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A numerical model for the calculation of electromagnetic
interference from power lines on nonparallel underground
pipelines
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%Department of Electrical, Electronic and Information Engineering, University of Bologna, Bologna,
40136, Italy

Abstract

This work proposes a numerical methodology for the calculation of currents and
voltages induced on underground pipelines by nearby overhead power lines. A previously
developed quasi-3D methodology is extended, allowing the investigation of nonparallel
routings of the pipelines with respect to the power lines. The proposed technique is
based on a discretization of the pipeline path into several segments parallel to the power
line. The section of the corridor corresponding to each pipeline segment is regarded as
an electrical multi-port component, whose electrical parameters are extracted via finite
element 2D analysis. Then, the obtained components are integrated into a network
embodying the physical characteristics of the whole corridor. In this way, the circuital
analysis is used to extend the capabilities of a standard two-dimensional field analysis.
The proposed methodology is employed to simulate a pipeline running parallel to a power
line for a distance of 12km. Afterwards, several nonparallel configurations - consisting of
crossings between a pipeline and a power line - are assessed. The physical consequences of
the crossing are discussed and a convergence study is performed to investigate the optimal
pipeline subdivision procedure to be adopted for a set of different crossing angles.

Keywords: Electromagnetic Compatibility, Electromagnetic Coupling, Finite Element
Analysis, Pipelines, Equivalent Circuit.

1. Introduction

The problem of assessing the electromagnetic interference induced by AC power lines
on buried metallic pipelines has been considered by a number of authors. The studies are
motivated by the fact that the electromotive forces generated in a pipeline may produce
corrosion effects and may endanger people that come in contact with this structure. How-
ever, while safety and technical reasons demand accurate estimations of the induced in-
terference levels, this task still represents a scientific challenge; indeed, a metallic pipeline
buried in soil constitutes an earth-return electrical circuit, whose physical characteristics
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depend, among other parameters, on the path taken by the current flowing through the
soil [1]. The coupling between power lines and pipelines is usually represented by means
of current controlled voltage sources, acting as forcing terms for the lossy transmission
line models used to model the metallic pipelines [2, 3]. The scientific papers and tech-
nical standards based on these analytical methodologies generally employ some kind of
approximation of Carson’s expressions to estimate the mutual impedance between the
considered earth return structures [4, 5]; in order to allow the use of these analytical
expressions, a “weak coupling” assumption is adopted; depending on the complexity of
the considered physical configuration, this can lead to neglecting important physical con-
tributions as discussed in [6]. The use of circuital approaches combined with 2D finite
differences or finite element analysis has then been introduced in order to overcome these
limitations and allow the analysis of complex domains, such as those involving multilay-
ered soils [7] or including a large number of conductors [8-10]. These approaches are
based on building an equivalent lumped parameter network built using parameters cal-
culated with the FEM method, such as the self- and mutual impedances of the conductors
[11-13]. The obvious extension of these methodologies is represented by performing 3D
simulations of interference problems. Full 3D FEM models have been indeed employed
to assess the local current density distributions at the interface between a pipeline and
a lossy soil [14, 15], but focusing only on a limited region surrounding a specific point of
the pipeline. An interesting combination of a 1D FEM and 3D BEM can be found in [16],
where a 1D finite element methodology is employed for the pipeline internal and the 3D
BEM for the external problem. Nevertheless, the choice of a Boundary Element Method-
ology requires to rely on complex image theory for the evaluation of the soil’s physical
contributions, differently from FEM analysis in which the whole soil is discretized. To
the authors’ best knowledge, there are no examples of full 3D FEM models employed
for the assessment of an entire right-of-way in the existing literature. The reason for
this is the sheer amount of memory and overall computational burden that would be re-
quired to perform a 3D simulation including a power line, a pipeline and the surrounding
soil. As an example, a typical 2D triangular mesh employed for this kind of simulations
consists of a circular section with a radius of several hundreds of metres to include an
adequately large portion of air and soil around the considered metallic conductors. The
geometrical sizes of the elements range from tens of meters (outer edge of the domain)
to sub-millimetric lengths (pipeline, power line conductors), in order to adequately ac-
count for the skin effect phenomenon. A reasonable number of nodes for a 2D mesh with
these characteristic can be 40.000, giving roughly 80.000 triangular elements. In order to
create a 3D mesh of a corridor, it would be required to “extrude” the described section
for distances that typically span over several kilometres. Let now assume to employ a
coarse subdivision of the axial direction, such as 1 m for each 3D brick element. Given
that each brick is composed of 3 tetrahedral elements, and assuming a corridor length of
10 km, the resulting 3D mesh would require 80.000 - 10.000 - 3 = 2.4 - 10? tetrahedrons. It
is also useful to point out that the provided rough estimation does not account for the
necessity of a finer discretization of any eventual earthing system of the power line or
the pipeline, making 2.4 - 10° tetrahedrons a rather optimistic estimate. The quasi-3D
approach developed in [17] consists of using FEM simulations to incorporate the physical
dependencies among the conductors of a given corridor section into an equivalent multi-
port electrical component. This can be included in an equivalent network, which allows
the physical effects produced by what lies upstream and downstream of each section of
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the routing to be taken into account, such as the power sources and loads of the power
line, or the imperfect coatings and groundings of the pipeline. It is worth highlighting
that - for each section of the considered corridor - the obtained results are the same that
would be yielded by a 2D FEM simulation with the appropriate constraints. In [17], the
methodology was applied to a case of parallelism between the overhead power line and
the victim pipeline. In this paper, the methodology is extended to configurations where
the pipeline presents a more complex routing with respect to the power line, possibly
including crossings. This is achieved by subdividing the geometry into several sections,
each regarded as a multi-port electrical component; the equivalent lumped parameter
network representing the overall interference configuration results then from the cascade
of individual multi-port electrical components. Section 2 provides details on the imple-
mentation of the proposed methodology. Afterwards, in Section 3 a 12 km long corridor is
analysed assuming both a parallel and a nonparallel routing of the pipeline. A discussion
on the dependency of the results from the pipeline discretization process is also provided
in Section 3.2.

