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Abstract: This paper examined the impact of optical fiber sensor design, and its integration to
PVC (polyvinyl chloride) sheet piles, on deflection and strain monitoring. Optical fiber sensors
based on Brillouin light backscattering (BLS) were prepared, as they can provide accurate strain and
deflection measurement results. However, depending on the application of sheet piles systems, high
deformation of PVC elements can be observed. Therefore, a fiber sensor design is not trivial. Three
types of optical fiber coatings and their integration with PVC sheet piles were investigated. The effect
on the value of compressive and tensile strain were analyzed. It has been experimentally proven
that PVC sheet piles monitoring, based on BLS method, can be realized using optical fibers with
250 pm, 900 pm, and 3 mm coating diameter. Achieved results are in line with theory. Correction
coefficient necessary for 900 um and 3 mm coatings has been proposed and used to ensure proper
strain measurement. It was found that 250 um coating fiber based sensors can be utilized for PVC
strain measurement under low deflection (>1.2 m beam length). On the other hand, sensors based on
3 mm coating fiber, due to a high level of linearity, can be applied to deflection distance measurement
under high deformation.
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1. Introduction

The technological progress of optoelectronics, especially over the last two decades,
allowed for a significant development of optical fiber sensors. Those become more reliable,
precise, and offer a number of advantages over other existing technologies, which is espe-
cially important for sensors that are susceptible to moisture, corrosion, and high magnetic
fields. The increased demand for monitoring of industrial structures and installations
operating in hazard conditions has resulted in increased interest in optical fiber sensors.
Such devices measure strain, temperature, acceleration, pressure, displacement, and many
other physical parameters.

The continuous development of fiber optic techniques enabled the creation of sensors
such as: Bragg gratings, Fabry—Perot (F-P) sensors [1] and based on Brillouin or Raman
scattering effects [2]. Those have a broad range of applications: Engineering [3], aviation
industry [4], science, and healthcare [5]. The theoretical background of distributed fiber
optics sensors (DFOS) for civil engineering, together with an extended review of mea-
surement methods, has been presented by Barrias et al. [6]. The thousands of sensing
points that the DFOS provides enable mapping of strain and temperature distributions in
two or three dimensions. One of the most common engineering structures are sheet piles.
Such constructions are commonly used for retaining walls, land reclamation, underground
structures, or flood prevention [7,8]. Real-time sheet piles monitoring is essential to prevent
catastrophic failures like landslides, debris flows, flooding, etc. [9]. Kechavarzi et al. [10]
presented the development of a strain DFOS with high spatial resolution and accuracy
used for reinforced concrete piles. Kania et al. [11] showed Rayleigh-based DFOS systems
deployed in concrete piles by attaching 250 um fiber directly into steel bars. Guo et al.
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presented BOTDR (Brillouin Optical Time Domain Reflectometer) method for monitor-
ing the deformation of the bored cast-in-place pile [12] and bored pile during concrete
curing [13]. In this case, a reinforced 5 mm optical fiber cable fixed along steel bars was
used. Moffat et al. [14] showed a comparison between BOTDR, strain gauges, inclinome-
ters, and topographic survey methods to monitor a multiple-anchor pile wall in 28.5 m
deep excavation.

Nowadays, steel-based sheet piles are very often replaced by hybrid composite materi-
als like a polyvinyl chloride matrix locally reinforced with glass fibers [15]. Such materials
are characterized by extremely high resistance to scratches or cracks, high tightness, and
lack of corrosion. PVC (polyvinyl chloride) based sheet piles are typically manufactured in
the production facility using the co-extrusion process. The most commonly used methods
of PVC sheet piles installation are: Mechanical pushing them into the soil, or additionally
the use of vibratory hammers along the preinstalled templates [16,17]. To fully protect
the piling against damage, light equipment with small impact energy or guide bars called
mandrels are used. Therefore, the sensor design and its integration into PVC are significant.
There are several requirements for sensor construction: Minimalistic dimensions, strong
adhesion to PVC surface, and operation under high deformation (low bending radius).

Figure 1 shows the PVC geotechnical profiles for applications in the area of civil
engineering as retaining walls. Those types of beams are exposed to significant ground
pressure and are designed to withstand heavy loads [15].
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Figure 1. Retaining wall: Application diagram (a), photo of the demonstrator constructed in Optical

Fiber Technique Laboratory (b).

