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A B S T R A C T

Pipeline is an important structure to transport oil and gas through long distances. However, pipeline also suffers
from many threats especially corrosion and leakage. Therefore, it is necessary to conduct pipeline safety mon-
itoring. With the advantage of high precision in distributed strain measurement, the optical frequency domain
reflectometry (OFDR) technique is more suitable for pipeline monitoring. In this paper, a new application of the
OFDR technique is introduced to monitor both corrosion and leakage. In order to verify this method, simulation
tests of corrosion and leakage were conducted. In the corrosion test, several optical fiber sensors were bonded to
the pipe surface with the same interval, forming a sensor array. Based on the sensor array, a hoop strain ne-
phogram was created to show the corrosion level and corrosion location. In the leakage test, the results indicated
that pipeline leakage can be detected by the distributed optical fiber sensor (DOFS). All the test results de-
monstrate that it is possible to monitor pipeline corrosion and leakage based on the hoop strain theory and the
DOFS.

1. Introduction

Underground pipelines constitute one of the most important ways to
transport large amounts of oil and gas through long distances [1,2].
Leakages in pipelines are very dangerous since they may lead to sig-
nificant pollution of the environment [3,4], even severe safety acci-
dents. Many factors, such as corrosion [5–7], vibration [8], and external
impacts [9,10], may cause pipeline leakages. Among these factors, in-
ternal corrosion is one of the major problems that contribute to acci-
dental events in pipelines since all pipelines are associated with the
chlorides and sulfides in the products they carry [11]. Traditional pi-
peline internal detection mainly depends on the periodical inspection
conducted by the pipeline inspection robot [12,13]. However, the
periodical inspection does not provide real-time monitoring of the pi-
pelines. As a result, a leakage may not be found in time and may cause
much larger economic loss and environmental pollution [14]. There-
fore, it is important to monitor the pipeline infrastructures in real time.
Recently there are many methods developed for monitoring pipeline
leakage by using various sensors, including distributed fiber optic
sensing [15,16], piezoceramic transducers [17–19], acoustic emission
(AE) transducers [20,21]. To help to effectively analyze the collected
data by the sensors to extract the leakage information, various

algorithms, such as SVM-based methods [22,23], Karman filtering [24],
time-reversal enabled methods [25,26], standing wave difference
methods [27], and wavelet analysis methods [28], have been devel-
oped.

Generally, oil and gas pipelines extend hundreds of kilometers [29].
Therefore, some traditional measuring techniques are inappropriate to
use for the pipeline monitoring. For example, electromagnetic-based
sensors, limited by larger loss in the process of electrical signal trans-
mission, are not suitable for monitoring these long distance pipelines.
Additionally, the electromagnetic-based sensors are prone to causing
fire and explosion accidents to gas and oil pipelines.

Whereas, the optical fiber sensors (OFS) [30,31], which have proven
their capabilities such as superior immunity to electromagnetic inter-
ference [32], long distance transmission [33], reliability and surviva-
bility in various environmental conditions, are ideal in pipeline appli-
cations [34]. According to the sensing technology, the OFS can be
divided into two categories: distributed sensing and multipoint loca-
lized sensing. With the advantage of high precision, local fiber optic
sensors are more suitable for measuring the degree of corrosion where
the sensors locate at [35,36]. Distributed fiber optic sensing has the
capability of measuring temperatures [37] and strains [38] at thou-
sands of points along a single fiber. It is suitable for the monitoring
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damage, corrosion and leakage of pipeline structures [39,40]. With
regard to damage or corrosion monitoring, Zou et al. utilized dis-
tributed Brillouin scattering sensor to identify several inner wall cutouts
in an end-capped steel pipe by measuring the axial and hoop strain
distributions along the outer surface of the pipe [41]; based on metal
coated polymer-clad fiber optic cables, Alhandawi et al. developed a
novel distributed sensor to detect the internal corrosion of pipeline
[42]; Martins-Filho proposed and demonstrated an optical fiber sensor
for testing the corrosion process in metal using the optical time domain
reflectometry (OTDR) technique [43]. However, the widely applied
distributed optic fiber sensor has its own advantages and limitations.
For example, OTDR based technique has distributed measurement over
a long distance due to its larger dynamic range, while its spatial re-
solution is usually on the order of meters to tens of meters [44], and its
measurement accuracy is not high. Generally, the distributed sensors
are more suitable for localizing damage or leakage instead of measuring
the degree of damage or corrosion [45]. For pipeline leakage mon-
itoring, some physical and chemical properties will change around the
leakage point, such as temperature [46]. Monitoring of temperature
profiles over long distance by means of Brillouin-based techniques re-
presents a highly efficient way to perform leakage detection along pi-
pelines [47]. An optical fiber distributed temperature sensing system,
proposed by Tanimola et al., can detect leaks within 10 s of leaks oc-
curring and locate leaks within 1–2m of the leakage [48]. The presence
of hydrocarbons also affects the optical properties of optical fiber,
providing another means of detecting gas leaks. The leakage location
and leaked gas concentration can be also detected using fiber optic
sensing [49].

