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ABSTRACT. An optical-based pressure sensor for a 150 x 150 mm surface was designed and
fabricated. The sensor utilizes a fiber Bragg grating (FBG) attached to a 30 x 30 x
30 mm actuator as the pressure sensing mechanism. The middle section of the
actuator, which is circular, can bend into an elliptical form and, in the process, pull
the FBGP via both ends when force or pressure is applied, thus converting the pres-
sure applied to its surface into a wavelength shift. In laboratory testing, a sensitivity
of 0.152 nm/kPa was obtained. Subsequently, the pressure sensor was tested in
the field by burying it 20 cm underground to measure soil pressure, while another
FBG was spliced in series to the FBGP to compensate for temperature variations.
Testing shows that the proposed design can realize a compact optical-based
pressure sensor with enhanced soil monitoring applications such as dynamic soil
pressure caused by soil movement.

Keywords: fiber Bragg gratings; fiber Bragg grating sensors; ground movement; soil
pressure; pressure sensor

1 Introduction

Accurate and precise information on soil movement at any given time is essential in evaluating
and monitoring structural risks and health. In many cases, incidences and disasters pertaining to
structural failures occur due to a lack of information on the movement of soil or the changes of
pressure exerted onto supporting structures. These changes often exceed the pressure and strain
limits of the structure, resulting in failure.’

To overcome these challenges, using sensors to monitor soil movement and pressure in struc-
tures actively is becoming increasingly commonplace.” There are several already commercially
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available soil pressure sensors, using either electrical, micro-electro-mechanical systems (MEMS),
or piezo ceramic sensing mechanisms.>~> Although these sensors can provide soil pressure and
movement measurement, they suffer from various limitations that affect their performance.
For instance, electrical-based pressure sensors are prone to electromagnetic interference and
suffer from a limited monitoring range,® whereas MEMS and piezo ceramic sensing mechanisms
are highly sensitive but suffer from geometry issues, robustness, and single measurement
value.”®

In this regard, optical fiber sensors have become the focus of extensive research efforts to
develop a high-potential alternative to the aforementioned sensors. Optical fiber sensors have
already demonstrated high sensitivity, accuracy, robustness, and cost effectiveness in sensing
applications for temperature,” humidity,'” and pressure.!!~'> Fiber Bragg grating (FBG) based
sensors are primarily the most reliable and potential candidates in developing an optical-based
soil pressure and movement sensor due to their highly linear response to strain and temperatures.
FBG sensors are also advantageous compared with mechanical and electrical base sensors due to
their small size and resistance to electromagnetic interference.'® They are also unique because
they have multiplexing capabilities that allow many FBG-based sensors to be spliced into a single
fiber,'” reducing the overall cost of deployment and operation. This provides for cross-sensing
applications such as strain and temperature measurement in a single sensor network.'®!° Many
researchers have already demonstrated FBG sensors to measure strain,”*?! temperature,’” incli-
nation,*** humidity,” and pressure,”®® indicating their potential as a sensor.

However, despite the numerous FBG-based pressure sensors demonstrated, only a handful
focus on soil condition monitoring applications. For instance, Sheng et al.”® proposed a simple
FBG-based pressure sensor with a sensitivity value of 0.00002 nm/kPa utilizing polymer as the
strain-induced mechanism. Similarly, Liu et al.”® proposed an FBG pressure sensor that relies on
the deflection of a thin metal diaphragm and has a resulting sensitivity similar to the sensor
proposed by Sheng et al.”® Some designs use three-dimensional (3D) printing technology, such
as that demonstrated by Hong et al.,””** which successfully embedded the FBGs onto a poly-
lactic acid (PLA) material for pressure monitoring purposes. However, none of these works
explored the potential for soil monitoring applications, thus indicating the gap between the poten-
tial of these sensors and their applications.

