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Abstract: Natural gas continues to be one of the basic energy sources used as fuel in the power
sector, in industries and in households. The potential and attractiveness of this fuel is gaining special
significance in the current energy transitions from coal-based power engineering to power generation
based on renewable energy sources. Natural gas is supplied to consumers mainly through a network
of pipelines, which ensures a relatively high reliability of the supply. Still, failures occur due to the
corrosion of pipeline walls, material defects or human errors, which can result in uncontrolled release
of gas. The released gas can trigger dangerous phenomena, such as fires and explosions. This paper
presents an analysis of the causes and effects of damage to a medium-pressure pipeline caused by
earthworks carried out within an area where a pipeline is located. Holes in the pipeline due to the
impact of an excavator bucket are analysed. The impact of the excavator bucket may cause a rupture
equal to 50% of the pipeline’s cross-sectional area. Hazard zones related to fires and explosions due
to the released natural gas are presented. For the analysed pipeline with a diameter of 0.5 m and
a gas pressure of 5 MPa, the range of hazard zones arising due to pipeline damage caused by an
excavator bucket can reach about 200 m.

Keywords: gas pipeline; failure; excavator; hazard

1. Introduction

Natural gas continues to be one of the basic energy sources used as fuel in the power
sector, in industries and in households. The largest consumer of natural gas in the world is
the United States, which consumed about 817 billion cubic metres of gas in 2018. The United
States is also one of the largest producers of natural gas in the world, with 761.1 billion
cubic meters in 2018 [1]. It is followed by Russia and China, with consumptions of about
450 and 280 billion cubic meters, respectively. The natural gas consumptions of select
countries in 2018 are shown in Figure 1 [1].

The growing global consumption of natural gas necessitates an increase in the gas
transmission capacity. Both the number and length of gas pipelines as well as their
operating parameters have increased. Currently, natural gas is transported by an extensive
network of pipelines distributed throughout the world [2]. This method of natural gas
transportation is the most economical and reliable way to deliver large quantities of this
medium to commercial and domestic customers [3].

Established in 1982, the European Gas Pipeline Incident Data Group (EGIG) [4], which
currently brings together seventeen operators of European transmission networks, reported
that, in 2000, the total length of pipelines in Europe was just over 100,000 km. In 2019, this
number increased to just over 143,000 km (cf. Figure 2).
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Figure 1. Top 14 consumers of natural gas in 2018.
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Figure 2. Total length of the European gas transmission system in the EGIG in 2019.

Despite many safety measures currently applied in the design, construction and
operation of gas pipelines, such as continuous monitoring of their technical state or the
use of new, more resistant materials to make them, it is impossible to ensure failure-free
transmission of natural gas; 1366 incidents related to gas pipelines were recorded between
1970 and 2016 in the EGIG database.

The overall failure rate during that period was 0.31 failures per 1000 km per year [4]. It
should be noted that the database keeps records of incidents leading to accidental releases
of gas from onshore pipelines made of steel and characterised by operating pressures
higher than 15 bar. Figure 3 shows the number of events involving gas pipeline damage
recorded in the EGIG database from 2006 to 2019.

The next two figures show the U.S. data on the number of incidents (Figure 4) and the
number of casualties (killed and injured) in 2000-2019 (Figure 5) [3,5].
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Figure 3. Number of incidents per year (EGIG Pipeline Network).
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Figure 4. Number of incidents per year in the USA.
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Figure 5. Number of fatalities and injuries per year in the USA.

Table 1 presents the pipeline failure rate for different countries/regions in select
periods [6,7].
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Table 1. Pipeline failure rate.

Country/Region Period Frequency of Failure (per Year per km)
United States 2004-2015 1.55 x 107°
Canada 2011-2015 2.25 x 1074
Europe 1970-2013 3.30 x 10~*
United Kingdom 1962-2014 2.19 x 1074
Brazil 1978-2010 8.23 x 1073

Failures in the natural gas transport infrastructure depend on many factors. The main
problem is the ageing of gas pipelines, but corrosion and interference by third parties are
also significant issues.

