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ABSTRACT Leakage of stray current can cause serious problems by accelerating the corrosion process of
a buried pipeline in the subway. A multi-physical finite element model of the DC-subway traction system
was established in this study, and the dynamic process of the stray current corrosion on buried pipeline
was calculated according to the real time traction conditions. In this study, the corrosion rate variation of
stray current is evaluated, and the corrosion trend of stray current is quantitatively calculated. The model
simulation shows that the stray current corrosion is significantly higher than other processes during the
acceleration process of the subway locomotive. And the potential of the buried pipeline reaches a maximum
value when an up-rush of traction current occurs. The corrosion is mainly concentrated in the anode region
of the buried pipeline, and the closer the buried pipeline is to the rail the more serious the corrosion is.
A corrosion experiment of N20 carbon steel was carried out and verified by finite element model. The results
further show that the finite element model can quantitatively calculate and predict the mass loss of buried
metal caused by stray current corrosion.

INDEX TERMS Corrosion, DC-subway, finite element method, stray current.

I. INTRODUCTION
With the advancement of urbanization, traffic congestion is
widespread in large and medium-sized cities. The subway
system has become widely used as a convenient and clean
transportation in various cities to ease traffic pressure. In the
subway system as seen in Fig. 1, a power circuit of sub-
way vehicles is formed by DC traction substations, overhead
catenary system, and return-flow system. However, the rail
cannot be completely insulated from the earth as a return
conductor, and part of the return current flowing through the
rail will leak to the earth, which becomes stray current [1], [2].
In the process of stray current flow into buried metallic
structure before returning to the negative of the substation,
the buried metal is electrolyzed due to the electrochemical
corrosion. Stray current corrosion reduces the life of the
buried metal such as pipelines. In the United States and the
United Kingdom the infrastructure damage loss and repair
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FIGURE 1. Stray current corrosion on buried pipeline.

costs due to stray current corrosion are as high as $500-
700 million per annum [3], [4]. In order to effectively prevent
the damage caused by stray current, researches are carried
out based on several aspects such as reducing stray current
leakage and establishing prediction models of the distribution
of stray current.

Many studies have shown that some measures can be taken
to minimize the effects of stray current, such as increasing
rail-to-ground resistance and system rated voltage, reducing
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rail resistance and substation distance, performing stray cur-
rent collection, using protection of cathode, using insulating
mats, etc [5]–[8]. The magnitude of the stray current is deter-
mined by the operating conditions of the subway locomotive.
Generally, the stray current increases with the increase of the
traction current during the traction acceleration or braking
phase of the train [9], [10]. In addition, the difference in
grounding mode will also change the distribution of stray
current. In the prevention of stray current, the correspond-
ing grounding method should be adopted according to the
actual situation of the subway line [11]–[13]. Measuring and
controlling stray current is difficult because of the complex
condition of an actual DC-subway system. Therefore, experts
have attempted to establish models of subway system to
analyze the distribution of stray current.

At present, a large number of analytical models focus on
the distribution of stray current, such as resistance network
models, electric field models, potential gradient models and
hemispherical electrode models [14]–[18]. With the deep-
ening of research, simulation software such as Simulink,
CEDGS, and FEM software are also widely used to study
the distribution of stray current [1], [19]–[22]. By comparison
with the traditional models, the simulation models can reduce
oversimplification, which provide effective tools for analyz-
ing the distribution of stray current under complex environ-
mental conditions. The above models provide effective tools
for analyzing the leakage and distribution of stray current.
However, the study of the distribution of stray current is only
the beginning of stray current corrosion analysis. It will be
more instructive for preventing and controlling stray currents,
if a model for directly calculating stray current corrosion of
buried metals can be established.

In this paper, the proposed multi-physical FEMModel can
simulate the dynamic distribution of the stray current in the
subway. And the FEM model can quantitatively calculate
the metal corrosion in the area affected by the stray current.
The FEM model provides a new analysis tool for solving the
stray current problem, which will also greatly improve the
efficiency of stray current control. The rest of the paper is
organized as follows. Section II provides details regarding
the subway system and load condition. The dynamic FEM
modeling process and simulation results based on the mov-
ing conditions of the subway locomotive are introduced in
Sections III and IV, respectively. Finally, the N20 carbon
steel experiment simulating stray current corrosion and the
corresponding three-dimensional FEM model are discussed
in Section V.

