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Abstract— The design and performance of an innovative high-precision
extensometer system, fabricated inexpensively using 3D printing technology, are
discussed in this paper. In the development of the extensometer, an embedded Fiber
Bragg Grating (FBG) strain sensor was 3D printed using a thermoplastic polyurethane
(TPU) filament, which was used as the primary sensing element of the extensometer
system, taking advantage of its excellent flexibility and high sensitivity to variations in
localized strain. In the performance assessment carried out, the results obtained during
the experimental test and validation have demonstrated that it could be used very
effectively to measure strain variations, with an average wavelength responsivity of
0.0158 nm/cm (for displacement) and very high linearity (up to 99%). Furthermore, the
protection integrated into the sensor systems design makes it well-suited for in-the-
field applications, such as monitoring ground displacements which can lead to
dangerous slippages of sloped earthworks. In addition, a field testing of the
extensometer under simulated conditions has shown that a Fiber Bragg Grating (FBG)-
based approach could be applied effectively to the measurement of strain, offering a
wavelength responsivity of 0.0012 nm/ue (for strain-sensitive FBGs) under both dry and
wet soil conditions. Moreover, taking advantage of the high (~99%) linearity, the
extensometer is a reliable instrument for use in different underground conditions,
creating an easy-to-use ground movement monitoring system which then enables an
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I. Introduction

ROUND movements usually occur in significant volumes,

posing a serious and costly threat [1] which can cause
irreversible damage [2], [3] and, in many cases, severe loss of
life. Landslides thus can cause disastrous situations and
significant casualties due to the ground displacements which
arise from heavy rains, earthquakes, and even volcanic
eruptions, leading to numerous fatalities and damage as has
been seen in the past few decades across the globe [4]. The
effects of torrential or heavy rain, coupled with wet antecedent
soil moisture conditions, combine to create landslides [3], [5].
The absorbed water reduces the soil strength and increases the
stress [3], making it imperative for early field monitoring,
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especially in the hilly areas, which are much more susceptible
to landslides. This emphasizes the need for more effective, early
detection of incipient soil movement, which is needed to warn
about the instabilities in the condition of the slope being
monitored [4], [6].

Over the past few years, new techniques for monitoring have
been developed, allowing continuous measurement of ground
movement [6] and thus replacing existing (and often less
accurate methods) measures of ground movement.
Furthermore, underground monitoring devices such as
extensometers [7]-[9] can be used to monitor ground
movements by correlating the change in strain observed with
ground movements [7], [9] as the basis of early warning system
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(EWS) performance. Existing conventional monitoring
methods, such as electrically-based multipoint extensometers
[6] and inclinometers [10], however, shows key limitations in
practical usage, often critical applications, such as poor sensor
stability, bulky in size, limited in-the-field durability, as well as
being highly susceptible to electromagnetic interference (EMI)
[10], [11]. Furthermore, given that the sites being monitored are
often large and remote, the high signal loss over the long-
distance transmission needed is a significant drawback in using
conventional monitoring methods. Thus, this effectively
prohibits the effective large-scale slope monitoring [11], [12]
that is required. Another shortcoming of these traditional
methods is that they do not have multiplexing capabilities that
allow several sensors' interrogation in a single system.

A study by Corominas ef al. [6] on slope monitoring has
resulted in a new approach. A wire extensometer system based
on the deflection of wire inside a borehole is applied to monitor
surrounding ground movement, to allow the relative
measurement of the positions of two chosen points. It operates
as follows. First, the degree to which wire is displaced is
monitored based on the electrical signals from the
potentiometer that has been mounted. However, this method
has the disadvantage of potential misinterpretation of the
signals received due to the displacements (resulting from a
landslide event) and signal interference (from any extraneous
electromagnetic interference (EMI)) present, for example.
Further work by Cumunel et al. [13] discusses using a long-
gauge optical fiber extensometer system based on a method
using low coherence interferometry to determine the extension
of a cantilever beam. However, compensation for temperature
changes is needed, but this cannot be implemented as the sensor
itself and temperature compensation mechanism required
cannot be in the same place — making the design unsuitable for
borehole applications.

