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In this paper, a research is made on the stray current corrosion evaluation of buried metallic pipeline in
an urban rail transit system. The long-term accuracy of the polarization potential measurement is found
not to be perfect for the stray current corrosion evaluation, which is caused by the life cycle, the
working condition and the IR drop error of the reference electrode. Furthermore, according to the
Faraday’s laws of electrolysis, an optical fiber sensing method is proposed to measure the stray
current, which can be applied to evaluate the stray current corrosion status directly. The maximum of
the stray current is found to be 20 A. And the design principle and configuration of the optical fiber
sensing system are demonstrated. Moreover, the comparison is conducted between the polarization
potential measurement results in 2004 and the results in 2010, which verifies the analysis results on the
imperfect long-term accuracy. In addition, the transient response test and accuracy test of the optical
fiber sensing system are conducted, which indicates that its response time and relative error are less
than 0.73 ms and 0.4%, respectively. Finally, the stray current corrosion status of the pipeline ¢76x10

are evaluated based on the results of the direct measurement method, which indicates that the corrosion
perforation will be caused in anode region if the corrosion time is greater than 2 months and 11 months
at 20 A and 4 A, respectively.
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1. INTRODUCTION

An urban rail transit system mainly includes the substation, the overhead line, the running rail,
the train, the stray current collection system, and the buried metallic pipeline. It is well known that the
running rail is often used as the return conductor for the traction current. This arrangement mainly
focuses on the economic considerations since it does not require the installation of an additional return
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conductor. Due to the resistance of running rail, the rail potential will be caused by the traction current
returning to the substation. Moreover, the resistance of running rail to ground is not infinite. Thus,
most of the traction current will return to the substation while its remainder will leak into the ground,
which is known as the primary stray current. Most of the primary stray current can be captured by the
stray current collection system and then return to the substation again. The remainder of primary stray
current will enter the buried metallic pipeline (such as the gas pipeline, the oil pipeline and the water
pipeline), which is called the secondary stray current [1-4]. It has been found that the secondary stray
current (stray current, for short) may cause the electrochemical corrosion of buried metallic pipeline,
which may shorten its life cycle, strength and durability [5-6]. In a few extreme cases, some severe
accidents (such as a serious gas explosion) have occurred as a result of stray current corrosion.

There are two special regions on the buried metallic pipeline, one is the cathode region where
the stray current flows into, and the other one is the anode region where the stray current flows out.
Thus, the stray current corrosion mechanism can be expressed based on the corrosion cell, that is, the
metal Fe will be oxidized to the metal ion Fe®* in the anode region [7]. Obviously, the stray current
corrosion prevention is essential for the buried metallic pipeline in a real transit system. And the stray
current corrosion evaluation is the basis of its prevention. At present, the polarization potential of
buried metallic pipeline has been measured using the reference electrode, which can be applied to
evaluate its corrosion status indirectly [8-9]. However, there are few studies on the disadvantage of this
indirect method. Even, there is no other way to evaluate the stray current corrosion status.

This paper will illustrate the stray current corrosion evaluation of buried metallic pipeline in an
urban rail transit system. Firstly, the polarization potential measurement method is demonstrated. And
the main disadvantages of this indirect method are analyzed. Then, the stray current measurement
based on the optical fiber sensing method is proposed, which is a novel direct method. Finally, the
verification results on the indirect method, the performance test results on the direct method and the
stray current corrosion evaluation results for the pipeline ¢76x10 are discussed.

The aims of this investigation are to study the long-term accuracy problem of the polarization
potential measurement and answer the question ‘Is it possible to evaluate the corrosion status by
directly measuring the stray current?’.