II. SYSTEM AND LOAD CONDITION DESCRIPTION
The most common locomotive of Guangzhou Metro com-
prises three basic types of vehicles, namely Tc, MP and
M. Six vehicles are grouped together, as shown in Fig. 2.
The locomotive formation type (–Tc∗ M∗P M = M ∗ M∗P
Tc–), the letters Tc, MP and M represent the locomotive’s
motor car, trailer and the car without pantograph respectively.
Amotor car has 4 DCmotors; Thus, the entire locomotive has

FIGURE 2. Train formation of Guangzhou Metro.

FIGURE 3. Velocity and distance curves from Shibi station to Huijiang
station.

16 parallel DCmotors. All of thesemotors are in the operation
model and provide traction power. In order to facilitate the
calculation, 16 parallel excitation sources can be reduced to
a single large traction source in the finite element model.

The simulation of stray current is usually based on one
interval of the subway, as the locomotive’s traction character-
istics remained similar at each interval. So this study focuses
on the traction characteristics from Shibi Station to Huijiang
Station through a field test of Guangzhou Metro, which can
represent the busiest time with the maximum load. The loco-
motive was tested from Shibi Station to Huijiang Station for a
total of 84s, and the velocity of running locomotive is a time-
varying process. The speed sensor in the locomotive collects
the speed every 0.1 seconds. We can assume that the distance
of the locomotive running at one time is Sn and the velocity
at this moment is Vn. After time1t (0.1s), the distance of the
locomotive running becomes Sn+1 and Vn+1 at the moment.
The distance calculation equation of the locomotive is shown
as follows, and the velocity and distance of the locomotive
are presented in Fig. 3.

an = (Vn+1 − Vn)/1t

Sn+1 = Sn +
V 2
n+1 − V

2
n

2an

(1)

Stotal =
m∑
i=1

Sn (2)

where an is an accelerated velocity the at one time, m is the
total number of velocities in one interval, Stotal is the total
displacement in one interval.

Fig. 3 also shows three different modes of operation for the
locomotive: acceleration, constant-speed and deceleration.
The locomotive leaves the Shibi station in an accelerated
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FIGURE 4. Traction current of a locomotive from Shibi station to Huijiang
station.

manner and runs for 24 seconds before entering the constant-
speed phase. Then the locomotive kept moving at a high
velocity, and enters the deceleration phase at 52s, then the
locomotive stops at Huijiang Station at 84s. The traction
current directly determines the traction force or braking force,
which affects the acceleration and deceleration of the locomo-
tive, therefore, traction current has obvious time correspon-
dence with locomotive velocity, which can be seen in Fig. 4.
The traction current has an upward rush when the locomotive
runs to 48s. It is possible that the locomotive encounters
different paths, such as uphill, downhill and curved, and the
traction current changes to ensure that the speed is maintained
in a stable range when the locomotive is running uniformly.

III. DYNAMIC FEM MODEL DESCRIPTION
A. GEOMETRIC MODEL
As shown in Fig. 5, a geometric model from Shibi Station
to Huijiang Station was established, which includes locomo-
tive, stations, rail, soil and buried pipeline. In this model,
a dynamic locomotive, whose traction current and velocities
are taken from the data in Section 2, is moving from Shibi Sta-
tion to Huijiang Station. The lower surface of the locomotive
serves as the input current boundary, and the lower surface
of the stations are grounded. Under the above conditions,
a stray current distribution field is formed in the soil, which
provides an electrochemical corrosion environment for the
buried pipeline metal.

B. PHYSICAL MODEL
In the geometric model, a current field is formed in the
soil due to the leakage of stray current. In the soil, the soil
conductivity determines the size and distribution of stray
current, assuming that the influence of other factors is not
considered. With the distribution of stray current in the soil
(electrolyte), different potential layers will form in the soil.
According to the constant electric field theory, the electrolyte
(soil) potential φl can be solved according to the Laplace’s
equation (3), and the current density in the soil is governed
by the Ohm’s law as equation (4):

∇
2φl = 0 (3)

il = −σl∇φl (4)

FIGURE 5. Schematic of finite element model.

In equation (4), il represents the current density, σl is the
soil conductivity.

In the stray current field, as shown in Fig. 5, the buried
pipeline metal, soil electrolyte and current loop constitute
the basic elements of the electrochemical cell. Some of the
stray current distributed in the soil flows back to the ground
through the soil directly. The other part flows through the
buried pipeline metal firstly, and then returns to the ground.
The model mainly studies the overall corrosion effect of the
buried pipeline in the stray current field, so the whole buried
pipeline metal is defined as the anode. The moving locomo-
tive is defined as the cathode to assist the model calculation.
The specific electrochemical reaction equations and the prin-
ciple of substance transfer involved in the electrochemical
reaction are as follows:

Cathode reaction: O2+ 2H2O + 4e−1 = 4OH−1

And the Oxygen transport is controlled by the Fickian
diffusion equation:

∇ · DO2(∇CO2) = 0 (5)

where DO2 is the diffusion coefficient of the oxygen and CO2
is the oxygen concentration.

