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Abstract: Workers involved with underground pipelines might
be subjected to dangerous transient voltages caused by adjacent
lightning strikes on electrical towers linked to grounding systems.
To better understand and predict these indirect effects, this paper
investigates the transient electromagnetic behavior of a tower—
grounding grid-pipeline system subjected to a direct lightning
strike. The entire setup is simulated using transmission-line theory
to enable a thorough understanding and accurate modelling of
wave propagation, electromagnetic coupling, and ionisation
across the various system components. A large-scale setup
comprising five transmission towers linked by a grounding grid,
and located near an underground pipeline with a total length of
2.8 km, is considered in this paper. The lightning current of 12. 5
kA is delivered at the first tower's top, and the pipeline transient
currents and voltages induced are calculated. The lightning-wave
propagation from the strike location through the tower arms,
grounding grid, and soil to the pipeline is investigated under the
assumption of uniform soil conditions. Different soil resistivities
(100, 300, and 600 m) are used to assess their effects on system
behaviour. Three electrical pipeline models, all based on
transmission-line equivalences, are constructed and compared.
The first model explores only resistive effects, whereas the second
and third gradually incorporate inductive, capacitive, and
conductive elements, thereby enabling a more precise depiction of
electromagnetic coupling and dielectric losses. According to the
simulations, the lightning current amplitude fades progressively
through the resistive, inductive, and capacitive components of the
tower, grounding grid, and pipeline. As expected, the induced
current is maximum at the struck tower, and it decreases along the
system. About the first pipeline model, the induced voltages were
always at a level safe enough for personnel, regardless of the soil
resistivity considered. However, the second and third models
showed a significant increase in pipeline voltage, with the third
model exhibiting very high voltages despite lower current
magnitudes. Hence, the results clearly underscore the importance
of pipeline modelling, soil resistivity, and electromagnetic
coupling in evaluating lightning-induced hazards. The modelling
approach introduced here not only advances understanding of the
transient behaviour of grounding systems and pipelines subjected
to lightning but also enables the development of safer grounding
layouts, pipeline materials, and protective measures that better
shield people from lightning hazards.
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I. INTRODUCTION

Most accidents occurring on overhead transmission lines

and electrical towers are attributed to lightning strikes. The
lightning discharge current typically ranges from a few
kiloamperes (kA) up to several hundred kiloamperes;
statistical analyses indicate that peak currents can vary
between approximately 3 kA and 200 kA, with a small
percentage of events exceeding 140 kA, while nearly half of
recorded lightning strokes exceed 30 kA [1]. Detailed
investigations of lightning current propagation along
transmission structures have shown that less than 1% of the
injected lightning current energy propagates along inclined
components during the discharge process. In contrast,
propagation along horizontal elements is generally negligible
[2]. Field observations and post-event analyses further
indicate that lightning-induced faults account for a significant
share of transmission line outages, typically 40%-70% of
total line-related accidents, depending on regional lightning
density and line configuration [3]. Moreover, the
electromagnetic fields generated by lightning discharges can
be effectively related to the channel-based current by using
transmission-line-based (TL) and modified TL models,
allowing the electric and magnetic field waveforms to be
approximated by the spatial-temporal evolution of the
lightning current [4].

Accurate evaluation of the transient response of
multiconductor transmission lines under lightning excitation
requires frequency-dependent modelling and the precise
correction of numerical errors arising from time discretisation
and wave propagation delays. Advanced EMTP-type
simulations have been widely adopted to address these issues
and to improve the reliability of lightning performance
assessment in modern power systems [5]. The results
presented demonstrate that the proposed approach is accurate
for overhead transmission lines and significantly reduces
overall computation time and model memorisation [6, 7]. It
has been shown in [§8] that as the number of segments of the
nominal height increases, the peak value of the voltage at the
top of the tower gradually decreases, and so does the time.
The analyses in [9]and [10] are based on the empirical
approach and the global circuit
theory, respectively, with too

many approximations.
Therefore, the
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electromagnetic effects on the oil/gas pipeline near the
transmission line are increasingly important. A lightning
strike on the lines or towers could have electromagnetic
effects on adjacent buried metal pipelines.

