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Abstract

Regulatory authorities in many countries are moving away from prescriptive approaches for keeping natural gas pipelines safe. As an
alternative, risk management based on a quantitative assessment is being considered to improve the level of safety. This paper focuses on thi
development of a simplified method for the quantitative risk assessment for natural gas pipelines and introduces parameters of fatal length
and cumulative fatal length. The fatal length is defined as the integrated fatality along the pipeline associated with hypothetical accidents.
The cumulative fatal length is defined as the section of pipeline in which an accident lelddy tmore fatalities. These parameters can
be estimated easily by using the information of pipeline geometry and population density of a Geographic Information Systems (GIS). To
demonstrate the proposed method, individual and societal risks for a sample pipeline have been estimated from the historical data of European
Gas Pipeline Incident Data Group and BG Transco. With currently acceptable criteria taken into account for individual risk, the minimum
proximity of the pipeline to occupied buildings is approximately proportional to the square root of the operating pressure of the pipeline.
The proposed method of quantitative risk assessment may be useful for risk management during the planning and building stages of a new
pipeline, and modification of a buried pipeline.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Recently, safety regulations associated with the pipeline
are moving away from prescriptive approaches. As its alter-
Transmission pipelines carrying natural gas are not on native way, risk management based on the quantitative risk
secure industrial site as a potentially hazardous plant, butassessment has been under consideration in many countries.
are routed across the land, i.e., busy city or a network of Risk is generally defined as a measure of human death in
superhighways. Consequently, there is the ever-present poterms of two quantities: the probability of a pipeline failure
tential for third parties to interfere with the integrity of these occurring and the magnitude of death that arise as a result.
pipelines. In addition, the combination of third-party interfer- Until now, the failure rate of gas pipeline was estimated
ence and pipeline route might suggest that people around thewith high uncertainty from historical data or hierarchical
pipelines are subject to significant risk from pipeline failure. analysis. Some of the failures are time independent, such as
The hazard distance associated with the pipeline rangesthose resulting from external mechanical interference by third
from under 20 m for a smaller pipeline at lower pressure, parties, earthquake or overpressure, while others are time de-
up to over 300 m for a larger one at higher presdiie pendent as in cases as corrosion or fatigue failures. The fail-
Therefore, regulatory authorities and pipeline managers haveure rate varies significantly with design factors, construction
endeavored to improve the level of safety of the pipeline.  conditions, maintenance techniques and environmental situ-
ation. Thomag2] proposed an empirical model to correlate
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ry radius of fatality 1% (m)

rso radius of fatality 50% (m)

rog radius of fatality 99% (m)
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rh hazard distance (m)
t expose time (s)
u unit function

Greek letters

o dimensionless hole size

10 expected failure rate per unit pipe length
(1/year km)

y specific heat ratio of gas

n ratio of total heat radiated to total heat releasgd
from fire

00 stagnation density at operation condition
(kg/m?)

Pp population density (personfh

Ta atmospheric transmissivity

subscript

[ denotes the accident scenarios such as small,
medium and great hole on the pipeline
] denotes the cause of failure such as external
interference, construction defects, corrosiop,
ground movement and others

rupture frequency. The failure rate for leakage is estimated
from global statistics by using an observed correlation of ge-
ometric and weld material factor. This estimate is scaled by
other factors such as plant age. The failure rate of ruptures
is evaluated with a given failure rate of leakage, partly by
using a fracture mechanics model. The Thomas model may
be suitable for estimating failure rate of pipes or vessels in
a chemical plant. However, it is inappropriate to use it for
transmission pipelines carrying natural gas because some of
the most serious pipeline accidents resulting in ruptures have
been caused by third-party activities which are not included
in the Thomas model. In this work, the failure frequencies
are estimated simply from the historical data of the European
Gas Pipeline Incident Data Group (EGIG) and BG Transco
[3.4].

The consequences of accident depend on its scenarios of
the elements, such as hole size on the pipeline, time to igni-
tion, meteorological condition and environmental condition
at the failure point. In risk assessment, therefore, different re-
sults may be obtained depending on the assumptions of acci-
dent scenarios. Tedious calculations are sometimes unavoid-
able because of many accident scenarios and the distribution
of hazard sources along the pipeline. However, investigation
of real accidents associated with natural gas pipelines shows
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that the consequences are dominated by a few accident scewhere the subscriptdenotes the accident scenaripsthe

narios. For handy implementation of risk management, therefailure rate per unit length of the pipeline associated with

are things to consider about accident scenarios and calculathe accident scenarigL the pipeline lengthR; the lethality

tion methods of the consequences. This paper focuses on associated with the accident scenaramdl|.. represents the

simple method to calculate the consequences for the quantitaends of the interacting section of the pipeline in which an

tive risk assessment of transmission pipelines carrying naturalaccident pose hazard to the specified location.

gas using reasonable accident scenarios. The accident scenarios in natural gas pipelines are gener-
ally explosion and jet fire sustained with the released gas from
a small, medium, or great hole on the pipeline. The ends of

2. Quantitative risk assessment the interacting section, which affects a person at a specified
location, are related to the hazard distance associated with

