all of the properties and both pressure phases as well as reasonable frequencies related to 
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explosion load cases. In addition, different pulse shapes based on varied loading rate were used to analyse the 

influence on the dynamic properties of the structural components. These analyses revealed which factors have 

a greater influence on structural response. Pressure-impulse diagrams of the analytical model were also used. 

By indicating the specified damage level based on the combination of explosion pressure and impulse, the 

pressure-impulse diagrams can assess whether explosion loading damage is in the excess state of allowable 

limit or not. Lastly, the features of structural response in the presence or absence of the rebound pressure 

phase were examined based on linear and nonlinear analysis results and the effect of rebound pressure on the 

structure was described. The primary outcomes of this chapter are summarised. 

 Based on the dynamic amplification factor, the influence of explosion loading types on dynamic 

properties was investigated. As a result, the extent of structural behaviour and damage was more 

influenced by the initial peak pressure intensity than by the rebound pressure. The higher amplitude of 

initial peak pressure produced the larger dynamic effect on the structure. 

 Maximum displacement was dependent on the rapidity of the loading only if the explosion loading 

duration time was longer than the target’s natural period, and it means that the structural dynamic response 

does not rely on the shape of loading if its duration is much shorter than the natural period of the target 

structure. 

 The pressure-impulse diagram was drawn depending on whether the rebound pressure phase was involved 

or not. By comparing the two types of pressure-impulse diagrams, the specific damage level and different 

dynamic domains were identified. 

 The structural dynamic response state was influenced more by the rebound pressure intensity, and rebound 

pressure played a role in decreasing displacement as well as the plastic deformation extent as it overlapped 

with the initial pressure phase.  

 In structural design procedures for explosion pressure, rebound pressure is normally ignored for a time-

effective method and conservative design. Even though it can be a safer approach, it can also lead to over-

exaggerated properties in design factors. 

 For duration time effect, the relativity of the structural natural period and explosion loading duration is 

much more important rather than the absolute value. This is because explosion loading has a large number 

of frequencies and the natural period range can also be wide depending on the component’s material 

properties. 

 

6.4 Future research directions 

In spite of many time and effort for this research, there are still several issues need to be studied more. With 

other properties such as fire, drop object or collision, not only explosion computational simulation but also 

structural analysis can be more extensive in collecting relevant data set. Further study can be proposed as 

follows. 
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First, there are several uncertainties even though explosion scenarios involving many relevant parameters 

were considered. Although, proper methodologies for explosion risk and structural analysis have been applied 

to a target model, the findings and results in this study would be partially used if the selected model is newly 

designed. In addition, this study treated the gas release condition in offshore facility with idealized assumption. 

More practical conditions of actual hydrocarbon release are required. Thus further research will cover the 

establishment of a detailed confidence level category according to real conditions for gas release risk 

assessment to provide a more reliable and effective methodology. 

Second, the analyses for structural response subjected to explosion loadings in this thesis were carried out 

using commercial code in ANSYS software, so simplified nonlinear material properties were used in finite 

element analysis. For more accurate verification, user defined material model which can describe plastic 

behavior more detailed could be developed, and this knowledge would also be extended to investigate other 

materials nonlinearity. Since this study only considered explosion pressure loading, other loading types such 

as thermal load by fire, impact by drop object, etc. could be used to analyze potential risk in offshore facilities. 

Third, explosion risk analysis requires high level accuracy and practical experience. An explosion event in 

offshore facilities is very complicated and a lot of parameters are related to the consequence of an explosion. 

Although CFD method is very useful in this field, it is not fully developed. Thus experimental verification is 

required in such an analysis. Large scale explosion test is almost impossible due to many safety issues, but 

the development of lab scale tests or experimental apparatus are needed for reasonable application of the 

results and more practical explosion risk analysis. 
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