This work reports the design, fabrication, and testing of an optical-based pressure sensor
utilizing two FBGs to measure pressure and temperature simultaneously. In the sensor’s design,
it was observed that, in soil pressure monitoring, the most common approach is installing the
pressure sensors perpendicular or parallel to the soil surface. Ren et al.*! provided a clear example
of installing the pressure sensors using the parallel approach, while on the other hand, Li et al.*?
proposed a soil pressure sensor based on a dual L-shaped lever with a 0.001 nm/kPa sensitivity.
The pressure exerted on the top plate of the sensor transmits directly to the L-shaped levers below,
inducing strain on the FBG. Similarly, Correia et al.*® successfully fabricated a soil pressure sensor
with a sensitivity of 0.002 nm/kPa by gluing the FBG onto the diaphragm between two stainless
steel covers. The pressure was then exerted onto the top surface, causing the diaphragm to stretch
and induce strain on the FBG. However, previous works merely reached the point of laboratory
calibrations, and no field testing was carried out. As such, the work presented here also provides
additional information obtained from field testing. To achieve this, the sensor was first calibrated
in the laboratory using weights and then placed beneath a thin layer of soil to verify the device’s
functionality. The device yielded a sensitivity value of 0.152 nm/kPa during laboratory calibra-
tion, 0.0197 nm/kPa during dry soil and 0.0302 nm/kPa during wet soil testings. As such, the
proposed sensor is able to realize a compact, optical-based pressure sensor with high potential for
various soil engineering applications.

2 Methodology

2.1 Fabrication of the FBG

In this work, an FBG serves as the primary sensing mechanism for measuring the pressure and
movement of the soil. The FBGs were fabricated in-house using the phase mask technique, in
which the gratings were inscribed onto a hydrogenated single-mode fiber (SMF) using a Krypton
fluoride excimer laser at 248 nm. Any strain or pressure exerted onto the structure of the FBG



changes the grating length, changing the peak reflective wavelength or Bragg wavelength, 15.
This change is defined as

Ap = 2negA, (D

where n. is the effective refractive index of the SMF and A is the distance between the grating
respectively. The Bragg wavelength shifts that are associated with the change of strain, Ae, and
temperature, AT, are written as

Al
T B = (1= per)Ae+ (a+ AT, )
B

where p., a, and & represent the photoelastic, thermal expansion, and thermo-optic coefficients,
respectively.

2.2 Calibration of the FBG with Temperature

The proposed sensor uses two FBGs designated as the FBGp and FBGr, with Bragg wavelengths
of 1533.82 and 1542.53 nm, respectively. FBGp is used for pressure measurements, and FBGr is
a temperature compensator. Both FBGs were spliced in series. For FBGr, the shift of the Bragg
wavelength, A, is obtained theoretically using the general equation of FBG below, which is
derived from Eq. (2) by considering the strain parameters to be absent:

P ING 3)
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By rearranging the above equation, we obtain the wavelength shift associated with the
temperature changes using the following expression:

Adg
Ap = @+ 8. )

Thus, by substituting the values 0.55 X 107°/°C and 8.6 x 1076 /°C for a and &, respectively,
the theoretical sensitivity of FBGt toward temperature at the Bragg wavelength at 1542.53 nm
is 0.0140 nm/°C.

Before FBGp was installed on the 3D-printed actuator, both FBGp and FBGt were placed
into a water bath to obtain their response and sensitivities against temperature, as shown in
Fig. 1(a). The temperature calibration setup after FBGp was installed on the actuator is shown
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Fig. 1 (a) Temperature calibration setup of bare FBGp and FBGrt, (b) temperature calibration
setup of the FBGs after it was installed on the 3D-printed actuator, and (c) the simplified schematic
of the setup.



in Fig. 1(b), and the schematic design of the setup is shown in Fig. 1(c). The single output from
the FBGs was connected to port 2 of a three-port circulator, and a broadband source was con-
nected to port 1.