Risk can be described in different ways: individual risk, the pipeline. The hazard distance is related directly in turn to

societal risk, maximum individual risk, average individual the release rate of natural gas, and this relationship has been

risk of exposed population, average individual risk of total proposed as the following equatifiy:

population and average rate of death. Two popular measures

are individual risk (IR) and _societal risk (SEg]. The for- = 10.285@ 2)

mer is usually shown on a risk contour plot, while the latter

is presented with a frequency—numbE+K) curve. The in-

dividual risk is defined as the probability of death at any

particular location due to all undesired events. It can be ex-

pressed as the probability of a person at a specific location

becoming a casualty within a year. With the risk of multi- ) . o
ple fatalities being concerned, the societal risk is defined asCent chanc;e of fatality due j[o the rgdlanngl heat of Jet.ﬂre
from pipeline rupture. The interacting section of a straight

the relationship between the frequency of anincidentand the .. o . .
number of resulting casualties. It is usually expressed in the p|pe||_ne, which is separated yfrom a specified location,
form of a graph of cumulative frequenci)(of N or more is estimated then by the Pythagorean Theorem.
casualties plotted against(an “F-N curve”) [6]. The indi-

vidual and societal risks of pipelines carrying natural gas will I+ = ++/106Qef — /2 )

be discussed in more detail in the following sections.

where Qeff is the effective release rate from a hole on a
pipeline carrying natural gas.

The above equation is derived by setting the hazard dis-
tance as the distance within which there is more than one per-

Shown inFig. 1 are the geometric relations among the vari-
2.1. Individual risk ables in this work. The interacting section calculated with

Eq. (3) would be a rather conservative estimate, being long

Estimating the individual risk at a specified location from enough in other words, due to the assumption of the worst

a pipeline is complicated because the failure position is un- case scenario, such as horizontal jet fire, complete combus-
known and the failure rate may vary along the pipeline. It can tion and disregard of reduction in transmissivity resulting
be estimated by integrating along the pipeline the likelihood from carbon dioxide, water and shoot in the air.
of an accident multiplied by the fatality at the location from The failure rate of pipelines varies according to different
all accident scenarios, and can be written as the following conditions along the route of the pipeline, such as soil condi-

equation: tions, coating conditions, design conditions or age of pipeline.
I Thus, the pipeline has to be divided into sections whenever

IR = Z/ @i P;dL (1) those conditions are changed significantly. By assuming a
tJI constant failure rate, the individual risk can be estimated as

A Specified Location

A Populated Area
>
Ty h I Ty
H
] Gas pipeline
\:x_#’,
I- I+

Lo

Fig. 1. The relation of variables.
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the following equation: accident results il or more fatalities.

Iy L
IR = Zi(/’i/l PidL @)  F= Zi/() ou(N; > N)dL Ko

The integration of the lethality depends on operating pres- Whereu (Ni > N) is the unit function which is unity (1) if the
sure, pipe diameter, distance from a specified point of interestargument is true or zero oth_erW|se. . _
to the pipeline and the length of the pipeline from the gas sup- By assuming constant failure rate within a section of the
ply or compressing station to the failure point. By defining plpelme, the societal risk can be expressed with the cumula-
fatal length as the integrated value in Ed), the equation tive fatal length.
can be expressed simply as following.

F=Y" giLcrLi(Ni = N) (8
]
IR = ZiLFL’i(pi ®) The cumulative fatal length,crL, means a length within
whereLg; is the fatal length associated with accident sce- which an accident leads o or more fatalities.
narioi.

The fatal length means a weighted length of pipeline 2-3- Failure rate
within which an accident has a fatal effect on a person at a

specified location. A simpler method for estimating the fatal  1he failure rate of a pipeline has the unit of the num-
length will be discussed later. ber of failures per year and per unit length of the pipeline,

1/(year km), with the uniform conditions assumed along the
pipeline section of interest. It is somewhat different from the
case of a point source of an accident in which the rate is
defined as the number of failures per year. Failure rate of
the pipeline in each accident scenario may be written as the
following equation:

2.2. Societal risk

For hazardous pipelines, which have the potential to cause
multiple fatalities, the societal risk is considered usually more
important than the individual risk. The societal risk is defined
from the societal point of view. It is expressed with the cu- . _ 0K

) =) ¢ijoKjla, a2 a3 ) 9)
mulative frequency and the expected number of death cause&ol ZJ nE
by an accident. The expected number of death from a hypo-wherey; is the expected failure rate per unit pipeline length
thetical accident could be calculated by integrating the mul- (1/(year km)) ¢ o is the basic failure rate per unit length of
tiplication of fatality and population density within a hazard  pipeline(1/(year km)); is the correction function associated

area. with failure causesg is variable of the correction function,
the subscript denotes an accident scenario, such as that of
Ni = /A. pPP; dA; (6) small, medium and great hole pierced on the pipeline and

the subscrip} denotes the causes of failure such as external

whereA, is area bound by the hazard range associated withinterference, construction defects, corrosion, ground move-
incident scenarid and pp is population density. ment and others.