2. EXPERIMENTAL

2.1 Polarization potential measurement method

If the stray current corrosion is caused in the anode region of buried metallic pipeline, the metal
at low potential will be oxidized to the metal ion at high potential. It means that the polarization
potential will increase in the anode region. Thus, the stray current corrosion status can be indirectly
evaluated by measuring the positive deviation of polarization potential in the anode region. Referring
to China standard CJJ49-1992 [10], the average value of positive deviation in half an hour has to be
limited to a maximum of 0.5 V. Moreover, European standard EN 50122-2 stipulates that the average
value in an hour does not exceed 0.2 V [11]. Since the measurement time of European standard is the
double of that of China standard, the limit deviations of these two standards are similar. In addition,
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American standard ASTM C876-91D is listed in Table 1. For reference electrode Cu/CuSQOy, the
corrosion probability will be greater than 90% if the positive deviation is not smaller than 0.35 V [12].

Table 1. American standard ASTM C876-91D

Reference electrode

Corrosion status (Cu/CuS0O4) ImV  (Ag/AgCI) /mV  (Hg/HgCl) /mV

No corrosion probability > 90% <200 <106 <126
Uncertain 200 ~ 350 106 ~ 296 126 ~ 276
Corrosion probability > 90% > 350 > 296 > 276

The reference potential is very important in this indirect measurement method, which often
applies the remote ground potential. However, it is difficult to obtain the remote ground potential in
practice. Thus, the potential of a reference electrode (such as the saturated Cu/CuSQ, electrode) is
usually used as the ground potential. And the reference electrode will be placed in the soil near the
buried metallic pipeline. Then, the polarization potential of buried metallic pipeline is measured with
respect to the reference electrode, which is shown in Figure 1(a). And the configuration of Cu/CuSQ,
electrode is shown in Figure 1(b).

Potential Measurement system

Running rail ‘

[I Reference Electrode

Buried Metallic Pipeline

(a)

Figure 1. Polarization potential measurement method of buried metallic pipeline: (a) measurement
system; (b) Cu/CuSQ, electrode.

In Figure 1, the potential measurement system gets a constant value in absence of stray current,
which is known as the steady-state polarization potential Uy of buried metallic pipeline. If the buried
metallic pipeline is electrically influenced by stray current, its polarization potential U; will deviate
from the steady-state potential in the positive or negative direction. Thus, the polarization potential
deviation is equal to the difference between Up and Uj;.

Although the polarization potential deviation of buried metallic pipeline is most frequently
measured to evaluate its stray current corrosion status, the long-term measurement accuracy is found
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not to be perfect. The imperfect accuracy may come from three factors: (1) the reference electrode is
placed near the buried metallic pipeline during the construction period of an urban rail transit system.
In the initial operation of the transit system, the high insulation level can prevent the stray current
corrosion on buried metallic pipeline, which usually occurs after years of operation. It is noted that the
life cycle of reference electrode is limited; (2) the working condition of reference electrode needs to
prevent dry, which is difficult to be kept in the transit system; (3) referring to Figure 1(a), the reference
electrode cannot directly touch the buried metallic pipeline in the polarization potential measurement.
Thus, the measurement results will include the IR drop error, which is hardly eliminated at present.
And this long-term accuracy problem will be verified by the field test results.

2.2 Stray current measurement method

Since the long-term measurement accuracy of polarization potential deviation is not perfect, a
novel evaluation method on stray current corrosion status should be studied. Moreover, the stray
current corrosion of buried metallic pipeline essentially belongs to the electrochemical corrosion. Thus,
its corrosion amount can be calculated based on the Faraday’s laws of electrolysis [4], which can be
obtained as follows:

M .
AFS =—-Q=k-i-t 1
—Q )

Where AFS is the corrosion amount of buried metallic pipeline within the corrosion time t, in
kg; M is the molar mass, in g/mol; Q is the total charge within the time t, in C; n is the number of the
lost valence electrons in the oxidation reaction; F is the Faraday’s coefficient of electrolysis,
1F=96485C; k is the electrochemical equivalent, in kg/(A-s); i is the stray current, in A. According to
Eq. (1), the corrosion amount of buried metallic pipeline is found to be proportional to stray current.
Thus, the stray current corrosion status can be evaluated directly by measuring stray current.