A general overview of the causes of failure in the global gas industry was presented
in [8], for example. A statistical analysis of accidents in the U.S. gas transmission system in
the years 20042015 was presented in [9], and the 10 largest accidents related to a pipeline
failure in history were discussed in [10]. Probabilistic models calculating the probability of
damage to gas pipelines were presented in [11,12].

Detailed analyses of the causes of gas pipeline damage and failure are also the subject
of many recent papers. For example, the cause of a gas pipeline failure due to a longitudinal
weld crack was investigated in [13]. A study on one of the causes of stress corrosion
generated in the zone of mechanical damage to a pipeline was conducted in [14]. An
analysis of corrosion as a factor causing pipeline failure was also presented in [15,16]. The
papers in [17,18] focused on gas pipeline damage due to mechanical factors. Experimental
and numerical studies on the dynamic response of an underground gas pipeline under
loading due to an excavator were described in [17]. A stress-and-strain analysis of buried
polyethylene pipelines affected by mechanical excavation was performed in [18].

This paper presents an analysis of the causes and effects of damage to a medium-
pressure pipeline caused by earthworks carried out within the area in which the pipeline
is located. Holes in the pipeline due to the impact of an excavator bucket on the pipeline
surface are analysed. This is one of the most common causes of damage to gas and other
underground pipelines. The size of the pipeline damage caused by the impact and the
range of the effects of uncontrolled release of gas are estimated.

2. Causes and Effects of Damage to Pipelines
2.1. Causes of Pipeline Damage

As already mentioned, the rising demand for natural gas involves the development of
a system of pipelines to supply this fuel to an increasing number of customers. A large and
complex network of gas pipelines is prone to failures, which affect the regularity of fuel
supply and may disrupt customers’ operations.

A pipeline failure is understood as a failure related to the gas transmission network
causing a sudden change in the pipeline technical state and posing a hazard to human
health and life as well as to the environment. The causes of pipeline failures can be divided
into three basic groups: damage due to corrosion, mechanical damage and third party
interference/errors. Another criterion for pipeline damage is the division into intra- and
extra-systemic failures.

The first group includes damage due to weld defects, material defects or defects
of the pipeline fittings. These occur primarily as a result of irregularities during the
pipeline construction and repair. This group of damage also includes corrosion damage—a
phenomenon that may occur both on the inner and outer surfaces of the pipe wall in
steel pipelines. It may take the form of stress corrosion, electrochemical corrosion or
chemical corrosion. Corrosion may occur in the form of pitting (point corrosion) and
uniform corrosion (with regular and uniform loss of metal from the corroding surface of
the pipeline). These processes are often triggered by damage to and scratches or micro-
cracks in the structure of the gas pipeline surface [6,19,20]. Intra-systemic causes of gas
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pipeline failures also include damage related to instability of the pipeline placement in the
ground.

The group of extra-systemic threats includes unintentional or intentional human
activity, such as acts of vandalism, terrorist actions, theft and accidental damage caused in
the course of engineering or construction work. This group of causes of damage to pipelines
also includes hazards related to the impact of natural forces, i.e., land displacement due to
earthquakes, movement of rock masses or land subsidence due to floods [4,6,7,21-23].

The statistics on the main causes of pipeline failures, which include pipeline corrosion,
external factors, human errors, irregularities in the installation and erection processes,
and defects occurring during the manufacturing process are presented in the figure below
(Figure 6) [24].

B corrosion

M human errors

M installation/erection

O manufacturing process

£ external factors

Figure 6. Sources of pipeline failure [24].

2.2. Accidents in the Gas Sector

Gas pipeline safety is an important element in the reliable supply of gas to consumers,
meeting the requirements of the supply chain, as well as minimising the hazards posed to
people and the environment due to uncontrolled release of natural gas. The properties of
natural gas may contribute to the occurrences of fires and explosions and, consequently, to
significant property damage and loss of human life and health.

Select gas pipeline accidents from the past together with their consequences are
presented in Table 2 [5,10].

Table 2. Natural gas pipeline accidents [5,10].

Country

Year

Site, Hazard Scenario and Consequences

Canada

2003

On 24 April 2003, a gas explosion occurred in the Etobicoke district (Toronto, Ontario) as a result of damage
caused to a gas pipeline by a backhoe loader, destroying a two-storey commercial and residential building.