To take the discrete hazardous sources into consideration, It should be recognized that a pipeline does not have usu-
a pipeline should be divided into small sections. It should be ally the constant probability of failure over its entire length.
short enough not to influence the calculated results. For all As conditions vary along the route of the pipeline, so does
accident scenarios, the cumulative frequency of the accidentthe probability. Therefore, the pipeline has to be divided into
with N or more fatalities is determined by adding the multi- sections according to conditions such as soil, coating, de-
plied values of the next two: the failure rate for the accident sign, cathodic protection or age of pipeline. The failure rate
scenario and the length of a small section, within which an in a particular section of pipeline depends on many variables,

Table 1
Failure frequencies based on failure causes and hole size (EGIG, [B§93)
Failure causes Failure frequency Percentage of total Percentage of different hole size (%)

(1/year km) failure rate (%) -

Small Medium Great

External interference 3010 51 25 56 19
Construction defects 141074 19 69 25 6
Corrosion 8.1x 10°° 14 97 3 <1
Ground movement 3.610°° 6 29 31 40
Others/unknown 5.410°° 10 74 25 <1
Total failure rate 5.7% 10~4 100 48 39 13

The hole sizes are defined as follows: small hole, hole size is lower than 2 cm; medium hole, hole size ranges from 2 cm up to the pipe diameterutireat hole, f
bore rupture or hole size is greater than the pipe diameter.
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such as the abovg (;onditions, depth of cove:r,.hydros.tatic test ymediumerq = 0.001g 41%~202841 (12)
survey, patrol, training and so on. Itis very difficult to include
the effects of those variables on the failure rate because datagreatEl,d = 0.001¢ 405/~213441 (13)

may not be sufficient for statistical analysis.

Generally for the risk analysis, the failure rate of a pipeline
is estimated simply with some variables from historical data.
The failure rate of onshore natural gas-pipelines in Western
Europe is reported by the European Gas Pipeline Incident
Data Group[3]. It is based on the experience of 1.5 mil-
lion kilometer-years in eight countries of Western Europe.
As shown inTable 1 the external interference by third party
activity is the leading cause of major accidents related to
medium or great holes. Thus, it is necessary to analyze the
external interference in more detail. It is known that the ex-
tent of damage caused by third party activity depends on 2-4. Consequences
several factors, such as pipe diameter, depth of cover, wall
thickness, population density and prevention method. Butthe  Investigations of real accidents of natural gas pipelines
EGIG report has not identified the prevention methods em- show that the consequences are dominated by a few accident
ployed by pipeline operators to mitigate the damage causedscenarios such as explosion and jet fife The possibility
by third party activity. Nor has the report provided the effect of a significant flash fire resulting from the delayed remote
of population density in the vicinity of the pipeline. Itis not ignition is extremely low due to the buoyant nature of the va-
practical to determine the factors by which the failure rates POr, which generally precludes the formation of a persistent
could be adjusted for those variables. The BG Transco datavapor cloud at ground level. Unconfined vapor cloud explo-
contain, however, information about those variables for the Sion of methane produces negligible overpressure with the
BG Transco’s gas transmission network in the United King- flame travelling through a gas and air mixt(#é. If the rup-
dom (UK). Moreover, the HSE in UK published recently a ture point for the pipeline is close to a building, the leaked
method for predicting the failure frequency caused by third 9as would migrate into the building and make a significant
party activity, and it is applied in PIPIN (pipeline integrity ~confined explosion by ignitiof®]. Therefore, the dominant
model) softward4]. The failure rate caused by third party hazards of natural gas pipelines are the confined explosion

The failure rates from the other causes, such as construction
defect, corrosion, ground movement and unknown causes
contribute less to the risk, which will be discussed in the
later section, and can be estimated simply by using EGIG
data. The total failure rate can be estimated then by adding
all the failure rates of various causes for each hole size. The
likelihood of an accident can be assumed conservatively as
the failure rate of the pipeline, considering abundant ignition
sources at the populated region.

activity is given by: and the thermal radiation of a sustained jet fire, on the other
hand, the effects of unconfined vapor cloud explosion and
¢i.Eel = ¢iel.a KocKwt KpoKpm (10) flash fire are ignorable to analyze the risk. When a person is

exposed the two events at the same time, the death probabil-
wherej g 4 is the failure rate varying with pipe diameter ity should be considered for the intersection of both events in
due to external interference akgc, Kwr, Kpp andKpy are order to avoid the overestimation. The hazard distance from
the correction factors of depth of cover, wall thickness, pop- confined explosion and jet fire can be estimated by analyzing
ulation density and prevention method, respectively. Values jet dispersion, jet fire and thermal radiation. The hazard dis-
of the factors in Eq(10) are summarized iflables 3 and 4 tance from the confined explosion is shorter than that from
as recommended in HSE repf#f. The failure rates varying  the jet fire which may follow the explosion, if the accident
with pipeline diameter are given by using the least square point is not very close to a gas supply stat[@h It implies
method of data ifable 2as following: that the death probability by the explosion should be included
in that of the jet fire following it. The death probability at a

