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ABSTRACT

Corrosion of underground pipelines within the oil and gas industry has high potential to cause structural failure
and environmental contamination, necessitating an effective protection system such as Sacrificial Anode Cathodic
Protection (SACP). This study aims to design and simulate a cathodic protection system using numerical simula-
tion to evaluate its effectiveness in mitigating corrosion. A finite element method-based simulation was conducted
to analyze the potential distribution and current density on pipelines with both linear anode configurations and a
staggered configuration. The simulation results indicate that both configurations meet the protection criteria set by
NACE SP-0169, with potential values more negative than -850 mV (vs Cu/CuSO, RE). The staggered configura-
tion exhibited a more uniform potential distribution, ranging from -1032.11 mV to -978.5 mV, compared to the
linear configuration, which ranged from -1006.8 mV to -937.6 mV. However, the staggered configuration resulted
in higher anode consumption due to increased current density (0.02 to 0.111 A/m?) compared to the linear configu-
ration (0.02 to 0.098 A/m?). While the empirical linear configuration is simpler and requires less anode consump-
tion, its current distribution is less optimal. In contrast, the staggered configuration provides more uniform and
effective corrosion protection.

Keywords: cathodic protection, sacrificial anode, corrosion, underground pipeline, numerical simulation, finite
element method.

INTRODUCTION

cathodic protection systems, corrosion-resistant
alloys), equipment replacement, and repair activi-
ties, as well as indirect costs such as production
losses from unplanned shutdowns, safety-related
incidents, and environmental remediation. The
study further indicated that implementing corro-
sion prevention best practices could yield savings
of 15-35% of these costs.

Several countries have documented serious
incidents linked to corrosion-related infrastructure

Corrosion is an electrochemical process that
leads to the gradual degradation of metallic mate-
rials when interacting with the surrounding envi-
ronment. Globally, corrosion represents a major
technical and economic challenge. According to
the NACE International IMPACT study released
in 2016 [1], the global cost of corrosion was esti-
mated at approximately USD 2.5 trillion annual-
ly, equivalent to 3.4% of the global gross domes-

tic product (GDP) based on 2013 economic data
[2, 29]. These costs encompass direct expenses
including corrosion control measures (coatings,

failures. In the United States, the PHMSA Pipe-
line Corrosion Report documented that corrosion
was responsible for 18% of significant pipeline
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incidents over the period 1988-2008, resulting
in 30 fatalities, 100 injuries, and $551 million in
property damage during that 20-year period [3].
In the North Sea region, review studies of offshore
structure failures have reported that 60-75% of
all damages to offshore steel structures occur due
to corrosion-mechanical influences, with analyses
of the Norwegian Continental Shelf documenting
296 accidents over a 40-year period (1972-2013)
[4]. In the Middle East, corrosion challenges have
been documented in Qatar’s oil and gas industry
with failure analyses from 2002—-2006, where high
H2S content, elevated temperatures, and aggres-
sive atmospheric and subsurface conditions pose
significant threats to infrastructure integrity [5].
These incidents reinforce the critical importance
of effective cathodic protection design for under-
ground pipelines, where soil-side corrosion poses
persistent integrity threats.

Indonesia faces similar challenges, where cor-
rosion has contributed to operational disruptions
and environmental incidents across both onshore
and offshore oil and gas facilities. These recur-
ring issues underscore the importance of imple-
menting effective corrosion mitigation strategies,
particularly in regions with expanding petroleum
exploration and production activities.

Aceh is among the Indonesian regions rich in
oil and gas resources. Recent exploration activi-
ties in the Andaman Working Areas offshore
northern Sumatra have revealed considerable
hydrocarbon potential, with discoveries includ-
ing approximately 6 trillion cubic feet (TCF) of
gas-in-place at the Layaran-1 well in South Anda-
man Block (announced in December 2023) and
an estimated total resource potential of 4.965 mil-
lion barrels of oil equivalent (MMBOE) across
the Andaman concession areas [6—7]. This poten-
tial is reinforced by the discovery of substantial
gas reserves in the Timpan Well within the Anda-
man II Working Area (WK), alongside continued
exploration in the Andaman III and South Anda-
man blocks [6—7]. It is anticipated that Aceh’s oil
and gas industry would continue to grow, increas-
ing investment and making Indonesia’s upstream
petroleum sector more competitive. However, a
number of technical difficulties, especially those
pertaining to the integrity of the oil and gas infra-
structure, accompany the increase of exploration
and production operations.

Key technical challenges affecting pipeline
integrity in such environments include: (1) soil
heterogeneity, where varying soil resistivity along
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the pipeline route creates non-uniform corrosion
conditions and complicates cathodic protection
design; (2) coating degradation over time, which
increases current demand and creates localized
corrosion cells at coating holidays; (3) stray cur-
rent interference from nearby electrical instal-
lations, railways, or other cathodic protection
systems that can accelerate corrosion or cause
shielding effects; and (4) microbiologically influ-
enced corrosion (MIC) in certain soil conditions,
particularly in waterlogged or anaerobic environ-
ments containing sulfate-reducing bacteria.

