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It has been established that the operation of direct current (D.C.) rail traction systems can cause severe
corrosion to neighbouring steel pipelines buried near rail buttresses. In this paper, a novel measurement
device was developed to record the pipe-to-soil potential, surface potential gradient, and pipeline current
of steel pipelines located in the vicinity of Shanghai rail transit line 1, Fujin Road Station. The results
show that the pipe-to-soil potential fluctuated within -2.04 VV~1.855 V, the averaged surface potential
gradient was 12.18 mV/m, and its direction was 30.2 degrees southeast during rail transit operation. The
current within the pipeline turned out to be -40 mA~37 mA and the entering current is 4 times stronger
than the leaving current. The comparison of measured data corresponding to periods of rail transit
operation and no operation clearly revealed that the interference comes from rail traction. Finally,
measures to mitigate this interference were proposed, including insulation joints, drainage devices, smart
monitoring systems, etc. The work in this paper can therefore help protect the steel pipeline that was
buried near the rail buttress from stray current corrosion during municipal construction processes.
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1. INTRODUCTION

Accompanied by accelerating urbanization processes, an increasing number of people are
moving to large cities, and as a result, serious traffic-related issues have arisen. To alleviate these issues,
various kinds of rail transit have been constructed in mid-sized cities and metropolises. Unfortunately,
with increasing operating mileages and limited underground space [1], rail transit inevitably intersects
with or runs parallel to underground steel pipelines [2]. Meanwhile, due to the current level of project
construction and rail transit technological development, the driving current of direct current (D.C.) rail
transit locomotives always contains a portion that cannot be returned to the substation [3], resulting in
driving current leakage. The leaked current inevitably flows to the soil through the tracks or rail
buttresses [4] and further flows to neighbouring buried steel pipelines with anti-corrosion coating
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defects. Depending on the presence of suitability corrosive soil containing oxygen and water,
electrochemical reactions between the charged steel pipe-section and soil with oxygen and water may
occur and cause corrosion damage to the steel pipe-section in locations with damaged coating [5, 6].
More notably, with the increased operating time of the rail transit system, pipeline corrosion gradually
increases, which may eventually cause leakage accidents, such as pipeline perforations or explosions.
Small pipeline leakage incidents may prevent the surrounding residents from temporarily using natural
gas, which can act as an inconvenience to daily operation, while serious pipeline leakage incidents may
cause property losses, casualties, environmental pollution issues, etc. [7].

To minimize pipeline leaking incidents, it is necessary to periodically monitor the operation
status of pipelines, so that pipeline corrosion risks can be evaluated. Currently, some researchers,
including Allahkaram [8], Chen [3], and Li [9], have evaluated pipeline corrosion by measuring the pipe-
to-soil potential of steel rails. However, this method does not directly provide parameters relevant to
corrosion, such as the pipe-to-soil potential and the current within the pipeline, leading to an inaccurate
evaluation of the degree corrosion suffered by pipelines. Although some researchers have measured the
potential to evaluate pipeline corrosion, such as Iranian researcher Allahkaram [8]. The influence of
current leakage along-track buttresses has not been studied, in recent years, some researchers, such as
Chen [3, 10], have conducted field testing on buried pipelines, but the involved equipment has usually
been based on wired data acquisition, and this method can not be used in complex field tests [11, 12].

In this paper, a new device integrated with remote data transmission was developed to measure
corrosion-related parameters, including the pipe-to-soil potential, surface potential gradient, and current
within the pipeline, of the buried steel pipes located near rail buttresses. The D.C. stray current
interference was evaluated by analysing the measured data. Finally, three methods are proposed to
mitigate D.C. interference and improve pipeline protection against steel pipelines on the sides of the rail
buttresses.