In this paper, we propose five towers connected to a
grounding grid and in the vicinity of a pipeline. Three
pipeline configuration models were simulated to observe
transient responses under the indirect effects of a lightning
strike. Also, to visualise the safety tensions for the people
who intervene in it. Simulations were conducted at multiple
points to visualise the dynamic behaviour of currents and
voltages along the pipeline.

II. RELATED WORK

Lightning is widely recognised as a significant cause of
faults and transient disturbances in power transmission
systems. When a lightning strike hits a transmission tower,
the resulting current, often reaching several tens of
kiloamperes, propagates through the tower structure and
grounding system, generating severe overvoltage and
electromagnetic disturbances [11]. These disturbances do not
remain confined to the struck structure but can spread through
the soil and affect nearby metallic installations, such as buried
oil and gas pipelines [12]. To analyse these fast-transient
phenomena, many researchers rely on transmission line
theory, which provides a practical framework for modelling
the propagation of lightning currents and voltages along
conductors and grounding structures [13]. This approach
enables the representation of towers, grounding grids, and
pipelines as distributed-parameter systems, making it
particularly suitable for transient studies involving lightning
strikes. Compared with simplified lumped-circuit models,
transmission-line-based methods are better suited to
capturing wave-propagation effects and time delays, which
are critical in lightning studies [14].

Several studies have focused on improving the accuracy of
lightning transient simulations by accounting for frequency-
dependent line parameters and soil characteristics.
Electromagnetic transient programs (EMTP-type tools) have
been extensively used to model lightning interactions with
overhead lines and grounding systems, demonstrating high
accuracy while maintaining reasonable computational
efficiency [17]. More recent studies have shown that
including soil ionisation and nonlinear grounding behaviour
can significantly affect predicted peak voltages and current
distributions, particularly for high-magnitude lightning
currents [5]. The role of the grounding grid is vital in
determining how lightning currents disperse into the soil.
When a tower is connected to a grounding grid, the injected
lightning current produces a ground potential rise that can
extend over large distances, depending on soil resistivity and
grid configuration. This ground potential rise is a key
mechanism through which lightning disturbances are
transferred to nearby buried pipelines. Studies have shown
that neglecting mutual electromagnetic coupling between
grounding conductors can lead to underestimation of induced
voltages, especially in complex grounding layouts.
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The electromagnetic effects of lightning on pipelines near
transmission lines or towers have therefore received
increasing attention recent years. Research has
demonstrated that lightning strikes can induce significant
transient voltages and currents on pipelines through both
conductive and inductive coupling mechanisms. These

in

induced effects may stress pipeline coatings, accelerate
corrosion processes, and pose safety risks to personnel
working on pipeline platforms [15],[16],[17]. Several authors
have investigated the influence of pipeline coating resistance
on induced voltages. Results consistently indicate that higher
coating resistance generally results in higher transient
voltages along the pipeline, thereby increasing the risk of
insulation breakdown and unsafe touch voltages [21].
Consequently, accurate modelling of the pipeline, accounting
for coating properties, burial depth, and soil parameters, is
essential for realistic safety assessments. Despite these
advances, many existing models rely on simplifying
assumptions, such as empirical formulations or global circuit
representations, which may not fully capture the complex
interactions between towers, grounding grids, and pipelines.
Recent studies emphasise the need for integrated modelling
approaches that combine transmission line theory with
detailed grounding and coupling models to represent large-
scale systems comprising multiple towers and extended
pipelines [18], [19].

In this context, modelling the tower—grounding grid—
pipeline system as an interconnected transmission-line
network offers a powerful and flexible approach. Such
models enable detailed analysis of lightning-current
propagation from the point of impact through the tower arms,
the grounding grid, and the surrounding soil, and ultimately
to the pipeline. This approach also enables comparison of
different pipeline configurations and assessment of transient
voltages against safety limits for personnel, a key objective
of the present study.

III. ANALYTICAL CONSIDERATION
The bi-exponential form for the lightning current is the
most used in the literature. For our case, we consider the
analytical expression of equation (1) below.