Corrosion remains one of the most critical
issues affecting the reliability and safety of pipe-
lines and associated facilities. Its impacts include
structural degradation, leakage, operational fail-
ures, and environmental pollution, as exemplified
by the pipeline rupture that resulted in an oil spill
at PT Chevron Pacific Indonesia in Dumai [8].
To mitigate such risks, multiple corrosion con-
trol strategies have been implemented for buried
pipelines. These include: (1) external protective
coatings such as fusion-bonded epoxy (FBE),
three-layer polyethylene (3LPE), and coal tar
enamel that provide primary barrier protection;
(2) cathodic protection systems, either impressed
current (ICCP) or sacrificial anode (SACP),
which provide electrochemical protection at
coating defects; (3) material selection involving
corrosion-resistant alloys or higher-grade steels
for aggressive environments; and (4) corrosion
inhibitor injection for internal corrosion control.
Among these, cathodic protection in combina-
tion with external coatings remains one of the
most widely adopted and effective approaches for
underground pipelines.

Cathodic protection works by converting the
protected metal structure into a cathode in an elec-
trochemical system, reducing its corrosion rate
and extending service life [9]. Effective cathodic
protection requires sound system design to ensure
long-term performance under varying environmen-
tal and operating conditions. To improve design
fidelity and reliably predict performance, simu-
lation-based methods have become increasingly
important. Numerical methods such as the bound-
ary element method (BEM) [10-11] and finite
element method (FEM) [12—13] enable detailed
modeling of electrochemical behavior, potential
distribution, and current flow within cathodic pro-
tection systems, offering insights that are difficult
to obtain through empirical approaches alone [14].
In practice, the design of cathodic protection often
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relies on empirical approaches based on in NACE
SP-0169 and DNV-RP-B401. This study aims to
compare the empirical design and numerical simu-
lation approaches of underground pipeline cathodic
protection (sacrificial anode type). Then, the study
demonstrates feasibility of unconventional design
that is beyond the scope of empirical approach
with the objective of optimizing corrosion protec-
tion effectiveness and supporting the integrity of
oil and gas infrastructure.

METHODS

The workflow of this study is given in Fig-
ure 1. The design and evaluation of cathodic
protection systems in this study follow the cri-
teria established in NACE SP-0169 ‘Control
of External Corrosion on Underground or Sub-
merged Metallic Piping Systems’ [20]. This
standard, originally developed by NACE Inter-
national (now AMPP - Association for Materials
Protection and Performance), provides industry-
accepted criteria for cathodic protection effec-
tiveness. The primary criterion specifies that

a negative (cathodic) potential of at least -850
mV measured with respect to a saturated cop-
per/copper sulfate reference electrode (CSE)
should be achieved on the structure surface,
with the protective current applied. Additionally,
the standard recommends that potentials should
not exceed -1200 mV (vs. Cu/CuSO,) to avoid
overprotection effects such as coating disbond-
ment and hydrogen embrittlement of susceptible
steels. These criteria serve as the benchmark for
evaluating simulation results in this study.

Materials

Designing a sacrificial-anode cathodic
protection system for underground pipelines
requires material and environmental data,
including specifications for the pipe, anode,
and surrounding soil. In this study, the pipeline
is modeled using ASTM A106 Grade B steel,
which is commonly protected using sacrificial-
anode cathodic protection systems [15]. The
underground pipeline specifications are summa-
rized in Table 1. Table 2 shows the anode design
properties used in this study.

Literature study and
problem formulation

v v
Design of Sacrificial Numerical
Anode Cathodic Simulation
Protection System Using
(Empirical Approach) FEM
v

Compliant with
NACE SP-0169?

v

Analysis of
Simulation Results

v

Conclusion

Figure 1. Workflow of the study, involving comparison of established numerical simulation of cathodic
protection and empirical approaches

489



Advances in Science and Technology Research Journal 2026, 20(5), 487-502

Table 1. Underground pipe specifications [16]

Properties/dimension Remark
Material A106 Gr B
Diameter (OD) 0.2191 m
Length (L) 36 m
Current density (Cd) 30 mA/m?
External coating 3LPE

(3 Layer polyethylene)
Coating breakdown 10%

Table 2. Sacrificial anode specification

Properties/dimension Remark
e

Outer diameter (OD) 152 mm
Length (L) 305 mm
Anode capacities 1100 Amp-hr/Kg
Anode weight 2.3 Kg
Anode potential -1.7V
Utility factor 85%

The soil used in the design is considered
homogeneous with a resistivity of 100 Ohm.m.
This value was selected based on comprehen-
sive soil resistivity surveys conducted in Indo-
nesia [17-18], which identified resistivity values
ranging from 13.6 to 1337 Ohm.m depending on
lithology, moisture content, and depth. The selec-
tion of 100 Ohm.m represents a moderately con-
servative design condition for several reasons: (1)
it falls within the typical range for clay-loam soils
commonly encountered in Indonesian pipeline
corridors; (2) according to NACE guidelines, soils
with resistivity below 1000 Ohm.m are considered
corrosive and require cathodic protection; (3) it
provides a representative baseline that allows the
cathodic protection system to be evaluated under
reasonably challenging conditions without being
overly pessimistic. The use of a homogeneous
soil model represents a simplification; actual field
conditions would exhibit spatial variation, which
is acknowledged as a limitation of this study.