The water bath temperature was increased from 30°C to 70°C in 5°C intervals. This is
because Malaysia’s ambient temperature does not generally exceed 40°C,** and soil temperatures
do not fluctuate much compared with the environment temperature.® It was reported that the
mean annual soil temperature differs from the corresponding air temperature by 3.0 +2.1°C.
Hence, the sensor is expected to work well within this temperature range.

Port 3 was connected to an optical spectrum analyzer (OSA) with a 0.02 nm resolution
and used to take the resulting change in wavelength as the temperature rose. The results of the
calibration are discussed in the following sections.

2.3 Fabrication of the Sensor

The actuator prototype has a dimension of 30 X 30 X 30 mm (width X length X height) and was
fabricated using a 3D printer, as shown in Fig. 2(a). The 3D printer has a resolution and infill
density of 0.1 mm and 5%, respectively. It must be noted that the 3D printer was used only to
fabricate the prototype and test the design’s working principle.

The actuator was designed with a circular middle section having 2 mm of thickness, fol-
lowed by square top and bottom parts. The primary function of the circular middle section is to
enhance the strain induced onto the FBG as the circular structure pulls both FBG ends simulta-
neously. This causes considerably more pressure to the FBG than if it was pulled at only one end,
thus resulting in more significant wavelength shifts. Because the FBG is directly affected by
strain and temperature, the most optimal design for FBG-based sensors is that the actuator must
be directly attached to the fiber for the best strain transfer mechanism. This maximizes the sen-
sitivity of the device. By referring to the actuator design in Fig. 2, the FBG is directly attached to
the actuator body, indicating that the FBG experiences the most optimum strain transfer mecha-
nism. In addition, the circular middle section makes the actuator easier to compress when vertical
pressures are applied because a circular-shaped middle section bends evenly in all directions
compared with a segmented-shaped middle section. Therefore, this actuator design is considered
practical and feasible to be used as a pressure transducer.

A hole with a diameter of 0.6 mm was created in the middle section to allow the FBG to be
inserted. FBGp was installed on the actuator at the center of the hollow cylinder from one end to
the other, as shown in Fig. 2(b). From the front view, the fiber with the FBGs was inserted at one
end of the circle going across to the other. The fiber with the FBG was pre-strained before it was
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Fig. 2 (a) The installation of FBGp on the actuator and (b) the side view of the actuator before and
after the force was applied, with FBGp hanging across the middle section.



glued at both ends using epoxy resin to ensure no movement. The diameter of the hole at both
ends of the cylinder is about 0.6 mm.

Figure 2(b) shows the side view of the force transfer scheme of the actuator, in which both
circular ends pull the FBGp whenever a force is applied on the top part. The fundamental aspect of
this mechanism relates to the linear relationship in the stress versus strain plot, which is given as*®

o0 =FEeor P=Ee. ®)]

Stress, o, is defined as the force per unit area, which is also known as pressure (P = F/A),
and strain, ¢, is defined as the deformation ratio of a structure from its original length (AL/L).
The gradient of the linear slope is widely known as Hooke’s Law or the modulus of elasticity, E.
By referring to the actuator design in Fig. 2 when the actuator was subjected to vertical pressure,
P, the relationship between the pressure and the strain, €, is given as>’

== ©)

Then, the strain due to the vertical pressure was translated into horizontal components, ¢,,
which is given as follows:

&, = —Ug,, 7

where —o is Poisson’s ratio. By substituting Eq. (6) into Eq. (7), the horizontal strain component
is further expressed as

& = —UEZ. (8).