Fiber optic sensors provide a highly effective alternative to
existing conventional sensors for several important reasons.
They show better resistance than metallic sensors to corrosion
[14], can offer higher precision, and importantly are immune to
electromagnetic interference (EMI) [15]. Importantly the low
loss of the fiber means that the signal integrity remains high
over distances of even several kilometers — highly relevant for
in-the-field monitoring conditions. Systems like this can easily
be installed, and the insulator nature of the fiber itself means
there is no risk of short-circuiting when used in a wet
environment [11]. The Fiber Bragg Grating (FBG) can form the
basis of the sensor and show advantages over conventional
sensors (such as piezoelectric sensors) using not intensity but
wavelength changes as the basis of the measurements [16].
FBG-based sensors had been broadly applied in a wide range of
fields [17]-[19], due to being small in size, lightweight,
flexible, allowing quasi-distributed monitoring and
multiplexing capabilities, with continuous monitoring
capabilities [20], [21] and good chemical stability [16], [22],
[23]. Given these benefits, an FBG-sensor based approach to
remote and automated long-distance continuous monitoring
[23]-[25] has been chosen as the basis of the sensor designed
in this work.

Thus, a new FBG-based extensometer system has been
designed, laboratory tested, implemented, and compared to
methods described in the literature, e.g., [20], [26], [27]. Table

I shows the comparison between previous work and our work
in terms of measurement range, responsivity, and resolution.
Our proposed extensometer provides a more extensive
measurement range with reasonable responsivity than the
others. It also gives an alternative low cost and easy to fabricate
design, taking advantage of 3D printing technology (also
known as FDM technology [19], [25]). It is also crucial to
provide temperature compensation for the extensometer design
to ensure that it can be used effectively on site. So, an additional
FBG was incorporated and characterized in a laboratory test
chamber over the temperature range of 25°C to 50°C.
Furthermore, the extensometer system can also be applied in
various engineering applications such as structural health
monitoring of bridges [28] and tunnels [29], offering a solution
for structural monitoring in typical situations experienced in the
field.

TABLE |
TABLE OF COMPARISON BETWEEN THE PREVIOUS WORKS AND OUR
DESIGN
Ref Measurement Responsivity Resolution
Range (mm) (nm/ue) (nm)
[20] 80 0.0065 0.05
[26] 40 0.0015 0.10
[27] 50 0.0016 0.10
This 100 0.0012 0.02
work

IIl. EXTENSOMETER DESIGN AND OPERATION

A. Extensometer design

The FBG-based extensometer design developed in this work
is shown in Fig. 1. This innovative design takes advantage, as
discussed, of 3D printing technology to create a system that
enables the accurate measurement of the strain variation
resulting from the horizontal displacement occurring. A broad
choice of filaments (‘printer inks') is available to offer the
maximum flexibility best to meet the requirements of the in-
the-field applications. For example, thermoplastic polyurethane
(TPU) filament is used to embed the FBGs taking advantage of
its high flexibility and durability [30] to allow it to withstand
much higher tensile forces, compared to other standard
filaments such as those using polylactic acid (PLA) and
acrylonitrile butadiene styrene (ABS) [31]. A further reason for
the choice of TPU is its high strain sensitivity (among other
filaments), making it well suited to use on pipes or cylindrical
structures [23], [32]. Furthermore, rigid filaments (made of
PLA) are well suited to the design of the temperature
compensation in the sensor system, taking advantage of its
hardness [30], as well as the ease of setup of the system and
printing [15].

To construct the sensor system from the various 3D printed
components, the commercial adhesive could then be applied to
bond the FBG and the inner walls of both the TPU and the PLA
materials, taking advantage of their ability to function well over
a wide range of temperatures [33]. A PVC pipe was chosen as
the extensometer body. Published work [34], [35] had shown
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that polyvinyl chloride (PVC) pipes are good to use for bending
applications taking advantage of their flexibility, lightweight,
and ease of installation, compared to metallic pipes [34]. PVC
pipes can also sustain more significant tensile stress without
failing [36], necessary for strain measurements and ease of
construction. In addition, the commercial protective tape can be
used to seal and bond the sensors to the extensometer body for
use even below ground level, without this affecting its
performance. The system was packaged in a way that makes it
well suited to in-the-field applications, for the extensometer to
operate efficiently and reliably, a protective nylon cloth (and
adhesive tape) was used as reinforcement on the extensometer
to ensure a smooth finish [1] and to prevent ingress of moisture
from the soil [35], especially during installation.