Empirical design of sacrificial anode cathodic
protection system

The empirical design of SACP in this study
was based on DNV-RP-B401: Cathodic Protec-
tion Design. The equations used in the design are
as follows [19]:
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Surface area of protected pipe:
A, =mx0D XL (1)

where: A, - cathode surface area, i.e., the exter-
nal surface area of the pipe to be protected
(m?); OD — outer diameter of pipe (m); L
— length of pipe (m).

Current protection:
I.=A. X f. X, (2)

where: I — total current protection (A); /. — coat-
ing breakdown; i — current density of

metal (A/m?).
Total weight of anode:
I, Xt x 8760
Miotar = CXu 3)
where: M, — total weight of anode (kg); ¢ — pro-

tection time (year); ¢ — anode capacity
(A-h/kg); u — utility factor; 1 year = 8760
hour.

Number of anodes:

M total
n= 4
Manode ( )
where: n —number of anode (unit); M —weight
of an anode (kg).
Displacement between anodes
L

where: S — displacement between anodes (m).

Electrochemical model of corrosion

Corrosion is modeled as an electrochemical
process, whereby cathodes and anodes experience
electrochemical reactions that produce potential
in the electrolyte. The distribution of this poten-
tial in the electrolyte is governed by Laplace’s
equation for potential distribution [21]:

kVip =0 (6)
where: ¢ is the potential (in Vglt), and the flux or

the current density is 7, (in A/m?), and x
in conductivity (in Ohm.m).

In this approach, the cathodes and anodes are
the sources of the electrochemical current and
potential. Application of the governing equation
above (Equation 6) with its boundary conditions
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to the cathodic protection case is visualized in
Figure 2. The domain of the Laplace’s equation is
the soil, with the pipeline and the anodes creating
the internal surface (internal boundaries) of the
soil. The external boundaries (assigned as I')) of
the domain are the soil’s surface and the soil cutoff
where the analysis is still deemed relevant. These
boundaries are assumed to be the points where
the flux or current density vanish in the domain,
due to distance from the sources (the cathodes
and anodes). Therefore, on boundary I, a zero-

flux Neumann boundary condition (ﬁ =0)is
applied, indicating that no current passes normal
to this boundary. This represents an electrically
insulating surface at the soil-air interface where
the current cannot flow into the air domain.

The internal boundaries are where the soil
meets the pipeline’s and anode’s surfaces, and
assigned as T', (the pipe or the cathode) and T,
(the sacrificial anodes). The cathodes and anodes
(or collectively the electrodes) are either assigned
as Dirichlet boundary (known potential value)
or Neumann boundary (known current density
value). On boundary I'), which is the pipe sur-
face (cathode), a boundary condition of current
density 0.003 A/m? is given, determining the
interaction between the pipe and the electrolyte
medium to ensure cathodic protection system
effectiveness. Meanwhile, on boundary I',, which
is the sacrificial anode surface, the potential is
set at ¢ =—1.7V to create a sufficient potential

difference between anode and cathode, allowing
protective current flow to the pipe and ensuring
the pipe remains protected from corrosion. Then,
the complete boundary condition equations are
stated as follows:

a¢
P — = 7
1" on 0 M
0. A
: =0. — 8
TP} In 0 003m2 ®)
I3:¢p,=-17V )

As for the specific case in this study, the
dimensions of the domain and its boundaries rep-
resenting underground pipeline and the sacrificial
anodes are given in Table 3.

Numerical simulations

The electrochemical model of corrosion is the
basis for numerical simulations. Numerical simu-
lations were carried out through the finite element
method (FEM) in COMSOL Multiphysics. The
FEM analysis procedure consists of the following
sequential steps:

1. Geometry creation: A three-dimensional mod-
el of the soil domain, pipeline (cathode), and
sacrificial anodes is constructed with appropri-
ate dimensions based on the empirical design
calculations.

2. Equation 6 with its boundary conditions (Equa-
tion 7 to 9) are numerically solved through

I';:0¢p/ 0n = 0 (external boundaries)

z

kV2¢p =0
(domain)

I3:¢p,=—-17V
(internal boundaries
at anodes)

L,

v

I:¢,=-17V

(internal boundaries at cathodes)

Figure 2. Schematic representation of the sacrificial anode cathodic protection (SACP) system model showing
boundary conditions. The model domain represents the soil (as electrolyte) where the Laplace equation (,V? ¢ =0)
governs potential distribution. Boundary I', (top surface) represents the soil-air interface with zero-flux condition (d_
phi/dn = 0). Boundary I, (pipe surface, acting as cathode) has a prescribed current density of 0.003 A/m’. Boundary

I, (anode surface) has a fixed potential of ¢ =-1.7 V vs. Cu/CuSO,. Not to scale
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FEM by COMSOL. The boundary conditions
defined in Section 2.3 are applied to the respec-
tive surfaces (insulating boundaries, cathode
surface with current density condition, and an-
ode surface with fixed potential).