4.184—2.18562 o . . .
(11) specified location from an accident of a natural gas pipeline

¢smallel,¢ = 0.001e”

Table 2
Failure frequencies caused by third party activity (BG Transco di}a)
Diameter range (mm) Representing Total failure rate Failure rate (1/1000 km year)

diameter (mm) (1/2000 km year) -

Small Medium Great

0-100 100 0.218 0.044 0.087 0.087
125-250 187 0.180 0.072 0.060 0.048
300-400 350 0.095 0.024 0.071 -
450-550 500 0.043 0.029 - 0.014
600-700 650 - - - -
750-850 800 0.041 - - 0.041
900-1000 950 - - - -

1000+ 1050 - - - -
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can be estimated then simply by considering only the thermal an urban arefl3]. Therefore, the Probit equation for death

effect of jet fire. at a specified location from a jet flame of natural gas can be
written conservatively as the following equation, with the
2.4.1. Thermal effect heat of combustion of the natural gas at room temperature,
The probability of death from an accident can be estimated He =5.002x 107 J/kg and the atmospheric transmissivity
as the following equatiofi0,11} assumed as the unity, = 1.
1 Pr—5 2/ 0
P=—— e ¥ /“ds 14 Pr= 1661+ 3.4In <—) (18)
V2T /—oo (14) r2

The argument of the function is the probability unit, Pr, char- wherer is the distance from a specified location to the fire.
acterizing the dose—effect relationship between the doses of The probability of death at a specified location from an
such concrete harmful load as pressure, heat or toxicity andaccident of natural gas pipeline can be estimated now simply
such recipient categories as death or injuries. with the gas release rate.

Pr=a+ bIn(D) (15)

2.4.2. Gas release rate
wherea andb are empirical constants that reflect the hazard  The gas release rate from a hole of the pipeline varies
specifics of a harmful load studied and the susceptibility of with time. Within seconds of failure, the release rate will
recipients to the load, while is a dose of the load foragiven  have dropped to a fraction of the peak initial value. It will de-

exposure time. cay even further over time until steady-state. The peak initial
For the fatality of a person from heat effect, it can be release can be estimated by assuming the sonic flow through
expressed as the following equatidri]: an orifice as the following equatidtl]:
Pr=—-149+2.561In <@> (16) nd?a 2 vt
10 Qpeak= ——/ ¥P0P0 (19)
4 y+1

wheret is the exposure time arlds the radiational heat flux

at a specified location of interest. where« is the dimensionless hole size which is the ratio
The heat flux at a certain distance from a jet fire depends Of effective hole area to the pipe cross-sectional adebe

on the shape of flame. A jet flame can be idealized as a serieg?iPe diameterpo the stagnation density of gas at operating

of point source heat emitters spread along the length of theconditionspo the stagnation pressure at operating conditions

flame. The total heat flux reaching a given point is obtained andy is the specific heat ratio of gas.

by summing the radiation received from each point source  The release rate at steady-state can be estimated approxi-

emitter. By collapsing the set of heat emitters into a single Mmately by assuming choke flow at the release pidiAf.

point source emitter located at ground level, the total heat

flux received by ground level damage receptor is estimated Qseady-state=

conservatively. This assumption has advantage to avoid te- \/ 1+ (4o? feL/d)(2)y + 1)Z/ 71

dious calculation and it gives very simple equation for risk

assessment, even though the result has some error. Thereforgyherefg is Fanning friction factor and is the pipe length

heat flux at a certain distance from the fire source, which is from the gas supply station to the release point.

defined by the receiver per unit area, can be calculated as The numerator in the above equation is the release rate

0 peak

(20)

suggested in APl RP 5212]. without friction loss through pipeline, while the denomina-
wOH, tor acts as a decay factor due to the wall friction loss at
I = n4a 2C a7 steady-state. The effective release rate associated with the
T T

death probability of a person from fire would depend on the
wheren, is the ratio of the radiated heat to total heat released exact time of ignition. The death probability can be estimated
from the fire, 5 the atmospheric transmissivitQ) the gas by approximating the transient jet fire as a steady-state fire
release ratel; the heat of combustion andis the radial that is fed by the gas released at the effective rate. The ef-
distance from the fire to the location of interest. fective release rateCQpeak is a fractional multiple of the
Radiation fraction ) cannot be estimated theoretically, peak initial release rate. It can be used to obtain the heat flux
and is normally estimated from the data measured with ra- comparable to that from the real transient fire ignited with
diometer. Laboratory data suggest that it is 0.2 for methanea slight delay. In general, the most appropriate value for the
[11]. decay factor would depend on the pipe size, the pressure at
The duration of exposure depends on so many circum- the time of failure, the assumed time to ignition and the time
stances that it would not be possible in fact to establish period required to cause harm to people. In one-dimensional
any specific rule to evaluate the degree of harm. Rauschtransient flow through the arrested crack tip of a tube with
recommends a value of 30s as exposure time for people inconstant cross-section, the decay factor is expressed as the
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following equation15]: 1.2
—17%/v-1
C= [1 - ”—} 1)