As shown in Fig. 1, the extensometer system was fixed
rigidly at two points, allowing any strain occurring between
those two points to be measured, and the data collected then
analyzed. When placed in a vertical position (as is the case for
underground use), the extensometer will inevitably be
influenced by the soil surrounding it. Due to gravity, this will
affect the extensometer structure by causing a displacement
along its length.
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Fig. 1. lllustration of the design of the FBG-based extensometer

system, showing the strain sensitive FBGs (FBG1,2....5) written onto
the optical fiber used and also on the temperature compensator (FBG
T) placed at the joint and cap

B. FBG-based strain sensor

A schematic diagram of the embedded FBG-based strain
sensor is shown in Fig. 2 where the sensor was fabricated with
3D printing technology, using the TPU filament material. The
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Fig. 2. lllustration of the dimensions of the embedded FBG-based
strain sensor (as stated) used in the extensometer system

sensor element (FBG 1, 2 ....5 from Fig. 1) was cuboid-shaped
with the FBG embedded inside of dimensions of 40 x 1.2 x 1.2
mm and an infill density of 20 %. Furthermore, as shown in Fig.
2, the sensor has been designed with a thin base (or brim) to
allow better adhesion to the extensometer structure. The FBG
was pre-stressed before the gluing process using cyanoacrylate
glue to bond the FBG to its position inside the printed holes (1.2
mm x 1.2mm), where the pre-stressing was applied by pulling
the end of the fiber containing the FBGs, noting that it was
taped to stop the fiber from moving before the gluing process
was carried out.

C. Temperature compensation (through the FBG T)
integrated with the joint and joint cap

As can be seen from the figure, a further FBG (denoted as
FBG T) has been incorporated in this extensometer system to
provide an effective temperature compensation mechanism.
This FBG was fixed in a casing to protect the FBG T (as shown
in Figure 3, also termed the 'FBG T joint') to maintain the
integrity of the system. Fig. 3(a) shows details of the FBG T
joint, which was 3D printed using the PLA filament and then
placed at the rigid points and thus free from any strain at each
end of the extensometer. The optical fiber was then inserted
through the holes in the FBG T joint, as shown in the figure,
and the FBG T was left loose inside the pipe so that it was not
subject to strain effects and could be used to measure
temperature changes alone. Finally, a cover was fabricated to
seal the joint and thus protect the FBG T to enable it to be used
effectively in the field. The dimensions of the design used in
this work are illustrated in Fig. 3(b).
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Fig. 3. lllustration of (a) the temperature compensation joint (containing
the temperature compensating FBG element FBG T) and (b) its
protective joint cap, showing also the dimensions used

D. Design principles for the FBG-based extensometer
system

The FBG-based strain sensors attached to the body of the
extensometer were created by embedding an optical fiber,
containing the in-fiber written FBGs, inside a 3D printed
structure (TPU), (with dimensions as stated in Fig. 2), where,
as indicated before, FBG acts as a wavelength-selective device.
Noting that changes in the surrounding temperature affect the
Bragg wavelength due to the thermal expansion or contraction
of the grating periodicity, in most practical applications, the
Bragg wavelength shift of FBGs (44;), can be written as in Eq.

(1[4], [30]:
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% = (1 = pess)Ae + (a + E)AT 1)

where p.ss represents the photo-elastic parameter of the
material, Ae the strain changes experienced, a is the coefficient
of thermal expansion of the fiber material, ¢ is the thermo-optic
coefficient of the fiber, and AT is the temperature change
experienced. The use of an unstrained FBG (where Ae = 0 in
Eq. (1)) is used to provide temperature compensation (as seen
in FBG T) for the determination of the temperature effect alone
and thus to compensate for it and allow the strain effect alone
on each FBG used to be determined.

In this work, the different FBG strain sensors incorporated
were attached to a PVC pipe which formed the body of the
extensometer, as shown schematically in Figs. 4(a) and (b). The
displacement curve, v(x), can be derived through the curvature
function, K(x), based on the geometric relationship of the
curvature and displacement of the span of the device. Assuming
the displacement is small, the curvature and vertical
displacement are given by Yau ef al. [28], based on the similar
mathematics seen for a bridge structure, where:

K= @

giving,
v = [[ K dxdx €)
v =K [[ dxdx 4

The correlation between the strain, €, and the curvature, K, of
the extensometer is given by:

K= )

where 7 is the n'" longitudinal location of strain measured and y
is the distance from the neutral axis of the cross-section. For
two sensors placed on the top and bottom of the structure under
investigation, at corresponding longitudinal locations the
curvature K can be expressed as