It can be concluded that a lot of studies have been conducted to
solve the problems of pipeline corrosion and leakage monitoring ac-
cording to the distributed fiber optical sensing technology. However,
the existing OFS based monitoring technique can only implement cor-
rosion monitoring or leakage monitoring. The OFDR technique with its
superiority of high spatial resolution and high precision in distributed
strain measurement, provides an effective approach for pipeline health
monitoring [50]. Based on the advantages of OFDR technique in dis-
tributed strain measurement, a new application was proposed in this
paper to monitor pipeline internal corrosion and leakage. Model tests
were conducted to verify the monitoring method.

2. OFDR-based distributed sensing

The physical length and index of refraction of the fiber are in-
trinsically sensitive to environmental parameters, such as temperature
and strain. In most practical cases, the spectral response of the Rayleigh
backscatter will be determined by the effects of strain [51] and tem-
perature [52]. OFDR technique, in essence, utilizes swept-wavelength
interferometry to measure the Rayleigh backscatter as a function of
position in the optical fiber [53]. Distributed strain data was acquired
from the sensing optic fiber via an OFDR-based interrogator from LUNA
Technologies (ODiSI-B model) with a spatial resolution of 5mm and a
measurement precision of± 5 micro-strains [54]. Thus, any position of
the sensing fiber can be used to measure the strain and temperature,
similar to the optic fiber etched with continuous distributed FBG sen-
sors [55].

3. Theory of pipeline health monitoring

3.1. Hoop strain measurement theory

The cross section of a long distance pipe expands uniformly under
working pressure, causing the strain along the circumferential direc-
tion, called hoop strain. According to the theory of Material Mechanics,
the relationship between the hoop strain ε and the pipeline internal
pressure p is established.

=ε
pR
Eδ (1)

where E represents the Young’s modulus of the pipe, δ represents the
pipe wall thickness and R represents the radius of the pipe.

3.2. Corrosion monitoring based on hoop strain

The radius R and the Young’s modulus E of the pipeline are con-
stant. For the pipeline in normal conditions, P is a constant since pi-
pelines usually work in a steady pressure. Therefore, the hoop strain ε is
inversely proportional to the pipe wall thickness δ. Based on this
principle, the measured circumferential strain variation can be used to
estimate the wall thickness deduction, which is the most direct phe-
nomenon caused by internal wall corrosion.

3.3. Leakage monitoring based on hoop strain

Fluids suddenly escape from the leakage point when leakages take
place, leading to the loss of the fluid and the pressure drops. Then the
negative pressure wave (NPW) generates and propagates toward to the
upstream and downstream at a certain speed [56], causing the sudden
drop of inner pressure. In this condition, where R, δ and E in Eq. (1) are
considered to be constant, the hoop strain ε is proportional to the in-
ternal pressure P. According to this principle, hoop strain can be used to
detect the internal pressure variation caused by pipeline leakages.

4. Calibration test

In the corrosion and leakage simulation tests, a polyimide-coated
optical fiber was used. The protective coatings of optical fiber will
absorb a portion of the strain and lead to the measurement error [57].
Therefore, a calibration test was conducted to test the performance of
the polyimide-coated optical fiber in strain measurement.