I(t) = Iy(e®? — eF) . ()

The current parameters are:

I,,: represents the peak value of the current (A).

a: is the inverse of the descent time.

B: is the inverse of the rise time.
A. Tower Model

The study tower comprises sections,

corresponding to the geometric shape of its vertical column.
We materialise the electrical circuit of a portion as follows:

four each
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[Fig.1: Vertical Arm [20]]

The electrical circuit of each section of the tower column
consists of an impedance Z, a resistance R; , and an
inductance L; which are given in the equations below:

=277 InNfy
=t VY i 123) L (2
TRt hy + @ ) - ()

Ry=-2Zp.I\Jy .. (3)

2h
Li=aR.— (=1234) .. &

R4. Impedance of the lower part of the 4th section of the
tower, taking into account the conical shape, which is
different from the shape of the upper section R; (i=1,2,3).
Z1: 1s the surge impedance of the three upper sections of the
tower.

Z12: 1s the surge impedance of the lower part of the tower.
Tor - Equivalent radius (m).

c : is the speed of light (=300 m/us).

hi: is the height of each tower section.

y : is the attenuation coefficient.

«a : is the damping coefficient.

Figure 2 below is a vertical column shape of a section of
the tower to determine the analytical expression of the
impedance Z as a function of the radius and height of the
section being determined.

4
= '
hy
_— h
h2

» v
> Ty

[Fig.2: Geometry for Impedance Calculation for a
Section of the Tower]

Zy; = 60 (ln (£> - 1) (i=12) .. (5
Toq

rih, + rnh+rhy
Tea = 2h

Z : is the surge impedance of each top section of the tower.
h: is the height of the tower.
T.q: Is the equivalent radius obtained from the geometry
shown in Figure 2. The attenuation coefficient is between 0.7
and 0.8, while the unit was the value usually chosen for the
damping coefficient [20].

(h=h, +hy) .. (6)
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B. Vertical Electrode Between the Tower and the
Grounding Grid

An earth electrode of length L is connected to the tower,
and the calculation of its resistance R_G depends on its
geometry.

*./2%47

N

Rg

~

[Fig.3: Vertical Electrode Between the Tower and the
Grounding Grid [21]]

~2i(m(5)-1)
RG_Z.n.l In a 1) ..

a : Radius of the electrode in (m).

1 : Length of the electrode in (m).

p : Soil resistivity (. m.

R : Resistance of the electrode in ().

C. Grounding Grid

Each portion of the grounding grid is also considered as a
transmission line composed of a resistance R, an inductance
L, an admittance G and a capacity C.

7

[Fig.4: Illustration of a Grounding Grid]

The electrical circuit below is a representation of a portion
of the grounding grid.

R L
SA'A" oL Jok
G/2 _— C/2 G/2 —_—C/2

|Fig.5: Electrical Circuit of a Portion of the Grounding Grid]

The equations of the electrical circuit in Figure 5 are given
below.
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D. Pipeline Model

The return current injected into the ground causes potential
rises and results in leakage currents in nearby metal
structures. Conductors buried in the ground over large areas,
such as cables, pipelines, railroads and, to a lesser degree,
tanks and metal structures, are the most susceptible to
disturbances caused by ground currents. Among the long-
term effects on conductors carrying a return current is
corrosion, which can progress to an advanced stage,
especially in areas where the current returns to earth
regularly.

In the following, we will assume that the electrical
properties of cables and pipelines are uniform and that these
conductors are buried in homogeneous soil. In particular, we
will consider that the conductors can be covered with a
protective coating and that the dimensions are such that
infinite length can be assumed. We can also neglect the
currents and electrical potential increases at the ends of
conductors of finite length. These assumptions apply to large-
scale pipelines buried in conductive soil. We will assume a
priori that a transmission line can adequately represent the
response of a pipeline buried in homogeneous soil.