Ep— &t

K== ©)
where / is the distance between the FBG sensors, €5, and &, are
the strain measured at the bottom and at the top of the structure,
respectively. Since the strain was only measured at the bottom,
& was considered to be zero ( &= 0). When measuring the
vertical displacements of the extensometer in real-time, the
curvature curve can be assumed to be a quadratic equation:

K(x,) = ax?+bx, + ¢ @)

where a, b and ¢ are unknown constants and determined by the
least square method. The displacement curve can then be
determined by performing a double integration in which Eq. (7)
is substituted into Eq. (3) to give,

v(x) = [f (ax} + bx, + ¢) dxdx ®)
4 3 2
v() =+ 2+ T hdxte ©)

where d and e are integration constants that can be obtained by
applying the boundary conditions: zero displacements occur at
the fixed ends of the extensometer (these are rigid points). This
condition can be represented mathematically as v(0) = 0 and
v(L) =0, where L is the span length of the extensometer, giving

e=0and
L3 bL? L
d=-(5+%+9) (10)
Substituting Eq. (10) into Eq. (9), the displacement function can
then be determined as

4 3 2 3 2

ax bx cx alL bL cL

v(x)———+—+——(— — —)
12 6 2 12 6 2

(11)

The temperature compensating grating, FBG T, was installed to

eliminate any temperature cross-sensitivity in strain
measurements.
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Fig. 4. lllustration of (a) top and side view of extensometer (without the

protective layer) and (b) the working principle of the FBG-based strain
sensor installed on the PVC pipe (extensometer body)

I1l. LABORATORY-BASED CALIBRATION OF THE SENSOR
SYSTEM

A. Comparison of protected and unprotected FBG
sensors

The experimental setup used to allow a comparison of the
performance of both ‘protected’ and ‘unprotected’ FBG sensors
is illustrated in Fig. 5(a). The type of FBG used is the uniform
positive-only index change. Here the aim is to evaluate if the
performance of the sensor system was affected by the tape used
to protect it from the environment. Photographs of the two
setups are shown in Fig. 5(b). In the 'protected' arrangement,
self-fusing silicon rubber tape was chosen for its outstanding
characteristics, as it has excellent moisture and waterproofing
properties and is highly flexible and is long-lasting at extreme
temperatures (-60°C to +200°C) — all this making it very well
suited for sealing materials below ground level. Thus, after
sealing the FBG-based strain sensor system with protective tape
(silicon self-fusing tape) to create the 'protected' sensor set up,
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the performance of the FBG strain sensor could then be
evaluated, also allowing a comparison between the ‘protected’
and unprotected' setups. Fig. 5 shows one of the FBG-based
strain sensors (of dimensions as stated in Fig. 2) attached to one
side of the PVVC pipe (the 'tensile side") at the zero displacement
point — this was used to acquire the initial spectrum of the
‘unprotected' FBGs. Then, at the bending point (which was 82.0
cm from the zero displacement point in a pipe of length 168
cm), the PVC pipe was displaced horizontally, at intervals of
2.5 cm, from zero to 10.0 cm, noting the shift in the reflective
wavelength of the FBGs. Here the aim is to evaluate if the
performance of the sensor system was affected by the tape used
to protect it from the environment. Photographs of the two
setups are shown in Fig. 5(b). In the 'protected' arrangement,
self-fusing silicon rubber tape was chosen for its outstanding
characteristics, as it has excellent moisture and waterproofing
properties and is highly flexible and is long-lasting at extreme
temperatures (-60°C to +200°C) — all this making it very well
suited for sealing materials below ground level. Thus after
sealing the FBG-based strain sensor system with protective tape
(silicon self-fusing tape) to create the ‘protected’ sensor set up,
the performance of the FBG strain sensor could then be
evaluated, also allowing a comparison between the 'protected’
and unprotected' setups. Fig. 5 shows one of the FBG-based
strain sensors (of dimensions as stated in Fig. 2) attached to one
side of the PVC pipe (the 'tensile side") at the zero displacement
point — this was used to acquire the initial spectrum of the
‘unprotected' FBGs. Then, at the bending point (which was 82.0
cm from the zero displacement point in a pipe of length 168
cm), the PVC pipe was displaced horizontally, at intervals of
2.5 cm, from zero to 10.0 cm, noting the shift in the reflective
wavelength of the FBGs.