Seven people were killed and four others were injured.

Belgium

2004

On 30 July 2004, natural gas was released from a pipeline in the town of Ghislenghien (about 50 km from
Brussels). A few minutes later, the leakage intensified and an explosion occurred. The gas cloud ignited,
producing a “fireball”, which then turned into a long torch, the height of which was estimated at about
150-200 m. The fire rapidly engulfed nearby factories, parked cars, etc. With more than 20 dead and 132

injured, the accident qualified as the most serious industrial disaster in Belgium in half a century. The

industrial zone was completely destroyed within a radius of 200 m, and the damage caused by the accident
was worth about 100 million euros.

Canada

2009

On 20 July 2009, the fire and explosion caused by a gas pipeline operated by the Trans Canada Corporation
destroyed two hectares of forestland. Corrosion was cited as the cause of the pipeline damage.

USA

2010

A gas pipeline explosion on 9 September 2010 in San Bruno (a suburb of San Francisco) killed 8 people and
injured 58; 38 houses were destroyed. The fire is believed to have been caused by an explosion caused by the
gas pipeline rupture due to lack of inspections and maintenance, and poor pipe quality control.
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Table 2. Cont.

Country

Year

Site, Hazard Scenario and Consequences

Canada

2011

On 19 February 2011, an explosion and a fire from TransCanada gas pipelines occurred in Beardmore,
Ontario. The failure resulted in a large crater and damage to the pipe system. Six residents near the failure
site were evacuated until the fire was extinguished. No fatalities were reported.

Canada

2012

On 23 June 2012, an ignition and a fire occurred in a valve closure structure at the Spectra Energy
Transmission Compressor Station N4, located approximately 160 km northwest of Fort St. John. Two
maintenance crew members were performing annual inspection work on valves and suffered burns when
natural gas flowing out of the valve ignited.

USA

2012

On 11 December 2012, a buried 20-inch interstate natural gas transmission pipeline operated by the
Columbia Gas Transmission Corporation ruptured in a sparsely populated area in Sissonville, West Virginia.
A section with the length of about 20 feet was separated and ejected more than 40 feet from its original
location. The gas escaping under high pressure ignited immediately. The area destroyed by the fire was
about 820 feet wide and extended along the pipeline for almost 1100 feet. As a result of the fire, three homes
were completely destroyed and several others were damaged. No fatalities and no serious injuries were
reported. The pipeline rupture was probably caused by corrosion of the pipe’s outer wall due to
deterioration of the coating and ineffective cathodic protection, or failure to detect corrosion because the
pipeline was not inspected or tested after 1988. Rocky backfill around the buried pipe contributed to the
poor condition of the anticorrosion protection systems.

India

2014

On 27 June 2014, a fire occurred in southern India in the state of Andhra Pradesh due to an underground gas
pipeline explosion; 18 people were killed and 40 were injured. The fire caused huge property damage.
Dozens of houses were destroyed. In an area of over 10 acres, coconut trees, other crops, cattle and wild
birds were turned to ash.

Taiwan

2014

On 31 July 2014, in the city of Kaohsiung, a gigantic explosion of a gas pipe located under one of the main
streets of the metropolis took place. The explosion occurred underground when gas from the damaged pipes
leaked into the city’s sewer system; 27 people were killed and 286 were taken to hospitals. The explosion
was most probably due to damage to the gas pipeline belonging to the state-owned CPC Corporation.

Canada

2014

On 25 January 2014, a natural gas pipeline operated by the TransCanada Corporation exploded and caught

fire in a rural area in the province of Manitoba (near Otterburne), causing a natural gas shortage in Manitoba

and parts of the United States. Some households close to the failure site were evacuated. No fatalities were
reported.

Poland

2018

A gas explosion and a fire occurred in Murowana Goslina when a high-pressure natural gas pipeline became
unsealed on 26 January 2018. One utility building was completely destroyed, three residential buildings
were destroyed as a result of the fire, and fifteen other buildings were destroyed to varying degrees due to
exposure to thermal radiation and other factors. There were no fatalities and no injuries.

