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Abstract 
Natural gas (NG) is one of the widely used domestic fuels in most of the countries, and because of 
economical and environmental advantages, its consumption is continuously increasing. As a result, 
complex piping systems are being installed to transport and distribute the gas for end users. Pipe-
lines carrying NG are a significant source of hazard for their adjacent society. The risk of this ha-
zard could be high especially in distribution network and urban areas where the population den-
sity is high. The common causes of accident in NG distribution network are: third party interfe-
rence, corrosion, fatigue, stress corrosion cracking (SCC), etc. Accident in network leads to leakage 
and release of NG and consequent injuries and losses. To prevent these adverse outcomes, the risks 
should be identified and assessed carefully, so that they can be controlled and managed properly. In 
this work, risk assessment of NG distribution pipelines was surveyed and quantitative methods 
were recommended for assessing the individual and societal risks of distribution network. 
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1. Introduction 
Natural gas (NG) is one of the most widely used domestic fuels in most of the countries, and its consumption is 
continuously increasing. As a result, complex piping systems are being installed to transport and distribute the 
gas for end users. Pipeline networks are mostly installed in urban zones, i.e. in highly populated areas. Therefore, 

 

 

*Corresponding author. 

http://www.scirp.org/journal/ojsst
http://dx.doi.org/10.4236/ojsst.2014.41008
http://dx.doi.org/10.4236/ojsst.2014.41008
http://www.scirp.org
mailto:emhrzad@yahoo.com
http://creativecommons.org/licenses/by/4.0/


P. Amir-Heidari et al. 
 

 
60 

accidental gas releases can cause significant environmental damages, economical losses and injury to the popu-
lation [1]. 

Although gas piping systems are mostly installed underground, they are often damaged by various activities. 
The leakage of NG can lead to different scenarios and outcomes. The most common consequence of NG pipe-
line accidents is fire and explosion. NG pipelines are divided into three main categories [2] (Figure 1). 

a) Gathering pipelines: that transport gas from a current production facility to a transmission line or main. 
Plainly speaking, gathering lines are those pipelines that are used to transport NG from the production site 
(wellhead) to a central collection point. They generally operate at relatively low pressures and flow, and are 
smaller in diameter than transmission lines. 

b) Transmission pipelines: These pipelines are used to transport NG from their respective gathering systems 
to refining, processing or storage facilities. Transmission pipelines also transport refined NG to customers, for 
use or for further distribution. Transmission pipelines are constructed from steel pipe and can range in size from 
several inches to several feet in diameter.  

c) Distribution pipelines: Local distribution companies own and operate NG distribution pipelines. They re-
ceive NG from transmission pipelines and distribute it to commercial and residential end-users. Distribution 
pipelines are generally smaller in diameter than gas transmission pipelines and operate at reduced pressures (e.g. 
60 psi). Many gas distribution pipelines are made of plastic pipe rather than steel. 

NG pipelines failures are potentially hazardous events especially in urban areas and near roads. Therefore, 
people around the pipeline routes are subject to significant risk from pipeline failure. The hazard distance asso-
ciated with the pipeline ranges from under 20 m for a smaller pipeline at lower pressure, up to over 300 m for a 
larger one at higher pressure [3]. 

2. Risks of NG Distribution Network 
Risk is defined as a measure of the probability and severity of adverse effects [4]. Recently, risk analysis has al-
ready been extensively applied in safety science, environmental science, economics, sociology, etc. It aims at 
finding out the potential accidents, analysis on the causes as well as the improvements to reduce the risk [5]. 

Statistical data show that the number of serious incidents of the gas distribution pipelines is relatively high, 
compared with that of gathering and transmission pipelines, and almost 80 percent of total accidents of the pipe-
lines is related to gas distribution network (Figure 2). So the frequency of NG distribution pipeline accidents is 
relatively high. 

 

 
Figure 1. NG from wellhead to consumption [2].                                              
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Figure 2. Comparison between the number of serious incidents of gas distribution pipelines 
and gathering and transmission pipelines [6].                                          

 
At the other hand, number of the people living in the vicinity of these pipelines is considerably high compared 

with other types of pipelines, and this will increase the severity of gas distribution pipeline accidents. High fre-
quency and high severity of consequences will raise the level of the risk. Therefore comprehensive, accurate and 
quantitative assessment of the risks will be necessary to determine the safe distances, prevent the accidents, and 
provide proper emergency responses. 