The stray current magnitude of buried metallic pipeline needs to be determined firstly. The
maximum of primary stray current has been tested in Beijing Metro, which is within the range of 200
A to 326 A. Moreover, the efficiency of stray current collection system will be about 90% if the soil
resistivity is about 0.1 Q-km and the cross-sectional area of stray current collector cable is about 120
mm? [13]. Thus, the maximum of stray current is about in the range of 20 A to 32.6 A on buried
metallic pipeline. When the electrochemical equivalent k in Eq. (1) is about 0.7466x 107 kg/(A-s)
[14], the stray current corrosion amount of buried metallic pipeline is about 47 kg at 20 A and 76.76 kg
at 32.6 A in a year. Considering the practical corrosion situation in a real transit system, the maximum
of stray current is about 20 A. Furthermore, the stray current has been proven to be the random current
under the influence of train running modes [15]. It is noted that the optical fiber current sensing
method has the advantages of high accuracy [16] and high sensitivity [17]. And this method has been
applied to measure the direct current, the alternating current or the pulse current. Thus, considering the
small magnitude and randomness of stray current, the optical fiber current sensing method might be
one of the best measurement choices.

The optical fiber sensing system to measure stray current is shown in Figure 2. Its optical
structure consists of a super luminescent diode (SLD), a polarizer, a coupler, a sensing head, a mirror,
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a polarization controller (PC), and a polarization beam splitter (PBS). It is noted that the sensing head
includes a multilayer solenoid and the sensing fibers. A heat insulation cavity is set between the
solenoid and the sensing fibers, which fills the glass cotton to cut off the heat-transfer path. When the
stray current flows into the solenoid, its magnetic field is produced along the axial direction of the
solenoid. Moreover, the sensing fibers also pass through the solenoid along the axial direction. Thus,
according to Faraday magneto-optic effect, i.e.,, Eq. (2) [18], the polarization plane of linearly
polarized light in the sensing fibers will be rotated by the magnetic field produced by stray current.
Since the rotation angle is proportional to the magnetic field intensity, the stray current can be obtained
by measuring the rotation angle. It is noted the optical structure will be placed in the equipment cabinet
along the running rail in the transit system.
6=V j H-dL )

Where @ is the rotation angle, in rad; V is the Verdet constant of sensing fibers, in urad/A; H is
the magnetic field intensity produced by stray current, in A/m; L is the length of sensing fibers in the
magnetic field, in m.
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Figure 2. An optical fiber sensing system to measure stray current.

To permit the flow of the stray current on the buried metallic pipeline to the multilayer
solenoid, a connector with an insulation washer is installed between two buried metallic pipelines.
Moreover, the one end of the electric cable is welded in the flange of the connector and the other one
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end is welded in the electric probe of the solenoid. With the help of the insulation washer, the stray
current in buried metallic pipeline 1 firstly flows into the solenoid, then is measured by the optical
structure and finally flows into buried metallic pipeline 2. The measured stray current dataset will be
sent to the monitoring center by the local area network in the transit system.

In this optical fiber sensing system, the SLD is produced by EXFO Co. Ltd., model FLS-2200.
The extinction ratio of the polarizer is not less than 25 dB. The sensing fibers are produced by Oxford
Electronics Co. Ltd., model LB 1550-125. The modulation angle of PC is about 45 deg, which is
applied to obtain the maximum sensitivity of optical fiber sensing system. Moreover, it is noted that
the connector should match the size of buried metallic pipeline. Furthermore, the axial number of turns
per unit length in the multilayer solenoid is about 639.7 /m while the vertical number is about 545.2 /m.
The number over the magnetic field and the sensing fibers is about 3. In addition, the reflectivity of the
mirror is greater than 95%.