USA

2019

On 1 August 2019, a 30-inch gas transmission pipeline operated by Enbridge Inc. was damaged near
Danville (Lincoln County, Kentucky). The failure resulted in the release of about 66 million cubic feet of
natural gas, which caught fire. Due to the incident, 1 person died, 6 were taken to hospitals and 75 residents
from the Indian Camp mobile home development were evacuated. The fire destroyed 5 nearby residences;
damaged 14 others; and burned approximately 30 acres of land, including railway tracks. The explosion
resulted in the ejection of an approx. 110-foot-long section of the pipeline that landed about 481 feet away
from the rupture site.

Poland

2019

On 4 December 2019, a gas explosion occurred in Szczyrk, when the gas pipeline was damaged during
construction work performed near a single-family building. Due to the explosion, the three-storey house
collapsed completely. Eight people were killed.

2.3. Causes of Pipeline Damage

As indicated by the events presented above, due to the physicochemical properties of
natural gas, pipeline damage can result in significant property damage and loss of human
life and health.

The dangerous effects of events triggered by natural gas leakage and ignition intensify
if damage to the gas network occurs in a populated area. Failures also involve economic
losses incurred by businesses due to interruptions in gas supply. The kind of hazard created
depends on the course of the failure, the cause and type of damage, the gas pipeline size,
etc. An important factor affecting the development of a scenario in which a hazardous
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event is triggered by a leakage of natural gas is the presence of ignition sources in the
leakage area and the moment when a cloud of the released gas ignites. Immediate ignition
results in a fire, whereas delayed ignition results in an explosion (Table 3). If there is no
ignition, the released gas disperses into the atmosphere (cf. Figure 7).

Table 3. Ignition of releases per leak type—EGIG report [4].

Leak Size % of Releases with Ignition
Pinhole-crack 4.7
Hole 2.2
Rupture <04 m 9.8
Rupture > 0.4 m 40.7
natural ‘ jet
force fire
human
errors ‘ . explosion
incorrect N )
operation o/ g fireball
mechanical | —\ release | _
damage — —_ flash
fire
corrosion
dispersion
etc.

Figure 7. Major events from a natural gas pipeline [24,25].

3. Analysis of Gas Pipeline Damage Caused by the Impact of an Excavator
3.1. Estimation of the Size of Damage

The starting event that leads to uncontrolled leakage of natural gas from a transport
pipeline is partial or complete damage (pinhole-crack (puncture) or rupture). The size of
the damage to the gas pipeline determines the amount of gas released and, therefore, the
range of potential hazard zones. For this reason, an estimation of the size of damage to
pipelines, especially those running through urbanised areas, is an important issue. As
indicated by the literature data presented above, in these areas, gas pipelines often become
damaged during construction works when an excavator bucket hits the pipe surface.

To estimate the consequences of such an event, the impact of an excavator bucket on a
medium-pressure gas pipeline was simulated. A pipeline with a diameter of 0.5 m, a wall
thickness of 10 mm and a gas internal pressure of 5 MPa was assumed for the analysis. The
material elastic-plastic behaviour and the material destruction were simulated using the
Johnson-Cook model described, among others, in [26,27]. The calculations were performed
in the ANSYS software [28].

A 600 mm wide excavator bucket made of a 10 mm thick metal plate was assumed.
The leading edge was 3 mm thick. It was equipped with four teeth with a profile adopted
from the catalogue data of the CAT company, Stockton, CA, USA (cf. Figure 8). The
numerical model used a section of the bucket, mapped as a rigid body.
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Figure 8. Model of the excavator bucket teeth.

The numerical mesh of the pipeline consists of 10 x 10 mm hexahedral elements. The
pressure of 5 MPa on the pipeline inner surface was assumed as the boundary condition.
The pipeline was restrained at both ends and on the surface of the bottom half of the pipe
using the fixed-support method. Three variants in the positioning of the excavator bucket
in relation to the pipeline were considered (cf. Figure 9):

- Variant 1—bucket in the pipeline axis (Figure 9a);
- Variant 2—bucket perpendicular to the pipeline axis (Figure 9b); and
- Variant 3—bucket rotated by 45° in relation to the pipeline axis (Figure 9c).

