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Abstract: Pipelines are structures with great relevance in different industrial sectors and are essential
for the proper functioning of the logistics that support today’s society. Due to their characteristics,
locations, and continuous operation, allied with the huge network of pipelines across the world,
they require specialized labor, maintenance, and adequate sensing systems to access their proper
operation and detect any damage they may suffer throughout their service life. In this work, a fiber
Bragg grating (FBG)-based optical fiber accelerometer (OFA), which was designed and calibrated
to operate through wavelength and optical power variations using different interrogation setups,
was fixed together with a pair of FBG arrays along a 1020 carbon steel pipeline section with the
objective of monitoring the pipeline natural frequency (f, _pipeline) to indirectly evaluate the detection
and evolution of corrosion when this structure was buried in sand. Here, corrosion was induced in a
small area of the pipeline for 164 days, and the OFA was able to detect a maximum f;; yipeline variation
of 3.8 Hz in that period. On the other hand, the attached FBGs showed a limited performance
once they could successfully operate when the pipeline was unburied, but presented operational
limitations when the pipeline was buried in sand. This was due to the inability of the structure to
vibrate long enough under these conditions and obtained data from these sensors were insufficient to
obtain the f; piperine-

Keywords: fiber Bragg grating; optical fiber accelerometer; buried pipeline; corrosion; natural
frequency

1. Introduction

Corrosion is often associated with high costs; it is estimated that these costs are, on
average, from 3% to 4% of each country’s gross domestic product (GDP) [1]. This process is
one of the major factors responsible for the deterioration of metallic elements, which can
bring about serious economic, environmental, and safety risks, and acts in different ways
in different structures [2]. The most common forms of presentation of this corrosion are
uniform and pitting, the first being characterized by the evolution of this process along the
extension of the entire surface of the metal, promoting a uniform loss of thickness, and the
second being characterized by the formation of points in regions located along the metallic
element [3-6].
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Pipelines are known as the safest and most suitable structures for the transport of
fluids, such as flammable gases, however, due to environmental and operational actions,
and with the aging of these structures, they end up being susceptible to damage, with
corrosion being the main one [7]. Oil and gas pipelines represent great importance from an
economic point of view for countries, as well as for guaranteeing social stability [8], but the
risks associated with accidents in these structures can compromise a region environmentally
and economically due to the strong impact associated with the spillage of material [8,9].

Pipelines can normally be found above the surface (aboveground pipelines) and below
(buried pipelines), and together, they are essential for the proper functioning of pipeline
transport. On these structures, the greatest amount of damage observed has been identified
in buried pipelines, where the highest number of accidents was related to corrosion and
material failure, while for aboveground pipelines, this variable was associated with failures
in the equipment connected to them [10]. As a result, the development of monitoring
techniques for corrosion assessment has been highlighted over the years.

There are numerous techniques for assessing and monitoring metallic structures,
especially non-destructive techniques, as Table 1 shows, like the use of ultrasound to
assess damage [11-13]. Corrosion monitoring in pipelines, for example, can also involve
ultrasonic techniques, such as the use of ultrasonic guided waves (UGW), stress waves that
travel great distances and are guided by the limits of the monitored pipeline [14]; however,
this presents some limitations, such as the significant influence that external actions can
cause, promoting the false indication of defects in these structures [15]. UGWSs were also
used in the identification of damage in buried pipelines, as proposed in [16], where three
different types of damage (gouge, dent, and material loss), in both aboveground and buried
pipelines, were simulated and the adequate functioning of UGWs was verified.

Other techniques are highlighted in pipeline monitoring, such as the use of ground
penetration radars (GPR) in buried pipeline leak detection [17] and in sensing corrosion
in these structures [18]. Normally, the GPRs used in corrosion monitoring are single-
polarization systems, which brings about some limitations in their measurements, such as
restricted information regarding corrosion products such as the identification of rust and
cracks; however, the use of a hybrid-polarization system, as proposed by Liu et al. [19],
to detect corrosion in concrete rebar in the early stages, makes it possible to identify this
information, but with the limitation of not performing a quantitative assessment.

Radiography is also utilized for corrosion monitoring, as can be seen in [20,21], and
it consists of an analysis of the differences in attenuation of the penetrating radiation in
materials, depending on their composition, thickness, density, and other aspects [22]. Other
studies have used this technique for evaluating corrosion in pipelines, as reported in [23],
where the authors utilized two methods for its analysis, tangential radiography and double
wall radiography, and concluded that those methods were capable of identifying variations
of 10%, 20%, and 50% in the thickness of a pipeline with a 150 mm diameter.

The Eddy currents technique is also a very important method that can be employed
for corrosion monitoring [24,25], including in pipelines, as described in [26]. However,
this technique can only be applied to unburied pipelines, which is a limitation. Another
important technique for corrosion monitoring is thermography [27,28], which analyzes
the different heat patterns in a surface and allows for the identification of damages. This
method was utilized to assess the reduction in thickness (identified as the result of corrosion)
in a steel plate buried in sand [29], allowing for the utilization of this method in buried
pipelines, but highlighted the necessity of analyzing the influence of the soil characteristics
before application, as this may influence detection.
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Table 1. Advantages and disadvantages of some of the main techniques to assess corrosion.
Techniques Advantages Disadvantages Reference
Visual inspection Cheap and easy method Difficult to c.lete.ct corrosion i early [30]
stages and in difficult access areas
Widely disseminated method with Measurements conducted in small
Ultrasound . .. . . . [11]
high precision regions and time-consuming process
Able to assess corrosion over long External actions can cause a
Ultrasonic guided waves (UGW) distances in large structures considerable influence that can lead [15]
(e.g., pipelines) to false indications of defects
Ground Penetration Radar Able to indicate damage in Restrlctgd information regarding
(GPR)—single-polarization system buried pipelines corrosion products (e.g., rust (18]
and cracks)
Ground Penetration Radar Able to detect corrosion products Does not perform quantitative
. - [19]
(GPR)—hybrid-polarization system (e.g., rust and cracks) assessment
Radiograph Identification of variations in the Measurements conducted in small 23]
graphy thickness of 10%, 20%, and 50% regions and time-consuming process
Widely disseminated method
Eddy current especially applied for access Only applied for unburied pipelines [26]
surface damage
Able to detect the reduction in the Ir.1 case of corrosion detection in
Thermography . buried pipelines, it may be necessary [29]
metal thickness . L
to analyze the soil characteristics
Calvanic sensors Able to quantify the corrosion in Susceptible to aggressive [31]