In a study of risks of hazardous pipelines in the UK conducted
by A.D. Little Ltd. [16], the authors quoted 0.25 as the decay
factor. Amore conservative value of 0.3 is adopted here for the
factor. Itis not to underestimate the intensity of the sustained
fire associated with the nearly immediate ignition of leaked
gas from large diameter pipelines. However, sometimes the
decay factor appears greater than 0.3 at steady-state from the
denominator of Eg(20). Therefore, the decay factor can be
assumed as the following equation:

0.8 1

Death probability

0 + ' 4

0 3 6 9
1 Distance from fire[m]
C = max| 0.3, (22) (Release rate of natural gas[kg/s])""”
J1+de2feLjd(@/y + 177

) ) ) ) Fig. 2. Death probability from the fire of natural gas.
The effective release rate can be estimated for the risk analysis

by using Eqs(19) and(22) as following: multiplied with corresponding average values of lethality in

Qeft = CQpeak (23) the zones, i.e., 1-50, 50-99 and 99-100% lethal. The radii
. ._ . . of fatality 99, 50 and 1% associated with the effective rate of
By assuming the specific heat ratjo=1.42, gas density  gas release are calculated simply from E@) by using the

at atmosphere=0.68 kg/n? and Fanning friction factor probability unit, 7.33, 5 and 2.67, respectively.
fr=0.0026 conservatively for steel pipeline, the effective

rate of gas release from a hole on the pipeline is given asi99 = /15.3Qeff,i (25)
below:

. 7i50 = /30.4Qeff ; (26)
Qefii = 1.783x 107" Apa; po

ri1 = /60.30¢ff ; (27)
x max|: ! :|

0.3 For a straight gas pipeline, the length in each zone can
\/1 +4.196 x 10 30;2(Lo + x)/d be estimated by using the operator, Re, which represents the
(24) value of real part in the complex number.

wherew; dimensionless size of small, medium and greathole ;, ;1 o9 = 2./0es -Re[ 153 — ];2] 29)
resulted from the failure of the pipeline ards the distance b Vet \/—z

from Lo as shown irFig. 1

If a specified location is not very close to a gas supply /; = 2,/QefﬁRe[\/30.4 — El.z — \/15.3 — EIZ} (29)
station,Lo >> X, or the decay factor is not greater than 0.3,
the effective rate of gas release from a hole appears approxi- = =
mately constant. liso-1 =2,/ Q.friRe [\/60.3 —hf — \/304 - h,} (30)
2.5. Fatal length whereh; is the distance scaled by the square root of the effec-

tive rate of gas release; = h/./ Qefi.i, h the distance from
The fatal length is defined here as the pipeline length the pipeline to a specified location of interest &nd, is the
weighted by the death probability at a specified location. Itis length of pipeline within the range fromto b% fatality.
evaluated by integrating the death probability associated with  The average fatalities of those three zones are given from
hypothetical accidents over the entire pipeline. The probabil- Fig. 2
ity of death from a jet fire, which is the dominant accident
in the natural gas pipeline as discussed above, depends onfoJm Pdr_N

the effective rate of gas release and the distance from the fire™ 753 — ~ 1 (31)
to the specified location. Solved by Eq$4) and(18), it de- 0 dr

creases suddenly from unity (1) to zero, as showkFign2, at N

a certain scaled distance from the pipeline to the specified lo- fm pd

V183~ 0816 (32)

cation,r = r//Qefi- The integration of the fatality along the /304 -
pipeline can be approximated then by adding the pipe lengths f«/15.3 d
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12 / rr;o rPdr
Exact Solution fr50 rdr ~ 0.802 (36)
N U App. Solution To9
r1
—f’sﬁ’ P 0145 (37)
[t rdr

's0

Therefore, the number of fatalities from an accident can
be estimated approximately as the following equation:

Fatal length[m]
(Release rate of natural gas[kg;’s])”2
f=))

N N; = N;100-99 + 0.802N; g9 50 + 0.142N; 50_1 (38)

whereN; 5, is the number of people within the range fram
to b% fatality and the subscriptdenotes the small, medium
" and great hole on the pipeline.

The number of fatalities can be calculated by using Egs.
(6), (14)and(18), when the populated area is separateéiby
from a pipeline carrying natural gas and is extended along
]m[,dr— the pipeline with a constant population density as shown
JV304 " 7 0.156 (33)  in Fig. 1 The number of fatalities scaled by the popula-

f&/?%? dr tion density and again by the effective rate of gas release,
' N = N/(ppQeff), is related only to the distance of populated
Therefore, the fatal length can be estimated from the length area scaled by the square root of the effective release rate,

0 2 4 6 8 10
Distance from gas pipeline[m]

(Release rate of natural gas[kg/s])

Fig. 3. Fatal length at a specified location.