(a)

000 25600 509,00
—

12500 37500

(b)

X

50006 )

12200 375,00

Figure 9. Cont.
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(c)

12500 37500

Figure 9. Variants in the excavator bucket positioning in relation to the pipeline axis: (a) bucket in the
pipeline axis, (b) bucket perpendicular to the pipeline axis and (c) bucket rotated by 45° in relation to
the pipeline axis.

A simulation is presented for each variant of pipeline damage due to the bucket falling
with the excavator arm, with a mass of 1000 kg from a height of 1000 mm. To simulate the
movement of the machine arm, it is assumed that the bucket rotation point is 5000 mm
from the bucket’s centre of gravity.

Example results of modelling the bucket impact effects are shown in the following
figures. The effect of the impact for Variants 1, 2 and 3 are shown in Figures 10-12,
respectively. The aim of these figures is to show the potential size of the damage, which in
turn influences the mass flow rate of the gas released and its consequences.

A: Explicit Dynamics
Figure 2
Type: Equivalent (von-Mises) Stress
Cycle Number: 359401

918,62 Max

A: Explicit Dynamics

Figure 3
Type: Equivalent (von-Mises) Stress
Unit: MPa »

Time: 5,-002
Cycle Number: 359401

918,62 Max
816,66
714,69

— 612,72

102,89
0,9214 Min

Z
300,00 (mm) @

225,00 Y

Figure 10. Pipeline damage for Variant 1—effective stress values.
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A: Explicit Dynamics

Figure 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 5,-002

Cycle Number: 213512

880,1 Max
7824

A: Explicit Dynamics
Type: Equivalent (von-Mises) Stress.

Unit: MPa

Time: 5,e-002

Cycle Number: 213512

880,1 Max
7824
684,69
586,99
48929
391,59
29389

Figure 12. Cont.
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A: Explicit Dynamics

Figure 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Cycle Number: 269955

Figure 12. Pipeline damage for Variant 3—effective stress values.

A simulation was also performed for Variant 1 and Variant 3 of the development of
the pipeline damage after the bucket hits the pipeline and then rotates further in relation
to the machine arm. Such a situation occurs if the excavator operator does not notice or
fails to respond to the bucket first hitting against the pipeline and continues their work. In
these calculations, the rotation point was assumed to be at the distance of 300 mm from the
bucket’s centre of gravity. In this variant, the bucket, as a rigid body, rotates at a set angle of
45°. The effects of pipeline destruction for Variants 1 and 3 are shown in Figures 13 and 14,
respectively.

A: Explicit Dynamics

Figure 2

Type: Equivalent (von-Mises) Stress
Unit MPa

Time: 5,e-002

Cycle Number: 180059

828,79 Max

Time: 5,-002 )
Cycle Number: 180059

828,79 Max
736,83
644,86
552,9

460,93
36897
277,01

185,04
93,079
1,1145

7500 | 22500

Figure 13. Development of the pipeline destruction at the bucket position according to Variant 1.
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A: Explicit Dynamics
Figure 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 5,-002

Cycle Number: 186694

A: Explicit Dynamics
Figure 3. _
Type: (von-Mises) Stress
Unit MPa

Time: 5,e-

Cycle Number: 186694

832,43 Max
739,99
" a6
| 55513
462,69

300,00 (mm)

—
75,00 225,00 ¥

Figure 14. Development of the pipeline destruction at the bucket position according to Variant 3.

The simulation results show that the development of damage due to rotation of the
excavator bucket can significantly increase the damage size and thus increase the amount of
released gas. The results of the numerical simulations indicate that, for the case of pipeline
damage analysed, the size of the hole can total from 20% to even 50% of the pipeline’s
cross-sectional area.