When vertical pressure is applied on top of the actuator, it is essential to note that the hori-

zontal strain component simultaneously acts on the FBG. Thus, the general equation of the FBG

as given in Eq. (2) must be included. Because the laboratory calibration was conducted in a

temperature-controlled environment, the temperature is considered constant during the experi-
ment, and Eq. (2) is rewritten as

A
— == pay)e. ©)
B

As mentioned, because the horizontal strain component also acts on the fiber, Eq. (9) is
further expressed as Eq. (10) by substituting the ¢, into the equation:

Ay _

P
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Therefore, by rearranging the equation, the magnitude of the applied vertical pressures on
top of the actuator, P, is expressed as

AJRE,

= 11).
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Although the thermal expansion of the PLA can affect the strain measurement, the value is
insignificant because the experiment is conducted in the laboratory and in the soil, where the
temperature only ranges from 25°C to a maximum of 40°C. It has been observed that the wave-
length shift due to the thermal expansion of a material is insignificant at low temperatures
compared with the total changes due to the induced strain.’’*® Hence, to verify whether the
coefficient of thermal expansion of the PLA affects the thermal analysis of the FBG, the fab-
ricated actuator with the FBG was placed again in the water bath from 30°C to 50°C as shown in
Fig. 1(b) to obtain the thermal response of the FBG after it was mounted to the 3D-printed
actuator.

The actuator was then firmly placed and attached to a 150 X 150 X 34 mm waterproof casing
made from acrylic. Then, eight actuators were placed without FBGs according to the configu-
ration shown in Fig. 3(a). Such an arrangement ensured that the actuators’ bending due to the
force applied on top of the sensor was uniform across the effective area. The top cover is directly
in contact with the actuator to maximize the effectiveness of the strain transfer from the external
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Fig. 3 (a) The actuator configuration inside the casing with top view, (b) an illustration of the device
indicating FBGp, FBG+ positions, and (c) the laboratory calibration procedure of the pressure
sensor.

soil to the FBG. This also enables the temperature-induced stress to be effectively distributed to
FBGyp if there are temperature variations surrounding the sensor.

As for FBGr, it was left hanging inside the casing, unattached to any structure, to ensure that
it was strain-free. Referring to Fig. 3(b), FBGt was not mounted inside or onto the actuator
but instead was left inside the enclosure, close to FBGp. This ensures that both FBGs respond
similarly to temperature changes and provide a reliable temperature compensation factor for the
device. Because FBGr is strain-free, any wavelength shift at FBGt indicates a temperature
change around the FBGs. Thus, the wavelength shifts of FBGp need to be offset by the wave-
length shift of FBGr, in which this value then clearly indicates the actual strain it experienced.

2.4 Sensor Calibration in the Laboratory

Initially, a weight of 1 kg was placed directly on top of the sensor, as shown in Fig. 3(c). The
weight was then increased in 1 kg intervals until a maximum weight of 10 kg, and its wavelength
shift was recorded using the OSA. This procedure was explicitly done to obtain the laboratory
calibration data for the pressure sensor. The general equation for pressure, P, as related to force,
F, applied to an area of A is as follows:

F
P= —. 12
4 (12)
Because force is the mass times the gravitational acceleration, Eq. (3) is rewritten as
mg
P=— 13
h (13)

where m and g represent mass and gravitational acceleration, respectively. Thus, as per Eq. (11)
above, 1 kg weight exerts 0.4 kPa pressure onto a 150 X 150 mm sensing surface. The procedure
was repeated to obtain five different sets of measurements to evaluate the repeatability of the
Sensor.

2.5 Soil Testing

A 50 % 175 x 50 cm soil container was built to imitate ground structures and soil conditions. The
sensor was then buried 20 cm beneath the surface of the soil. Figure 4(a) shows the schematic
diagram of the soil container’s dimension and the weight placed on the soil surface directly above
the pressure sensor. Using the soil volume inside the container of 0.175m?, by 175 x 50 X 20 cm
and soil density of 1600 kg/m?>, the total calculated weight of the dry soil inside the container is
280 kg. Figure 4(b) shows a diagram of the experimental setup, in which the sensor was laid on
the container’s floor bed filled with soil. The sensor was connected to a 20 m fiber cable that went
straight to the OSA through the optical circulator. A metal rod was placed beside the sensor to
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Fig. 4 (a) lllustration of the wooden soil container's dimension (175 cm x 50 cm x 50 cm), (b) the
sensor was then placed onto the soil container at about 20 cm below the upper level of the soil, and
(c) the placement of the weight above the soil.

determine its exact location when it was already buried in the soil, as shown in Fig. 4(c). A 1 kg
weight was placed on top of the soil directly above the device, as shown in Fig. 4(a). The weight
was then increased in 1 kg intervals to 10 kg to study the device response inside dry soils.
The experiment was repeated with wet soil in which 1 kg of water was poured on top of the
soil directly above the sensor.