metallic elements

environments

In recent years, optical fiber sensors have gained notable prominence in the field of the
continuous monitoring of structures [32-35], especially due to the inherent advantages and
characteristics of optical fibers, such as immunity to electromagnetic interference, electrical
insulation, reduced dimensions, and a low transmission loss, making them suitable to use
in aggressive environments. Fiber Bragg gratings (FBGs) have relevant characteristics in
the context of monitoring the integrity of structures, such as the possibility of multiplexing
several gratings along a single fiber cable, as well as allowing the collection of signals
with reduced noise [36]. In this scenario, the use of these sensors has gained interest also
due to their easy monitoring and the different parameters that can be measured, such as
deformation, frequency, acceleration, temperature, and pressure, among others [37-42].
There are a variety of applications for these sensors to identify damage in pipelines, such
as leak detection, as Sun et al. reported, in which the authors proposed a method based
on the psychrometer principle with FBG temperature sensors to assess the manifestation
of this damage [43]. Also noteworthy are works related to the use of FBGs in corrosion
monitoring [44]. In this case, the authors developed hoop-strain FBGs and verified the
variation in circumferential strain as a corrosion parameter and suggested further works to
evaluate the uniform corrosion in pipes, as well the identification of local corrosion. Ren
et al. proposed a distributed system of optical fibers, with FBGs and polyimide-coated
optical fibers for corrosion monitoring, also based on circumferential strain variation,
obtaining good results, but this system was only applicable in unburied pipelines [45].
Wang et al. proposed an FBG-based optical sensor for monitoring leakage and corrosion in
pipelines [46]. Measurements were performed using the theory of analysis of the variation
in the internal diameter of the pipeline, which behaves as a pressure container that deforms
uniformly under working pressure. The results were promising, showing that the sensor
was capable of evaluating the internal corrosion degree in pipelines with an accuracy of
0.1 mm; however, the system still needs to be assessed with a buried pipeline in order to
try to simulate a situation closer to the real conditions.
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The implementation of accelerometers has gained prominence in the scope of its appli-
cation in the dynamic monitoring of structures [47-50]. These devices, used in conjunction
with optical fiber sensors, have enabled the development of relevant alternatives for struc-
tural integrity monitoring. FBG-based optical fiber accelerometers (OFAs) can monitor
several parameters related to structural integrity and have been implemented in different
types of structures, for example, in a suspended bridge in Malaysia, where an FBG-based
OFA array for low-frequency monitoring was used for vibration analysis [51]. On the other
hand, Jiang et al. proposed an FBG-based optical accelerometer capable of monitoring
the flow of fluid in a pipe, based on the principle of elasticity theory [52]. Although they
achieved promising results, limitations were related to external environmental noises,
which can influence the collected measurements, as well as the sensor bandwidth, which
is capable of monitoring only low frequencies, being susceptible to failure in medium-
and high-frequency measurements. Nevertheless, new developments in FBG-based OFA
prototypes were achieved to approach these issues and optimize their performance, such
as in the case of the work reported by Le et al., where an FBG-based OFA capable of
monitoring low and medium frequencies was developed [53]. Also, OFAs can be based on
different optical technologies, such as Fabry—Perot interferometry, as Kim et al. proposed,
where the natural frequency shift was studied as a function of thickness variation in a low
alloy steel piping elbow [54]. Although most investigations have focused mainly on the
development of sensors, the study of their application has not been carried out. Thus, the
field of OFAs for assessing the evolution of corrosion in buried pipelines is still an object of
study worldwide.

In this work, an FBG-based OFA was produced, which, together with two FBG sensor
arrays, was used to analyze the impact of induced corrosion on the pipeline natural
frequency (fn,pipeline) when this structure was buried in sand. Each FBG sensor array
constituted five gratings multiplexed into a single fiber, and while one FBG array was fixed
on the coating of the 1020 carbon steel pipeline, the other one was fixed directly on the
steel. The OFA performance was initially simulated and experimentally characterized using
different interrogation setups for a wavelength and/or optical power-based operation. The
purpose of this characterization was to demonstrate that this device could operate with
alternative and different monitoring setups, allowing the choice of the most appropriate,
easy, and cost-effective acquisition system. Later, the OFA was also fixed to the coating
of the pipeline section. The aim of this work was assessing the progress of generalized
corrosion, from the beginning, by monitoring the f;, _pipeline When this structure was buried
in sand to simulate the conditions of an underground pipeline. A secondary aim was to
analyze and compare the performances of both sensing systems under these conditions to
assess their viability in real scenario applications. In the course of the corrosion experiment,
the FBG sensors showed sensing limitations, since the vibrations on the buried pipeline
section were drastically reduced. In turn, the OFA successfully detected a linear increase
in the f,_pipetine during the initial stage and a maximum variation of 3.8 Hz, from 265.1 Hz
(before the corrosion) to 268.9 Hz (advanced stage of corrosion), showing great potential
to monitor the frequencies in buried pipelines or other buried structures, an important
parameter for detecting structural damage.