Figure 6 shows the equivalent electrical circuit of a
pipeline buried in homogeneous soil subjected to a potential
distribution V (x). The current flowing in the pipeline 1(x),
the interior electric potential d;(x) , the exterior electric
potential d,(x) and the current density dl/dx attenuates in
the soil for large values of x. Z is the linear resistance, and G
is the sum of the inverse of the coating conductance and the
shunt conductance at the contact surface between the pipeline
and the soil [16].

ZAx

AAA
Vv

ZAx

AAA
VvV

\g 1/GAx \g 1/GAx \g 1/GAx

ZAx

AAA
VvV

< < <

V(x+Ax)
@

I(x+Ax)

[Fig.6: Portion of the First Model of the Pipeline as a
Transmission Line]
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O
Z=Ry= wt(2r — t) (12)
1 p, 1123
“letEn [[r +4d2]1/2]l (13)
[=[ZG]Y? .. (14)
K=[z/G]"* (15)
Gc=2£ (16)
RC
 [Pe 1123 \17!
Cg [ fn (I‘[r +4d2])] a”n
d?I1(x) 3
200 —ZGI(x) = GE,(x) ... (18)
I(x)—% ooEx(u)[e—”x—u'—e—F<x+u>]du - (19)

$; (%) =g L +ml/(u)[e—”x—”' +e Te+W]dy ... (20)

The potential ¢, (x) is obtained by taking into account the
voltage drops in the protective coating as follows:
1 dI(x)
G, dx

Po(x) = ¢;(x) +— (21)
G: Linear conductance of the pipeline (S/m).

Gc: Linear coating conductance in (S/m).

G, Linear conductance at the pipeline surface in (S/m).
r: Radius of the conduit in (m).

d: Depth of burial in (m).

Z: linear impedance of the pipeline in (Q/m).

t: Thickness of the pipeline wall in (cm).

ps : the resistivity of the steel (5.1077 ) in (Q.m);
p. : the resistivity of the soil in (€. m).

R.. Resistance of the coating in (Q.m?).

I : Propagation constant (m™1).

K: Characteristic impedance (€2).

®;(x): Voltage inside the pipeline in Volt;

&, (x): External electric potential;

Ey : Electric field along the pipeline in (N/C).

I(x): Conductor current along the x-axis in (A).

u: Coordinate parallel to the abscissa in (m).

V' (u) : Voltage in the vicinity of the electrode in (V).

IV. SIMULATION OF THE SYSTEM TOWER-
GROUNDING GRID-PIPELINE

A. Simulation of Lightning Impact on the First Model of
the Pipeline

Figure 7 shows a facility consisting of a pipeline located
near a grounding system. The five towers are connected to
a grounding grid and form a
counterweight between them.
A direct lightning current
(12.5kA) is injected on the
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first tower, and currents and voltages are obtained by
simulations on the pipeline. The distances between the towers
are equal to 100 m. The induced current at the top of the tower
is larger, as this is the direct strike point of the lightning. The
length of the pipeline is estimated at 2.8km.

R
Malt grid 77

Malt grid

[Fig.7: Grounding-Pipeline Tower-Grid System
Assembly]

The results of the whole-system simulation applied to the
first pipeline model are presented in Figure 8, which shows
the pipeline voltages for soil resistivities of 100, 300, and 600
Q - m. These voltage values are safe for people working on
the pipeline.

0.5
p=100Q.m
p=300Q.m
0.4 p=600Q.m| |
A\
sospr| |\ 1
© [ \
S \
) | \
Lozt i
|
|
|
J
0.1 §
| \
| \
.
0 | L L —_—— L n
0 0.5 1 1.5 2 25 3 3.5 4
Time (s) %107

[Fig.8: Tensions are Coming to the Pipeline]

The curves in Figure 9 illustrate the results of the current
flow patterns arriving at the pipeline for soil resistivities equal
to 100, 300 and 600 Q.m. These results show peak currents
of 1.2 kA, 0.9 kA, and 0.42 kA at 20 ps, 25 ps, and 50 ps on
the pipeline, and a gradual attenuation in the soil for
resistivities of 100, 300, and 600 Q.m.