3. Mesh generation: The domain is discretized us-
ing tetrahedral elements with mesh refinement
near electrode surfaces where steep potential gra-
dients are expected. An extremely fine mesh set-
ting is employed to ensure numerical accuracy.

4. Solving: The system of linear equations is solved
using a stationary solver to obtain the steady-state
potential distribution throughout the domain.

5. Post-processing: Results are extracted includ-
ing potential values at specified points on the
pipe surface and current density distribution on
the anode surfaces for subsequent analysis.

In this study, a two-dimensional model of a
sacrificial anode cathodic protection (SACP) sys-
tem for underground pipelines is developed to
evaluate current distribution and corrosion poten-
tial. The cathodic protection design is formulated
within a corrosion electrochemistry framework.
In COMSOL Multiphysics, key inputs for the
SACP simulation include electrode potentials,
electrolyte conductivity, and metal current den-
sity. The system geometry, including the anode-
to-pipeline separation distance, is also specified.
The simulated potentials are evaluated against
the NACE SP-0169, which considers cathodic
protection effective when the potential is < -850
mV (vs Cu/CuSO,. To avoid overprotection, the
lower limit of —1200 mV is also considered, since
excessive polarization may lead to cathodic dis-
bondment and hydrogen embrittlement [20].

Model and mesh

The (three dimensional) model for the under-
ground pipeline along with the empirically
designed 10 anodes are illustrated in Figure 3.
The model is discretized into 1,406,065 tetrahe-
dral elements (Table 3). The illustration of the
mesh can be viewed in Figure 3, where the mesh
is already optimized to ensure the curved shape of
the pipeline and anodes are preserved.

Determination of data collection points for
numerical simulation results

COMSOL simulation outputs are evaluated
to characterize the potential distribution along the
buried pipeline and to assess the effectiveness of
cathodic protection. Four circumferential sam-
pling locations are used to represent the poten-
tial field around the pipe: 0° (nearest the anode,
typically exhibiting the most negative potential),
90° and 270° (perpendicular to the anode, cap-
turing lateral distribution), and 180° (opposite

Table 3. Geometrical model and meshing parameter

Domain properties Value (m)
Width 5
Depth 7
Height 46
Pipe and anodes properties As givenTianb;;agle 1and
Mesh properties Value
Number of tetrahedra elements 1,406,065
Number of triangle elements 74,440

Figure 3. FEM Mesh visualization of the underground pipeline SACP model
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the anode, where the largest potential drop may
occur). These measurements are used to map the
circumferential potential distribution and to eval-
uate cathodic protection effectiveness in accor-
dance with NACE SP-0169 (Figure 4).

Modification of anode configuration

To examine how anode configuration influ-
ences cathodic protection performance, a series
of simulations is performed by varying both the
number and placement of anodes. The baseline
case uses 10 anodes based on an empirical design;
however, the layout is modified from a linear
arrangement to a staggered pattern to improve
the distribution of protective current. The anode
count is then reduced to 7 and 4 while maintaining
the staggered configuration to assess the result-
ing changes in protection coverage and system
efficiency. Performance is evaluated against the
NACE SP-0169 criterion to determine cathodic
protection effectiveness.

RESULTS AND DISCUSSION

Empirical design results of sacrificial anode
cathodic protection system

The DNV-RP-B401-based design yields key
parameters, including pipe surface area, required
protection current, total anode mass, number of
anodes, and anode spacing for effective protection.
The design results are summarized in Table 4.

The design results show that the protection
system requires 10 anodes with a total weight of
20.88 kg, installed at 3.6 m spacing to promote
a uniform distribution of protective current. A
required current of 0.074 A is sufficient to meet
corrosion protection criteria. These parameters,
determined using an empirical design approach,
were transferred to the numerical simulations.

Numerical simulation results based on
empirical design

Potential distribution along the pipe is visual-
ized in Figure 5. The simulation results in Figure
5 show the potential distribution along the pipe-
line, consistent with the expected behavior of a
cathodic protection system. Regions closer to the
anode exhibit more negative potentials, as reflect-
ed by the color-scale gradient, indicating stronger

90°
|
180°—| --0° U
Anode
Pipe

270°

Figure 4. Point for data collecting from simulation
result

Table 4. Empirical design results of sacrificial anode
cathodic protection system

Parameter of empirical design Value Unit
Surface area of protected pipe (A ) 24767 m?
Total current protection (1) 0.074 A
Total weight of anode (M,,,) 20.88 kg
Number of anode (n) 10 piece
Displacement between anodes (S,) 3.6 m

polarization and higher protective current density
in these areas. With increasing distance from the
anode, the potential becomes progressively less
negative, suggesting that the protective current
spreads over the pipe surface and decreases with
distance. Overall, this pattern indicates that the sys-
tem distributes protective current effectively, pro-
viding corrosion protection along the pipeline. A
clearer comparison of potential values at the select-
ed measurement locations is presented in Figure 6.