2. Numerical Model Description

As anticipated, the quasi-3D methodology described in this paper uses a circuital
method to enforce some physical constraints on the physical information that can be
inferred from a finite element analysis of a 2D geometry. For this reason, a dedicated
finite element solver is here described, followed by the details regarding the equivalent
circuit solution.

2.1. FEM formulation

For the considered problem, the aim of the finite element analysis is to compute the
spatial distribution of the magnetic vector potential produced by the meshed conductors.
In order to reduce the complexity of both the discretization and calculation processes,
the following physical assumptions are assumed to be acceptable:

e linear and isotropic electrical properties of the materials (e.g., if a ferromagnetic
medium is present, the nonlinearity of its magnetization curve is neglected);

e quasi-magnetostatic problem, i.e., the contribution of the displacement current
0D /0t is negligible with respect to the conduction current density J in the Ampére-
Maxwell law;

e steady-state regime, which allows representing the electromagnetic fields as complex
phasors;

e infinite length of the conductors.

The last assumption is justified if the distance between the pipeline and the power line
is short compared to the extension of the corridor under analysis. This is true for most
of the practical cases, and it allows considering the current density J and the magnetic
vector potential A as directed along a preferential direction, i.e., if the power line is
directed along the z-axis, J = J.(z, y,t)l%, A= Az(x,y,t)l;:.
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This assumption can be extended to the case of a pipeline oblique with respect to the
power line, which can be thought as a sequence of small segments parallel to the power
line. Let’s consider a given frame of reference 2 and a straight power line, directed
along the z direction of 2. The assumption of infinite length of the conductors means
the considered current densities .J| (x,y,z) are directed only along the z direction, and
that .J is constant along z. Therefore, f(x,y, z) = Jz(x,y)l%, and as a consequence the
magnetic field components exist only in the x — y plane, B = B, (z,y)i + B y (2, ).
If another infinite conductor (such as a pipeline) is obhque with respect to the power
line and carries a current density J' the magnetic field B produced by the J' current
will inevitably have a non- null component in the z dlrectlon of the power line frame
of reference 2, hence B’ = B, (z,y,2)i + B'y(z,y,2)] + B'.(x,y, 2)k. However, the k
component of B’ will necessarily be parallel to the power line, and hence (for the Faraday
Law) will not produce any relevant induction effect. For this reason, at each given point
of the pipeline, only the k component of the current density is relevant, and the pipeline
can (locally) be represented with an infinite straight conductor parallel to the power line
carrying a current density J= J,(z, y)l%