1400
0=100Q.m
1200 - 0=300Q.m| |
p=600Q.m
1000 - §
< 800 8
‘E
e
£
3 600
400 g
200 g
o | I ] I
0 0.5 1 15 2 25 3 35 4
Time (s) =107

[Fig.9: Currents to the Pipeline]

The curves in Figures 10 to 13 show the voltage, current
and density profiles on a pipeline subjected to a direct
lightning strike on a tower and an indirect lightning strike on
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the pipeline located 700m away from the grounding grid or
electrical tower.

3000

R,=0 Q.m?

C
= 2
2500 R=6250 Q.m
R=28600 O.m?
C

R,=106000 Q.m?

N
o
o
o

1500

Internal Voltage (V)

o
o
o

500

10° 10’ 102 10° 10* 10° 108
Distance x(m)

[Fig.10: Internal Voltage Pipeline]

The external voltage or potential distribution at the pipeline
surface is calculated by summing the internal voltage and the
voltage drop across the coating. For R. equal to 0Q.m?;
6250Q.m%; 28600Q.m? and 105000Q.m?, we have ¢o(x)
equal to 2.7kV, 8.2kV, 0.4kV and 0.25kV.

3000

R.=0 Q.m?

2500 R_=6250 Q.m? | |

C
c
R,=28600 Q.m*
R,=106000 Q.m?| |

N
o
o
s}

a
a
o
s}

External Voltage (V)

— 1000

X,

)

10° 10" 10? 10° 10* 10° 10°
Distance x(m)

[Fig.11: External Voltage Pipeline]

The simulated curves in Figure 12 illustrate the return
current in the pipeline, accounting for the coating resistance
values—the case where R.~0 corresponds to a pipeline
without overlap.

70

= 2
R;=0 Q.m
60 - R.=6250 Q.m? | |
R,=28600 Q.m?

C

o
<]
T

R.=106000 Q.m?| |

Retur Current I(x) (A)
N w S
(=] (=] o

a
o
T

0
10° 10" 102 10° 10% 10° 108
Distance x(m)

[Fig.12: Return Currents in the Pipeline]

dl/dx represents the current density, otherwise known as
the leakage current entering the pipeline. Its calculation
accounts for the shunt conductance, voltage drop, internal
voltage, and external voltage of the
pipeline. For coating resistance
values of 0 Q.m2 and 6250
Qm?,  28600Q.m*>  and
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105000Q.m>we have the following density values: 3.85 A/m,
0.2 A/m, 0.02 and 0.01A/m.

4 T T T T
= 2
25 R=0Q.m
R,=6250 0.m?
£ st R=28600 Q.m?
< c
= = 2
2,5 R.=106000 Q.m?| |
c
a
= 2
f=4
o
5 L il
3 15
ot
o
0.5 4
0 T
10° 10° 102 10° 10* 10° 10°
Distance x(m)

[Fig.13: Leakage Current Densities Entering the Pipeline]

For the linear current density flowing through the pipeline
surface, positive values of dI/dx indicate that current is
flowing into the pipe.

The coating resistance, being the inverse of the
conductance per unit area, significantly affects the
magnitudes of the current and voltage flowing across and
within the pipeline.

B. Simulation of the Lightning Impact on the Second
Model of the Pipeline

In this second model, the electrical circuit of the pipeline
as a transmission line is composed of a resistor Rx, which
represents the Joule effect losses, an inductor Lx, which
means the magnetic effects related to the current flow in the
pipeline, and a capacitor Cx, which means the vacuum in the
pipeline conduit and a conductance Gx, which represents the
dielectric losses in the conduit. The addition of a capacitor
and an inductor to the second model allows consideration of
all components of a transmission line and the electromagnetic
coupling of the pipeline.

[Fig.14: Second Electrical Model of the Pipeline]

p
Re==A .. (22)

Ko

_ o
L, = 27TA . (23)
TE
Cx = 7 (24’)
Gy =2 (25)
1.123 -t

a=n (m)] (26)

In Figure 12, we present the simulation results for the
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voltages arriving at the pipeline for soil resistivities of 100,
300, and 600 Q.m. These voltages are safe for personnel
working on the pipeline and for soil resistivities of 100 Q.m,
300 Q.m, and 300 Q.m.