of pipeline within each zone as the following equation: H = H//Qer, as shown irFig. 4 The approximate solu-
L tion of the three-zone method deviates slightly from the ex-
LeLi = /o P;dL ~ I;100-99 + 0.86/;.99-50 + 0.156; 50-1 act curve and the error can be ignored in the societal risk
(34) analysis. Therefore, the three-zone approximation may be

employed to calculate the cumulative fatal length as well
As shown inFig. 3, the fatal length scaled by the square root as the fatal length of transmission pipeline carrying natural
of the effective release rater. = L. /+/Oeff, depends only gas.
on the scaled distance of a specified point. Even though the A profile can be drawn up graphically with thus calcu-
approximate solution deviates slightly from the exact one, it |ated fatalities from an accident at each pipe segment which
has a big advantage of being extended easily to the curved gaghould be short enough not to influence the results. The curve
pipeline as well as being used directly within a Geographic could be constructed in a manner of segment by segment over
Information Systems. One such system now is in use widely the entire pipeline. It generally takes the shape of a ball as

in the pipeline industry for the purpose of safety and data shown inFig. 9. The cumulative fatal length is determined
management.

2.6. Cumulative fatal length

50

The cumulative fatal length is defined here as the length
of pipeline in which an accident results Mor more fatali-
ties. The number of fatalities from an accident is calculated
by considering the number of persons and by taking an av-
erage probability of death within the area encountered. As
discussed in the previous section, the area can also be divided’
into three zones of 1-50, 50-99 and 99-100% lethality. The
number of people within each zone can be estimated simply
by drawing the circles with radiigg, rso andrq, which are
centered at the point of an accident, and then by counting the
number of people in the zone. It can be estimated otherwise
by multiplying the average population density with the area
of each zone.

The average lethality of each zone is given from Etj4),
(18)and(24)-(27)

99

rPdr

forgg—d ~ (35) Fig. 4. Number of fatalities from an accident of natural gas pipeline with
fo rar constant population density.

Exact Solution

40
...... App. Solution

30

10

Number of fatalities
(Population density| 1/m’ |) (Release rate of natural gas[kg/s])

Distance from gas pipeline to populated area[m]
172

(Release rate of natural gas[kg/s])
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Calculating the effective rate of gas release [Eq. (24)] Calculating the effective rate of gas release [Eq. (24)]
Calculating the radii of 99%, 50%, and 1% fatality Calculating the radii of 99%, 50%, and 1% fatality
[Egs. (25), (26), and (27)] [Egs. (25), (26), and (27)]

Drawing circles of radii of 99%, 50%, and 1% Drawing circles of radii of 99%, 50%, and 1%

fatality with a specified location as origin fatality with a small pipeline section as origing
Measuring the length of pipeline within the zones Counting the number of people within the zones
of 100%-99%, 99%-50%, and 50%-1% lethality of 100%-99%, 99%-50, and 50%-1% lethality
Estimating the fatal length of pipeline [Eq. (34)] Estimating the number of fatalities [Eq. (38)]

|

Drawing the number of fatalities over the pipeline

Estimating the cumulative fatal length of pipeline [Eq. (39)]

Estimating failure rate [Eq. (10)
I and Table 1]

Estimating the individual risk [Eq. (5)]

Estimating failure rate [Eq. (10)

Fig. 5. Procedure to calculate the individual risk of natural gas pipeline. and Table 1]

simply from the profile of fatalities. It is just the length of
the horizontal line of fatalitie®N intersected by the fatality
curve.

Construction of the societal risk curve [Eq. (8)]

Fig. 6. Procedure to construct the societal risk curve of natural gas pipeline.

L
LerLi(Ni = N) = /0 u(N; = N)dL (39) 3. Calculations and discussions
The procedures to determine the individual risk at a Toillustrate and discuss the method presented in the above

specified location of interest from natural gas transmission Sections, asample risk assessment s presented with a straight
pipelines and to construct the societal risk curve are summa-hatural gas pipeline of 1000 mm diameter, operating at 50 bar,
rized inFigs. 5 and 6The individual risk is estimated by mul- ~ covered 130 cm depth and located in a town area. The indi-
tiplying the fatal length with the failure rate of the pipeline. Vidual risk is estimated at the location of 50 m apart from
The fatal |ength can be obtained by add|ng together threethe plpellne Meanwhile the societal risk has been anaIyZEd
pipe lengths multiplied with corresponding average lethality assuming that the pipeline passes the central area of town.
within the zones divided by radii of 99, 50 and 1% lethal-

ity. And the radius of each zone can be calculated in turn by 3.1. Individual risk

putting the effective rate of gas release into H3%)—(27)