Measurements on these two different setups were then
repeated, and results were compared. The response of the FBGs
used was observed using a Yokogawa AQ6370C (600 nm —
1700 nm) optical spectral analyzer. Fig. 5(c) illustrates a
representative output optical spectrum (of one of the FBG-
based strain sensors with a reflective wavelength of 1550.52 nm
before and after the protective tape was applied to hold the
sensor firmly). A slight initial wavelength shift of 0.122 nm was
detected when the protective tape was used to seal the FBG
strain sensor due to the strain that process applied to the sensor,
shifting the 'zero point' of the calibration. The responses of both
the 'protected’ and 'unprotected' strain sensors to strain
variations at positions 0 to 10cm were evaluated, and the results
are presented in Fig. 5(d). It can be seen that the 'protected’
sensor performance showed a sensitivity that was ~1.13 times
higher than that for the 'unprotected' sensor. Still, more
importantly, the key benefit of using this tape was its long-
lasting, anti-moisture, and excellent waterproof properties. For
many planned applications, the relatively air-tight sealing, the
ability to withstand an operating temperature range of -60°C to
+200°C, and resistance to water and moisture are important
advantages. In this way, it creates the basis of a practical sensor
for use in the field, especially in underground environments,
reliable for ground movement monitoring and operating under
various extremes of the possible weather conditions.
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Fig. 5. lllustration of (a) the experimental setup for the protected and
unprotected FBG-based strain sensor measurements, (b) comparison
(actual picture) of both unprotected and protected FBG strain sensor,
(c) the spectrum of ‘unprotected’ strain sensor (red dots) and the
‘protected’ strain sensor (solid blue line) and (d) linear fit of the
calibration of both ‘unprotected’ (red) and ‘protected’ (blue) strain
sensor.

B. Experimental strain measurements — System set up

Taking advantage of the superior performance of the
'protected' sensor arrangement, the experimental setup used to
evaluate the FBG-based extensometer based on it is presented
in Fig. 6(a). Here, the strain monitored arises from the
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horizontal displacement of the PVC pipe along with the optical
table, where the strain was monitored. The PVC pipe was first
laid horizontally on the optical table (equipped with a
rectangular grid of tapped M6 holes) to conduct a preliminary
laboratory evaluation. Then, both ends of the PVC pipe were
fixed with a stainless-steel bracket and four identical (M6-type)
Allen bolts (with two on each side) to prevent the PVC pipe
from rotating during the experiment. Next, the five FBGs (each
of different reflective wavelengths labelled as FBG 1 to FBG 5)
which form the sensor system were used and incorporated to
form the basis of the different measurement points considered
along the extensometer length (with FBG T wused for
temperature compensation). Next, the FBGs were evenly
distributed on the outer layer of the PVC pipe (tensile side,
assuming that the ground moves in this direction) to evaluate
the sensor performance, monitoring strain variations along the
horizontal axis. All six FBGs (FBG 1, FBG 2, FBG 3, FBG 4,
FBGS, and FBG T) were spliced together (Table II shows these
FBGs and their respective reflective wavelengths used in the
extensometer) in series along with a single optical fiber and
placed on one side of the pipe (with FBG T placed loose inside
the pipe to keep it insensitive to strain).

A schematic diagram of the interrogation system used is
presented in Fig. 6(b). Here an amplified spontaneous emission
(ASE) light source was connected to Port-1 of a 3-port
circulator. The optical fiber with the serially-spliced FBGs was
connected to Port-2, while its response was observed using a
Yokogawa AQ6370C (600 nm—1700 nm) optical spectral
analyzer (OSA), which was connected to Port-3. The responses
and thus reliability of each FBGs used for strain measurements
except for FBG T were obtained, based on the horizontal
displacement at the mid-length of the pipe at the bending point,
monitored on the optical table. The position of each FBG strain
sensor used and the bending direction of the pipe is shown in
Fig. 6(a). As the PVC pipe was bent towards the bending
direction, all the FBGs except FBG T, unaffected by strain
variations, would experience tensile strain. Their response was

o 0 10.0em
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Fig. 6. lllustration of (a) the top view of the experimental setup of the
FBG-based extensometer and (b) schematic diagram of interrogation
system for the FBGs used (FBG 1 to FBG 5) and FBG T.

measured at 2.5 cm intervals, ranging from 0 to 10 cm.
According to Hooke's Law, a linear correlation between the
strain and stress of the pipe would be expected (only until the
yield point where the pipe would be permanently deformed or
even broken).