100
p=100Q.m
p=300Q.m
80 p=600Q.m|
60 1
s
[}
g 40 4
]
20 1
0
0.5 1 1.5 2 2.5 3 3.5 4
Time (s) %107

[Fig.15: Tensions are Coming to the Pipeline]

Figure 16 shows the currents (1.8kA to 5.5kA) arriving at
the pipeline for soil resistivities equal to 100, 300 and 600
Q.m.

6000
p=100Q.m
p=300Q.m
5000 [ 0=600Q.m| |
4000 -
<
5 3000 1
5
o
2000
1000
0 . n . n
0.5 1 1.5 2 25 3 3.5 4
Time (s) %107

[Fig.16: Currents to the Pipeline]

As the voltages are always safe, the currents are
approximately equal to 4.5 times the currents of the first
model. The third model of the pipeline circuit as a
transmission line consists of a coating resistor Rc, a resistor
Rx, an inductor Lx, and a capacitor Cx. This model develops
a pipeline model by considering its physical form and
characteristic parameters.

R L R L R L
C,(I CxI CxI CxI
R, R, R, R,

[Fig.17: Third Electrical Model of the Pipeline]

p
Ho
L,=—A ..
* 2
T
C,=— (29)
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The results of the whole-system simulation applied to the
second pipeline model are presented in Figure 18, which
shows the pipeline voltages for soil resistivities of 100, 300,
and 600 Q - m. These voltages are considered dangerous for
personnel working on the pipeline.

(30)

2500 . : : ; : ; .
£=100Q.m
p=300Q.m

2000 p=600Q.m| |

< 1500 - 1

(0]

(=}

S

< 1000 | 4

500 B
o | I I

0 0.5 1 1.5 2 25 3 35 4

Time (s) %10

[Fig.18: Voltage Coming to the Pipeline]

Figure 19 shows the currents arriving at the pipeline for
soil resistivities equal to 100, 300 and 600 Q.m.

1.4
L p=100Q.m| |
1.2 p=300Q.m
1 p=600Q.m 1
0.8 f 4
<
= 06 g
=
L
5 04 1
[&]
0.2 1
0
-0.2 1
04 . . . L . . .
0 0.5 1 1.5 2 25 3 3.5 4
Time (s) %107

[Fig.19: Currents to the Pipeline]

The first and second have current magnitudes substantially
equal to 1.2kA and 5.4KA for a soil resistivity equal to 600
Q.m. The voltages are safe for personnel working on the first
and second models. However, the third model of the pipeline
dissipates more current at very low values, but with
dangerous voltages for the intervening people.

V. CONCLUSION

This paper focused on the direct impact of lightning on
towers connected to the grounding grid and on towers in the
vicinity of a pipeline, and it considered multiple research
fields. A detailed study assuming some conditions, namely
the type of soil, which is homogeneous and where the pipeline
duct will be buried. The coupling between the
electromagnetic field radiated by the return arc and the
network induces currents and voltages in the various wire
conductors.

We considered five towers connected to a grounding grid
and in the vicinity of the underground pipeline. The pipeline
length is treated as a portion of the transmission line in all
models. Variations in soil resistivity determined variations in
the magnitudes of voltage and current. In addition, the
amplitude of the lightning current decreases as it passes
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through the resistive, inductive, and capacitive components
of the different sections of the tower, grounding grid, and
pipeline.

The observed simulations will allow us to characterise the
real behaviour of the ionisation phenomenon. The modelling
and simulation presented in this work are practical
engineering applications for evaluating the dynamic
behaviour of currents and voltages in grounding systems. In
addition, this originality enables the simulation of the
transient response of the tower-grounding grid-pipeline
system for a large-scale model. In sum, the third model of the
pipeline dissipates more current at very low values but with
unsafe voltages. The first and second models have safe
voltages for personnel working on the pipeline. The work can
be used to improve the grounding grate protection system.
The choice of pipeline materials and coatings is a factor to
consider when reducing the risk of dangerous voltages on the
pipeline deck during lightning strikes.
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