3 Results and Discussion

The initial spectrum obtained from both FBGs is shown in Fig. 5. Two reflective peaks of
1533.82 and 1542.53 nm are visible, representing the FBG, and FBGr, respectively.
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Fig. 5 Initial spectrum for FBGp and FBGy at a room temperature of 27.8°C.
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Fig. 6 (a) The spectrum and its (b) closer view for both FBGp and FBGy during temperature
calibration inside a water bath, from 30°C to 70°C.

Figure 6(a) shows the shifted wavelength spectrum when both FBGs were calibrated for
temperature in the water bath setup, and Fig. 6(b) shows a more precise shift of the wavelength
spectrum. In Fig. 6(b), more apparent shifts of the reflective peak wavelength for both FBGs can
be seen due to the FBG characteristics, which exhibit linear responses toward strain and temper-
ature. The primary purpose of this calibration is to obtain the responsivity values of both FBGs
when subjected to different sets of temperatures, so a temperature compensation factor can be
considered whenever temperature variations occur.

The graph of the wavelength versus temperature for both the FBGp and the FBGr is plotted
in Fig. 7. From the plot, both FBGs have an identical linear response of 0.0104 nm/°C toward
temperature changes. Because FBGt was unaffected by the strain, any shifts in the FBGy reflec-
tive peak wavelength indicate temperature variations surrounding the FBGy, hence providing
a temperature compensation factor for the FBGp. This enables the exact shift due only to strain,
not temperature variances.

In addition, Fig. 8 was plotted to show the thermal expansion factor of the FBG when FBGp
was installed on the 3D-printed actuator. For the low-temperature region of 30°C to 50°C,
we observe in Fig. 8(a) that FBGp exhibits a sensitivity value of 0.0106 nm/°C compared with
0.0104 nm/°C in Fig. 7(a). However, in a condition in which the temperature is only in the range
of 25°C to 40°C, it has been observed in previous works that the wavelength shift due to the
thermal expansion of a material is insignificant at low temperatures compared with the total
changes due to the induced strain.*”*® This is supported in Ref. 37 in which the authors attached
both FBG ends to a platinum plate that was heated from room temperature of 25°C up to 400°C.
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Fig. 8 Wavelength response of (a) FBGp and (b) FBG+ after installation on the 3D-printed
actuator.

The authors found that, at 26°C, the difference in the wavelength shift was only 0.000067 nm,
considered small and insignificant compared with the total changes due to induced strain. In fact,
up to 40°C, the difference in the shift was lower than 0.0001 nm, so we can neglect the shifts due
to the slight temperature change. However, at a high temperature of 400°C, a 0.25 nm difference
in the wavelength shift was observed, and this value should then be included in the thermal
response analysis of FBG sensors due to a significant difference in the wavelength shift. Because
the experiment was conducted in the environment with temperature ranging from 20°C to 40°C,
the thermal expansion of PLA can be neglected in the thermal-strain analysis of FBGp. In addi-
tion, a similar linear response is observed in both Figs. 7(b) and 8(b) because, in both cases,
FBGt was left unstrained and unattached to any structure or material.