Thanks to the aforementioned assumptions, the parabolic partial differential equation
describing the diffusion of the magnetic vector potential can be rewritten as the following
stationary complex expression:

1
—V- (VAZ> = Jo.. — jwoA,. (1)
VA Az

In (1), A, is the phasor representing the unknown sinusoidal vector potential, whereas the
Jo,» term is the phasor accounting for the impressed current densities due to externally

applied fields along the z direction (such as the three-phase power line source). Equation
(1) can be discretized by means of a finite element method [18], defining a piecewise
polynomial approximation & of the unknown function on a triangulation of a generic
x — y section € of the considered system. Defining a set of shape functions {N} as a
basis of the piecewise polynomial approximation, one may write & = {N}T{A.}, where
{A.} is an array whose elements are the nodal approximated values of A,. Following a
Galerkin approach, a weak formulation [18] of the weighted residuals can be written as:

/VNk. (lwiz> dS+jw/ NyoA.dS =
Q | Q -

Ny Jo..dS 1aA—dz 2)
Q gL o M On

where 0 is the boundary of the plane calculation domain Q. Applying (2) for all the
mesh nodes, a complex linear system is obtained:

[K{A-} ={f}, 3)

which, once solved, yields the values of A, on the mesh. In (3), the right hand side takes

into account the imposed current densities Jy , and the boundary conditions applied to

010, and thus the relationship between the forcing terms and the effects, described by the

vector potential distribution, that they produce on the considered section. However, it
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should be noted that the forcing terms Jy . are related to the longitudinal electric fields,
and are generally not known a priori, since they depend on the behaviour of the whole
system. Hence, in order to solve the problem on a given section, one must provide a way
to appropriately couple the section taken into consideration and the rest of the corridor.

2.2. Equivalent circuit

Considering now a corridor with a generic routing, this can be approximated by
a sequence of segments of finite longitudinal length. For each of these segments, the
proposed method uses the finite element analysis just described to derive a linear relation
between the forcing terms and the electric currents in each conductor. Since the current
density, according to the symbolic representation used, can be expressed as:

ﬁzﬁ_jwo—&a (4)

the electric current I in a generic conductor h can be obtained by integrating J, over
its area Sy, on the z — y domain €, as:

In :/ J.dS = JO,ZdS—jw/ cA.dS. (5)
T Sn Sp Sn

Then, the linear relation between the array {I} constituted by the electric currents
I1,1,...,1I, in each conductor, and the forcing term array {J. o}, whose entries are the
impressed current densities J, 01, J; 0,2, ..., Jz0n o0 the conductors can be written as:

{1} = [M}{J=0} (6)

Equation (6) can be considered as a definition of the characteristic matrix [M]. Assuming
a system where there are n conductors (including OGWs and the soil), [M] is a rank n
complex square matrix whose the generic entry my, ; is the current I, flowing through
the hth conductor when a unit current density Jy . 1 is enforced on the kth one. The
characteristic matrix is then populated by running » FEM simulations, in each of which
all the entries in J, g are set to zero, except Jy . r which assumes unit value. The entries

in kth column of [M] are found by calculating the current on the conductors according
to (5).

The characteristic matrix only depends on the geometry of the considered section (i.e.
conductors dimensions and their relative positions) and on the electric and magnetic
properties of the materials (i.e. electric conductivity and magnetic permeability). Con-
sidering now a generic segment of a corridor with a longitudinal length L, in the kth
conductor the J, o impressed current is related to the voltage V. applied to the con-
ductor along the length L by:

JzOk: ka. (7)

Thus, (6) can be regarded as a constitutive relation of a n-port circuit element. The
whole corridor can then be modelled by an electric network like the one shown in Fig. 1
by way of example, where each corridor segment is represented by means of its character-
istic matrix which is found via FEM simulation. It is also possible to take into account
transversal resistive couplings between the various conductors (such as the currents be-
tween the pipeline and the ground due to imperfect insulation) by introducing into the
network appropriate admittances (Y in Fig. 1). Network analysis is performed utilising
a Tableau analysis, as detailed in [17].
5
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Figure 1: Scheme of the equivalent network embodying the characteristic matrices.