2. Materials and Methods
2.1. Fiber Bragg Gratings

The implemented monitoring systems are based on FBG technology, an intrinsic
optical fiber sensor device. The FBG is a periodic (or quasi-periodic) refractive index
modulation along the fiber core. This variation in the refractive index acts as a mirror where
partial reflections of the transmitted signal occur, named Fresnel reflections (reflections that
occur at the interface between two transparent mediums with different refractive indices).
Therefore, the FBG selectively reflects the Bragg wavelength (Ap), the wavelength that
satisfies the Bragg condition [55]:
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Ap =ngffA, 1

where n,g is the effective refractive index of the optical fiber core and A is the period of the
refractive index modulation. Since both these parameters are directly affected by external
perturbations, such as strain and temperature variations, which consequently leads to Ap
variations, these optical fiber devices are widely used as sensors.

The FBG sensors used in this experiment were produced in two different silica optical
fibers, as follows:

i.  two identical FBG arrays inscribed in single-mode GF1AA optical fiber samples
(Thorlabs, Newton, NJ, USA), each containing five gratings, which were later fixed
to the pipeline section. One array was fixed to the coating (sensors C1 (1532 nm), C2
(1540 nm), C3 (1547 nm), C4 (1554 nm), and C5 (1559 nm)), and the other was fixed
to the steel or non-coating areas (sensors NC1 (1532 nm), NC2 (1540 nm), NC3 (1547
nm), NC4 (1554 nm), and NC5 (1559 nm), as Figure 1 shows);

ii.  two FBGs in two different fiber samples and an array with two gratings were inscribed
in a single-mode UHNA1 optical fiber (Thorlabs, Newton, NJ, USA) for the OFA. This
optical fiber offers low bend losses [56], an important feature for the proposed ac-
celerometer. The two FBGs in different fiber samples were used on different occasions
for an initial characterization of the OFA. The array with two FBGs, inscribed in a
hydrogenated UHNAL1 optical fiber (at a hydrogen pressure of 120 bar for 2 weeks) to
enhance the photosensitivity, was used in the final version of the OFA.

-20
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= —30
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Figure 1. Reflection spectrum of the FBG array, which was fixed in the non-coating areas of the
pipeline section, with the spectral position and the identification of the sensors.

These FBGs, all 8 mm in physical length, were inscribed by the phase mask method
with a pulsed Q-switched Nd: YAG laser system (LS-2137U Laser, LOTIS TII, Minsk,
Belarus) emitting at 266 nm, using a pulse frequency of 10 Hz and a pump energy of 25.5 J.
More information about the inscription setup can be found in [57,58].

2.2. Design and Production of the Optical Fiber Accelerometer
2.2.1. Design

The design and dimensions of the proposed OFA are presented in Figure 2a. The
mountable/dismountable prototype dimensions are 40 mm in length, 25 mm in width,
and 35 mm in height, and the prototype was composed of four different parts: support;
upper part; cantilever; and inertial mass. The inertial mass, depicted in Figure 2b, had the
shape of a cylinder cut in half with a radius of 8 mm and length of 20 mm. It had an optical
fiber groove along the cylindrical surface in the middle of its length and an indentation
to insert one end of the cantilever. The other end of the cantilever was then fixed to
the accelerometer support (see Figure 2c). This uniaxial accelerometer was specifically
designed to incorporate different cantilevers with different dimensions (up to 2 mm in
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thickness, which is the width of the indentations in the inertial mass and in the support)
and materials, allowing for the manipulation of the acceleration sensitivity (S4) and OFA
natural frequency (f,, ora). Furthermore, this prototype allows for the use of two FBGs,
fixed between the support and the inertial mass (one located above and the other below
the cantilever), resulting in additional advantages such an increase in the acceleration
sensitivity, temperature insensitivity, and possible new interrogation configurations by
using twin gratings [59] or even edge filters [57,60] to convert wavelength variations into
optical power variations.

Back view Side view Frontview  (a)
"/ 19 —t .
OO - Z o\ N -t ZU. I
ol
y Q
5 Wt
I i
N - U
oDl o C
- P 9 2 —
o w0
™ N - O!
1 = - R 2
‘ ) E q 2 | C\J‘
L £9. | - e SN . _7.50_ %‘)/j
C — Cantilever CPO o/®
| — Inertial mass 2! &
S — Support
U — Upper part
Holes for M2 screws (b) Holes for M2 screws (C)
(to fix the cantilever) (tI:(;'lli tf}(:; E/LZp:r;Xt) (to fix the cantilever)
Optical fiber Holes to insert the
oove .
i Indentation optl(:‘al fiber
Indentation to 363 :l; i mm to insert the Diameter: 1 mm
- idth: 1 mm i
insert the v cantnl:ver
cantilever Depth: 5 mm
S o Width: 2 mm 3
?p[]. i 7 «\ Holes for M2 screws
Width: 2 mm A (to fix the upper part)

Figure 2. (a) Blueprint of the proposed mountable/dismountable optical fiber accelerometer (dimen-
sions in mm); (b) design of the inertial mass; and (c) design of the accelerometer support.