The simulations indicate that the pipe-to-soil
potentials at the four measurement locations range
from —1006.8 to —937.6 mV (vs. Cu/CuSOs), sat-
isfying the NACE SP-0169 criterion for effective
protection (< —850 mV). These values suggest that
the entire pipe remains protected from corrosion
while avoiding overprotection that could lead to
coating disbondment or hydrogen embrittlement.
The circumferential potential variation is 69.2 mV,
with the most negative potential at 0° (—1006.8
mV) and the least negative at 180° (—937.6 mV).
This gradient indicates stronger polarization near
the anode while more distant regions remain with-
in acceptable protection limits.

In addition, the protective current distribution
indicates that the highest current density occurs
at the two ends of the sacrificial anode, reaching
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x10° mV

(a) Isometric view

-
”1

= e x10° mV
-10 -9.9 -9.8 -9.7 -9.6 -9.5 9.4

y
L—' x x10° mV
-10 -9.9 -9.8 -9.7 -9.6 -9.5 9.4
(c) Side view at the 90° position
z
X '—J' x10° mV
-10 9.9 -9.8 -9.7 -9.6 9.5 4
(d) Side view at the 180° position
o o o o o o o o o o
—
T—’ x x10° mV
y -10 -9.9 -9.8 -9.7 -9.6 -9.5 9.4

(e) Side view at the 270° position

Figure 5. Visualization of potential distribution on an underground pipeline
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Figure 6. Potential values along the pipeline length at all points

approximately 0.02—0.098 A/m?, as shown in Fig-
ure 7, whereas the midsection of the anode exhib-
its lower current density and is therefore con-
sumed more slowly. This behavior is consistent
with the edge effect, in which the electric field —
and consequently the current density — tends to
concentrate near edges and corners of conductive
materials. In cathodic protection systems, this
intensified field at the anode ends (tips) promotes
faster anodic dissolution, leading to more rapid
degradation at the anode ends than at the center.
Beyond the edge effect, anode consumption is
influenced by the anode geometry, electrolyte resis-
tivity, and the anode-to-structure spacing and ori-
entation. The electrochemical characteristics of the
anode material also affect the spatial distribution

of anodic dissolution, contributing to non-uniform
ion release along the anode surface. Over time,
these differences in consumption rate may reduce
protection uniformity and degrade overall system
performance, thereby affecting the reliability of
corrosion protection. Overall, the DNV-RP-B401-
based design provides effective protective current
distribution and satisfies the NACE SP-0169 crite-
rion for adequate cathodic protection

Numerical simulation results of anode
configuration modification

Thepotentialdistributionpatternonthepipeline
afteranodeconfigurationmodificationcanbeseenin
Figure 8.

Figure 7. Visualization of current density distribution on the sacrificial anode
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(a) 10 anodes

-840 -820 -800 780

-760 -740 -720

(b) 7 anodes

(¢) 4 anodes

Figure 8. Visualization of potential distribution on the underground pipeline after modification

Figure 9(a) shows that modifying the anode
configuration to a staggered configuration with 10
anodes produces a more stable potential distribu-
tion compared to the linear configuration, with a
range of -1032.11 to -978.5 mV, more uniform
than the initial empirical design range of -1006.8
to -937.6 mV. This change improves the effective-
ness of protective current distribution, reduces
the risk of underprotected zones, and ensures
the entire pipe surface remains within protection
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limits according to NACE SP-0169, thus increas-
ing pipe resistance to corrosion.

Figure 9(b) indicates that reducing the anode
count to seven results in a less negative poten-
tial distribution, with values between —786.62
and —701.56 mV, bringing parts of the pipeline
close to — or above — the minimum protection cri-
terion specified in NACE SP-0169. The reduction
is more pronounced in the four-anode case (Fig-
ure 9(c)), where potentials range from —182.52
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Figure 9. Potential values along the pipeline length at all points after modification
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to 20.5 mV, suggesting that most of the pipeline
receives inadequate protection and is therefore
highly susceptible to corrosion.

Reconfiguring 10 anodes into a staggered
layout produces a more uniform distribution
of protective current than the empirical linear
arrangement, which tends to create underprotect-
ed regions at locations farther from the anodes.
Nevertheless, anode quantity remains the primary

determinant of protection effectiveness: decreas-
ing the number of anodes substantially degrades
cathodic protection performance.

In addition, the protective current density is
non-uniform along the anodes in both linear and
staggered configurations, with peak values con-
centrated near the anode ends. This behavior is
evident from the color gradients along the anode
surface in Figure 10.

(a) 10 anodes

(b) 7 anodes

(c) 4 anodes

Figure 10. Visualization of current density distribution on the sacrificial anodes after modification
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Adopting a staggered layout with 10 anodes
produces a broader current-density range (0.02—
0.111 A/m?) than the linear arrangement (0.02—
0.098 A/m?). This improves protection coverage
but also increases the anode dissolution rate.
When the anode count is reduced to seven, the
peak current density rises to 0.156 A/m?, and it
increases further to 0.189 A/m? with four anodes,
leading to more uneven consumption and acceler-
ated degradation at the anode ends.