Figure 9(a) shows the wavelength spectrum when the device was subjected to different
weights, exerting vertical pressures on top of it, ranging from 0 to 4.4 kPa. FBGp exhibits shifts
in the wavelength spectrum, whereas FBGr indicates no change. The constant wavelength spec-
trum of FBGr verifies that there are no temperature variations during the experiment and that no
temperature compensation is needed for the FBGp wavelength measurements. The graph of the
wavelength response against the weights applied is plotted in Fig. 9(b); we obtained the sensor’s
sensitivity to be 0.152 nm/kPa. This device yields better sensitivity than previous designs, such
as those by Li et al.*> and Hong et al.,”* which recorded a sensitivity value of 0.00112 and
0.00007 nm/kPa, respectively. Another significant finding highlighted in the figure is the start-
ing point of the sensor’s optimum operating range. In Fig. 9(b), it can be observed that the plot is
linear, starting from 0.4 kPa of pressure applied up to 4.4 kPa. Below 0.4 kPa, the sensor exhibits
no response because the FBG was initially loose due to fabrication defects.



1536.0 1.8

FBG P . ~ | oxea aapa| [ Linear fit
—40 Shift 1535848« " ([ —116 _
£ — 153564 " W i o7 L4 E
@ £ 4 | |" o -
o £ 1535445 w ‘ 1 L1.2 &
< w A VI I <
£ B15362] TR BT 4 F1.0 @
8 © 1535.0- 0.8 ©
Ko Q 15348 & y=0.152x+1534.3 | . o S
7} o ' r R? = 0.9987 T e
= = 153461 ' L04 &
153444 .~ Fea plo2 =
: 1534.2 4— . ’ y . 0.0
1534 1536 1538 1540 1542 1544 0 1 2 3 4 5
Wavelength (nm) Applied pressure (kPa)
(a) (b)

Fig. 9 (a) The wavelength spectra for both FBGs when the sensor was subjected to different
pressures and (b) the linear response of the device during the laboratory calibration up to 4.4 kPa
with the inset giving clearer wavelength shifts of the reflective peak.

1535.07 - 0.24
Ewfows ——waw oo Linear fit
—404 1535.0442 _, —_—1021
—_ z e c
‘% E 1535.01+ i ot L0.18 £
_50 £ & i i £
E - 1534.984 - n‘a.e 16350 153 455.4 e r0.15 <
> - Wavelength (nm) [
=  1534.95 o 0.12 S
B 60 o e 2
Q O 1534.92 4 0.09 §
% 3 7 y=00197x +1534.8 2
14 ~70 < 1534.894 ’ R2=0.9933 +0.06 3
(| ) 1534.86 4 o L0.03 =
I o YT T d FBG P
- ‘ 1534.83 T T T T T 0.00
15634 1536 1538 1540 1542 1544 0 1 2 3 4 L}
Wavelength (nm) Pressure applied onto the soil (kPa)
(a) (b)

Fig. 10 (a) The wavelength spectra for both FBGs and (b) the linear response of FBGp with the
inset giving more apparent wavelength shifts of the reflective peak when the sensor was subjected
to 0 to 4.4 kPa pressures during the dry soil testing.

Figure 10(a) shows the spectrum of the FBGs during the dry soil testing, and from the
spectrum itself, it is observed that it exhibits minor wavelength shifts compared with the labo-
ratory calibration spectrum in Fig. 9(a). This is proven in Fig. 10(b), as the plot verifies that the
device’s response during the dry soil testing yielded a sensitivity value of 0.0197 nm/kPa when
pressures were exerted on top of the soil by the weights. The value is lower than the laboratory
calibration value by ~7.7 times.

Figure 11(a) shows the wavelength spectrum of both FBGp and FBGy during the wet
soil testing, and Fig. 11(b) shows the linear response of FBGp toward applied pressures in wet
soil conditions. Figure 11(b) shows that FBGp yields a more considerable sensitivity value of
0.0302 nm/kPa during the wet soil testing, compared with the dry soil testing value in Fig. 10(b),
which is 0.0197 nm/kPa. During the field test, water was poured on top of the soil directly above
the sensor to study the sensor’s performance in wet soil conditions. The water binds the soil
particles together, causing the soil to become more compact, reducing its thickness, and affecting
the pressure distribution inside the soil. This resulted in the soil above the sensor becoming
denser,” and the pressure applied on top of the area became more concentrated compared with
the dry soil conditions. The dry soil is less dense than the wet soil; hence, the pressures are more
widely distributed.