TABLE I
FBG POSITIONS AND THEIR RESPECTIVE REFLECTIVE WAVELENGTHS USED
IN THE EXTENSOMETER

FBG Reflective Position along Condition

# wavelength (nm) the pipe (cm)

1 1557.5 41.0 Tensile Strain
2 1555.1 63.0 Tensile Strain
3 1552.5 85.0 Tensile Strain
4 1550.3 107.0 Tensile Strain
5 1546.0 129.0 Tensile Strain
T 1540.0 Inside the pipe Loose

C. Setup for field testing

Good packaging and protection in below-ground
environments are needed to ensure efficient and reliable
extensometer performance during field testing. A protective
nylon cloth was wound around the extensometer body to
provide waterproofing to protect the system further, as shown
in Fig.7 (a). Then, an additional layer of the black plastic sheet
was applied on the outer part of the extensometer body (shown
in Fig.7 (b)) to provide a smoother surface during installation
and conserve the soil moisture during testing. To determine the
exact location of each strain-sensitive FBG sensor (FBG 1,
FBG 2, FBG 3, FBG 4, and FBG 5) during installation, a cloth

Black
Plastic
Sheet

Protective
Nylon
Cloth

(a) (b)

(c)

Fig. 7. lllustration of (a) the winding scheme of protective nylon cloth,
(b) actual picture of black plastic sheet and protective nylon cloth, and
(c) the placement of cloth tape at the opposite side of all strain-sensitive
FBG sensors
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tape was used and pasted on top of the black plastic sheet on the
opposite side of each FBG sensors, as illustrated by Fig.7 (c).

The setup used to evaluate the extensometer response during
the field test is presented in Fig. 8(a), illustrating that the system
allows the bending of the extensometer to be associated with
soil movements simulated by applying known forces (from
weights), which causes strain variations that can readily be
monitored. First, the extensometer was suspended in the middle
of the container (of dimensions of 175 cm x 50 cm x 50 cm, and
25 cm from the bottom) using two PLA-based 3D Printed
extensometer holders (screwed into the wood), which provides
rigid points at both ends. Then, each end of the extensometer
was taped tightly with the extensometer holder, using cloth tape
to prohibit any form of rotation from occurring during testing.
Next, the exact location of each FBG sensor was marked on the
cloth tape, as shown in Fig. 8(b), following which the
extensometer was buried 10 cm underground (where the ground
level was monitored using a measuring tape attached to the
inner walls of the wooden box).

Fig. 6(b) shows the optical interrogation setup, with an
amplified spontaneous emission light source used at Port-1 of
the 3-port circulator. The serially-spliced FBGs were located on
the extensometer body connected to Port-2. In contrast, Port-3
was connected to a Yokogawa AQ6370C (600 nm-1700 nm)
Optical Spectrum Analyzer (OSA) to measure the response of
the FBGs to the applied forces using weights ranging from 1 kg
to 10 kg placed directly on the soil above each strain-sensitive
FBG location. It is illustrated in Fig. 8(b), and the earth can
move downwards under gravity.

Using this setup, the response of the extensometer was first
measured in dry soil, with weights increased in 1kg intervals
over the range from 1 kg to 10 kg, which was initially applied
to FBG 1. Then, the same steps were repeated for FBG 2, FBG

Lateritic | Side View Soil Movement
‘ Direction

Soil
To SC FC connector then OSA
FCsC
connector

3D Printed
Extensometer Holder
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ading 2" reading L“ reading
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(b)

Fig. 8. lllustration of (a) the field-testing setup for the FBG-based
extensometer and (b) picture of field testing taking place

3, FBG 4, and FBG 5, except for FBG T, inside the
extensometer body. The experiment was then repeated with wet
soil, using 10 kg in water mass, applying the forces, in the same
way, to enable a close comparison of the system's performance
under these different conditions.

D. Temperature Characterization

Temperature characterization on FBG T had also been
carried out by placing the FBG sensor inside a water bath to be
calibrated. To undertake this, the temperature inside the water
bath was initially set at 25°C (room temperature) and was
increased gradually (in 5°C intervals) until it reaches 50°C. At
the same time, the wavelength shift of FBG T was observed and
recorded.