Overall, the staggered configuration distrib-
utes protective current more effectively but is
associated with faster anode consumption than
the linear layout, potentially reducing system ser-
vice life. In contrast, the linear configuration is
more economical but tends to provide less uni-
form protection.

The simulations indicate that the empirical
(linear) design and the modified (staggered) con-
figuration exhibit clear differences in potential
distribution and current density. The staggered
layout yields a more uniform potential profile, but
it also results in higher current densities, which
can accelerate anode consumption and potential-
ly reduce the service life of the cathodic protec-
tion system. A comparison of both designs across
selected parameters is summarized in Table 5.

Comparison with literature and validation

The simulation results obtained in this study
demonstrate good agreement with published
findings in the cathodic protection literature.
Abootalebi et al. [22] used boundary element
method to optimize electrode positioning in sac-
rificial anode cathodic protection systems and
demonstrated that anode placement significantly

affects protection uniformity. Their optimization
approach showed that strategic positioning of
anodes can improve potential distribution on pro-
tected structures. This principle supports the pres-
ent study’s finding that the staggered configura-
tion, which distributes anodes on alternating sides
of the pipeline, provides more uniform protection
compared to the linear arrangement where all
anodes are positioned on one side. Attarchi et al.
[23] simulated linear anode configurations along-
side coated and uncoated pipes and showed that
anode-pipe distance and spacing must be tuned
to balance current spread versus local over-pro-
tection, with optimal distances depending on pipe
diameter and soil resistivity.

The edge effect phenomenon observed in this
study, where current density is highest at anode
ends (Figure 7 and Figure 10), is well-documented
in the literature. Mansouri et al. [24] developed
three-dimensional finite element models of buried
sacrificial magnesium anodes and demonstrated
that maximum current discharge occurs at the top
and bottom edges of anodes, with maximum mate-
rial depletion occurring in these areas — a phenom-
enon they explicitly identified as the “anode end
effect”. Their modeling reproduced field observa-
tions of aged anodes exhibiting greater mass loss
at the ends compared to middle sections. Shirshahi
et al. [25] extended this work with transient 3D
models including anode corrosion and deposit for-
mation, again predicting strong spatial non-unifor-
mity of current output with geometry controlling
where dissolution concentrates.

The selection of 100 Ohm.m soil resistivity
in this study falls within the range commonly
investigated for sacrificial anode cathodic pro-
tection systems. Attarchi et al. [26] performed

Table 5. Comparison of empirical design and configuration modification

Criteria

Empirical design (linear configuration)

Configuration modification
(staggered configuration)

Potential range From -1006.8 to -937.6 mV

From -1032.11 to —-978.5 mV

Current density From 0.02 to 0.098 A/m?

From 0.02 to 0.111 A/m?

Potential distribution
of underprotection.

Less uniform; sections farther from the anode
approach the protection limit, increasing the risk | More uniform, reducing unprotected zones.

Anode consumption rate

More controlled anode consumption.

Faster anode consumption.

Protection effectiveness
distribution.

Some pipeline areas are at risk of
underprotection due to suboptimal current

More uniform protection along the pipeline.

Anode service life

Longer due to slower anode consumption.

Shorter due to faster anode consumption.

Long-term efficiency

in some areas.

More economical due to less frequent anode
replacement, although protection is less optimal

Requires more frequent anode replacement
but provides more stable protection.
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FEM optimization of cathodic protection for
buried vessels across soil resistivities of 10-500
Ohm.m and found that increasing soil resistivity
increases potential differences on the protected
surface, though optimized anode layouts can
limit this effect. The validity of FEM approaches
for cathodic protection modeling has been estab-
lished through numerous validation studies. Xu
and Cheng [27] conducted both experimental and
numerical studies of cathodic protection effec-
tiveness at corrosion defects on pipelines, dem-
onstrating good agreement between simulated
and measured potential distributions. Ghobadi et
al. [28] compared simulation results with experi-
mental measurements for cathodic protection of
oil well casings and reported good agreement in
single-layer soils, with larger scatter observed
only in multilayer soil conditions.

The current density values and potential dis-
tributions obtained in this study are also consistent
with field measurements reported in DNV-RP-
B401 recommended practice [19], which provides
design guidelines based on extensive operational
experience with cathodic protection systems.

It should be noted that direct numerical or
experimental comparisons of linear versus stag-
gered sacrificial anode layouts specifically for
cylindrical buried pipelines remain limited in
the published literature. However, the transfer-
able design principles from the studies cited
above consistently indicate that reducing maxi-
mum anode-pipe distance, avoiding large gaps
between anodes, and distributing anodes more
evenly around the protected structure all contrib-
ute to improved potential uniformity. The present
study’s finding that the staggered configuration
provides 22% reduction in potential variation
(from 69.2 mV to 53.6 mV) compared to the lin-
ear pattern represents a quantitative contribution
to this body of knowledge for underground pipe-
line applications.