The test was carried out on a steel plate, of which the cross section is
a rectangle (30mm×5.7mm). Before bonding the optic fiber, the
surface of the steel plate was cleaned carefully. Then the polyimide-
coated optical fiber was bonded continuously along the central line of
the steel plate with length 200mm. Three FBG strain sensors (S1, S2
and S3) were employed in the tests, providing a comparison to the
results measured by polyimide-coated optical fiber. The three FBG
sensors were bonded to the steel plate at the same interval of 50mm
and arranged in a straight line near the optical fiber with the distance of
2mm. The position of optical fiber and FBG sensors are displayed in
Fig. 1. Tensile tests of the steel plate were carried out on a universal
material testing machine shown in Fig. 1. In the tests, the steel plate
was loaded continuously from 0 kN to 24 kN at an interval of 2 kN. The
Luna ODiSI system was employed to measure the distributed strain of
OFS and the Micron Optics SM130 was used to demodulate the wave-
length of the FBG sensors.

Fig. 2 displays the distributed strain measured by DOFS. For a steel
plate with the same cross section, the strain distribution under each
loading step is a theoretical horizontal line. It can be observed from
Fig. 2 that the measured strain distribution accords with the theoretical
strain distribution of the steel plate under the tensile load.

Fig. 3 shows the comparison of the strain variation measured by the
distributed optical fiber sensors and the FBG strain sensors at location
of S1, S2 and S3 (shown in Fig. 1) respectively, when the steel plate was
subjected to stepwise loading. The results illustrate that there were
excellent agreements between the strain measurement obtained by the
fiber sensor and the FBG strain sensors for single-point measurement,
indicating the DOFS is suitable for the continuous strain measurement
in time domain. The calibration tests demonstrate that the polyimide-
coated optical fiber has excellent performance in the distributed strain
measurement.
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5. Pipeline corrosion monitoring test

In this case study, a corrosion process was simulated and a sensor
array composed of DOFS s were used to monitor the corrosion process.
Based on the sensor array, a hoop strain nephogram was proposed to
identify corrosion, localize corrosion and assess corrosion level si-
multaneously.

5.1. Test set-up

The pipe model shown in Fig. 4 is a steel pipe with 219mm outer
diameter and 12mm wall thickness. Both two ends of this model were
sealed with flanges. The internal wall was painted with anti-corrosive
coatings. While a region with an axial length of 150mm and a cir-
cumferential length of 100mm was not painted, it was set as a local
corrosion region. The model was filled with salt water (concentration of

10%) to provide a corrosive environment. A steel bar, which was con-
nected to the negative pole of a direct current power, was put into the
pipe model and immersed into the salt water. Meanwhile, the pipe
model was connected to the positive pole of the direct current power.
Therefore, the steel pipe, the steel bar, the salt water and the direct
current power composed an electrolytic cell which can accelerate the
speed of corrosion. It should be noted that the steel bar was close to the
corrosion region but did not touch the internal wall of the pipe. In this
way, the corrosion rate of the corrosion region can be accelerated.
Meanwhile, the other region avoids being corroded.

In this test, eight polyimide coated optical fibers (1#–8#) were
bonded to the pipe surface at the same interval of 20mm. Before
bonding the optical fiber, electric sander and abrasive paper were used
to polish the out surface of the pipe model. After polishing, the surface
was cleaned by cotton immersed in alcohol. Then the optical fibers
were adhered along the circumferential direction and covered the
whole circle of the pipe model. The location of optical fibers is in-
dicated in Fig. 5.

In order to acquire the corrosion development process, distributed
hoop strain data was measured by the ODiSI system every 5 h. When it
measured the hoop strain, the electrolytic cell stopped working and the
steel bar was taken out of the model. Then a water pump was applied to
provide pressurized condition (1.0MPa) to simulate the working en-
vironment of practical pipeline.