IV. RESULTS AND DISCUSSION

A. Strain measurements using the FBG-based
extensometer system

Fig. 9 shows the reflection spectra of the series of FBGs used
in the optical fiber network forming the extensometer system.
Tests were carried out when the mid-length of the extensometer
was pushed towards the positive y-axis direction, as shown in
the setup in Fig. 6(a) — this direction (positive y-axis) is
perpendicular to the whole extensometer length on the x-axis.
These results obtained from the tests show that the reflective
wavelengths of FBG 1 to FBG 5 experience a redshift at
different values, as their horizontal displacement changes from
the initial point to 10 cm (in 2.5 cm increments). For example,
Fig. 9 illustrates that FBG 3 experiences the most significant
spectral redshift. It is because this FBG was placed directly at
the extensometer body's bending point, which was also the
furthest from the two rigid points. As expected, FBG 1 and FBG
5 experience the least spectral redshifts compared to the other
FBGs, as they are positioned nearer to the fixed points.

-20

FBG 5

FHG J
FBG 4
-30 FBGT
-40
-50

-60

FBGI

Intensity (dBm)

1535 1540 1545 1550 1555 1560

Reflective Wavelength (nm)

Initial 25¢m 50em ——7.5¢cm 10.0cm

Fig. 9. The wavelength spectra of all FBGs at different horizontal
displacements (from 0 to 10 cm, in increments of 2.5 cm)

The effect is shown in Fig. 9, illustrating that FBG3 shows
the maximum displacement compared to the other FBGs closer
to the rigid points. Fig. 10 provides the calibration of the
extensometer performance. Fig. 10(a) shows the wavelength
shifts in nm for all the five FBGs as they experience strain
variations in response to increasing horizontal displacement.
The wavelength shift of each FBG is different due to the
positions of the FBGs (and given by Akrsgn (Wheren=1,2 ...
5), such that AAppg3 > AAppg 2 & AAppgs >
AXppg 1 & AApgg 5)- Fig. 10(b) presents the strain profile of the
whole extensometer system with increasing horizontal
displacement with respect to the positive y-axis direction from

XXXX-XXXX © XXXX IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 10. lllustration of the of the (a) wavelength shift of all FBGs
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displacement towards the positive y-axis direction and (b) strain profile
of whole extensometer system with increasing horizontal displacement
towards the positive y-axis direction (Ocm to 10cm).
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0 cm to 10 cm in 2.5 cm increments, illustrating the system's
good performance overall.

The responsivities of each strain-sensitive FBGs with the
horizontal displacement are presented in Table III, confirming
the excellent linear fit seen in Fig. 10 with an average
responsivity of 0.0158 nm/cm, and as expected with each FBG
showing a different degree of wavelength shift due to their
different positions on the extensometer body as given in Fig.
6(a). Overall, a very satisfactory linear fit is observed, with an
excellent average R? value of 0.87, providing confidence in
using the extensometer system in practice.

TABLE Il
RESPONSIVITY OF EACH STRAIN SENSITIVE FBG (N =
1...... 5) TO STRAIN VARIATION

FBG Responsivity R?
# (nm/cm)
1 0.0050 0.8167
2 0.0151 0.9800
3 0.0360 0.9921
4 0.0166 0.9796
5 0.0065 0.9000

B. Field testing of the extensometer in both dry and wet
soil

The setup shown in Fig. 8 was used to evaluate the
extensometer system in both dry and wet soil. To do so, firstly,
the wavelength shifts of several FBGs, FBG T and FBG 4, these
being a strain insensitive FBG and a strain sensitive FBG,
respectively, in the optical fiber network before and after being
buried underground, were obtained and are shown in Fig. 11.
From Fig. 11(b), it can be seen that FBG 4 experiences a
blueshift of 0.24 nm, indicating that it is shifted to the left after
being buried, which aligns well with the average wavelength
shift for all strain-sensitive FBGs of 0.24 nm. Furthermore, the
blueshift experienced also shows a decrease in surrounding
temperature after being buried, causing the gratings of the
strain-sensitive FBGs to experience both temperature and strain
changes.