2. EXPERIMENTAL

2.1 Corrosion principle

Currently, the D.C. voltage of driving urban rail transit locomotives is generally 1500/750 V.
Such a high operating voltage is certain to have a large current flowing into and out of the substation.
However, during locomotive operation, the entire driving current coming from the substation cannot be
returned to the substation, thereby inevitably flowing towards the soil with the help of the rail buttress.
The process of current leakage is shown in Figure . 1. First, the current leaking from the rail (stray current)
flows into the soil through the buttress, and the current flowing from the rail to the buttress is carried out
by electrons. The electrons migrate to the soil via the steel bars inside the rail buttress. When the current
flows to the buttress, under the action of an electrical field force, the electrons near the contact interface
between the buttress and the soil move away from the contact interface, causing the potential difference
at the buttress-soil contact interface to increase, thereby driving the positive ions in the soil to migrate
away from the interface, and the negative ions to migrate close to the interface. Due to the migration of
positive and negative ions, a current is generated in the soil. As the migration process proceeds, there
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are more positive ions and fewer negative ions near the surface of the buried steel pipelines, which
changes the electric field distribution running along the surface. The electrons on the steel pipeline are
moved to balance the potential difference of the steel surface caused by the movement of positive and
negative ions in the soil. Therefore, the leaked current coming from the rail buttress flows into the
pipeline. Whether the anti-corrosion coating of the buried steel pipeline is damaged due to construction
issues or long-term disrepair, the current in the pipeline outflows from the damaged position to be
returning to the substation. Meanwhile, the current backflow process also needs to move through three
processes, including the migration of electrons and ions at the interface between the buried pipeline and
the soil due to electrical field forces, the migration of positive and negative ions in the soil, and the
movement of electrons and ions between the rail buttress and the soil interface due to electrical field
forces. The migration principle of electrons and ions in this process is the same as that of a leaked current
flowing into the pipeline, but the direction of the electrical field is opposite to the movement direction
of electrons and ions. It is worth noting that at the interface where the current flows out of the surface of
the steel pipeline, the existence of water, oxygen, and other components may cause pipeline corrosion.
The electrochemical reaction equations of the sensing cathode and anode are shown in equations (1) and
(2) as follows.
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Figure 1. Schematic diagram of the electron-ion migration principle between the rail buttress and a steel
pipeline

2.2 Testing device

The test device consisted of a computer, a data acquisition module (AD7606 ADC with 16bit), a
data processing module (Raspberry Pi 3 Model B+), a wireless remote module (E840- DTU (GPRS-
03)), a set of copper sulfate reference electrodes, and a small portable lithium battery power supply, as
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well as other components. The acquisition module has the characteristics of including 16 bits, 8 channels,
and a maximum sampling frequency of 200 Ksps. The wireless remote module is supplied with a power
supply voltage in the range of 8~28 V and adopted by two power supply modes, including a D.C. power
supply and a terminal block, the maximum speed of which is 85.6 kbps for uploading and downloading
the data. The operating procedure is implemented in Python, and the device can realize the functions of
real-time data upload and automatic storage.

2.3 Field testing

During the time period between 17:00 and 00:10, the novel wireless testing device conducts
corrosion analysis of the rail transit interference on a buried steel gas pipeline located near the rail
buttress of Fujin Road Station of Shanghai rail transit line 1. The rail transit locomotives are not operated
along this line within the time period of 23:50~00:10. Figure.2 shows the arrangement of the field-testing
apparatus. The track runs parallel to the unmeasured buried steel gas pipeline, and the vertical distance
is 20 metres between the rail buttress and the gas pipeline. The pipeline is located on the east side of the
rail transit line 1, and the test station of the gas pipeline to the southeast of the rail buttress. The vertical
and parallel distances from the station to line 1 and the buttress are 20 and 10 metres, respectively, as
shown in Figure.2. The burial depth of the pipeline is 2 metres, the pipeline diameter is 500 mm, and the
internal pressure of the pipeline is 0.65 MP. The aforementioned device measures the pipe-to-soil
potential, surface potential gradient, and current within the pipeline during the transit period of the
locomotives. According to the Chinese standard GB/T19285-2014 [13], cathodic protection equipment
should be cut off 24 hours before field testing to ensure that it does not interfere with the test results.
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Figure 2. Schematic diagram of the field-testing arrangement
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2.3.1 Pipeline-to-soil potential

Before starting the test, a copper sulfate reference electrode is arranged near the abovementioned
test field. To minimize the influence of the IR drop on the measurement errors [14, 15], the reference
electrode should be buried close to the unmeasured pipeline. In addition, the electrode is buried at a
depth of 15 cm. Meanwhile, the bottom of the reference electrode completely contacts the soil, and the
soil around the reference electrode is sufficiently moist. During the test time of 17:00~00:10, this device
tests the potential between the reference electrode and the pipeline.