Anode reaction: Fe = Fe2++ 2e−1

The anode region loses electrons and becomes ferrous ions
dissolved in the soil. In the electrolyte, the electrode over
potential η is calculated from:

η = φs − φl − Eeq,m (6)

where φs is the potential of the electrode, φl is the potential
of electrolyte and Eeq,m is the equilibrium potential electrode
reaction. The electrode reaction can be expressed by Tafel’s
kinetics.

The current density for the oxygen reduction is:

iO2 = (
c
cref

)i0,O210
ηO2
AO2 (7)

The current density for the iron reaction iFe is:

iFe = (
c
cref

)i0,Fe10
ηFe
AFe (8)

where iO2 and iFe are reduction current density, cref is the
pipeline-concrete interfacial concentration, i0,O2 and i0,Fe are
the exchange current density, AO2 and AFe are the Tafel slope.

The dissolution of iron metal causes a decrease in velocity
according to:

v =
M
nF

iFe (9)
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TABLE 1. Parameters of electrochemical reaction.

where M is the average molar mass of iron, n is the number
of electrons lost by the iron reaction, and F is the Faraday
constant.

C. NUMERICAL ALGORITHM
The model is calculated by finite element software COMSOL
Multiphysics. The COMSOL software itself sets up multiple
physical-field modules. In this research model, the physical-
fields used to calculate the stray current corrosion of buried
metal include DC current field, secondary current distribution
and transport of diluted species in electrochemical module.
The parameters involved in the electrochemical module dur-
ing the modeling process are shown in Table 1.

In the finite element model, meshing is an important part of
the accuracy of simulation calculation. In order to accurately
resolve the dynamic distribution of stray currents between
the rail and soil because of locomotive movement, adaptive
meshing is used. This means that as the interface moves
during the simulation, themesh is updated in order to keep the
mesh refined in the interface region. The geometric dimen-
sions of the dynamicmodel in this paper are shown in Table 2,
and the results of dynamic meshing are shown in Fig. 6.
In order to make the shape of the model more coordinated,
some geometrical dimensions, which do not affect the simula-
tion results, are not set according to actual parameters such as
stations and locomotive. The division of the mesh is achieved
by the mapping method and the completed meshes consist
mesh vertices of 15902, quadrilateral elements of 15522, edge
elements of 1938 and 36 vertex elements, the total elements
number is equal to quadrilateral elements.

IV. RESULTS AND DISCUSSION
The system is simulated in the above FEM model, as shown
in Fig. 7. The rail is dark red colour, which indicates the
current density in the rail is very high, as well as indicates
that the rail is the main way for traction current to return to the
substations of adjacent stations. Since the rail is not insulated

FIGURE 6. Mesh results.

FIGURE 7. The distribution of electric current in rail and soil.

TABLE 2. Parameters of electrochemical reaction.

from the soil, some current (stray current) leaks into the soil.
The navy blue colour of the soil indicates that the current
density in the soil is very low.

In Fig. 4, the traction current is changing with the con-
ditions of the locomotive, and the maximum value of the
traction current appears at 13s in the acceleration phase and
61s in the deceleration phase. The distribution of stray current
of the locomotive running to 13s and 61s is shown in Fig. 8.
We can see from Fig. 8 that the stray current leakage of the
locomotive shows a large value at these two moments by
adjusting the current density scale of the FEM model. And
it means that the nearby metal structures, including rail and
buried pipeline, are vulnerable to corrosion. The stray current
field in the soil forms a current density on the buried pipeline.
And the current density distribution characteristics are closely
related to the traction current of the locomotive. The heavily
corroded area of the buried pipeline will also appear in the
area where the traction current value of the locomotive is
relatively high.
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FIGURE 8. Stray current distribution in the soil.

FIGURE 9. Corrosion current density of buried pipeline.

The current density distribution across the buried pipeline
can be plotted as a graph by a dynamic model, which can be
seen in Fig. 9. When the locomotive has a certain traction
current loading (acceleration, deceleration), that is, there is a
significant stray current leakage and corrosion phenomenon,
the corrosion rate is mainly related to the traction cur-
rent amplitude. Compared with the traction current (Fig. 4),
the current density of metal exhibits the same trend, which
fully demonstrates that the traction current determines the
current flowing through the buried pipeline. In other words,
the operating conditions of the locomotive directly affect the
corrosion of the buried pipeline.