3. Results and Discussion

In order to highlight some of the key features of the presented methodology, two
physical configurations of practical interest are evaluated. The former consists of a
parallel routing, where the pipeline’s horizontal distance from the power line (hy) remains
constant for the whole zone of influence, whereas the latter presents a more involved
geometry, including a crossing, studied for a range of different crossing angles. The two
different configurations are sketched in Fig. 2. In both cases, the power line (Fig. 3)

60

50

30 N

20 N power line
==== parallel pipeline routing
10 \ = = non-parallel pipeline routing

Horizontal pipeline distance - hd (m)

200 e e e === -

Corridor Length - L (km)

Figure 2: Sketch of the right-of-way for a parallel configuration and an oblique configuration with a
crossing angle of o = 0.8021°.

consists of three line conductors and two overhead ground wires (OGWs). In order to
provide a reference point for the subsequent result analysis, the geometric and electrical
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properties of the power line and the buried pipeline, the line currents and the soil are
retained for both tests. This way, the observed behaviour in the induced voltages and
currents can be fully attributed to the different routing (or to a different discretization
process). The details regarding the considered materials and radii of the conductors are
shown in Tab. 1, whereas their geometrical position is depicted in Fig. 3. The line
conductors are numbered using arabic numbers, while roman numbers are employed to
indicate the two OGWs.

Table 1: Geometrical and electrical data

Physical quantity Value Unit Mea-
sure
I;—1 (line conductor) 750/0° A
I;_> (line conductor) 750/—120° A
I;_3 (line conductor) 750/120° A
os (soil) 2.102 S/m
op (pipeline) 5-10° S/m
radiuses+ (pipeline) 0.4 m
radius;n: (pipeline) 0.375 m
1 (pipeline) 1 —
Peoat (pipeline coating) 2.5 - 10° Q-m
€coat (pipeline coating) 5 -
Oline (line conductor) 59-107 S/m
radiusine (line con- 1.6-107° m
ductor)
Togw (OGW) 5.9 107 S/m
radiusogw (OGW) 6-107 m

3.1. Parallel routing

For this first test, an exposure length L of 12km has been considered, with a constant
horizontal distance hy = 50m of the pipeline from the centre of the power line. The
pipeline is assumed to be earthed at both ends of its path, i.e., at 0 m and 12km, with
resistance 5€2. Also, the pipeline’s non-ideal coating has been taken into account, and
a per-unit-length value of admittance to earth Y/ = 9.4 -107% + 53 - 1075 S/m has
been considered for each cell of the equivalent circuit. This value of Y is realistic for a
4 mm thick bituminous coating [4]. Since this configuration features a parallel pipeline-
power line routing, a single characteristic matrix was employed. This has been obtained
following the procedure described in Section 2, by gathering the currents induced in each
conductor when the i—th one is subject to a unit value of J, o current density. As an
example, Fig. 4 shows the computed distribution of magnetic vector potential in the
soil when J, o = 1 is enforced on OGW 1II (see Fig. 3 for reference). Once obtained
the characteristic matrix by means of the finite element analysis, the total length of the
corridor L has been covered by concatenating 500 cells of length L..; = 50 m each.
This allows to adequately the transversal currents flowing through the imperfect coating
(represented by the admittance Y of Fig. 1) The computed longitudinal current and
pipeline-to-earth voltage are plotted in Fig. 5.
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Figure 3: Geometrical positions of the conductors.
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Figure 4: Distribution of |A;| when J, o =1 on OGW II, with hg = 50 m.
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Figure 5: Numerical results for the parallel routing.

The obtained profiles are compatible with the results yielded by the classic circuital
methodologies [4, 19]. The low values of longitudinal current I, at both ends of the
exposure length are due to the pipeline earthings. Dually, the induced voltage to earth
- obtained as the voltage drop over the ith admittance to earth - reaches its minimum
at L/2. The reason behind this is that the computed voltage to earth is proportional to
the current flowing through the coating, which is in turn determined by the difference
between the longitudinal pipeline currents belonging to the ith and (i 4+ 1)th cell of the
equivalent electrical circuit.

3.2. Nonparallel routing and convergence analysts

As anticipated, a second test has been conducted, retaining all the physical and
geometrical parameters of the previous one but changing the routing of the pipeline with
respect to the power line. In particular, the pipeline is assumed to cross over the power
line at L = 5571 m.