The failure rate of a pipeline section may be estimated by = Summarized ifTable 5are the failure rates of pipelines
adding the failure rates caused by external interference, confrom BG Transco data for the external interference and
struction defect, corrosion, ground movement and unknown from EGIG data for the other causes. Obtained from the
causes. The failure rate caused by external interference caables 3 and 4the correction factors of the external inter-
be estimated by using BG Transco data and that by otherference are 0.54 for the depth of cover, 1 for wall thickness,
causes can be estimated by using EGIG data. The societal risk.8.77 for population density and 1.03 for prevention method.
curve can be constructed by using cumulative fatal length and Atthe location of 50 m away from the pipeline, the fatal length
the failure rate of the pipeline. The cumulative fatal length is estimated with the diameters of small, medium and great
is obtained by drawing up the profile of the number of fa- hole being assumed as 2 cm, the half of the pipe diameter and
talities over the length of pipeline and then measuring the the pipe diameter, respectively. The method of calculating the
length of pipeline which had or more fatalities on the profile ~ fatal length approximately is successful as showfkim 7
curve. which compares with the exact solution. The approximate
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Table 3
Correction values of failure frequencies caused by third party activity
Factors Correction value Conditions
Depth of cover 2.54 dc<0.91m
0.78 0.91nkdc<1.22m
0.54 dc>1.22m
Wall thickness 1 t=tmnord>0.9m
0.4 6.4mm<<7.9mmand0.15md<0.45m
0.2 t>1tmin
Population density 18.77 Town
3.16 Suburban
0.81 Rural
Prevention methods 1.03 Marker posts only
0.91 All other methods
Table 4
Minimum wall thickness with pipeline diameter
d (mm) —150 150-450 450-600 600-900 900-1050 1050
tmin (MmM) 48 6.4 7.9 9.5 11.9 12

dc: depth of covert: wall thickness of pipelineg: diameter of pipeline; rural: a population density not exceeding 2.5 persons/ha; town: central areas of towns
or cities; suburban: area intermediate in character between rural andttgywminimum wall thickness.

fatal length is obtained by using three-zones method of Eqgs. Table 5
from (24)-(34)with the effective release rate b§ on the Failure frequencies of pipeline estimated with EGIG and BG Transco data

pipeline, while the exact one is solved by line integration of Failure causes Failure frequency of different
fatality associated with hypothetical incidents along pipeline hole size (1/yearkm)
by using Eqs(14), (18) and(24). The fatal length due to a Small Medium Great

small hole is nearly zero because of much less release rat@xternal interference 1710°5 22% 105 21x 105

than in others. For the great hole on the pipeline, the fatal Construction defects 7610°° 2.8x10°° 0.7x107°

length remains constant at about 500 m as the pipeline get§0"05c'10n 78107 24x10%  81x1077

longer than 3000 m because of the decay factor in Ground movement 1.8107 11107 1.4 107

ass%me dto be 0.3 y (E2) Others/unknown 4.810°° 1.4x 1075 5.4x 1077

. . . . . ; 4 5 5

The individual risk is estimated by quotifgble 5 Fig. 7 Total failure rate 2.k 10- 6.8x 10 3.10x 10"

and Eq.(5), and it decreases with the Iength of pipeline as Pipeline: 1000 mm'dlameter, 50 bar operating preiigg,lgeg cm the depth of

shown inFig. 8because the effective release rate gets smaller. i")‘(’elrg""?r‘fx'olcgtsed '2 ?iorgl ?reﬂfmaltpEl = 0.001€0 o1at o (ggﬁi

X X 0 ) . 03=1 ) mediumel = U. . ’

The external interference contributes about 75%, the CON-g54, 1, 1877 x 1.03= 2.2 x 10°%; ggreair — 0.0016405-213441

struction defects 10%, the ground movement 10% and theps4x 1 x 1877 x 1.03= 2.1 x 107,

unknown causes 5%, to the total individual risk. The most

serious risk in pipelines carrying natural gas is caused by

2.0E-04
800
Total
3 T External interference
Exact Solution .
S N N B Construction defects
""" App. Solution ’g LsE.04l s COITOSION
600 ;‘;‘ - — - —-Ground movement
= Great hole I D N Others/unknown
= =
= 400 é 1.0E-04 +
s =)
& : E
Medium hole =3
=
200 E 5.0E-05 +
0 : : 0.0E+00 o . :
0 5000 10000 15000 20000 0 5000 10000 15000 20000
Length of pipeline from gas supply station(m) Length of pipeline from gas supply station(m)
Fig. 7. Change of fatal length with pipeline lengtlgfa= 20 mm dmedium= Fig. 8. Change of individual risk with pipeline length (conditions the same

500 mm,dgreat= 1000 mmd= 1000 mmpo =50 atm anch=50m). as inFig. 4).
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the external interference. The risk caused by the corrosion 1LE-03
of the pipeline is much less serious compared to that caused
by other causes, because the majority of failure caused by
corrosion generally contributes only to the failure of small
holes as shown iflable 1 Therefore, the corrosion problem
is relatively less important in the risk assessment of transmis-
sion pipeline carrying natural gas, even thoughitis aresearch
field of interest.