Risk assessment is an essential and systematic process for assessing the impact, occurrence, and the conse-
quences of human activities on systems with hazardous characteristics [7]. Risk may be assessed qualitatively or 
quantitatively. Both of these methods are useful, but the quantitative method is highly recommended to assess 
the risks of the NG distribution network. However, some specialists prefer to use hybrid or semi-quantitative 
techniques. 

In quantitative method both individual risks (IR) and societal risks (SR) should be taken into consideration. 
Individual risk transects quantitatively express the likelihood at various distances from the pipeline that an indi-
vidual could sustain a fatal injury or dangerous dose as a result of an accidental release from the pipeline. The 
individual risk is represented as a transect perpendicular to the axis of the pipeline. Risk transects have been 
calculated for individual risk of fatality and individual risk of dangerous dose or greater for each pipeline in the 
study [8]. 

In the case of societal risk, F-N curves quantitatively express societal risk as the probability of N or more fa-
talities as a result of an accidental release from the pipeline [8]. 

Individual risk is calculated by multiplying the probability of pipeline failure (φ) by death probability (P), re-
sulted from pipe failure, in a specific location of the pipeline. We can realize that societal risk is more important 
than individual risk, since having the societal risk we will be able to calculate the number of fatalities that will 
result from accident in a pipeline with a probability of failure of φ. 

The calculation of risk requires the combination of the probability of a hazardous event occurring and the 
consequence of that event causing a fatality. The probability and consequences of pipeline failure have been 
combined to develop individual risk transects and societal risk F-N curves [8]. 

The failure of NG pipelines may occur due to natural or man-made disasters such as earthquake, hurricane, 
sabotage, overpressure, flood, corrosion, or fatigue failures. The failure rate is also influenced by design factors, 
construction conditions, maintenance policy, technology usage and environmental factors [9]. 

External interference, corrosion, mechanical and material failure, ground movement, and error in Hot tap op-
eration are the main known causes of NG pipeline accidents and consequent losses (Figure 3). 
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Figure 3. Main causes of NG pipeline accidents by frequencies, 2008 [10].                 

3. Results and Discussion 
3.1. Quantitative Risk Assessment of NG Distribution Network 
Risk analysis and assessment (RAA) techniques are classified into three main categories: (a) the qualitative 
techniques, such as: HAZOP1 and What-if analysis (b) the quantitative techniques, and (c) the hybrid techniques 
(semi-quantitative) such as FTA2 and ETA3. The qualitative techniques are based both on analytical estimation 
processes, and on the safety managers/engineers ability. Also the hybrid techniques, present a great complexity 
due to their ad hoc character that prevents a wide spreading. However in quantitative techniques, the risk can be 
considered as a quantity, which can be estimated and expressed by a mathematical relation, under the help of 
real accident’s data recorded in a work site [11] [12]. Therefore in quantitative risk assessment techniques we 
deal with some empirical and mathematical relations and also with the historical data of accidents. 

Quantitative risk assessment combines three key ideas [13]: 
1. The chance of something going wrong, 
2. The consequences if it does, and 
3. The context within which the situation is set. 
The most common methods of quantitative risk assessment are: PRAT4 technique [14], DMRA5 technique [15], 

Risk measures of societal risk, QRA6 techniques, QADS7, CREA8 method [16], PEA9 method, and WRA [17]. 

3.1.1. Probability of Failure in the NG Pipelines 
Usually historical data are used to determine the probability of pipeline failure [18]. The failure probability of 
various segments of a pipeline may be completely different. The failure rate of a pipeline varies significantly 
with design factors, construction conditions, maintenance techniques and environmental situation, etc. [5]. At 
present, many companies (e.g. the British Gas Corporation [19]) use demerit-point-cards to assess the propensity 
of different sections of a gas pipeline to fail [20]. 

The probability of failure in the pipelines is defined as the number of failures per unit length of pipe in one 

 

 

1Hazard & Operability. 
2Fault Tree analysis. 
3Event Tree Analysis. 
4Proportional risk-assessment technique. 
5Decision matrix risk-assessment. 
6Quantitative risk assessment tool. 
7Quantitative assessment of domino scenarios. 
8Clinical risk and error analysis. 
9Predictive, epistemic approach. 
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year (1/year∙km), assuming uniform conditions along the pipeline section of interest [21]. This probability is not 
a constant value and depends on various factors. 