2.2.2. Simulations

The design and simulations of the mechanical components of the OFA were performed
in SolidWorks, and the mechanical performance in terms of the S4 and f;, opa was analyzed.
Figure 3a,b show the displacement of the inertial mass (made of brass) when subjected to
gravitational acceleration (1 g = 9.8 m/s?) in the x-axis (Ax) and y-axis (Ay), respectively,
considering the cantilever (made of AISE 316 Stainless Steel) was 20 mm in length and
width and 2 mm in thickness. Here, the cantilever was fixed at the end, which was supposed
to be connected to the support, while the inertial mass could freely move when an external
force was applied. Knowing the displacement in both the x-axis and y-axis (plane where
the optical fiber would go through along its length and in which the gravity would affect
due to the cantilever geometry), it was possible to obtain the estimated S4 by using the
following expression:
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~10°AL
L

where L is the sensing length of the optical fiber in this accelerometer when the FBG was
located between the hole of the support and the groove of the inertial mass, and is given by:

L (mm) = /122 + 22 3)

and AL is the displacement of the inertial mass when subjected to 1 g, and is obtained by:

Sa Se, )

2 2
AL (mm) = \/(12 +Ax)2+ 2+ Ay L )
Model name: Assem1 Model name: Assem1
Study name: Static 2(-Default-) (a) Study name: Static 2(-Default-) (b)
Plot type: Static displacement UX (mm) Plot type: Static displacement UY (mm)

Displacement3
5571x 10 | Deformation scale:

| 18,2343
4.421x10°

3271x10°

Displacement2
Deformation scale:
18,234.3

0.000 x 10°

1,097 x 10
~2.194x 10|
2121x10° -3.290x 10|
4387 x 10|

.75 484x 107
|-6.581 x 10

-7.677 x 109

19.709 x 10°
I71,791 x 10|
-1.329x 107
| -2.479 x 1079

~3.629 x 105 I -8.774 x 10|
—4.779x 10| 7 -9.871 x 107
-5.929 x 107 -1.097 x 104

Model name: Assem3

Total Nodes: 19,297 d
Total Elements: 11,381 (c) Study name: Frequency 1(-Default-) ( )
Maximum Aspect Ratio: Plot type: Frequency Amplitude1
36.315 Mode Shape: 1 Value = 439.61 Hz
Deformation scale: 0.000392261
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Figure 3. Simulation in SolidWorks of the inertial mass displacement when subjected to gravity
(cantilever dimensions: 20 mm x 20 mm X 2 mm): (a) in the x-axis; (b) in the y-axis; simulation in

SolidWorks of the OFA (cantilever dimensions: 20 mm x 20 mm x 0.8 mm): (c¢) mesh model; and

(d) corresponding f,, ora-

S¢ is the strain sensitivity of the FBGs used in this accelerometer, inscribed in the
UHNAL1 optical fiber, and after the characterization and linearization, the S, value was
about 1.12 pm/pe. On the other hand, the f,, or4 was also simulated for the same cantilever
dimensions and material as the S4 simulations. Figure 3c shows the simulated mesh model
of the OFA for a cantilever (AISE 316 Stainless Steel) of 20 mm in length and width and
0.8 mm in thickness, composed of 19,207 nodes and 11,381 elements with a maximum
aspect ratio of 36.315, while Figure 3d shows the corresponding movement of the first
vibrational mode and the f, or4a. These simulations allow us to analyze the appropriate
dimensions (and even the appropriate material to obtain an OFA with specific features) of
the cantilever to obtain an accelerometer with the desired S4 and f;, opa. The simulated
results of the S4 and f,, or4 are summarized in Table 2, for different cantilever thicknesses

between 0.8 and 2 mm.
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Table 2. Simulated and experimental results regarding the S4 and f,, op4 of the accelerometer for
different cantilever dimensions.

Cantilever Dimensions (mm) Simulated Results Experimental Results
Length Width  Thickness S, (pm/g)  f, ora (Hz) Sa (pm/g)  f, ora (Hz)
20 20 2.0 4.3 1566.5 5.5 1047.0

20 20 15 10.3 1030.5 - -
20 20 1.0 34.1 608.2 - -
20 20 0.8 65.9 439.6 66.5 374.4

2.2.3. Production and Initial Characterization

As mentioned in Section 2.2.1, this OFA prototype was composed of four different
parts attached by M2 screws (see Figure 2). In this case, the support and the upper part
were made of aluminum and the cantilevers samples were made of AISE 316 stainless steel,
while the inertial mass was made of brass. After the simulations and the construction of the
accelerometer mechanical parts, the initial experimental characterization of the prototype
was performed for two different cantilevers with the same material, the same length and
width (20 mm), but different thickness (2 mm and 0.8 mm). A UHNALI fiber sample with
a single FBG was used in each test by fixing the grating between the support and the
inertial mass (according to Figure 4). A Luna HYPERION sil55 optical fiber interrogator
(Luna, Roanoke, VA, USA) was used during this initial characterization, and the results are

presented in Table 2.
L =
FBG

Figure 4. Accelerometer prototype (cantilever dimensions: 20 mm x 20 mm x 0.8 mm) during the
characterization tests with one FBG attached.

The simulated S4 values increased exponentially as the thickness of the cantilever
decreased. On the other hand, the simulated f,, ora values increased almost linearly as
the thickness of the cantilever increased. The experimental results for both cantilevers
also demonstrate that trend, and compared with the simulations, they present a good
approximation regarding the S4, while the f, or4a values have some discrepancy. The
differences between the simulated and experimental results, especially for the f,, ora, were
for several reasons. Regarding the S, the optical fiber was manually glued to both the
support and inertial mass, and depending on the amount of glue and its appliance, the
sensing length of the optical fiber with the FBG (distance between the two fixing points)
could vary every time an FBG sensor was installed in the accelerometer system, leading
to small differences in the S, values. Other factors, such as the absence of screws in the
simulation and other minor differences regarding the design, contributed to the discrepancy
between the f,, opa results. Despite these issues, the simulations allowed us to validate and
estimate the performance of the accelerometer before its production. After analyzing both
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the simulated and experimental results, the cantilever with a thickness of 0.8 mm (with a
much higher 54) was chosen to be incorporated into the final version of the OFA.

The proposed OFA was designed to have two FBGs, as Figure 5a shows, and after
the initial characterization of the OFA with a single FBG, a new UHNA1 optical fiber with
two FBGs was embedded in the accelerometer. In this configuration, both FBGs were in
the same fiber, fixed between the support and the inertial mass and located at opposite
sides, one above (FBG 1) and the other below (FBG 2) the cantilever, presenting opposite
responses to the movement of the inertial mass. Here, the optical fiber went around the
inertial mass through the groove (the bending radius was approximately 7 mm), and the
physical distance between the gratings was approximately 25 mm. Figure 5b presents
the reflection spectra of the FBGs after straining and attaching them to the accelerometer,
according to the scheme presented in Figure 5a.