Model limitations

While the FEM simulation provides valuable
insights into cathodic protection system perfor-
mance, several limitations should be acknowl-
edged when interpreting the results. The model
assumes uniform soil resistivity of 100 Ohm.m
throughout the computational domain. In actual
field conditions, soil resistivity varies spatially
due to changes in moisture content, temperature,
soil composition, and geological stratification.
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This heterogeneity can create localized areas of
inadequate protection or overprotection that are
not captured by the homogeneous soil assumption
employed in this study. Future work could incor-
porate spatially varying resistivity fields based on
geoelectrical survey data to better represent real-
world conditions.

The simulation represents steady-state condi-
tions and does not account for transient behavior
inherent in cathodic protection systems. Factors
such as seasonal variations in soil moisture and
temperature, progressive anode depletion over the
service life, and gradual degradation of protective
coatings all introduce time-dependent effects that
influence system performance. A pseudo-tran-
sient or fully time-dependent model incorporat-
ing anode mass loss kinetics would be required to
predict long-term system behavior and remaining
service life.

Although a three-dimensional model was
employed, the analysis focuses on specific cross-
sectional measurement points and may not fully
capture complex current flow patterns near geomet-
ric discontinuities such as pipe bends, tee connec-
tions, or at the ends of the protected section where
current paths become three-dimensional in nature.

CONCLUSIONS

A sacrificial-anode cathodic protection sys-
tem for underground pipelines was designed
and evaluated using empirical approaches and
numerical simulation. The simulations indicate
that the DNV-RP-B401-based design meets the
NACE SP-0169 criterion for effective corrosion
protection. Anode placement strongly influences
both protective-current distribution and anode
consumption. Compared with the linear layout, a
staggered arrangement produces a more uniform
current (and potential) distribution, reducing the
likelihood of underprotected regions. However,
the staggered configuration also increases current
density, which accelerates anode dissolution and
may shorten system service life.

Anode quantity is likewise a primary factor
controlling protection effectiveness. Reducing the
number of anodes decreases the level and unifor-
mity of protection, with the 10-anode case provid-
ing the most reliable coverage, whereas the 7- and
4-anode configurations increase the risk of under-
protected zones and corrosion. Therefore, an opti-
mal cathodic protection design should balance
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anode count and installation configuration against
protection uniformity, current demand, and anode
consumption. In practice, a linear configuration
tends to be more economical in anode utilization,
while a staggered configuration offers more uni-
form protection but may require more frequent
anode replacement.

Acknowledgement

This research was funded by Penelitian Profe-
sor (PP) Universitas Syiah Kuala, No. 345/UN11.
L1/PG.01.03/13990-PTNBH/2025.

REFERENCES

1. Koch G, Varney J, Thompson N, Moghissi O, Gould
M, Payer J. International measures of prevention,
application, and economics of corrosion technolo-
gies study. NACE International; 2016. http://impact.
nace.org/documents/Nace-International-Report.pdf

2. Prosek T, Keil P, Popova K. Corrosion protec-
tion and sustainability: why are the two concepts
inherently intertwined. Corros Mater Degrad.
2025;6(3):cmd6030038.

3. Baker M, Fessler RR. Pipeline corrosion, final re-
port DTRS56-02-D-70036 [Internet]. Washington
DC: U.S. Department of Transportation, Pipeline
and Hazardous Materials Safety Administration,
Office of Pipeline Safety; 2008 [cited 2026 Jan 3].
https://www.phmsa.dot.gov/pipeline/gas-distribu-
tion-integrity-management/dimp-pipeline-corro-
sion-final-report-michael-baker-jr-november-2008

4. Ben N, Vytyaz O, Jin X, Hrabovskyi R, Kopei B.
Failure analysis during the operation of offshore oil
and gas structures. Nafta-Gaz. 2023;(8):529-36.

5. Johnsen R. Corrosion challenges for the oil and
gas industry in the state of Qatar. In: Karaman I,
Arroyave R, Masad E, editors. Proceedings of
the TMS Middle East - Mediterranean Materials
Congress on Energy and Infrastructure Systems
(MEMA 2015). Cham: Springer; 2015. https://doi.
org/10.1007/978-3-319-48766-3 1

6. Ariadji T. Potensi migas di Aceh masih menjanji-
kan [Internet]. Jakarta: Kementerian ESDM; 2022
[cited 2025 Dec 12]. https://www.esdm.go.id/id/
berita-unit/direktorat-jenderal-minyak-dan-gas-
bumi/potensi-migas-di-aceh-masih-menjanjikan.
Indonesian.

7. Rahayu AC, Azhar S. Andaman Aceh holds signifi-
cant gas reserves; Indonesia aims to construct a re-
finery [Internet]. Kontan; 2023 [cited 2025 Dec 10].
https://insight.kontan.co.id/news/andaman-aceh-
holds-significant-gas-reserves-indonesia-aims-to-

construct-a-refinery

8. Ridwan M. SKK Migas: tumpahan minyak Dumai
akibat korosi pada pipa [Internet]. Bisnis.com; 2021
[cited 2025 Dec 12]. https://ekonomi.bisnis.com/
read/20210302/44/1362679/skk-migas-tumpahan-
minyak-dumai-akibat-korosi-pada-pipa. Indonesian.