In Europe this probability varies from 4 42.1 10 to 7.7 1 0− −× ×  [22]. The European Gas Pipeline Incident Data 
Group presented an overall failure rate of 0.575 per 1000 km year based on the experiences over 1.47 × 106 km 
year of onshore NG pipeline, which can be used as a general value of failure rate for risk analysis (in Europe) 
[3]. 

The factors that are directly involved in probability of failure of low-pressure CI10 pipelines (in gas distribu-
tion network) are: [23] 
 intrinsic features of the pipeline-section 

-hickness 
-Diameter 
-Age 

 factors concerning the laying of the pipeline-section 
-Depth 
-Location 
-Ground characteristics 
-Type and state of the pavement 
-laying techniques 

 environmental parameters of the pipeline-section 
-Traffic characteristics 
-Intensity of underground services 
-External temperature and moisture 

3.1.2. Valid Scenarios and Consequences of the NG Pipeline Accidents 
In order to assess the risk regarding the NG pipeline, it is necessary to evaluate probable undesirable conse-
quences resulting from any pipeline leakage or rupture [10]. 

As a result of an accident in a pipeline a large amount of fuel gas enters into the atmosphere. This release may 
lead to consequences such as fire or explosion [24] and cause harm to the adjacent people and buildings.  

When the released gas intensively mixes with air and forms a persistent vapor cloud, it will lead to a signifi-
cant flash fire or unconfined vapor cloud explosion. 

In the case of NG pipelines the probability of flash fire is very low, since NG is lighter than air, and because 
of its buoyant nature it cannot form a persistent vapor cloud at the ground level. Therefore the overpressure from 
unconfined vapor cloud explosion can be ignored. Dangers Related from Gas release (leakage and rupture) in 
gas line Evaluated by Event Tree Analysis (ETA) Technique (Figure 4). The toxic effect of NG leakage can al-
so be neglected [18]. So the consequences of the NG pipeline accidents are usually: thermal radiation of the jet 
fire and confined explosion. 

1) Jet fire 
Fire is a complex chain reaction where a fuel combines with oxygen to generate heat, smoke, and light. A jet 

fire, also referred to as a flame jet, occurs when a flammable chemical is rapidly released from an opening in a 
container and immediately catches on fire—much like the flame from a blowtorch. Thermal radiation is the pri-
mary hazard associated with a jet fire. Other potential jet fire hazards include smoke, toxic byproducts from the 
fire, and secondary fires and explosions in the surrounding area [25]. In the case of NG pipelines, the thermal 
radiation will be the most important hazard of an accident. 

 When the gas is burning at the leakage source, the fire becomes diffusion flame (i.e. jet flame) and poses a 
threat to the people near the leakage source. The risk of jet flame can be quantitative judged by the measure of 
thermal radiation. A jet flame can be idealized as a series of point source heat emitters spreading along the 
length of the flame. By collapsing the set of heat emitters into a single point source emitter located at ground 
level, the total heat flux received by a ground level damage receptor is conservatively estimated [5]. 

2) Confined vapor cloud explosion 
The most basic definition of an explosion is a sudden, intense release of energy that often produces a loud 

noise, high temperatures, and flying debris, and generates a pressure wave. There are many types of explosions 
and the causes and effects will vary. We should consider three primary hazards when dealing with an explosion: 
thermal radiation, overpressure, and hazardous fragments [25]. 

 

 

10Cast Iron. 
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Figure 4. Event tree analysis of N.G pipeline leakage.                                              

 
Buildings inside the LFL11 radius could be severely damaged due to the potential of a confined vapor cloud 

explosion. Moreover, if the escaping gas is not trapped and immediate ignition occurs, then a long-lasting jet fire 
would pose the most significant hazard, due to the high thermal radiation levels [3]. 

3.2. Quantitative Determination of Individual and Societal Risks 
We can use Pietersen model to calculate the death probability of a person affected by the thermal radiation of a 
jet fire: [26] 

4
337.23 2.56lnrP t I

 
= − + ⋅  

 
                                 (1) 

where t is the exposure time in seconds, and I is the thermal radiation flux at a specific location in 2

J
m s⋅

. 