2.3.2 Surface potential gradient

The soil of the surface potential gradient is the shifted value of the soil potential per unit length
(GB/T19285-2014). With the measuring point as the centre and a distance of 2 metres as the radius, four
reference electrodes are arranged uniformly parallel and perpendicular to the pipeline on the circular arc.
The vector composition value of the potential difference in the horizontal and vertical directions is
measured, which is defined as the potential gradient of the measuring point [13]. Before the test, the
reference electrode was buried at a depth of 15 cm. It is worth noting that during the burying process,
the bottom of the reference electrode fully contacts the soil, and the soil around the reference electrode
is sufficiently moist. The test time was from 17:00 to 00:10, and the variational value of the potential
gradient was measured.

2.3.3 Current within the pipeline

Due to the current technical conditions and limitations regarding the development level of the
testing equipment, it is very difficult to accurately measure the operating current within the pipeline.
With the help of the pipeline test station and the reserved measuring position within the pipeline, 1 ohm
of resistance is added between the test station and the reserved position. This work uses the test device
to measure the current. It is worth noting that according to the national standard, the distance between
the two measuring points is 30 metres. The test time is from 17:00 to 00:10, which includes a period of
the rail transit locomotive operation and a period of no operation.

3. RESULTS AND DISCUSSION

3.1 Pipe-to-soil potential testing

Figure.3 shows the measured value of the pipe-to-soil potential measurement during the testing
period. According to the acquired data, it is known that during the time from 17:00 to 23:50, the pipe-
to-soil potential exhibits a serious fluctuation due to the locomotive operations. The maximum negative
and positive amplitude of the potential fluctuate greatly, and the fluctuation range of the potential
amplitude ranges from -2.814 V to 1.045 V. There is no interference from the rail transit locomotive
during the time from 23:50 to 00:10, the variation range of the measured pipe-to-soil potential amplitude
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ranges from -0.869 V to -0.914 V, and the average value is -0.81 V. To analyse the influence of the
fluctuating value on the pipe-to-soil potential during rail locomotive operation, the measured data
processing is performed from 17:00 to 23:50. The data obtaining from being the interference of the rail
transit locomotive minus -0.81 V which is the average pipe-to- soil potential without the interference,
thereby obtaining the potential data caused by the rail locomotive operation, and the pipe-to-soil potential
shift in the range of -2.004 V to 1.855 V. The fluctuating tendency of the potential caused by interference
Is shown in Figure.4.
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Figure 3. The variation in the measured pipe-to-soil potential with time-dependence
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According to Figure.4, the stray leaking current from the rial buttress has a serious impact on the
buried steel pipelines. During the operation of the locomotive, the maximum positive and negative shift
values of the potential caused by the locomotive operation are large at the test position, which causes
serious interference to the pipeline, thereby causing serious corrosion of the pipeline. Furthermore, the
negative and positive shift law of the measured potential fluctuates with the operating timetable of the
locomotives, and the shifting law of the potential amplitude presents a positive correlation with the
operating frequency of the locomotive. The test result is consistent with the research conclusion of Chen
[3]. Meanwhile, the researchers used modeling methods to study pipeline corrosion on the rail transit
[16, 17]. The modeling results are similar to the field testing. Furthermore, Other researchers used
electrochemical testing methods to study the buried pipeline corrosion, conclusions of which can be used
as the guidance for the field testing [18, 19].