This paper focuses on direct integration of optical fiber sensor to PVC profile using
standard communication cable coatings (250 pm, 900 um, and 3 mm). Since accessing
the sensing fiber embedded into PVC profile during the co-extrusion process is very
challenging, sensors have been integrated on PVC surface with adhesive bonding. Three
types of adhesives (epoxy resin, ethyl acetate, and cyanoacrylate) have been evaluated.
BOTDR testing, in terms of the compressive and tensile strain of the optical fiber sensors,
has been performed for deflection distance ranging from 0-24 cm. A correction coefficient
has been provided to estimate the strain on the PVC surface. Direct integration of optical
fiber sensor to PVC is a new approach that has several advantages. The proposed design
does not affect the structure of the PVC material and does not require reinforced sensing
cables. Therefore, PVC sheet piles strength and stiffness remain unchanged. As the
sensing capability is added to PVC profiles during manufacturing process, the sheet piles
installation time is not increasing.
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2. Materials and Methods

Brillouin light backscattering is a nonlinear process that can occur in optical fibers
at large power intensity. Optical power launched into the fiber generates spontaneous
propagation of backward Stokes wave. The backscattered Stokes wave interferes with the
input optical wave and generates an acoustic wave as a result of the effect of electrostriction.
The forward-moving acoustic wave periodically varies the refractive index n¢ along the
fiber, which scatters even more light in the backward direction. Effectively, the input
wave creates a moving refractive index grating from which it scatters. The Brillouin
frequency vpg depends on the acoustic velocity, refractive index neg of the fiber, and input
wavelength [18]:

)

where n.i—effective refractive index of the fiber, V s—speed of the acoustic wave in the
fiber, A\ —wavelength.

Physical quantities, such as temperature or strain, have an influence on the refractive
index neg. Thus, the shift of Brillouin frequency vsps can be used for the detection of these
quantities, which is described by the relationship [19]:

vsps = vpo + C1(T — To) + Ce (e — €0) 2)

where vpp—initial Brillouin frequency, Ct, C—temperature and strain coefficient of the
fiber, T, e—measured temperature and strain value, T, ep—reference temperature and
strain value.

Based on the initial Brillouin spectrum analysis, the ITU-T G.657 compliant fiber has
been chosen for sensor design [20]. Figure 2 presents cross-sections of three types of optical
fiber cable integrated into PVC. The first one is a bare fiber with a typical acrylate coating
with an outside diameter equal to about 250 pm. The second has a construction of tight
buffer with 900 um outside diameter. The last one is a typical drop cable for external
application with 3.0 mm diameter. All three coating types have been integrated into PVC
surface with adhesive.
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Figure 2. Schematic cross-section of three types of single-mode optical fiber.

In order to examine the relationship between the method of integrating of optical fiber
with PVC surface and measured strain, a piece of the PVC structural element of retaining
walls was used. The rectangle cross-section of the PVC sample is presented in Figure 3a,
where /1 (5.5 mm) and b (50 mm) are the height and width of the beam, respectively. Fiber
core to surface distance H depends on used optical fiber coating. PVC sample moment of
inertia I and shear strength W are equal:

b’

I, = E (3)
bh?

Wx - (4)

6
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Figure 3. Cantilever beam: Cross-section of PVC sample with optical fiber (a), schematic of the
deflection method (b).

Figure 3b shows a schematic of a cantilever beam deflection. The force F is applied
at the highest point of the PVC beam sample. For that case, the deflection distance f and
bending moment M are equal [21]:

FL3
f = ﬁ (5)
M = FI (6)

where E—Young’s modulus, L—length of beam, and [—distance from applied force point.
Based on Hook’s law, the strain on the surface of the cantilever beam is as follows:

M 6F!

“=EW ~ E0R? @)

Then, to make the strain ¢ dependent on the deflection distance f, Equation (5) should

be transformed into the form: f3E1
F=" ®)

Substituting the expression for force F into Equation (7), the theoretical strain value is

equal:
18f1IL 3hl
= Doz = 1o )

To calculate theoretical strain value on integrated optical fiber &, the fiber core to
surface distance H must be included:

= 10)

In our research, the strain on optical fiber & 55 Was measured using BOTDR. Based
on this measurement, the strain value of PCV profile can be determined using the correction
coefficient C. Measured strain has to be decreased due to the difference resulting from fiber
core to surface distance H:

3HI
EPCV = €f meas — C= €f meas — fﬂ (11)

To measure strain on optical fiber, the BOTDR system and the frame for PVC profile
deformation were used. The BOTDR device is designed to work with single-mode optical
fibers (SMF). For optical fiber sensor applications, it is necessary to select the appropriate
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type of this fiber. In our research, the single-mode optical fiber compliant with ITU-T
G.657.A2 standard was used. Figure 4 shows a scheme of the measurement setup.

Frame

Movable bar J—{:

Mounting
beam

"BOTDR§=

SMF

(a) (b)

Figure 4. Scheme of measuring setup of strain on single mode optical fibers integrated with PVC
profile (a), photography of deflection frame (b).