To calculate the thermal radiation flux at a defined distance from the source of radiation we can use Equation 
(2), which is suggested by APIRP [27]: 

24π
a cQ H

I
r

η τ⋅ ⋅ ⋅
=                                      (2) 

In which η  is the radiation fraction, aτ  is the atmospheric transmissivity, Q is the gas release rate in Kg
S

, 

cH  is the heat of combustion of the burning material in J
Kg

 , and r is the radial distance of the point that is 

exposed to radiation from the source of radiation.  
The radiation factor for the methane is 0.2 and the time of exposure in urban areas is suggested by Rausch  

[28] to be 30 seconds. If we get the heat of combustion of the NG equal to 7 J5.002 10
Kg

× , and atmospheric 

transmissivity equal to 1, Equation (1) reduces to Equation (3): 

217.73 3.4 lnr
QP
r

= +                                     (3) 

To calculate rP  from Equation (3) it is necessary to determine the rate of release Q. the flow of gas from the 
hole may be sonic or subsonic. The rate of release is different for the sonic and subsonic flow. The type of gas in 
the pipeline and the difference between the internal and atmospheric pressure will define the type of flow. 

 

 

11Lower Flammable Limit. 
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According to the mechanic of fluids relations, the flow of the gas from a throat or hole can be characterized 
by equations bellow: [29] 
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in this equations P°  is the atmospheric pressure in Pascal, P the pressure of the gas in the pipeline in Pascal, 

γ  is the specific heat ratio of the gas, M is the molecular weight, R is the ideal gas constant in J
mol K⋅

, T is 

the absolute temperature in Kelvin, dC  is the gas release coefficient that depends on the shape an geometry of 
the hole in the pipeline, and Y is the gas inflating coefficient that can be obtained by Equation (8): 
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                          (8) 

Flow can be assumed to be subsonic for most of the city gas pipelines [30]. These formulas will be used in 
determination of the societal and individual risks resulted from jet fire scenario in a pipeline. The calculations 
for confined vapr cloud explosion are similar to that of jet fire, but in the case of confined explosion, overpres-
sure is the dominant hazard.  

3.2.1. Individual Risk 
Individual risk is defined as the probability that an average unprotected person, permanently present at a certain 
location, is killed due to an accident resulting from a hazardous activity [31]. 

To calculate the individual risk we need to determine the probability of pipeline failure (ϕ ) and the death 
probability due to accident in the pipeline (P). The individual risk is obtained by multiplying these two quanti-
ties. 

To calculate the death probability, first we should determine the probability unit rP . Calculating the release 
rate (Q), and inserting this amount and the distance of the known point from the radiation source (r) into the 
Equation (3), rP  will be obtained for jet fire scenario. Now having rP  and using Figure 5, we can determine 
the death probability P. P depends on gas release rate and the distance from the fire. 

Then individual risk at a specific location and specific scenario is calculated by Equation (9): 
IR Pϕ= ×                                            (9) 

For a specific accident scenario, ϕ  can be calculated by following equation [32]: 

( )1 2, ,k kK a aϕ ϕ ⋅= ∑                                      (10) 

where ϕ  is the expected failure rate per unit pipeline length (1/yr⋅km), kϕ  is the basic failure rate per unit 
length of pipeline (1/yr⋅km), Kk is the correction function associated with the failure causes, 1 2, ,a a   are the 
variables of the correction function, and the subscript k denotes the failure causes such as external interference, 
construction defects, corrosion, ground movement and others.  

According to the Section 3.1, the pipeline failure probability (ϕ ) can be calculated by quantification of his-
torical data, using specific statistical techniques. 
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Figure 5. Relation between probability unit (Probit) and probability of death [33].     