3. RESULTS AND DISCUSSION

3.1 Imperfect long-term accuracy of polarization potential measurement method

For analyzing the imperfect long-term accuracy of polarization potential measurement method,
the polarization potential measurement results in 2004 and 2010 are obtained from a real transit system,
which are shown in Figure 3 and 4, respectively. The measurement time is about 10 h and every data
point is the average value of positive deviation in half an hour. The reference electrode is Cu/CuSQO4
electrode.

In Figure 3(a), the maximum and minimum values of positive deviation are 131 mV and 39 mV,
respectively. And in Figure 3(b), the maximum and minimum are 26 mV and 12 mV, respectively.
Thus, according to Table 1, the non-corrosive probability of buried metallic pipeline is more than 90%
in the presence of stray current. In addition, the stray current corrosion status of buried metallic
pipeline is also not serious referring to the China standard CJJ49-1992 [10] and the European standard
EN 50122-2 [11]. Moreover, the results in Figure 3 are obtained at the time when the buried metallic
pipeline and the Cu/CuSQ, electrode are just installed. Obviously, the buried metallic pipeline is still
in good condition. Thus, the measurement results in Figure 3 are accurate.

In Figure 4(a), the maximum and minimum deviations are 286 mV and 229 mV, respectively.
And in Figure 4(b), the two deviations are 243 mV and 172 mV, respectively. Since the measurement
results in Figure 4 are mainly between 200 mV and 350 mV, the stray current corrosion status should
be uncertain based on Table 1. Moreover, the stray current corrosion has not occurred in the buried
metallic pipeline based on the China and European standard. However, the results in Figure 4 are
obtained when the buried metallic pipeline needs to be replaced, which dues to the actual corrosion
failure. Thus, the measurement results in Figure 4 are not accurate.

Compared the measurement results in Figure 3 with results in Figure 4, the accuracy of the
polarization potential measurement method is reduced from 2004 to 2010. It indicates that the long-
term accuracy of this method is imperfect, which verifies the analysis results in Section 2.1.
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Figure 3. Polarization potential measurement results in 2004.
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Figure 4. Polarization potential measurement results in 2010.

3.2 Measurement performance of stray current measurement method

Since the stray current is a random current and its magnitude is small, the optical fiber sensing
system in Figure 2 needs to have properties of both quick response ability and high accuracy. Thus, the
transient response test and the accuracy test should be conducted.

The experiment has been conducted on the transient response to the step signals. The step
signals include step-down signal and step-up signal, which are produced by a function signal generator
and a power amplifier [19]. It is noted that the sampling frequency is 4096 Hz. The transient response
results of optical fiber sensing system are illustrated in the Figure 5. In Figure 5(a), the step-down
signal drops from 2.0 A to 0.0 A. Three signals have been sampled on the falling edge, which indicates
the response time is about 0.73 ms. Moreover, in Figure 5(b), the step-up signal rises from 0.0 A to 2.0
A. Two signals have been sampled on the rising edge, which indicates the response time is 0.49 ms.
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Thus, the response time is less than 0.73 ms in the experiment. It indicates that the optical fiber sensing
system presents the preferable transient response performance.
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Figure 5. Transit response test results: (a) step-down signal; (b) step-up signal.

Furthermore, the accuracy test of optical fiber sensing system has been conducted. And the test
results are shown in Figure 6. We can find that the relative error is not greater than 0.4% when the
measured stray current is about 4 A and 8A. Moreover, the relative error is not more than 0.35% at 12
A. In addition, if the measured stray current is about 16 A or 20 A, the relative error will be smaller
than 0.3%. Obviously, it means that the optical fiber sensing system can accurately measure the stray
current on buried metallic pipeline.
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Figure 6. Accuracy test results.
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3.3 Stray current corrosion status evaluation

After the stray current has been measured by the optical fiber sensing system, the stray current
corrosion status of buried metallic pipeline should be evaluated. It is noted that the buried metallic
pipeline in this experiment is steel pipeline and its size is ¢76x10, which means the outside diameter
is 76 mm and the wall thickness is 10 mm. In addition, its density is about 7.85 kg/dm® and its cross-
section shape is a circular ring. Since the stray current corrosion often occurs in the anode region of
buried metallic pipeline, the weight in anode region will be 8.7548 kg if its length is about 1 m [4, 7].