50

—=— Potential gradient /(mV/m)

40
30 |

20 |,

10 -

-10

Potential gradient (east-west) /(mV/m)

-20

_30 T T T T T T T T
17:00 18:00 19:00 20:00 21:00 22:00 23:00 00:00
Time/(S)

Figure 5. Time-dependent measured potential gradient (east-west)

3.2 Surface potential gradient testing

During the measuring period, the chart depending on the measured data of potential difference
from east to west is shown in Figure.5. According to Figure.5, during the time from 17:00 to 23:50, the
locomotive operation causes the maximum negative and positive amplitude of the potential difference
to be large, and its fluctuation range is from -19 to 39 mV/m. From 23:50 to 00:10, without interference
from the rail transit locomotive operation, the fluctuation range of the measured potential difference is
from -4.75 to-2.25 mV/m, and the average value is -3.73 mV/m. To further analyse the influence of the
rail locomotive on the potential difference during rail locomotive operation, the data obtaining the
measured potential difference are processed during the time period from 17:00 to 23:50, and the data
coming from rail transit locomotive operation minus -3.73 mV/m which is the average potential value
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without rail transit locomotive interference. The processed data is the shifted value of the potential
difference caused by rail locomotive interference, the shifted range of the potential difference is from -
15.26 to 42.74 mV/m in the east-west direction, and the processed data are drawn as shown in Figure.6.
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Figure 6. The interference caused shifted potential gradient in a time-dependent (easy-west) manner
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According to Figure.6, during the operation of rail transit locomotives, the maximum positive
and negative shift values of the potential difference caused by rail transit locomotives operation are large
at the test point in the east-west direction, and the change law of the proceeded data shows a positive
correlation with the running timetable frequency of the rail transit locomotives. The test result is similar
to the research conclusion from Chen [3] and Allahkaram [8]. Meanwhile, Other researchers have
studied the factors (including soil, water, and sulfate reduction bacteria) that affect the accuracy of field
measurements [20, 21], the results of which can be helpful to improve the accuracy of field testing.

During the testing time, Figure.7 shows the chart of the potential difference that comes from the
measured data in the south to north direction. According to Figure.7, during the time period from 17:00
to 23:50, due to interference from the locomotive operation, the fluctuation range of the potential
difference ranges from -7 to 9.2 mV/m in the north-south direction. Without locomotive operations, the
fluctuation range of the measured potential difference is from -4.75 to -2.75 mV/m, and the average
value is -3.87 mV/m. The same data processing method as applied in the east-west direction is adopted
during the operating time of the locomotive, and a potential shift range from -3.13~13.07 mV/m is
obtained in the north-south direction. The processed data is drawn as shown in Figure.8.
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Figure 8. The interference caused shifted potential gradient in a time-dependent manner (south-north)

According to Figure.8, during the operation of locomotives, there is a small variational amplitude
range of potential differences in the north-south direction, which is caused by the interference of rail
transit at the testing point. The operating frequency of the transit locomotives has a certain positive
correlation with the variational potential. The tested result is similar to the research conclusion of Chen
[3].

Furthermore, according to Figure.6 and 8, the potential gradient from east to west fluctuates
considerably, and the fluctuation law of the potential difference running in the north-south direction is
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similar to that following the east-west direction, but the fluctuation deviation value is relatively small in
the north-south direction. Therefore, the potential difference in the east-west direction is affected by the
leakage current from the rail buttress, which causes the measured potential difference to fluctuate greatly
in the east-west direction. The vector synthesis of potential differences between the east-west and south-
north directions are shown in Table 1. Figures.6 and 8 and Table 1 show that the average potential
gradient is 12.18 mV/m at 30.2 degrees in the southeast.

Furthermore, the measured potential difference data are classified in the east-west and south-
north directions. The measuring time is drawn with 1 second as the time unit, and the east-west and
north-south data are used as the horizontal and vertical axes, respectively. The position of the vector
composition point of the surface potential gradient is shown in Figure.9.
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Table 1. The interference caused the fluctuation of the potential gradient

East-West South-North Surfac_:e Tangent value
(mV/m) (mV/m) potentlal of angle
gradient(mV/m)  (East-West)
Mean value 10.53 6.13 12.18 0.582
Maximum value 42.74 13.07
Minimum value -15.26 -3.13

It is known from the distribution position of the potential gradient in Figure. 9 that the leaking
current flows to the test point mostly along the southeast direction. It can be seen from the location
distribution of the test points that the test point is located southeast of the rail buttress, and the direction
of the potential gradient obtained by the test is consistent with the relative direction between the
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measured pipe-section and the buttress. Therefore, it can be judged that the leaking current from the rail
buttress flows towards the measured pipe section, thereby causing the pipeline to be corroded during
locomotive operation.