3.2. Released Gas Spreading in the Gas Pipeline Surroundings

If the pipeline is damaged mechanically, an uncontrolled gas leakage occurs. Further
consequences of the leakage depends, among other things, on the amount of released
gas and the nature of its dispersion in the atmosphere. In the simplest case, the amount
of gas released from the damaged pipeline can be estimated using the relations valid
for an isentropic outflow of perfect gas through a hole with a round shape. If the hole’s
cross-sectional area has a value of A, and the pressure values upstream and downstream
from the hole are py and p», respectively, the mass flow of the escaping medium can be
calculated from the following relation [29]:

2 Pam]
. K pz K Pz K

— A2 P2y" (P2 1
" K_1P0P0l<p0> (Po) ] @

where pj is the gas density upstream from the hole and « is the isentropic exponent.
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As pressure p, decreases, the mass flow rises to reach the maximum critical pressure
value, expressed as follows:
2\ w1
p=n(i2s) @

x+1

If the pressure ratio, defined as backpressure-to-inlet pressure, reaches 0.542, the flow
is choked and the mass flow rate can be calculated using the following equation [30]:

K+l

. 2\
i = ey pepee (2 ) ©)

where p; and py are the density and pressure in the critical cross section, and c is the
discharge coefficient.

The change in the mass flow through the hole for different diameters of a 50 km long
pipeline is presented in Figure 15. The gas pressure and temperature are 5 MPa and 20 °C,
respectively. The curves in the figure correspond to different levels of pipeline damage
expressed using coefficient a, which is defined as the ratio of the damage surface area to
the cross-sectional area of the pipeline.

(a) (b)
350 1500
24
2/
4 i )
N, /
300 r 1250 7
- /s 4 //
s B A
250 A YAVaY
w - 4y o 7 100 /
2 A& g | AV
5 200 A - / / ol
o 7 P @ / / %
g v o g / -
g | SN A & g 750 y 7
2 i - 2 i
T 150 — — 1< .,, ] ayrd
@ v . - n ' p v
8 T g SN -
P 500 — A A
/,«" e -
" -
0 T T T T T T T 0 T T T T T T ™
200 250 300 350 400 450 500 550 200 250 300 35 400 450 500 550
diameter [mm] diameter [mm]
p=1MPa p=5MPa

Figure 15. Mass flow through the hole (puncture/rupture) in the pipeline for various gas pressures
in the pipeline: (a) p =1 MPa and (b) p = 5 MPa.

3.3. Consequences of an Uncontrolled Gas Leakage

The released gas spreads in the air, and if an ignition source is found in the area with
concentrations corresponding to the lower-to-upper intervals of the flammability limit of
methane, a fire and/or an explosion occurs. Fire poses a threat to people and infrastructure
due to the direct impact of the flame and the generated heat flux. Explosions create a hazard
related to the generated overpressure. Example effects of the impact of these phenomena
on people and the surroundings are presented in Table 4 [31,32].

If a jet fire occurs, which is caused by the ignition of a jet of gas released under high
pressure through the hole in the damaged pipeline wall, a hazard is created due to high
thermal radiation [33].
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Table 4. Consequences of fire and explosion [31,32].

Fire Explosion
Heat Flux (kW/m?) Consequences Overpressure (kPa) Consequences
100 steel structure collapse (>30 min 482.6-1379 immediate blast fatalities
exposure)
death, all operating equipment displacement of cylindrical storage
>37.5 50-100 . .
destroyed completely tanks, failure of pipes
significant injury in 10 s, 100%
mortality in 1 min, unpiloted ignition . L
25 of wood, steel deformation (>30 min 48.3 threshold of internal injuries by blast
exposure)
first-degree burn after 10 s, 1%
mortality in 1 min, piloted ignition of displacement of pipeline bridges,
12.5-15 . . . 35-40 L
wood, melting of plastics (>30 min breakage of piping
exposure)
pain for 20 s exposure, first-degree threshold for eardrum rupture (18.8
4-5 burn, glass breakage (30 min 15-20 kPa), collapse of unreinforced
exposure) concrete or cinderblock walls
<1.6 safe 1 threshold for glass breakage

The figures below show the hazard zones arising due to the impact of this type of fire
as well as due to explosions of gas released from a 50 km long pipeline with a diameter
of 0.5 m transporting natural gas under pressure p = 5 MPa. Natural gas was released
through a hole created after an excavator bucket hit the pipeline. Two cases of pipeline
damage were investigated. In the first case, the hole had an area of about 20% of the
pipeline cross-sectional area. In the second case, a larger damage area of 50% of the pipeline
cross-sectional area was assumed. The wind speed and the ambient temperature in the
area of the gas leakage were adopted at 1.5 m/s and 20 °C, respectively. The calculations
were performed using the PHAST v6.7 program [34].