The test results at 20 A are shown in Table 2. And its test numbers are six. It can be found that
the average value of the test current is about 19.9558 A. If the corrosion time is about 5 h, the total
corrosion amount will be about 0.0268 kg. Moreover, the corrosion amount will be about 0.1287 kg,
3.8618 kg, and 23.1709 kg for one day, one month (30 days) and half a year respectively. According to
Table 2, it means that the corrosion perforation will be caused in anode region if the corrosion time is
greater than 2 months.

Table 2. Test Results at 20 A

Test number
1 2 3 4 5 6
Test data (A) 20.0065 19.8971 19.7957 20.0129 20.0345 19.9882 19.9558
t=5h, AFS (kg) 0.0269 0.0267 0.0266 0.0269 0.0269 0.0269 0.0268
t=1day, AFS (kg) 0.1291 0.1283 0.1277 0.1291 0.1292 0.1289 0.1287
t=1 month, AFS (kg) 3.8716 3.8505 3.8308 3.8729 3.8771 3.8681 3.8618
t=0.5 year, AFS (kg) 23.2298 23.1028 22.9850 23.2372 23.2623 23.2085 23.1709

Average value

Moreover, the test results at 4 A are shown in Table 3. And the average value of the test current
is about 4.0006 A. If the corrosion time is about 5 h, 1 day, 1 month and 0.5 year, the corresponding
corrosion amount will be 0.0054 kg, 0.0258 kg, 0.7742 kg and 4.6452 kg respectively. Thus, for the
experimental pipeline, the corrosion perforation will be caused in anode region if the corrosion time is
greater than 11 months.

Table 3. Test Results at 4 A

Test number
1 2 3 4 5 6
Test data (A) 3.9901 4.0197 4.0025 3.9767 4.0228 3.9919 4.0006
t=5h, AFS (kg) 0.0054 0.0054 0.0054 0.0053 0.0054 0.0054 0.0054
t=1day, AFS (kg) 0.0257 0.0259 0.0258 0.0257 0.0259 0.0258 0.0258
t=1 month, AFS (kg) 0.7722 0.7779 0.7746 0.7696 0.7785 0.7725 0.7742
t=0.5 year, AFS (kg) 4.6330 4.6673 4.6474 4.6174 4.6709 4.6350 4.6452

Average value
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4. CONCLUSIONS

This paper focuses on the stray current corrosion evaluation of buried metallic pipeline in an
urban rail transit system. The long-term accuracy of the polarization potential measurement is found
not to be perfect for the stray current corrosion evaluation of buried metallic pipeline, which is caused
by the life cycle, the working condition and the IR drop error of the reference electrode. Moreover,
since the stray current corrosion amount is proportional to the stray current of buried metallic pipeline,
an optical fiber sensing method is proposed to measure stray current directly. The stray current
magnitude of buried metallic pipeline is determined. The design principle and configuration of optical
fiber sensing system are demonstrated in detail. In addition, the comparison is conducted between the
polarization potential measurement results in 2004 and the results in 2010, which verifies the analysis
results of the imperfect long-term accuracy. Furthermore, the transient response test and accuracy test
of the optical fiber sensing system are conducted, which indicates that it is suit for the stray current

measurement of buried metallic pipeline. Finally, according to the measurement results on the optical
fiber sensing method, the stray current corrosion status of the pipeline ¢76x10 are evaluated, which

indicates that the corrosion perforation will be caused in anode region if the corrosion time is greater
than 2 months and 11 months at 20 A and 4 A, respectively. In the future, the relationship will be
created between the start rule of the stray current corrosion prevention system and the stray current
measured by the optical fiber sensing system in a real transit system.
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