Measurement system contains BOTDR DSTS (Distrusted Strain and Temperature
Sensor) unit from OZOptics connected to PC for data acquisition and analysis. BOTDR
is based on A;, = 1550 nm laser source, whereas the accuracy of measured strain and
temperature are equal to £16 e and 0.8 °C, respectively. The spatial step of the device is
equal to 5 cm, whereas the spatial resolution equals 1 m. Optical fiber integrated with PVC
profile was connected to BOTDR unit through the thermally spliced optical fiber pigtail.
All measurements were conducted at a room temperature equal to 21 = 0.5 °C. Deflection
distance f of the tested PVC profile with an integrated optical fiber was in the range of
0-24 cm. The height of the movable bar and higher mounting beam is adjustable in the
range of 5-300 cm. On the other hand, PVC profile with a length of up to 300 cm can be
mounted in one or two points by mounting beams. In our research, the PVC profile lengths
are defined as the distance between the mounting beam and movable bar. Due to the
increase of the deflection distance of PVC profile, its bending radius decreases, which can
affect optical fiber macrobending loss. During our experiment, the radius was not lower
than 30 cm and had no influence on optical signal loss in optical fiber.

3. Results and discussion

First of all, based on the dimensions presented in Figure 2, the theoretical characteris-
tics of strain on a deflected beam were calculated using Equation (9). Then experimental
measurements were conducted. Figure 5a shows the theoretical dependence of used optical
fiber cable types on their strain value. Three constructions were analyzed: Acrylate coating,
tight buffer, and cable jacket. Outside diameters were equal to 250 pm, 900 um, and 3.0 mm,
respectively. PVC profile length L used in calculation equals 1.8 m. As can be noticed, with
the increase of fiber outside diameter, the strain value of fiber also increases. Due to the
fact that silica fiber has additional coating, it is further away from the neutral axis of the
PVC sample. In the second characteristic presented in Figure 5b, the influence of cantilever
beam length L on strain value on PVC surface was shown. In that case, the strain value
increases for the shorter length of PVC due to higher deformation and bending moment M.



Electronics 2021, 10, 1604

6 of 10

400 2500
] = Acrylate 0.25mm ]
350 = Tight buffer 0.9mm
] == Cable jacket 3.0mm 2 000
300 1
W, ] T ]
2,250 21500
o5 ] w ]
E 200 =
s ] & ]
£ 150 Z 1000
100 ]
3 500
50
0¥ ey 0 -
0 5 10 15 20 25 0 5 10 15 20 25
Deflection distance f (cm) Deflection distance f (cm)
(a) (b)

Figure 5. Theoretical dependence of optical cable type (a) and cantilever beam length (b) on
strain value.

Figures 6-8 present the influence of optical fiber cable type on measured strain values
for different lengths of PVC sample equal to: 1.8 m, 1.2 m, and 0.6 m. For each case, tensile
(positive slope) and compressive (negative slope) stresses were measured. As presented in
Figure 6a, for the longest beam length, a linear response to deflection up to 24 cm can be
observed for all three types of fiber coating. An increase of strain with an increase of cable
diameter can be noticed, which is in line with conducted theoretical analysis. To determine
strain on PVC surface, it is necessary to apply correction coefficient C, described in Equation
(11). Figure 6b shows the measured beam strain with the proposed correction coefficient. In
this case, surface strains determined by all three cable types are comparable and in line with
theory. Table 1 presents the statistic parameters of PCV strain characteristics. Correlations
a were specified between estimated (theoretical) and measured values of strain using the
least-squares method. The value equal to 1 of parameter a indicates perfect correlation. On
the other hand, the linearity of experimental strain to deflection distance dependence was
also determined. For the data presented in Figure 6b, the high linear fitting (R? > 0.99) and
the high correlation to theory (a > 0.94) are observed. The only exception is an acrylate
fiber used for compressive measurements (a = 0.87).
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Figure 6. Influence of optical fiber cable type on measured strain value on an optical fiber (a),
calculation of strain on PVC surface adding compensation value (b). The total length of PVC sample

was equal to 1.8 m.
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Figure 7. Influence of optical fiber cable type on measured strain value on an optical fiber (a),
calculation of strain on PVC surface adding compensation value (b). The total length of PVC sample

was equal to 1.2 m.
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Figure 8. Influence of optical fiber cable type on measured strain value on an optical fiber (a),
calculation of strain on PVC surface adding compensation value (b). The total length of PVC sample

was equal to 0.6 m.

Table 1. Comparison of statistic parameters of obtained strain characteristics for different optical fiber cables and PVC length.