9. Jasim DM, Razzaq Hussein EA, Al-Libawy H. Ca-
thodic protection systems: approaches and open
challenges. Nexo Rev Cient. 2023;36(6):956—67.

10. Fonna S, Huzni S, Zaim A, Ariffin AK. Simulation
of cathodic protection on reinforced concrete using
BEM. J Mech Eng. 2017;SI 4(2):111-22.

11. Fonna S, Gunawarman, Huzni S, Ariffin AK. Bound-
ary element inverse analysis for rebar corrosion de-
tection: study on the 2004 tsunami-affected structure
in Aceh. Case Stud Constr Mater. 2018;8:292-8.

12.Li S, Li C, Wang F. Computational experiments
of metal corrosion studies: a review. Mater Today
Chem. 2024;37:101986.

13. Attarchi M, Brenna A, Ormellese M. FEM simula-
tion of corrosion under macro-cell mechanism. Cor-
ros Sci. 2021;179:109116.

14. Yegorchenko R, Yavorskyi A, Dyachkov P. Model-
ing the corrosive destruction of underground degas-
sing pipelines. Min Mach. 2023;41(4):220-30.

15.Siddiqui ZA, Wakeel A, Nasir MA, Zubair M,
Ammar M. Improving anti-corrosion and me-
chanical properties of mild steel pipelines by using
polyurea with nanoparticles. Int J Thermofluids.
2024;23:100729.

16.Jayanti GA, Soim S, Karuniawan BW. Analisis
teknis dan ekonomis sistem proteksi katodik anoda
tumbal dan proteksi katodik arus paksa pada under-
ground gas pipeline di perusahaan eksplorasi dan
pengolahan gas bumi. In: Proceeding 4th Confer-
ence of Piping Engineering and its Application;
2019; Surabaya. Surabaya: Politeknik Perkapalan
Negeri Surabaya; 2019. p. 236-41. Indonesian.

17. Nugraheni ES, Yatini Y, Santoso A. Application
of induced polarization (IP) method for identify-
ing metallic mineral distribution in the Leon area.
Indones Min J. 2023;26(2):61-72.

18. Nabilah P, Masrurah Z, Ikhlas I, Putra RR. Identifi-
cation of aquifer layers in Aceh Besar region based
on correlations of electrical logging and cutting data.
J Geofis Eksplor. 2023;9(2):131-41. Indonesian.

19. Det Norske Veritas. DNV-RP-B401: cathodic pro-
tection design. Hovik: DNV; 2021.

20. NACE International. Control of external corrosion
on underground or submerged metallic piping sys-
tems. NACE SP0169-2007. Houston: NACE Inter-
national; 2007.

21. Aoki S, Kishimoto K. Application of BEM to galvan-
ic corrosion and cathodic protection. In: Brebbia CA,
editor. Electrical engineering applications. Topics in

501



Advances in Science and Technology Research Journal 2026, 20(5), 487-502

boundary element research, Berlin: Springer; 1990;7.
https://doi.org/10.1007/978-3-642-48837-5 4

22. Abootalebi O, Kermanpur A, Shishesaz M, Golozar
MA. Optimizing the electrode position in sacrificial
anode cathodic protection systems using bound-
ary element method. Corros Sci. 2010;52:678-87.
https://doi.org/10.1016/j.corsci.2009.10.025

23. Attarchi M, Ormellese M, Brenna A. Cathodic pro-
tection simulation of linear anode alongside coated
and uncoated pipe. Corrosion. 2020;76(11):1038—
48. https://doi.org/10.5006/3377

24. Mansouri A, Binali A, Khan N, Zamanzadeh M, Ta-
heri P. Three-dimensional modeling of in-ground
cathodic protection systems with deforming anodes.
Sci Rep. 2021;11:3143. https://doi.org/10.1038/
$41598-021-81184-w

25. Shirshahi M, Mansouri A, Taheri P, Chini S. Corro-
sion deposition in deforming anodes of in-ground

502

cathodicprotectionsystems: athree-dimensionaltran-
sient study. Corros Eng Sci Technol. 2024;59:179—
96. https://doi.org/10.1177/1478422x241238071

26. Attarchi M, Brenna A, Ormellese M. Cathodic pro-
tection design optimization of a buried vessel by
FEM simulation. Mater Corros. 2020;71:1651-9.
https://doi.org/10.1002/maco0.202011686

27.Xu L, Cheng YF. Experimental and numerical stud-
ies of effectiveness of cathodic protection at corro-
sion defects on pipelines. Corros Sci. 2014;78:162—
71. https://doi.org/10.1016/j.corsci.2013.09.011

28. Ghobadi A, Allahkaram S, Parsa M. A comparison
between the simulation and experimental results
of cathodic protection of oil well casings. Mater
Corros. 2019;70:1708—14. https://doi.org/10.1002/
maco.201910808

29.lannuzzi M, Frankel GS. The carbon footprint of
steel corrosion. npj Mater Degrad. 2022;6:101.