However, excessive water infiltration causes the loosening of the soil structure with an
increased soil permeability.** On the other hand, some soils have a high clay content, which
means that they can expand significantly when saturated with water. This expansion can cause
the soil to push up and outward, increasing its thickness and affecting the pressure distribution
inside the soil.
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Fig. 11 (a) The wavelength spectra for both FBGs and (b) the linear response of FBGp with the
inset giving more evident wavelength shifts of the reflective peak when the sensor was subjected to
0 to 4.4 kPa pressures during the wet soil testing.

Furthermore, by referring to Figs. 9-11, the different test conditions give different FBG
responses toward applied pressure in terms of its sensitivity value. The sensitivity of the dry
and wet soils is smaller compared with that in the laboratory condition. This implies that the
central pressure disperses from the column to the surrounding soil in the case of dry and wet
soils. Therefore, the actual force experienced by the sensor is much less due to the force being
transferred and distributed to all directions in the soil, resulting in a lower pressure value if the
force is directly applied on top of the sensor, as indicated in the laboratory calibration. However,
the highest pressure expected to be applied to the soil is below the weight. The weight of a certain
width induces the highest pressure until the depth equals its width.*'** In addition, Ref. 43 suc-
cessfully created a simulation of the soil structure failure analysis of the force distribution caused
by weights (footing) that is heavily affected by its width. In addition, Figs. 9(a), 10(a), and
Fig. 11(a) did not exhibit any wavelength shift at FBGy, which proved that there were no temper-
ature variations when the measurements were taken.

Tables 1-3 present the standard deviation of five different pressure measurements of the
device during the laboratory calibration, dry soil, and wet soil testings, respectively. The pres-
sures are calculated using a ratio of the laboratory sensitivity value to the actual wavelength
shift value acquired during the field test. The sensitivity value obtained in the laboratory is
0.152 nm/1 kPa, which is rewritten as

0.152 nm
A — 14
1 kPa (14

Table 1 Standard deviation of five pressure measurements of the sensor when it was subjected to
1.3, 3.0, and 4.4 kPa pressures during laboratory calibration.

Laboratory calibration

1.3 kPa 3.0 kPa 4.4 kPa
Calculated Calculated Calculated

Measurement pressure (kPa)  Measurement  pressure (kPa)  Measurement  pressure (kPa)
1 1.293 1 2.980 1 4.413

2 1.319 2 3.006 2 4.387

3 1.267 3 3.030 3 4.361

4 1.293 4 2.980 4 4.440

5 1.319 5 3.006 5 4.387

Standard deviation 0.019 Standard deviation 0.018 Standard deviation 0.027




Table 2 Standard deviation of five pressure measurements obtained from the sensor when 1.3,
3.0, and 4.4 kPa pressures were applied on top of the soil during dry soil testing.

Dry soil testing

1.3 kPa 3.0 kPa 4.4 kPa
Calculated Calculated Calculated

Measurement pressure (kPa)  Measurement  pressure (kPa)  Measurement  pressure (kPa)
1 1.916 1 2111 1 2.306

2 1.898 2 2.103 2 2.366

3 1.942 3 2.133 3 2.344

4 1.938 4 2.099 4 2.331

5 1.944 5 2.089 5 2.288

Standard deviation 0.017 Standard deviation 0.014 Standard deviation 0.028

Table 3 Standard deviation of five pressure measurements obtained from the sensor when 1.3,
3.0, and 4.4 kPa pressures were applied on top of the soil during wet soil testing.