Published in Europe are the criteria of individual risk con-
sidered to be acceptable in regulating industrial [k The
HSE quotes k 10~° per year as the risk of fatality that is
regarded broadly as acceptable, and1l0~* per year as that
representing the boundary between tolerable and unaccept-  L.E07
able for the public. The distance from the pipeline, at which
the individual risk is 1x 10~ per year, is directly propor-
tional to the square root of the operating pressure. It is be- Fig. 10. Societal risk curve associated whig. 9.
cause the fatal length is approximately proportional to the
square root of the effective release rate and so is the releasé¢he horizontal line of fatalitieN intersected by the fatality
rate in turn to the operating pressure, as given in Eqgs. from curves. The cumulative failure rate drops steeply near the
(24)—(34) If the minimum proximity of pipeline to normally ~ maximum fatalities with given accident scenario as shown in
occupied buildings is thus set up according to the acceptableFig. 1Q

1.E-05+

1.E-06+

Cumulative failure rate (1/yr)

0 100 200 300 400 500
Number of fatalities

criteria of individual risk, it will be also proportional to the The criterion for acceptable societal risk is not standard-

square root of the operating pressure of the pipeline. ized among the EU countries. The limit of acceptable level
of societal risk has been set down generally as the cumulative

3.2. Societal risk frequency multiplied by the square of the number of fatalities

to be lower than a certain value. In industrial processes, the

The proposed procedure concermns a sample pipelineacceptable societal risk BN? < 10° persond/year and the
passing through a town area at 20km from the gas supplyboundary between tolerable and unacceptatfié\is= 103
station. The area is 1 kw1 km wide and populated by 20 ~ personé/year[17]. Because of the steep change of cumula-
persons/ha. The profile of fatalities can be constructed by tive failure rate, it can be checked simply with the value of
adopting three-zone method of E88) with the gas release FN? near the maximum fatalities for each accident scenario
rate obtained from Eq24). The approximate solution has in order to determine whether the pipeline could be accepted
little deviation from the exact one calculated by [8), and or not.
the error may be negligible as showrFiig. 9. The integration The procedure of quantitative risk analysis, individual
of fatality with the three zones is sufficient for calculating and societal risks, can be simplified by using the fatal
the cumulative fatal length. The number of fatalities from length and the cumulative fatal length for transmission
a small hole of a pipeline may be ignorable and FaéN pipelines carrying natural gas. Since the expected failure

curve can be constructed directly by measuring the length ofrates are highly uncertain in the pipeline system, the fatal
length and cumulative fatal length with a hypothetical ac-

cident can be employed instead as one measure for safety
management.

Exact Solution

App. Soluti
450 ¢ Great hole pp. Solution

4. Conclusions
3004 ] \
Quantitative risk assessment recently has become impor-
tant in controlling the risk level effectively in gas pipeline
Medumchols \ management. This work proposes a simple method of quanti-
1501 P W tative risk assessment for natural gas pipeline and introduces
A \ the parameters of fatal length and cumulative fatal length.
/ / s \\\ These parameters can be estimated directly by using the in-
s formation of pipeline geometry and population density of a
Geographic Information Systems and are sensitive to pipeline
length, pipeline diameter and operating conditions. The pro-
Fig. 9. The number of fatalities associated with accidents along the sample P0S€d simplified method turns out to be successful through
pipeline. being applied to a sample pipeline.

Number of fatalities

0 4
19000 20000 21000
Length of pipeline from gas supply station (m)
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Individual risk can be estimated with the fatal length in by Third Party Activity, Printed and Published by the Health and
addition to the failure rate of the pipeline. Societal risk can Safety Executive, C1 10/01, 2001. o
be estimated simiIarIy with the cumulative fatal Iength and [5] TNO Purple Book, Guideline for Quantitative Risk Assessment,

. . . . Committee for the Prevention of Disasters, The Netherlands, 1999
the failure rate. The fatal length is obtained by adding the (Chapter 6)

pipe lengths multiplied with corresponding average values [g] IGE, Steel pipeline for high pressure gas transmission, IGE Code
of lethality in the zone of 1-50, 50—99 and 99-100% lethal- TD/1, fourth ed., Communication, vol. 1670, 2001.

ity. The cumulative fatal length is obtained graphically on [7] K. Peter, L. John, Report on a Study of International Pipeline Ac-

the fatalities curve by measuring the length of the horizontal g‘l’elné%opriznégg and Published by the Health and Safety Executive,
Im?,Of fatalitiesN _mte‘,rseCted by th_e, pl’OfIle of potentlal fa- [8] P. Dennis, P.E. Nolan, Handbook of Fire and Explosion Protection
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calculated by adding the number of people multiplied with Noyes Publication, New Jersey, 1996, p. 48.
the average lethality within the three zones. [9] Y.-D. Jo, K.S. Park, Minimum Amount of Flammable Gas for Ex-
With currently acceptable criteria taken into account for plosion within Confined Space, to be published in process safety

T . . - S progress.
individual risk, the minimum proximity of the pipeline to oc- [10] TNO Green Book, Methods for the Determination of Possible Dam-

cupied buildings is approximately proportional to the square age, TNO, Rijswijk, The Netherlands, 1989 (Chapter 1).

root of the operating pressure of the pipeline. And it decreases[11] CPQRA, Guideline for Chemical Process Quantitative Risk Analysis,
with the pipeline length due to resistance of gas flow through ~ ISBN 0-8169-0402-2, The Center for Chemical Process Safety of
the pipeline. The proposed method for risk assessment may b?lZ] American Institute of Chemical Engineers, 1988.
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usertul Tor risk management during the planning an ullia- ton, DC, November, 1990.
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pipeline. of the Vulnerability Model (VM2), Department of Transportation,
United States Coast Guard, Washington, DC, Report No. CG-53-77,
February, 1977.
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