 
The failure rate of pipelines depends on various parameters such as soil conditions, coating type and proper-

ties, design considerations, and pipeline age. So a long pipeline is divided into sections due to significant 
changes of these parameters. Considering a constant failure rate, the individual risk can be written as [34]: 

d
l

i il
i

IR P lϕ
+

−
= ⋅∑ ∫                                     (11) 

where  
iϕ  = Failure rate per unit length of the pipeline associated with the accident scenario i due to soil condition, 

coating, design and age, 1/year∙km 
l = Pipeline length, m  
Pi = Lethality associated with the accident scenario i 
l± = Ends of the interacting section of the pipeline in which an accident poses hazard to the specified location, 

m 
The release of gas through a hole on the pipeline causes explosion and fire in the NG pipeline and the sur-

rounding area, which creates accidents. The effected section causes a hazard distance. The release rate of NG 
and hazard distance is correlated [3]: 

10.285h effr Q=                                     (12) 

where:  
effQ  = Effective release rate from a hole on a pipeline carrying NG, kg/sec, and 

hr  = Hazard distance, m 
The hazard distance is the distance within which there is more than one percent chance of fatality due to the 

radiational heat of jet fire from pipeline rupture. 
From Figure 6, the interacting section of a straight pipeline, h, from a specified location, is estimated by the 

following equation [34]: 
2106 effl Q h± = −                                   (13) 

Individual risk is useful, however it does not completely describe situations where a single accident could kill 
or injure large numbers of people. These situations are addressed by estimating societal risk which is expressed 
as the relationship between the probability of an incident, expressed as the average frequency with which it can 
be expected to occur, and its consequences. It is usually represented as an F-N curve. 
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Figure 6. Individual risk variables [34].                                             

3.2.2. Societal Risk 
In determining the societal risk we deal with both probability of pipeline failure and the number of people that 
will die as a result of accident in the pipeline. Societal risk is defined as the relationship between cumulative 
frequency and the number of people suffering from a specified level of harm in a given population from the rea-
lization of specified hazards. The expected number of fatality from a hypothetical accident could be calculated 
by integrating the multiplication of fatality and population density within a hazard area, and it is usually ex-
pressed in the form of a graph of cumulative frequency (F) of N or more casualties plotted against N (F-N curve) 
[35].  

From plotted F-N curve and criteria function we can determine whether the level of the societal risk is ac-
cepted or not (Figure 7). 

The societal risk for a given technical system is accepted when F-N curve is below the criterion line D (a de-
fined function with regard to societal preferences) for all N. If the F-N curve is situated between criteria lines D 
and G, then the ALARP (as low as reasonably practicable) principle should be applied to indicate the ways to 
reduce risk. If for any N the F-N curve is above the upper criteria line G, the risk is intolerable and the system 
must re-designed (e.g. functionally and structurally modified) to reduce risk as required [12]. 

Every radius (r) from radiation source has its specific value of P. we have a function such as f  that assigns 
a specific probability of death for each radius (r). The longer the distance (r), the lower the probability of death 
(P). 

( ) [ ] [ ]100where : , , 1,100P f r r r r P°= ∈ ∈                             (14) 

Having the radius of threat zones, and the probability of death at different radiuses and also the population 
density, we can compute the number of fatality (N) resulted from a specific accident in the pipeline. The quality 
of computation depends on the sensitivity and the accuracy required. The total number of fatality can be calcu-
lated by the formula bellow: 

1 1

1000
d 2π d

A r

r
N P A P rρ ρ= ⋅ ⋅ = ⋅ ⋅∫ ∫                                  (15) 

In this formula ρ  is the population density, P is the probability of death, r is the radial distance from the fire, 
1r  is the radial distance at which the probability of death is 1%, A is the area of the circle with a radius of r, and  

1A  is the area of circle with a radius of 1r  (Figure 8). 
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Figure 7. Criteria function of societal risk [36].                                       

 

 
Figure 8. Radial distance (ri,p) of threat zones with a probability of death of P.               

 
The limitation of using the right side relation of Equation (15) is that both ρ  and P must be just radially va-

riables, i.e. there must be no variation of P and ρ  in different directions at any arbitrary r value. We can real-
ize that ρ  may be a constant value all over the area A. 

In this formula the threat zone is assumed to be completely symmetric and as a circle with origin at the radia-
tion source. This is just a theoretical formula and the real condition for a jet fire may have some differences with 
the theory. For example the thermal radiation zone of a jet fire may not be completely symmetric due to atmos-
pheric conditions and effect of exact location of the hole in the pipeline. Also we may have no specific formula 
for the population density. 

Regarding these problems we can use a simpler and approximate method. We can estimate the number of fa-
tality at three zones, illustrated before, and then sum up them to calculate the total number of fatality. 