The zones shown in the figures are related to the effects of a fire and an explosion in
the form of a heat flux and overpressure, respectively. In Figures 16a, 17a, 18a and 19a, the
red lines represent zones with heat fluxes above 37.5 kW / m2, the blue lines represent those
at 12.5 kW/m? and the green lines represent those at 4 kW/m?. The values of 4, 12.5 and
37.5 kW/m? are defined as the limits of the heat flux values, which, if exceeded, result in
pain, first-degree burns and human death, respectively. In Figures 16b, 17b, 18b and 19b,
the green lines show the zones with overpressure above 0.344 bar and the blue lines show
the zones above 0.16 bar. The overpressure values of 0.16 and 0.344 bar, respectively, are
the lower limits of pressure causing structural damage and damage to human lungs. The
results shown in Figures 16 and 17 pertain to the cases where the area of damage is equal
to 20% (a = 0.2) and 50% (a = 0.5) of the pipe diameter, respectively.

All of the zones are presented for the least favourable scenarios of failure, i.e., for
those where the range of the effect of a given phenomenon is the greatest. In the case of
a fire, this is the immediate ignition of a jet of natural gas released under high pressure.
In the event of an explosion, this is a delayed ignition with the largest mass of the gas—air
mixture formed, with a concentration corresponding to the lower explosive limit.

The next figure shows the hazard zones for the same dangerous phenomena caused
by natural gas release and ignition, but this time a complete rupture of the pipeline is
assumed.
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Figure 16. Hazard zones due to a jet fire (a) and an explosion (b) for a natural gas pipeline (a = 0.2).
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Figure 17. Hazard zones due to a jet fire (a) and an explosion (b) for a natural gas pipeline (a = 0.5).
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Figure 18. Hazard zones due to a jet fire (a) and an explosion (b) for a natural gas pipeline (a = 1).
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Figure 19. Hazard zones due to a jet fire (a) and an explosion (b) for a natural gas pipeline (a = 0.2,
p =1MPa).

Analysing the figures presented above, it can be seen that, the bigger the degree
of pipeline damage, the larger the hazard posed to humans and the surroundings. For
example, for a jet fire of natural gas released from the pipeline, the hazard zone increases
by about 25 metres on average for increase in the size of the pipeline damage analysed.

The essential factors that affect the hazard level also include the gas parameters and
pressure, in first place. Therefore, the figures below present changes in the range of the
hazard zones arising due to the release of natural gas through a hole for which the ratio of
its surface area to the pipeline cross-sectional area is 0.2 at the gas lower pressure value of
1 MPa. The ranges of the hazard zones are almost two times smaller.

As already mentioned, the negative effects of a fire or an explosion of natural gas re-
leased from the pipeline are much more dramatic when the pipeline is located in populated
areas. Examples of such a hypothetical localisation of the gas leakage are presented in
Figures 20-24. The hazard zones arising due to the heat flux generated from a fire caused
by natural gas released from an example pipeline are shown in the figures below. The
distance of the failure site from built-up areas is approximately 150 m. The zones marked in
yellow and orange indicate the range within which the heat flux value causes human death.
In the analysed scenario for a pipeline with a diameter of 0.5 m, partial damage is assumed
(a = 0.2) with gas pressure values of 5 MPa (orange) and 1 MPa (yellow) (cf. Figure 20).
Higher gas pressure values cause stronger outflows of the gas jet. As a result, the hazard
zone moves away from the site of the pipeline failure to a certain degree. It can also be
noticed that, if the damage size and the gas pressure are increased (cf. Figure 21), the range
of the hazard zones becomes substantially bigger. In the case under consideration, it covers
an area with buildings in the vicinity of the potential failure site.