Wet soil testing

1.3 kPa 3.0 kPa 4.4 kPa
Calculated Calculated Calculated

Measurement pressure (kPa)  Measurement  pressure (kPa) Measurement  pressure (kPa)
1 2.352 1 2.633 1 2.990

2 2.338 2 2.652 2 2.999

3 2.388 3 2.674 3 2.992

4 2.377 4 2.649 4 3.008

5 2.372 5 2.628 5 3.005

Standard deviation 0.018 Standard deviation 0.016 Standard deviation 0.022

This expression indicates that, for every 1 kPa of vertical pressure, the FBG wavelength
shifts to a longer wavelength with a value of 0.152 nm. During the field test, when a certain
amount of vertical pressure, x, was applied, a wavelength shift of Alp is obtained as follows:

Alp nm
x kPa

Thus, by relating both equations, the following expression in which x is the pressure to be cal-
culated is obtained:

(15)

0.152 nm _ Alg nm
1kPa  xkPa '

From the tables, it is observed that each measurement indicates a low standard deviation value,
which proves the repeatability of the sensor. Table 1 shows that, when 1.3 kPa of pressure was
applied on top of the sensor in the laboratory condition, the calculated pressure was nearly similar
to the actual pressure. However, in Table 2, when 1.3 kPa of pressure was applied on top of the
soil in dry soil conditions, the device recorded a 1.9 kPa of pressure instead of 1.3 kPa.
It was due to the additional 7 kg of soil directly above the sensor, which was calculated using
the soil density of 1600 kg/m? and the soil volume of 0.0045 m?, which was calculated using

(16)



the cross-section area of 15 X 15 cm? and the soil height of 20 cm. Although an applied pressure
of 1.3 kPa is expected, it is not equal to the 1.9 kPa recorded in Table 2.

For the dry soil testing, when the applied pressure was 3.0 kPa, the sensor detected around
2.1 kPa. A similar argument can be used as in the first case. This argument can be applied to the
next case with a pressure of 4.4 kPa. In addition, this has been explained in Refs. 41 and 42,
whereby the measured pressures taken from the wavelength shift gives a value less than the actual
applied pressure. It is due to the additional weight distributed across a specific soil volume.
A similar discussion can be said for Table 3 in the case of wet soil. For the case of 1.3 kPa,
the calculated value is roughly about 2.4 kPa, which is slightly higher by 0.5 kPa. This is due
to the extra weight of the water when mixed with the dry soil. Similarly, the same discussion can
be applied to the 3.0 and 4.4 kPa of applied pressure.

In addition, for different soil types, it is important to note that sensor recalibration is needed.
The sensor needs to be buried with different kinds of soil and tested using the same vertical
pressure applied on top of it. Therefore, several sensitivity values can be obtained by plotting
the wavelength versus pressure graph for different soil types. Furthermore, in this paper, the
sensor was not intended to determine the soil’s mechanical properties or even the soil type.
Further analysis and data mapping (database) are needed because the value of the vertical pres-
sure alone is insufficient to determine the soil’s physical properties. It would be an exciting topic
to explore in the future.

4 Conclusion

An optical-based pressure sensor was proposed and demonstrated using FBGs embedded in a
novel cantilever design. The sensor utilized an FBG attached to a 30 X 30 X 30 mm actuator as
the pressure sensing mechanism. The sensor was initially calibrated in the laboratory, giving a
sensitivity of 0.152 nm/kPa, and tested with weights of 1 to 10 kg placed onto it that exerted
pressures ranging from 0 to 4.4 kPa. In the actual testing in the field, in which the pressure sensor
was placed about 20 cm in dry and wet soil, the device exhibited a reduced sensitivity of 0.0197
and 0.0302 nm/kPa, respectively. The reduced sensitivities were primarily due to the force/
pressure from the weight, which was evenly distributed in the soil. A distance of 20 cm between
the soil surface and the device significantly reduced the actual pressure experienced by the sen-
sor. The obtained laboratory sensitivity was better, and the sensor performed well. It is evident
that using this design and the materials used, the FBGs were very well protected. The proposed
design will be suitable for the harsh environment inside soil.
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