The traction current of the locomotive determines the dis-
tribution of stray current in the soil and the corrosion of
the buried pipeline, and the greater the traction current is,
the more serious the corrosion of the buried pipeline is.

Based on the stray current density on the buried pipeline
and the electrochemical corrosion theory, the corrosion rate
of the buried pipeline metal (anode) can be calculated by the
FEM dynamic model. Fig. 10 is a three-dimensional view
showing the corrosion rates of buried pipelines with different
depth as a function of time and train location, where the color
indicates the value of the corrosion rate of the buried pipeline.
Comparing Fig. 10 (a), (b) and (c), the corrosion rates of three
different buried pipelines (H= 50m, H= 100m, H= 150m),
some conclusions can be drawn: Firstly, the corrosion trend of
stray current is consistent; Secondly, serious corrosion occurs
at both ends of the buried pipeline (large traction current

FIGURE 10. 3D plot of total corrosion rate.

regions); Thirdly, the deeper the buried pipeline is, the lower
the corrosion rate will be.

FEM model provides powerful computing tools, and the
overall corrosion rate of the pipeline can be got by sur-
face integral operation. As shown in Fig. 11, the variation
curves of the cumulative corrosion mass loss of the buried
pipeline metal with time can be obtained while the overall
corrosion rates of the pipelines multiplied by the running
time of the locomotive. The slope in the figure indicates that
the mass of corrosion loss of the buried pipeline increases
rapidly when the locomotive starts to accelerate. When the
locomotive is in the constant-speed mode, the corrosion mass
increases slowly; when the locomotive enters the braking
phase, the corrosion mass increases again rapidly. The cor-
rosion mass loss can be used as an important criterion for
predicting the degree of corrosion.

168408 VOLUME 7, 2019



Z. Cai et al.: Evaluation of DC-Subway Stray Current Corrosion With Integrated Multi-physical Modeling

FIGURE 11. Corrosive mass loss of buried pipeline.

FIGURE 12. Electrochemical corrosion experimental system for stray
current.

TABLE 3. Meterial composition of the solution.

V. EXPERIMENT AND SIMULATION VERIFICATION
A. SPECIMEN AND SOLUTION
To further illustrate the accuracy of the above integrated
multi-physical model for the assessment of stray current
corrosion and the local corrosion effects of buried metal,
an experimental platform was designed to simulate the exper-
imental environment of stray current corrosion of buried
metals, as shown in Fig. 12. The test pieces used in the
experiment were made of N20 carbon steel and were made
to test pieces of 120mm in length, 25mm in width, and
2mm in thickness. In the experiment, the salt in the soil was
expressed by Na2SO4, NaCl and NaHCO3, and the mass
ratio was 3:6:1. These three components in the above ratio
were gradually placed in a container with distilled water
until the solution obtained the conductivity required for the
experiment. As seen in the Fig. 12, the test pieces of #1, #2,
#3, #4 were placed at different depths of the solution, and
the two graphite electrodes were respectively connected to
the positive and negative electrodes of the DC power supply
to realize an electric field applied to the solution. An envi-
ronment of stray current distribution was created, the positive
graphite electrode is the leakage point of the stray current, and

FIGURE 13. Simulation and experimental results.

the negative graphite electrode represents the stray current
reflow point.

B. ELECTROCHEMICAL CORROSION
In order to obtain the electrochemical corrosion effect of the
test pieces faster, the conductivity of the solution was set to
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TABLE 4. Experimental and simulation data.

3 S/m during the experiment. The experiment was used to
test the corrosion of different depths of test pieces weighed
before and after the test. The test pieces were weighed before
the experiment and the weight data was recorded. The applied
voltage was 15V, and the power-on time was 50 hours. After
the experiment, the corrosion test pieces were cleaned and
dried, and then re-weighed. The material composition of the
solution is shown in Table 3.