Explosions are another dangerous consequence of a natural gas leakage. It is triggered
by a delayed ignition of the gas—air mixture. In this case, the significant factor determining
the occurrence of an explosion is the gas concentration in the cloud. The concentration
level should be between the gas’s lower and upper explosion limits. For natural gas, such a
concentration value varies from 4.4% to 17%. Therefore, Figures 22 and 23 present the zones
with the concentration value equal to or higher than the lower explosion limit of natural
gas. Two variants of partial damage are assumed in the analysis: a =0.2 (yellow) and a = 0.5
(turquoise). The time of the formation of a cloud with a dangerous concentration varies
depending on the gas pipeline size and the transported gas parameters. In the case under
consideration, i.e., for a gas pressure of 5 MPa, a pipeline length of 25 km and a pipeline
diameter of 500 mm, the time of formation of the largest cloud with a concentration level
corresponding to the lower explosion limit totals 19.5 s; if the gas pressure is 1 MPa, such a
cloud is formed in about 29 s.
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Figure 20. Hazard zones due to a jet fire for a natural gas pipeline (a = 0.2): yellow zone, p = 1 MPa;
orange zone, p = 5 MPa.

Figure 21. Hazard zones due to a jet fire for a natural gas pipeline (a = 0.5): yellow zone, p = 1 MPa;
orange zone, p = 5 MPa.

Figure 22. Rang of the natural gas cloud with a concentration above 4.4% (p = 1 MPa) for a = 0.2
(yellow area) and a = 0.5 (turquoise area).



Energies 2021, 14, 7686

18 of 21

Figure 23. Range of natural gas cloud with a concentration of 4.4% (p = 5 MPa) for a = 0.2 (yellow
area) and a = 0.5 (turquoise area).

Figure 24. Hazard zones due to an explosion for a natural gas pipeline (a = 0.2, L = 50 m): yellow
zone, p = 1 MPa; orange zone, p = 5 MPa.

If an ignition source occurs within the hazard zones, the explosion may generate
overpressure. The areas affected by the consequences of a gas explosion are shown in the
figures below.

As already mentioned, if there is an ignition source in the above-illustrated zones with
an increased gas concentration, an explosion occurs. The pictures below present the hazard
zones arising due to an explosion and the formation of overpressure of over 34.4 kPa. This
value causes damage to human lungs as well as to buildings.

The zone for the natural gas pressure in the pipeline of 1 MPa is marked in yellow
and for the pressure of 5 MPa is marked in orange. In the analysis shown in Figure 24, it is
assumed that the point from which the gas cloud ignites is located at a distance of L =50 m
from the site of the pipeline rupture, and an explosion occurs when the gas cloud contains
a large amount of natural gas that is released in a very short time after the failure, i.e., 1s.

The figure presented above indicates that, in the case of a very short time from natural
gas release and the close proximity of the ignition source, the hazard zones reach a range
posing no threat to the buildings located near the example failure site. Figure 25 presents a
scenario of an event with delayed explosion of the gas cloud when the ignition source is
L =200 m from the pipeline failure site.
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Figure 25. Hazard zones due to an explosion for a natural gas pipeline (a = 0.2, L = 200 m): yellow
zone, p = 1 MPa; orange zone, p = 5 MPa.

In this case, the time it takes the cloud to reach the concentration corresponding to
the lower explosion limit is longer and totals to about 7 s for a gas pressure of 5 MPa and
16 s for a gas pressure of 1 MPa. The mass of the gas—air mixture affected by the explosion
is also bigger, which substantially extends the area of potential damage caused by the
explosion.

4. Conclusions

The paper presents an analysis of the possible consequences of damage to a gas
pipeline caused by machines used in construction. This is one of the most common causes
of damage to pipelines. The size of the damage and, consequently, the amount of released
gas depend not only on the dimensions and shape of the element that hits the pipeline but
also on the response of the excavator operator after the impact. In the case of a pipeline
with the diameter of 0.5 m analysed, the area of the hole created due to the impact of the
excavator bucket can total to about 20% and sometimes even up to 50% of the pipeline
cross-sectional area. If ignition occurs, the gas escaping through such a hole presents a
serious hazard due to thermal radiation. The hazard zone has a range of up to 200 m
from the gas release site. A similar threat is the overpressure that may arise due to an
explosion caused by the gas released. In this case, the location of the ignition source is also
an important factor.
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Nomenclature
A Cross-sectional area m?
a  rupture-to-pipe-cross-sectional areas ratio -
¢ discharge coefficient -
L  distance from the rupture to the point of ignition m
m  mass flow rate kg/s
p  pressure Pa
K  isentropic exponent -
p  density kg/m3
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