3.3 Current within the pipeline testing

The chart of the current within the pipeline is shown during the measurement period in Figure.10.
Due to the operation of the rail locomotive, it can be seen from Figure.10 that the range of the current
amplitude is from -49 mA to 28 mA during the time period from17:00 to 23:50. Without interference
from the rail locomotive operations in the time ranging from 23:50 to 00:10, the measured range of the
current amplitude is from -11 mA to -8 mA, and the average value is -9 mA.

To further analyse the influence of the current flowing into and out of pipelines on the pipeline
corrosion, the measured current is divided into the positive and negative currents during the measured
time from 17:00 to 23:50. The positive current data indicate that the current flows from the pipeline to
the soil. However, negative current data suggest that the current flows from the soil to the pipeline. After
the premeasured data are classified, it is known that the fluctuation range of the positive current ranges
from 0 to 37 mA, and the average value is 6.5 mA. The negative current fluctuation ranges from-40 to -
1 mA and the average value is -5.0 mA. The classified positive and negative current data are drawn as
shown in Figures 12 and 13, respectively.

= Current within the pipeline /( mA)

Current within the pipeline /( mA)
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Figure 10. Time-dependent measured acquired current within the pipeline

To analyse the influence of the leaking current on the gas pipeline, during the test time of 17:00-
23:50, the current variational value is in the range of -40 to 37 mA. When using the abovementioned
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processing method to obtain the proceeding data caused by the locomotive operation, the processed data
can be drawn as shown in Figure .11.

Furthermore, by classifying the data of the positive and negative currents, it is found that the
positive current accounts for 12%, and the negative current accounts for 88%. From the data, it can be
seen that the current mainly flows into the pipeline at the measuring point. The specific accounting is
shown in Figure.14. However, from the acquired data, it is found that due to the interference of the rail
locomotive, the current flowing into the pipeline inevitably flows out of the pipeline from other damaged
points of the pipeline, resulting in the pipeline being corroded at points where the anti-corrosion coating
is damaged, thereby inducing pipeline leakage accidents. Therefore, it is known that the operation of the
rail locomotive has a strong influence on the corrosion of the buried pipeline near the rail buttress.
Currently, some researchers have studied pipeline corrosion caused alternating current (A.C.) on buried
steel pipelines near the rail buttress [22, 23]. Furthermore, the degree of pipeline corrosion was compared
to alternating current-direct current. The result shows that the D.C. corrosion is stronger than A.C.
Therefore, it is necessary to regularly measure the leaked current within the pipeline from D.C. driving
rail transit [24].
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Figure 11. The interference caused current shifts within the pipeline

3.4 Protective measures

Based on the abovementioned measured data, it is found that the operation of rail transit
locomotives will have a great impact on the corrosion of buried steel pipelines near rail buttresses.
Necessary measures must be taken to prevent pipeline corrosion from developing [25, 26]. Adding a
smart monitoring system to the pipeline sacrificial anode device can be used to acquire the state
parameters of the sacrificial anode in time, thereby replacing the sacrificial anode in time. Then, the
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insulated joint is installed in the new pipe section to avoid the current flowing long distances inside the
pipeline [27, 28]. Finally, a drainage device can be installed on the pipeline near the rail buttress to
quickly discharge the current within the pipeline to the external device receiving the current.
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Figure 14. The proportions of the positive and negative currents from rail buttress leakage

4. CONCLUSIONS

In this work, a novel test device was used to conduct field testing on the corrosion interference
of buried pipelines located near the rail buttress. Based on the abovementioned tested data, the following
conclusions were obtained.

(1) During rail transit operation, the leaking current from the rail buttress has a strong corrosive
influence on buried steel pipelines and accelerates their corrosion.

(2) By measuring the current within the pipeline on the target pipe-section, it is found that 88%
of the current coming from the rail buttress flows into the pipeline. A large amount of current flowing
into the pipeline accelerates the development of pipeline corrosion, resulting in annual losses to weight
and annual additions to the corrosion thickness of the steel pipelines increasingly.

(3) The work proposes adding a smart monitoring system, insulation joints, and drainage device
near the rail buttress to minimize pipeline corrosion and prevent pipeline leakage accidents.
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