FBG1___ FBG 2
1562.680 nm 564.940 nm

\

Interrogation
system
pE—

|
oS
(=]
1

Optical Power (dBm)
s ¢

|
~
(=]
L

1558 15|60 15'62 15|64 15I66 1568
Wavelength (nm)
(a) (®)

Figure 5. (a) Scheme of the OFA. (b) Reflection spectra of the FBGs after attaching them to the
accelerometer.

2.2.4. Interrogation Systems

The interrogation systems used to characterize and monitor the OFA performance are
shown in Figure 6a,b. Figure 6a presents the static interrogation solution to characterize
the OFA, regarding the S4 performance, in both wavelength and optical power, and
besides the OFA and edge filter (an ultra-short FBG (USFBGQG)), it comprises an amplified
spontaneous emission (ASE) broadband light source (model ALS-CL-17-B-FA, Amonics,
Hong Kong), two circulators, and an optical spectrum analyzer (OSA) (model MS9740A,
Anritsu, Atsugi, Japan). On the other hand, Figure 6b presents the dynamic interrogation
solution to measure the vibrations induced in the OFA, where a data acquisition (DAQ)
system (composed of a photodetector (model DET01CFC/M, Thorlabs, Newton, NJ, USA),
a DAQ device (model USB-6211, National Instruments, Austin, TX, USA), and a computer
with the MatLab software (Release 2022a)) were used to monitor the resulting signal and an
erbium-doped fiber amplifier (EDFA) (model EDFA100P, Thorlabs, Newton, NJ, USA) could
be added to the configuration to amplify the signal from the USFBG. This configuration
could be a viable, cost-effective alternative to the commercial interrogators that monitor
wavelength variations, and additionally, the data acquisition rate could be easily adjusted
to different applications and be much higher (in this case up 120 kHz) when compared
with the available interrogators and spectrometers.
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Figure 6. Scheme of the setup to interrogate the FBGs from the OFA, using a USFBG as edge filter:
(a) for static measurement; (b) for dynamic measurement.

The USFBG, which was used as an edge filter, was produced in a hydrogenated
UNHAL1 optical fiber sample using a distance between the slit and phase mask of 260 mm
and a slit width of 0.5 mm. More details about these gratings and their production proce-
dure can be found in [57]. The optical fiber containing this grating (with a peak wavelength
around 1560 nm) was later attached to a fixed and a manual translating stage, which
allowed for the calibration of the spectral position of this tunable edge filter.

The Bragg wavelengths of FBG 1 and 2 were around 1562.680 nm and 1564.940 nm
(see Figures 5b and 7a), respectively, resulting in a spectral distance between the peaks
of approximately 2.260 nm, which was purposely used to obey the requirements of the
USEFBG filter and take advantage of the opposite responses of the FBGs. To interrogate
the FBGs of the accelerometer, the USFBG was strained until the peak wavelength was in
the middle of the FBG 1 and FBG 2 reflection wavelengths (around 1563.8 nm), where the
reflection signal from those gratings was located at the opposite slopes of the USFBG. The
reflected optical signal, measured by the OSA, was obtained using the static measurement
setup from Figure 6a. The reflection spectra of the accelerometer’s FBGs (black), the
USFBG (red), and the resulting signal (blue) are presented in Figure 7a. The acceleration
characterization was performed by monitoring the resulting signal spectrum to obtain both
wavelength and optical power variations. Figure 7b shows the spectra of the resulting
signal for acceleration values of —1 g, 0 g, and 1 g, while Figure 7c,d show the wavelength
and optical power variations, respectively. According to Figure 7c, FBG 1 and FBG 2 had
opposite wavelength variation responses, since these gratings were located at opposite
sides, and while the movement of the inertial mass stretched one grating, it contracted the
other one. The obtained S4 values were 32 £ 1 pm/g and —36 £ 3 pm/g for FBG 1 and
FBG 2, respectively, and their combined sensitivity (AAppg1 — AAppg2) was 68 £ 4 pm/g.
The sensitivity of each of these gratings was lower than that obtained during the previous
characterization (see Table 2), where a single grating was attached to the accelerometer
(66.5 pm/g). This could be explained by the layout of the new attached gratings, where
the fiber was not only fixed to the support and the inertial mass, but also it went around
the inertial mass and was fixed once again in the support, restricting the movements of the
mass. Nevertheless, their combined sensitivity was higher compared to the configuration
with a single FBG. The optical variations with the acceleration are presented in Figure 7d,
where the obtained S,y values were 0.56 + 0.03 dB/g and 0.43 £ 0.02 dB/g for FBG 1
and FBG 2, respectively. Due to the location of the FBG 1 and FBG 2 wavelengths in
opposite slopes of the USFBG, the simultaneous stretching and contracting of both gratings
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from the inertial mass movements led to similar optical power variations (the optical
power increased when FBG 1 stretched and/or FBG 2 contracted). resulting in a combined
sensitivity of 0.99 + 0.05 dB/g.
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Figure 7. (a) Reflection spectra of the accelerometer “s FBGs, USFBG, and resulting signal; (b) reflec-
tion spectra of the resulting signal for acceleration values of —1 g, 0 g, and 1 g; (c) Bragg wavelength
variations of FBG 1 and FBG 2, and from their combined response, with the acceleration; and (d) opti-
cal power variations in FBG 1 and FBG 2, and from their combined response, with the acceleration.