C. CORROSION ANALYSIS AND WEIGHT LOSS
MEASUREMENT
A 1:1 three-dimensional FEM model was built according to
the experimental platform, and the main parameters of the
electrochemical reaction in the model are shown in Table 1.
Unlike the above dynamic model, in the three-dimensional
model, the voltage applied by the model is constant, which
can be understood as the stray current leakage of the locomo-
tive at a certain location. In addition, in the three-dimensional
model, the stray current in the simulation is distributed three-
dimensionally, and the cathode as well as the anode appears
in the sample itself in the solution. In the three-dimensional
model, we cannot perform electrode division like the two-
dimensional model. In order to accurately reflect the actual
experiment, the electrode boundary must be applied to the
test piece during the simulation, as shown in Fig. 13(a).
The depths of the #1 to #4 test pieces in the solution are
50mm, 100mm, 150mm and 200mm, respectively. The 3D
FEM model can simulate the size distribution of the surface
corrosion rate of the test piece as shown in Fig. 13(b). The
mass of the test pieces lost can be obtained by surface integral
operation results multiplied by the corrosion time.

There are following three conclusions can be drawn from
Fig. 13(c) :

1) The closer to the cathode, the lower the corrosion rate;
2) The corrosion of the surface of the test piece is uneven

and local;
3) The buried depth of the test pieces is inversely propor-

tional to the corrosion rate. The deeper the burial depth is,
the smaller the corrosion rate is;

In Fig. 13(d), comparing the experimental corrosion dia-
gram and simulation diagram of two test pieces with depth
of 50mm and 100mm respectively, what can be seen is that
the corrosion area of the test pieces is also concentrated

in the anode area, the cathode area is rarely corroded in
the experiment. In addition, comparing two test pieces with
different depths, the test piece with a depth of 50mm in the
experiment is more corrosive than the test piece with a depth
of 100mm, which can be seen from the local details of the
upper left corners of the pieces. At the same time, it can be
found that the simulation results can accurately reflect the
electrochemical corrosion law: the current flows out from
the anode surfaces of the test pieces, and the current density
of the upper surfaces and the side surfaces is larger, so the
corrosion is more serious. Generally, the corrosion rate of the
anode region of the test piece is high and the center is low, and
what can be seen in the Fig. 13(d) is that the area with high
corrosion rate in the simulation diagram is the most severely
corroded area of the experimental pieces.

The simulation model calculates the corrosion rate (v) of
each point on the surface of the test piece by reference to (9).
The overall corrosion rate of the test piece is obtained by
integrating the corrosion rate at each point on the surface of
the test piece, and the quality of the specimen being corroded
can be obtained bymultiplying the corrosion time. The exper-
imental data and simulation data are shown in Table 4.

Due to the limitations of the conditions, experimental
errors will inevitably occur during the experiment. For exam-
ple, the dynamic changes of parameters such as solution
concentration and conductivity during the experiment, metal
secondary oxidation problems, etc. will also affect the corro-
sion results to some extent. Therefore, it is an objective reality
that the simulation results and the experimental results cannot
be completely consistent. But, by analyzing the results, it is
not difficult to find out that the corrosion rate error is not
more than 5% through the data in Tab. 2, which is within
the allowable range. The consistency on the results of carbon
steel corrosion test and FEM simulation demonstrates that the
integrated multi-physical model is feasible for analyzing the
stray current corrosion quantitatively.

VI. CONCLUSION
Based on the actual operating conditions of locomotive in
Guangzhou Metro, this paper analyzes the stray current dis-
tribution and the corrosion rate of buried metal (e.g. buried
pipeline) was calculated based on field measured data. The
corrosion platform and simulation model of N20 carbon steel
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were built, and the experimental data and simulation data
were compared and analyzed.

Summarizing the above, we can get the following conclu-
sions:

1) A simulation model was established to directly evaluate
the corrosion of buried pipelines, the distribution of stray
current and the corrosion rate of buried pipelines between two
subway stations were calculated.

2) The leakage of the stray current reaches a larger value
at the positions of the locomotive and substation. Thus,
the buried pipeline near the locomotive and substation are
more vulnerable to corrosion. The potential of the rail to
the surrounding environment is gradually reduced, there are
different potential on the position of pipeline.

3) Leakage of stray current affects the buried pipeline
potential, and a higher potential causes vulnerability to cor-
rosion. The maximum potential of the buried pipeline occurs
at the up-rush current (48s) when the locomotive runs at
constant speed. The depth of the buried pipeline affects the
corrosion rate of the pipeline. The corrosion is serious when
the pipeline is buried at a shallow depth.

4) An electrochemical corrosion test platform was built
to test the corrosion rate of N20 carbon steel specimens,
and the test results were verified by finite element method.
Comparing the simulation and experimental results, the error
is within the allowable range, which further proves that the
finite element method can be used as an effective method to
calculate the mass loss of metal corrosion caused by stray
current in the subway.
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