In order to determine the number of fatality we can divide the threat zone into three zones, each one with spe-
cific range of probability of death. Having the number of the people in each zone and the average probability of 
death in them, we can determine the total number of fatality. The death zone can be divided into three zones, 
with the range of probability of death equal to 1% - 50%, 50% - 99%, and 99% - 100% [34]12. 

Considering the source of radiation as origin, the probability of death will decrease with increasing the radial 
distance from the origin.  

 

 

12Areas with a death probability less than 1% are not regarded as threat zones. 
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To calculate the radial distance of points at which the probability of death is P, first we find the corresponding 
value of rP  from Figure 5 and inserting this value into Equation (3), we can find the radius of circle on which 
the probability of death is P. the radius of this circle depend on the rate of release (Q). 

From Figure 5, the corresponding rP  for the zones with a P of 1%, 50%, and 99%, is 2.67, 5, and 7.33 re-
spectively. Inserting these values into Equation (3) the radiuses of these zones are computed as bellow:  

( )
( )
( )

,99

,50

,1

21.3 16

42.3 17

83.9 18

i

i

i

r Q

r Q

r Q
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 =


=

 

Then:   

100 99 99 50 50 1N N N N− − −= + +                                  (19) 

a bN −  is the number of the fatality in the zone with death probability from a to b.  
Using average death probability at these zones we can estimate the total number of the fatality. Combining 

Equation (3) with the data provided in Figure 5 we can obtain a relation between P and r with a third variable Q 
in the relation. 

Then the average probability of death in each zone can be obtained as: 
2 2 2

1 1 1

2 2

1 1

d 2π d d

2π d d

A r r

A r r
ave r r

r r

P A P r P r
P

A r r

⋅ ⋅ ⋅
= = =

⋅ ⋅

∫ ∫ ∫
∫ ∫

                            (20) 

In this formula 1r  and 2r  are the boundary radiuses for each zone. These values obtained in equations 16 to 
18. 

Now we can determine number of fatality from Equation (21), which is derived from Equation (19) and Table 
1: 

( )100 99 99 50 50 10.80 0.154N A A Aρ − − −≈ + +                            (21) 

In this formula ρ  is the population density and a bA −
 is the area of the zone in which the death probability (P) 

is between a and b. 
Having (N) and estimating the cumulative frequency (F), we can plot the F-N curve. Plotting the F-N curve 

and criteria function both in one coordinate we can determine if the level of existing societal risk is acceptable or 
not, and also from this plot we will find that what can be done to reduce the level of the risk (Figure 9). 

Nowadays modeling softwares, such as ALOHA13 and PHAST14 help specialists to accurately determine the 
threat zones. ALOHA is a simple software that can be used in consequence modeling and risk assessment of NG 
pipelines. A sample output model of this software for the scenario of jet fire in a 60 psi pipeline is shown in 
Figure 10. ALOHA assumes the jet fire release is oriented vertically, although the wind can tilt the flames in the 
downwind direction. 

4. Conclusion 
NG distribution pipelines in a city gas network pass from populated areas such as pavements, roads, and residen- 

 
Table 1. Required data in Equation (20), and calculated value of Pave.                     

zone Range of P r1 r2 Pave 

1 99 - 100 0 21.3Q  1 

2 50 - 99 21.3Q  42.3Q  0.80 

3 1 - 50 42.3Q  83.9Q  0.154 

 

 

13Areal Locations of Hazardous Atmospheres. 
14PHAST is a dispersion modeling and consequence analysis software package that is available through DNV. 
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Figure 9. An example of the F-N curve and criteria functions for societal risk [12].  

 

 
Figure 10. Aloha model for jet fire scenario in 60 psi ng pipeline.                  
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tial areas. These pipelines are usually installed underground; however always there is a probability of accident 
and gas release due to unsafe actions and unsafe conditions. The probability of failure and severity of conse-
quences is relatively high in urban areas; therefore, in distribution network, the level of the risk is high, com-
pared with risks of gathering and transmission pipelines. Accident in distribution pipelines leads to adverse out-
comes such as injuries and losses. To prevent these accidents we need to accurately analyze and assess the risks 
of the network. Quantitative risk assessment methods are highly recommended for assessing the risks of NG 
distribution network. These methods can help us to properly compute the level of individual and societal risks 
and determine the safe distances. These methods can also be used to manage and control the risks. 
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