On the other hand, the f,, ora was obtained by inducing vibrations in the inertial mass
through the application of a small and sudden force, and for comparison purposes, the
measurement was performed in both wavelength (using the Luna HYPERION si155 optical
fiber interrogator, with an acquisition frequency of 1 kHz) and optical power variations
(using the dynamic measurement setup from Figure 6b, with an acquisition frequency of
5 kHz). The optical power variation monitoring results are shown in Figure 8a, where an
fn_ora of 369.7 Hz was determined after the Fast Fourier Transform (FFT) processing of
the vibration data. The wavelength results monitored by the interrogator are presented
in Figure 8b, and after the data processing, an f,, opa of 369.6 Hz was obtained. The
similarity between both f,, opa results demonstrate that this OFA had the capability to
operate either with wavelength or optical power variation monitoring, by using, in this
case, the interrogator and the dynamic measurement setup from Figure 6b combined
with the spectral characteristics of the FBGs from the accelerometer and the USFBG (see
Figure 7a), respectively.
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Figure 8. Natural frequency response of the OFA by: (a) optical power variation monitoring; and (b)
wavelength variation monitoring (inset: obtained data from the induced vibrations, for both cases).

2.3. Natural Frequency Monitoring
2.3.1. Principle of Operation

The principle that permits the analysis of the natural frequency of the pipeline section
is demonstrated by the following equation [61,62]:

n*rm | EI
fu_pipetine = >\ e 5)

where 1 is the number of modes, E is the Young’s modulus of the pipeline, I is the moment
of inertia of the area, m is the mass, and L is the length of the pipeline. The natural frequency
is then directly related to the mass and stiffness of the material/structure. Variations in
these parameters can be induced by the metal corrosion process, namely, the metal mass
loss and changes in geometry due to the reduction in the thickness, which, consequently,
leads to stiffness loss.

The vibrations in the pipeline, generated by the transversal impacts, are detected by
the attached FBG sensors due to the deformation of the material as it vibrates [63], and they
are also detected by the OFA fixed in the pipeline due to the transfer of those vibrations
to the inertial mass. The deformations in the pipeline and the movements of the inertial
mass cause variations in the Bragg wavelength on the attached FBG sensors and OFA,
respectively, allowing for the obtainment of the natural frequencies of this metal structure
after FFT processing.

2.3.2. Experimental Procedure

The FBG sensor arrays were distributed and fixed to a 1020 carbon steel pipeline
cut in half along its length, with the following dimensions: 707 mm in length, 4 mm in
thickness, and 60 mm in diameter. These sensors were fixed with a random strain to the
pipeline using X120 adhesive (HBM, Darmstadt, Germany), where each one of the FBGs
was embedded in an adhesive layer that was 30 mm in length, 5 mm in width, and 1 mm
in height (identified in the black areas on the pipeline). One FBG array was fixed directly
in the coating of the pipeline (C1, C2, C3, C4, and C5), while the other was fixed directly
in the metal/non-coating (NC1, NC2, NC3, NC4, and NC5), where a paint stripper was
utilized to remove the coating in each one of the positions where the five FBG sensors were
placed in the pipeline. Figure 9a,b show the position of each one of the sensors along the
pipeline section, as well as the location of the OFA and the region where the corrosion
will be induced. Each FBG array had three Bragg gratings placed along the direction of
the pipeline (C2, C4, C5 and NC1, NC2, NC4) and the two other Bragg gratings placed
perpendicular to the pipeline direction (C1, C3 and NC3, NC5).
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Figure 9. (a) Pipeline with the attached FBG sensors; (b) representation of the sensors utilized in the
pipeline, as well their specific position.

The corrosion process was induced in an area of approximately 1662 mm? with a
0.1 M NaCl solution. The area where the solution was applied had the coating removed
with a paint stripper, thus allowing for the direct contact of the solution with the metal. A
polyvinyl chloride (PVC) pipe section that was 125 mm in height, 50 mm in outer diameter,
and 2 mm in thickness was glued in this area of the pipeline to function as the container to
the corrosive solution and to keep the solution in contact with only the predefined area.
The OFA, which had the bottom of the support cut in a cylindrical shape along its length
(60 mm in diameter) to fit in this metal structure, was glued to the coating of the pipeline,
as Figure 10a shows. Figure 10b demonstrates the final layout of the pipeline section with
all sensors attached. The monitoring (before, during, and after the corrosion process) of
the FBG arrays and the OFA was performed by a Luna HYPERION sil55 interrogator
with a measurement frequency of 1 kHz, as this equipment allowed for the simultaneous
measurement of all the sensors’ responses, and the acquisition rate was sufficient for
characterizing the natural frequencies of this pipeline section. This also simplified the
monitoring setup and allowed for a direct comparison of the responses of the sensors. This
experimental setup was later placed in a wood box and buried in sand (few centimeters
deep) to simulate underground pipelines (see Figure 10c), where only the top part of the
PVC container and a small area of the pipeline (to induce vibrations) were left uncovered.

For this study, Bragg wavelength variations were imposed by manually applying
multiple vertical impacts in the pipeline (transversally to the pipeline length) with a steel
cylinder (200 mm in length and 13 mm in diameter). The monitoring was carried out
initially without the corrosion process when the setup was fixed to the optical table, and
after this step, the measurement was made with the setup buried in the sand for 164 days
(a total of 34 measurements during that time span), in which the corrosion solution (10 mL
of 0.1 M NaCl) was substituted on each day the measurement was carried out by removing
it from the container and adding a new one.
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Figure 10. (a) Side view of OFA fixed to the pipeline section; (b) side view of the sensors positioned
in the pipeline and monitoring system; and (c) the same pipeline section inside the wood box buried
in sand to simulate underground pipelines.