This raises the issue of how a nonparallel path should be discretized. As already
mentioned, the basic idea for discretizing a nonparallel path is to represent the crossing
as a certain number of parallel segments, forming a broken line; however, the number of
segments to be employed - which corresponds to the number of computed characteristic
matrices - can influence the accuracy of the calculations. For this reason, the routing
described in Fig. 2 has been discretized in four different ways (which will be referred
from here onward as Case I, Case II, Case III and Case IV), by progressively increasing
the number of employed characteristic matrices (hence discretized sections of the geom-
etry). Subdividing the routing in n sections implies computing n meshes, in which the
horizontal distance of the pipeline from the power line centre hy is progressively varied
according to the right-of-way being sampled. Then, for each computed mesh, the char-
acteristic matrix is extracted following the procedure described in Section 2, and used
to perform the circuital analysis. The four longitudinal discretizations adopted in Cases
I-IV, along with the obtained profiles of voltage-to-earth and current of the pipeline are
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Figure 6: CASE I - Routing discretization employing 3 characteristic matrices(a) and resulting induced
voltage and current on the pipeline (b).

represented in Fig. 6 to Fig. 9. The right-of-way has been discretized using 3, 6, 11 and
17 sections, respectively, each represented by its characteristic matrix, corresponding to a
different value of hy. In the network analysis, the i-th characteristic matrix is associated
with a certain length, eventually summing up to the total length of exposure L. The
length associated to each characteristic matrix can be inferred from the blue, dashed line
indicated as “discretized pipeline” in Fig. 6a to Fig. 9a. As one can see by looking
at the evolution of the obtained voltage and current profiles, the four different numbers
of employed characteristic matrices yield different physical results, both in terms of the
shape and the magnitude of the induced electromagnetic variables. The four different
voltage-to-earth profiles are plotted comparatively in Fig. 10. As expected, the relative
differences between the obtained solutions decrease when more characteristic matrices
are employed. This allows us to presume that further discretization refinement would
not produce any significant improvement in the solution accuracy. Keeping in mind that
the oblique section only is being discretized differently, one can see that — with the ex-
ception of Case I — the other profiles are almost coincident at both ends of the considered
corridor. In other words, even the coarse subdivision employed in Case II appears to be
sufficient if the oblique part of the path is not of particular technical concern. Neverthe-
less, focusing on the oblique part of the pipeline path, the choice of Case II over Case
IV would approximately lead to an 8% overestimation of the maximum induced voltage
magnitude. This could have relevant technical implications, as the technical standards
prescribe the adoption of mitigation measures upon reaching specific values of induced
voltage-to-earth of the pipeline.

Comparing the obtained profiles of longitudinal current and pipeline-to-earth voltage
with the ones of Fig. 5 (relative to a parallel routing), it is evident that a variation of
the pipeline positioning with respect to the interference source can significantly alter the
magnitude and profile of the induced voltages and currents. Comparing the results of
Fig. 5 and Fig. 9b, the nonparallel routing is responsible for an increase of the maximum
magnitudes of both the induced voltage and current on the pipeline by a factor 3 and
1.76, respectively.
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Figure 7: CASE II - Routing discretization employing 6 characteristic matrices (a) and resulting induced
voltage and current on the pipeline (b).
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Figure 8: CASE III - Routing discretization employing 11 characteristic matrices (a) and resulting
induced voltage and current on the pipeline (b).
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Figure 9: CASE IV - Routing discretization employing 17 characteristic matrices (a) and resulting
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Figure 10: Comparison between the different voltage profiles yielded by the four considered routing
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Figure 11: Routing for a crossing angle of 0.5« (a) and convergence test for a crossing angle of 0.5« (b).

Finally, it is also worth stressing out that - despite having largely employed network
analysis throughout this work - the obtained results should not be considered as the
output of a circuital analysis of the physical problem. Indeed, as stated in Section 2,
the network analysis is just a tool to enforce some constraints on the results yielded by
the 2D FEM analysis, such as the soil acting as a return path for the pipeline and the
OGWs, or the pipeline’s earthings and non ideal coating. As a consequence of that, the
results produced by the network analysis for every cell of the equivalent circuit can be re-
introduced in the FEM code as forcing terms. In such way, the 2D FEM will yield results
that are consistent with the constraints enforced via the network analysis, and thus allow
the detailed knowledge of the electromagnetic fields distribution in every section of the
considered right-of-way.