- - Acrylate Tight Buffer Cable Jacket
- PVC Length Tensile Compressive Tensile Compressive Tensile Compressive
Li it 1.8 m 0.991 0.997 0.989 0.996 0.989 0.992
mealr{zl”mg 12m 0.997 0.997 0.995 0.995 0.995 0.992
0.6 m 0.546 0.477 0.426 0.010 0.751 0.035
1.8m 0.943 0.874 0.972 0.964 0.976 0.943
Correlation a 12m 0.792 0.782 0.587 0.521 0.505 0.417
0.6 m —0.064 —0.057 0.073 —0.020 0.085 —0.020

As it is shown in Figure 7b, for a shorter beam length (1.2 m), only 250 pm coating
provides PVC surface strain values close to theory. In this case, the highest correlation a of
about 0.79, was achieved. Even though 900 um and 3 mm coatings exhibit a linear response,
as shown in Figure 7a, the determined strain epcy has a poor correlation to theory (a < 0.59).
It is worth to mention that, in this case, theoretical strain value is two times higher than for
1.8 m beam length. Such high deformations are very challenging for fiber integration to
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PVC surface. Surface strain for 900 pum and 3 mm coatings is not fully transferred into the
fiber due to soft cable construction. However, the dependence of deflection distance f on
measured strain for all three optical fibers is still on a high level of linearity equal R? > 0.99.

For the highest deformation case, beam length of 0.6 m and deflection f up to 24 cm,
neither fiber coating provides proper strain reading. As presented in Figure 8b, strain
readings with correction coefficient are not in line with theory (a2 equals about 0). Starting
from 10 cm deflection distances are decreasing, which indicates too high strain for sensor
design. However, as shown in Figure 8a, 3 mm fiber coating based sensor is still producing
a linear response for tensile strain (R% > 0.99). Therefore, it can be used to estimate the
deflection after sensor calibration.

Improper strain readings at high deformation (0.6 m beam length) indicate an issue
with fiber integration on PVC surface, fiber separates from the surface. To overcome this
problem, two other types of epoxy have been tested (ethyl acetate and cyanoacrylate) with
250 pum coating fiber. Figure 9 presents the influence of three different types of adhesives for
optical fiber integration on the measured strain. The length L of PVC sample was chosen to
be 1 m as a midpoint between linear and nonlinear responses presented previously. Despite
the use of different adhesives, the linearity of the characteristic is still observed only in the
limited range of deflection distance, up to 10 cm. Deviations of the presented values are
related to the accuracy of the measuring equipment rather than used adhesives.

700 1400+
600 _: Cyanoacrylate 1200 7] Cyanoacrylate
Py E —®— Epoxy resin 1 —* Epoxy resin
%500—_ ~e— Ethyl acetate Q1000 —— Ethyl acetate
\-; ] \:_5; 4 —— Theoretical
€ 400 > 800
5 s ]
s S
< 3007 £ 600
I o ]
H =
n 2007 400
100 200
Ug! GUUENENE ENEPENENE SUUNENENE SMESSNINE BN R S S
0 5) 10 15 20 25 0 5 10 15 20 25
Deflection distance f (cm) Deflection distance f (cm)
(a) (b)

Figure 9. Influence of different adhesives used for acrylate optical fiber integration on measured
strain values for: (a) An optical fiber, (b) PVC surface after adding the compensation value. The total

length of PVC sample was equal to 0.9 m.

4. Conclusions

This paper focuses on the impact of optical fiber sensor design and its integration
to PVC sheet piles on the deformation and strain monitoring. Proper sensor design
is significant, as PVC sheet piles are co-extruded in the production facility and then
mechanically pressed into the soil by vibratory hammers. Such sensors need to be well
integrated with PVC to sustain piles transportation and installation process. Furthermore,
these sensors need to measure strain correctly, even under high deformation. Three types
of optical fiber coating and their integration with PVC have been tested. It was shown
that all three options are able to integrate into PVC surface and measure the strain value.
Obtained results are in line with theory for high deflection of the PVC profile (up to 25 cm)
and typical 1.8 m of beam length. Correction coefficients necessary for 900 pm and 3 mm
coating options have been proposed and used to ensure proper strain measurement. It has
been proved that for the shorter beam length (1.2 m), only 250 pm coating provides PVC
surface strain readings close to the theory. Even though 900 pym and 3 mm coatings are
showing a linear response, the determined strain has a poor correlation to theory. Due to
the soft cable construction in these cases, strain is not fully transferred into the fiber. At
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very high deformation (beam length equals 0.6 m for the same deflection distance range),
the strain value measurement is distorted, even for 250 um fiber coating. However, 3 mm
cable jacket still exhibits linear response and can be used to estimate deflection distance,
after sensor calibration.

It has been experimentally proven that BOTDR based PVC sheet piles monitoring can
be realized with 250 pm, 900 um, and 3 mm fiber coatings. Achieved results are in line
with theory. As PVC sheet piles are very challenging to sensor design, it is recommended
to use 250 pum coating fiber based sensors for strain measurement under low deflection
(>1.2 m beam length). On the other hand, 3 mm coating fiber-based sensors, with proper
calibration, can be applied for deflection distance measurement under high deformation
(>0.6 m beam length).
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