3. Results and Discussion

By monitoring the buried pipeline, it was possible to compare the efficiencies of the
sensors and analyze possible variations in the natural frequencies. Initially, when the setup
was fixed to the optical table, all sensors were able to detect the induced vibrations, and with
the measured data, obtain the f,; peine. However, after placing the setup inside the wood
box and burying it in the sand, the FBG sensors attached to the pipeline were only able to
momentarily detect the impact of the steel cylinder and not the vibrations originated by that
impact; thus, it was not possible to process those data to obtain the natural frequencies. On
the other hand, the OFA was able to perform this detection, although only one vibrational
mode was detected. The possible reasons for these results are associated with the operating
principle of the sensors and the deterrent effect of the sand on pipeline vibrations. As
the attached FBGs depended on pipeline deformation to identify variations in the Bragg
wavelength, the accommodation of the sand used to bury the pipeline, due to its own
weight and “soft texture”, decreased the deformation and prevented the maintenance
of the induced vibrations for long enough to obtain the frequency results and, therefore,
prevented their measurement. This effect was not observed in the OFA, since it works as a
spring-mass system where the inertial mass can freely move and detect any vibration in
this situation. Figure 11a,b compare the responses of different FBG sensors (C3, C5, NC4,
and NC5) to the vertical impact when the pipeline setup was fixed to the optical table
and placed in the wood box buried with sand, respectively. In Figure 11a, it is possible
to observe that the response of the sensors fixed perpendicular to the pipeline direction
(C3 and NC5) had a higher Bragg wavelength variation to the same vertical impact when
compared with the response obtained for the sensors positioned in parallel to the pipeline
direction (C5 and NC4). Besides the orientation of the FBG sensors, no relevant differences
in their response were observable, whether they were fixed above the coating or directly in
the metal. On the other hand, the inability of all FBG sensors to monitor the f;, _pipeline due
to the absence of vibrations in the pipeline when it was buried in the sand was noticeable
(see Figure 11b). The response of the OFA in those situations is presented in Figure 11c.
When the setup was fixed to the optical table, and without the PCV container attached, the
vibrations lasted longer and, besides the natural frequency of the OFA, two other distinct
frequencies were detected (140.8 Hz and 288.2 Hz), while, when the setup was buried
(with the PVC container attached), only one frequency was detected (265.2 Hz). These
results demonstrate that different vibrational modes were differently attenuated when the
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structure was buried and, even though some modes were no longer detected, others were
still able to be monitored by the accelerometers.
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Figure 11. Response of the FBG sensors C3, C5, NC4, and NC5 when the pipeline setup was: (a) fixed
to the optical table and (b) inside the wood box covered with sand; (c) response of the OFA and the
corresponding frequency when the the pipeline setup (without the PVC container attached) was fixed
to the optical table (left) and inside the wood box covered with sand (right).

The frequency data of the pipeline at different periods during the corrosion process
were measured by the OFA, and through the detected spectrum of frequency, the f,, yipeine
was monitored. It was possible to visualize a variation associated with the f;; pipeiine during
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the corrosion process, as Figure 12 shows results for days 0, 18 and 164. Here, after the
normalization of the f, pieiine amplitude, an increase after 18 days was noticeable.
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Figure 12. Natural frequency behavior of the buried pipeline with normalized amplitude for days 0,

18, and 164.

The collected data during 164 days of monitoring were processed, allowing for the
obtainment of the variation in the f,, pipeline as a function of time (f), as Figure 13 shows.
Here, it is possible to identify a linear growth in the first 18 days of monitoring, with
the fy, pipetine varying from 265.1 to 267.7 Hz during this period, with a respective coef-
ficient of determination equivalent to 94.46%. This linearization is represented by the

following equation:

Fityipe = 265.05578 +0.15495¢, (0 < t < 18) ©)
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Figure 13. Correlation between f;; pyeiine and time during the entire corrosion experiment.

After 18 days of monitoring, the data started to present another behavior where the
fu_pipeline values were more dispersed, without the steady growth presented during the first
days. Therefore, a logarithm function that better characterizes the behavior of the f,, pipeline
through the entire corrosion experiment was produced, with a coefficient of determination

equal to 77.43% and expressed as:
fu_pipeline = 264.96893 + 0.71528 In(t + 0.89996), (0 < t < 164) (7)

This linear growth of f,_pipeiine in the first 18 days could be related to a major influence
from the mass loss, which justifies the quick increase in this time interval. On the other
hand, after this period, the growth rate of the f;, ipeiine started to decrease and the values
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became scattered, varying between 267 and 268.9 Hz. This could be related to the variations
in the physical properties of the material, in this case, changes in the stiffness of the material
with the progression of the corrosion process. Therefore, in this phase, both phenomena (the
mass and stiffness losses) contributed to the f;, ipeline Variations as corrosion occurred (see
Figure 13). Figure 14a,b show, respectively, the corrosion site and the mass of the obtained
corrosion products measured by a precision scale (model ME104, Mettler Toledo, Greifensee,
Switzerland), both after 164 days since the beginning of the experiment. The variation in
the mass from the corrosion products during the entire process is presented in Figure 14c.
As mentioned previously, at each measurement, the corrosive solution was substituted by
removing the solution with corroded material from the container and adding a new one.
Later, almost all the liquid of the solution withdrawn from the container was removed and
the remaining content went through a drying process. According to Figure 14c, the mass of
the corrosion products increased continuously during the experiment, more sharply and
linearly as the corrosion process advanced. This allows for the conclusion that, despite
the decrease in frequency growth in the advanced corrosion stage, the loss mass still had
major effects on the f;; ipeline, competing with the stiffness loss in the variation in the natural
frequency. It should be noted that the masses of the material from the corrosion process
were a bit smaller than the real values, since remnants of this material still remained in the
corrosion site, inner part of the PVC tube, pipette, and beaker.
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Figure 14. (a) Corrosion site after 164 days since the beginning of the corrosion process; (b) mass of
the material from the corrosion process after 164 days since the beginning of the corrosion process;
and (c) variation in the mass of the material from the corrosion process during the experiment.