5.2. Test results

Fig. 6 shows the distributed strain profile of sensor 5# (see Fig. 5)
measured at different times but under the same internal pressure. When
the pipe model was not subjected to corrosion, the hoop strain dis-
tribution along the whole circle fluctuated around the value of 30 με.
However, after 50 h, strain concentrated on a segment from 0.2 m to
0.40m where the local corrosion area is located at, it indicates that the
corresponding internal wall of this area has been corroded. Comparing
the test results of 0 h, 50 h, 100 h, 150 h and 200 h, it can be seen that
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Fig. 1. Calibration experiment using an universal material test machine.
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Fig. 2. Strain distribution measured by DOFS.
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the hoop strain increases since the internal wall has been continuously
corroded. Test results demonstrate that corrosion can be detected based
on hoop strain distribution measured by the DOFS.

According to the distributed hoop strain of one DOFS, the local
corrosion scope along the circumferential direction can be identified.

However, the corrosion scope along the pipe axial direction cannot be
detected by one DOFS. Therefore, a hoop strain nephogram is proposed
to show the corrosion location and corrosion level in case that corrosion
promotes a change in the pipe internal wall. The equidistant DOFSs
mounted on the pipe surface compose a sensor array. With the ability of
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Fig. 3. Strain variation of discrete points measured by DOFS and FBG when subject to increasing tensile load. (a) Point S1, (b) point S2 and (c) point S3.
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measuring the hoop strain from the full surface of the pipe, the sensor
array is used to create the hoop strain nephogram. Note that the hoop
strain measured by one DOFS can be used to generate the hoop strain
nephogram directly since the ODiSI system can achieve 2.56mm sensor
spacing. However, the distance between two neighboring sensors is
20 mm. Therefore, the interpolation method was used to calculate the
strain between the two adjacent sensors. For the hoop strain nepho-
gram, the circumferential range is the entire circumference (687.7 mm)
and the axial range is expanded 20mm at both end of the sensor array.
An ultrasonic based thickness tester was used to detect the wall thick-
ness distribution. The wall thickness data was also made into a wall
thickness distribution nephogram, used as a reference to the hoop strain
nephogram.

When the pipe was corroded after 100 h, data measured by the
sensor array was utilized to create a two-dimensional hoop strain ne-
phogram and a three-dimensional hoop strain nephogram, shown in
Fig. 7(a) and (b) respectively. Fig. 7(a) clearly presents that there is a
strain concentration area (circumferential direction: from 0.2m to
0.4 m; axial direction: from 0.06m to 0.14m) on the hoop strain ne-
phogram. This is attributed to the reason that under a constant pressure
within the pipe, larger hoop strain appears in the corrosion region
where a certain percentage of wall thickness loses. The location of hoop
strain concentration area displayed in Fig. 7(a) matches the wall
thickness reduction area shown in Fig. 8(a), demonstrating that the
hoop strain nephogram can present the corrosion area clearly. How-
ever, the boundary condition of corrosion area brings about the fact
that the strain concentration area is a little larger than the wall thick-
ness reduction area. Fig. 7(b) displays that an red area with large hoop
strain appears in the center of the corrosion nephogram. From the wall
thickness nephogram presented in Fig. 8, the wall thickness of red area
shown in Fig. 7(b) is less than 9mm, that means 3mm wall thickness
has been corroded. It can be concluded the corrosion degree can be
reported by the hoop strain nephogram intuitively.

When the pipe model was corroded 200 h, hoop strain data and wall
thickness data were measured and used to create the hoop strain ne-
phogram (displayed in Fig. 9) and wall thickness nephogram (displayed
in Fig. 10) respectively. Test results in this case demonstrate that the
hoop strain nephogram can report the corrosion scope and corrosion
level effectively. Compared with Fig. 7(a), Fig. 9(a) shows that after
being corroded 200 h, the hoop strain concentration area extends, and
also the hoop strain increases. In contrast with Figure (b), the wall
thickness nephogram shown in Fig. 10 also presents that corrosion
makes the wall thickness decrease 2mm and also makes the corrosion
area expand.

The results conclude that the hoop strain nephogram has good
performance in identifying corrosion scope, localizing corrosion loca-
tion and evaluating corrosion degree. Additionally, the safety state of
the corrosion region can be evaluated using the hoop strain nephogram.

6. Pipeline leakage monitoring test

Even though internal corrosion and leakage may occur on one pi-
peline, but corrosion and leakage are two different events. For time
domain characters of these two signals, corrosion is a steady-state
process, while leakage is a transient process. Additionally, it is difficult
to simulate NPW in the short corrosion pipeline model. Thus another
longer pipeline model was built to simulate leakage.