3.3. Influence of the crossing angle

The results presented in the previous section have been obtained assuming a crossing
angle a = 0.8021°. The angle « results from a 70 m displacement of the horizontal
distance of the pipeline with respect to the power line centre hgy, over a longitudinal
length of 5 km. In this section, the calculations are repeated for a range of crossing angles.
Firstly, the convergence test described in Section 3.2 has been performed for angles of
0.5« and 2. The obtained results are reported in Fig. 11 (0.5«) and Fig. 12 (2a). The
comparison of the convergence tests performed for 0.5a and 2«, together with the already
discussed crossing angle «, suggests a trend in the results: the accuracy of the oblique
path discretization becomes less important as the crossing angle increases. In Fig. 11b, a
sharp change can be noticed between the pipeline-to-earth voltages obtained using 6 and
11 sections (hence characteristic matrices). Conversely, the same two voltages in Fig. 12b
appear to be significantly closer one to another. Provided that inductive coupling cannot
take place between two perpendicular infinite conductors [4, 5], the obtained results are
explained by noticing that the adoption of a higher crossing angle implies reducing the
longitudinal “active” distance covered by the oblique part of the pipeline path. This holds
if the horizontal distances hq of the initial and final parallel sections of the routing are
kept constant. This, in turn, reduces the overall electromagnetic contribution given by
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Figure 13: Routing for a crossing angle of 45° (a) and convergence test for a crossing angle of 45° (b).

the oblique part of the pipeline path to the induced voltage profile over the whole corridor
length. Furthermore, the convergence tests have also been repeated assuming 30°, 45°
and 60° for the oblique path. The results obtained for a convergence test performed for a
45° crossing can be observed in 13a. However, as one can see, the different discretization
processes yield very similar voltage profiles for this angle. A detail in proximity of the
length at which the crossing occurs is shown in Fig. 13b. As previously mentioned, the
adoption of larger crossing angles with respect to Fig. 11 and Fig. 12 has the effect
of reducing the electromagnetic contribution (in terms of both induced voltages and
currents) of the oblique part of the pipeline path; that is, the solution is dominated by
the parallel parts of the right-of-way, while the oblique part (and hence its discretization)
does not affect significantly the solution. The convergence test shown in Fig. 13a is not
reported for the 30° and 60° crossings, as the results are very similar to the 45° case for
the above reasons.

Finally, Fig. 14 shows the computed pipeline-to-earth voltage and pipeline current

14



| (

Pipeline-to-earth voltage - Vp-s (V)
Pipeline longitudinal current - I_ (A)

Length of exposure - L [km] Length of exposure - L [km]

(a) (b)

Figure 14: Voltage (a) and current (b) induced on a pipeline crossing a straight power line for several
angles from 0.5a to 30°.

for all considered crossing angles up to 30°. The 45° and 60° results have been omitted
for the sake of conciseness. Also, an additional crossing angle equal to 5a has been
added to highlight the progressive transition of the obtained results. The voltage and
current profiles shown in Fig. 14 have been obtained using 17 characteristic matrices.
It is interesting to notice that, once past an angle of 5a, the results show only small
changes when the crossing angle is increased. This is compatible with the results shown
in the previous results for 0.5«, «, 2 and 45°, and with the available technical literature.
Indeed, the CIGRE technical guide devoted to the influence of high voltage A.C. power
systems on metallic pipelines states that “if the acute angle between line and pipeline is
larger than 45°, the section can be neglected” [4].

4. Conclusions

In this paper, a quasi-3D approach has been applied to analyse two different cases of
interference caused by the vicinity of a metallic pipeline, buried in the soil, to a transmis-
sion line. The first case consists of a pipeline running parallel to a power line, whereas the
second involves an intersection between the paths of the two structures. Four different
discretizations of the routing have been investigated, by comparing the differences in the
computed induced voltage profiles. Afterwards, a set of different crossing angles has been
assessed and discussed. Similar trends for the induced currents and voltages obtained for
the simple parallel routing can be found in literature, yielded by circuital and analytical
methodologies, such as [4]. This shows that the proposed approach is valid and applica-
ble to realistic (and intricate) physical configurations , such as the crossing considered
in Section 3.2. Indeed, the proposed methodology can be successfully employed in pres-
ence of arbitrarily complex electrical properties of the soil [17], and with any number of
metallic objects such as mitigation wires buried alongside the pipeline [20]. Finally the
results obtained for different crossing angles indicate that, whenever an oblique path is
dicretized with a set of parallel segments, a convergence analysis should be performed
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to ensure that the discretization process does not affect the obtained results, especially
when small crossing angles are considered.
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