The evolution of the f,_yipeine, before and after the corrosion process, measured by the
FBG sensors and the OFA, is presented in Table 3. In situation 1, the setup was fixed to
the optical table and all sensors detected two vibrational modes (averaging around 140.5
and 288.4 Hz). In situation 2, the setup was buried inside the wood box and only the OFA
was able to measure one of the vibrational modes (265.1 Hz). The f,, pipeline variation in
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the second mode measured by the OFA in both situations (288.2 to 265.1 Hz) was most
likely caused by the attachment of the PVC tube to the pipeline section. In situation 3, the
setup was unburied, removed from the wood box, and fixed to the optical table, and here,
once again, the FBG sensors were able to measure the f,, pieline values, but the second mode
was not detected by these sensors. Regarding the OFA, it was possible for it to detect both
vibrational modes in the last situation and, comparing the second mode from situation 2 to
situation 3 (see Figure 15), before and after the corrosion process, respectively, the f,, pipetine
increased by approximately 4.7 Hz.

Table 3. fn_pipelim at different periods, before and after the corrosion process.

fnjipeline (Hz)

Situation  C1 C2 C3 C4 Cs5 NC1 NC2 NC3 NC4 NC5 OFA
; 140.3 140.3 140.3 140.3 140.3 140.5 140.6 140.5 140.6 140.6 140.8
288.7 288.4 288.2 288.4 288.1 288.4 288.4 288.4 288.4 288.4 288.2

2 - - - - - - - - - - 265.1

s 13?.7 13_5.7 13_5.7 13_5.7 13_5.7 13_5.7 13_5.7 13_5.9 13_5.7 13?.9 ézg.g

1—Pipeline setup fixed to the optical table, without the PVC container attached. 2—Pipeline setup inside the
wood box buried with sand, with the PVC container attached and before the corrosion process. 3—Pipeline setup
fixed to the optical table after the corrosion process.
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Figure 15. Natural frequency spectra of the pipeline setup with normalized amplitude for situations
2 and 3, before and after the corrosion process, respectively.

According to these results, the application of this optical accelerometer has great
potential to evaluate frequency variation as a function of corrosion. Therefore, this kind
of optical accelerometer can be applied for in situ analyses, especially of buried pipelines,
for the continuous assessment of the evolution of corrosion in these structures, especially
without the necessity for periodic excavations, and with the operational safety ensured by
the utilization of optical fibers, where monitoring systems can be placed far away from
the measuring point. On the other hand, although the attached FBG sensors presented a
satisfactory response in the initial phase when the setup was outside the wood box, after
burying the setup in the sand, they no longer were able to acquire sufficient data to obtain
the natural frequencies of the pipeline section. The successful operation of these sensors
relies on different factors, in which they permit the structure to deform and vibrate long
enough to obtain the corresponding frequencies, and for buried structures, they are not a
suitable solution.

4. Conclusions

In this work, a mountable double FBG-based OFA was developed with the capability
to operate in both wavelength and optical power variations. In this case, the optical power
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was monitored during the OFA characterization by interrogation setups, where a USFBG
was used as an edge filter. The dynamic measurement setup used in this work can be a
viable alternative to commercial interrogators and spectrometers, with the capability to
measure with a much higher acquisition rate than these devices.

This OFA, together with FBG sensors attached to a carbon-steel 1020 pipeline section,
was used to measure the f,, pieine When this structure was placed in a wood box buried
with sand. The variation in the f, _piyeiine Was analyzed when the pipeline was submitted
to localized corrosion, controlled by the utilization of a 0.1 M NaCl solution. During the
first 18 days, it was possible to observe linear behavior, with a coefficient of determina-
tion equivalent to 94.46%. The correlation between the f;; jiyine and time, analyzed over
164 days, started to show non-linear behavior, identified by a logarithmic function, with a
determination coefficient of 74.43%. The linear behavior was justified by the greater influ-
ence of the mass loss on the variation in the f;, pipeline in the first days, and as the corrosion
advanced, changes occurred in the metal geometry and physical proprieties, leading to
stiffness loss and a greater contribution of this phenomenon to the f;, pipeline Variation when
compared with the initial phase of corrosion.

On the other hand, the FBG sensors, in which the successful operation was dependent
on the capability of the structure to deform and vibrate, were not able to monitor the natural
frequency variation in the pipeline, due to the accommodation of the sand used to bury the
pipeline and the consequent limitation for the pipeline to vibrate long enough, preventing
the monitoring of the natural frequencies by these sensors.

Although the attached FBG sensors were not efficient in detecting the frequency in this
situation, and possibly in other buried structures, the OFA was capable of monitoring the
evolution of corrosion in the buried pipeline, exemplifying that this kind of accelerometer
has great potential to detect and monitor this damage in risky situations and aggressive
environments, and can be used as a method that helps in decision making for indirectly
identifying corrosion in these buried pipelines, and consequently in the management of
these systems. However, these are preliminary results, and further studies and investiga-
tions are needed to validate this sensing method and the f,, yipline variation reported in
this experiment. In the future, controlled tests where the results of the corroded pipeline
are simultaneously compared with the results of an identical uncorroded pipeline, in the
same surrounding conditions, can be performed to demonstrate the effectiveness of both
the OFAs’ capabilities and corrosion-induced frequency variation in underground envi-
ronments. On the other hand, the use of multiple OFAs at various locations and with
different position orientations (parallel and perpendicular to the pipeline longitudinal
axis) along the pipeline length could be performed to evaluate, compare, and optimize the
sensor configuration performance [64,65]. Additionally, other buried structures (example:
complete pipeline sections) can be tested, and the impact of different types of soil and
different depths at which the structures are buried can be analyzed.
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