6.1. Test set-up

The pipeline model (displayed in Fig. 11) employed to simulate
leakage was consisted of a series of PVC pipe sections connected
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Fig. 5. Schematic diagram of pipe model and the location of optical fiber.
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together to compose a pipeline with a total length of 57.2m. Seven
manually controllable leakage valves (L1–L7) were installed every
8.2 m along the pipeline (see Fig. 11). Seven test segments S1–S7 of one
polyimide-coated optical fiber were bonded to the pipeline model with
one whole circle to measure the hoop strain variation during the
leakage process. While the rest segments of the optic fiber were not
bonded to the pipeline model. The unbonded segment of the optic fiber
which is closed to the test segment is set as the reference to compensate
the change in temperature.

Before simulating leakage process, pipeline model was pressurized
to 20 kPa using an air compressor. Then the valve was opened rapidly
to produce a leakage event to the pipeline model. During the leakage
test, the inner pressure dropped from 20 kPa to 0 kPa. The ODiSI system
was used to measure the strain variation at a frequency of 100 Hz
throughout the leakage simulation test.

6.2. Test results

For the distributed strain sensing, any point along the optical fiber
bonded to the pipe can be used to investigate the dynamic response of
the leakage process. Strain variation during the leakage process of a
specific point (in the middle of S2) was extracted and shown in Fig. 12.
The results indicate that the hoop strain fluctuates at the value of 0 με
before the leakage occurrence. Then, the hoop strain suddenly des-
cended when the leakage happened. This can be attributed to the NPW,
which propagates along the pipeline model and causes the inner pres-
sure reduced upon the arrival of the NPW to its location, simultaneously
resulting in the hoop strain slump promptly. This phenomenon can be
considered as an important indication for pipeline leakage happening.

In order to show the hoop strain variation of different location along
the pipeline, hoop strain response of three points extracted from S1, S4
and S7 respectively were displayed in Fig. 13. By comparing the hoop
strain time history of different location, it presents that S1 is the first
sensor to detect the turning point, while S7 is the last one to detect the

Fig. 8. Wall thickness nephogram when the pipe was corroded 100 h. (a) 2D and (b) 3D.

Fig. 9. Hoop strain nephogram when the pipe was corroded 200 h. (a) 2D and (b) 3D.

Fig. 10. Wall thickness nephogram when the pipe was corroded 200 h. (a) 2D and (b) 3D.
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turning point. This phenomenon demonstrates that NPW propagates
along the pipeline model at a certain speed. Thus, the sensor closer to
the leakage point experienced the hoop strain sooner than the other
sensors. The time when a turning point appears is the arrival time of
NPW. Based on the difference in time it takes for the NPW to reach the
OFS, the leakage location can be calculated. However, limited by the
sampling frequency of the ODiSI system, the precision of leakage lo-
calization is not high. Therefore, in the next stage, a more accurate
leakage localization method will be studied. The results obtained in this
case study conclude that by detecting the features in hoop strain time
history, it is possible to monitor the appearance of leakage.

7. Conclusions

The OFDR technique provides a unique capability to measure the
distributed strain in high spatial resolution and high precision, as well
as the dynamic measurement. Based on the OFDR technique, a new
application was proposed to monitor pipeline corrosion and leakage by
measuring the distributed hoop strain along the outer surface of the
pipeline. To verify the feasibility of this method, a series of simulating
tests were conducted. From the simulation tests, the following conclu-
sions can be obtained:

(1) Hoop strain is a key parameter and can be used to monitor pipeline
corrosion and leakage.

(2) The hoop stain nephogram has good performance in identifying the
corrosion scope, evaluating corrosion degree and localizing corro-
sion location.

(3) Pipeline leakage induces a turning point and can be detected by the
OFS.

All the results show that the OFDR based distributes strain mea-
surement technique offers great potential in pipeline safety monitoring
that allows high efficiency and accuracy systems to be achieved.
However, this study is still in a very early stage, and more investiga-
tions should be conducted, such as a more accurate leakage localization
method.
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