In order to allow the temperature effects to be corrected, the
wavelength shift for all strain-sensitive FBGs was subtracted
from the data obtained in Fig. 11(a), showing that FBG T was
shifted to the left by 0.16 nm after being buried. Accurate strain
measurement can be obtained from the strain-sensitive sensors
by subtracting off with 0.16 nm from the data obtained in FBG
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Fig. 11. lllustration of the wavelength shift of FBG T (strain
insensitive FBG) and (b) FBG 4 (example of strain sensitive FBG) before
and after being buried underground and (c) temperature sensitivity of
FBG T
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Fig. 12. lllustration of (a) the wavelength shift (nm) of all FBGs in
response to increasing applied weights (kg) on FBG1 in dry soil and (b)
wet soil, (c) the wavelength shift (nm) of all FBGs in response to
increasing applied weights (kg) on FBG2 in dry soil and (d) wet soil, (€)
the wavelength shift (nm) of all FBGs in response to increasing applied
weights (kg) on FBG3 in dry soil and (f) wet soil, (g) the wavelength shift
(nm) of all FBGs in response to increasing applied weights (kg) on
FBG4 in dry soil and (h) wet soil, (i) the wavelength shift (nm) of all
FBGs in response to increasing applied weights (kg) on FBGS5 in dry
soil and (j) wet soil.

T. This is also due to the gratings of FBG T experiencing only
temperature changes as a result of a decrease in surrounding
temperature, thus, making it suitable as a temperature sensor to
provide compensation. The temperature sensitivity of FBG T
was shown in Fig. 11 (c), where it is monitored to be 18.5
pm/°C.Fig. 12 shows data on the field testing when the weights
are applied, with separate bar graphs showing the wavelength
shift of each extensometer FBG in both dry and wet soil. Fig.
12(a) shows the effect in dry soil on FBG 1, showing the
differences in the wavelength shifts of each strain-sensitive
FBG, and Fig. 12 (b) shows a similar calibration graph for wet
soil when weights are applied to FBG 1. Fig.
12(c),(d),(e),(f),(g),(h),(i), and (j) provides the detailed
calibration data when weights were applied to each FBG
location, inducing strain with the difference in wavelength
shifts being due to the movement of soil acting upon each FBG
forming the sensor system.

Figure 12 illustrates that the FBGs showing the highest
wavelength shift are those where the highest strain has been
induced and which experience the highest weights applied — for
instance, from Fig. 12(a), FBG 1 shows the highest wavelength
shift followed by FBG 2 and FBG 3, while FBG 4, FBG 5, and
FBG T showed no responses, as the distance of each FBGs from
the rigid point significantly affects its response. For example,
Fig 12(c) shows that the wavelength shift of FBG 1 is higher
than FBG 4 but lower than FBG 3 when FBG 2 was strained
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Fig. 13. lllustration of the calibration graphs (in both dry (in red) and
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because FBG 1 is closer to the rigid point than FBG 3. The
calibration also shows that the wavelength shifts of all the FBGs
forming the extensometer system were also higher in wet soil
than in dry soil conditions. Fig. 13 shows the calibration graphs
of all the strain-sensitive FBGs under both dry and wet soil
conditions. Fig. 13(a) shows the wavelength shift of FBG 1 to
increasing strain due to applying weights above the location of
FBG 1 in both dry and wet soil. A similar approach was applied
to the other FBGs, FBG 2, FBG 3, FBG 4, and FBG 5, and the
calibrations from these are given in Figs. 13(c), (d), (e), and (f)

The responsivities of all the strain-sensitive FBGs with
respect to varying applied weights are similar in dry and wet
soil conditions, giving an average wavelength responsivity of
0.0012 nm/pe. However, the central wavelength shift of all the
FBGs studied in damp soil was higher, as they experience a
higher strain variation than under dry soil conditions. In
addition, a slight shift in the initial central wavelength of all the

FBGs used (~0.01 nm) was due to the wet soil being slightly
heavier than the dry soil. Fig. 14 illustrates this for all the FBGs
under both types of conditions.

Fig. 14 shows several graphs of the strain profile in response
to various strains resulting from weights applied to several
respective FBG locations. FBG 3 shows the most significant
effect as it is located at the bending point of the extensometer
body and thus furthest from the rigid points, compared to FBG
1 and FBG 5, closer to the fixed points. This also explains why
no strain was recorded for FBG 4 and FBG 5 when weight was
applied to FBG 1 as it was further away from the applied
weight. The same argument applied when the weight was
placed on FBG 5, and thus no strain was detected from FBG 1
and FBG 2. In wet soil conditions, muddy and less solid than
dry soil, the strain profile was more significant due to the
greater bending of the extensometer.
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Fig. 14. lllustration of (a) the strain profile of the extensometer in
response to increasing applied weights (kg) on FBG1 in dry soil and (b)
wet soil, (c) the strain profile of the extensometer in response to
increasing applied weights (kg) on FBG2 in dry soil and (d) wet soil, (e)
the strain profile of the extensometer in response to increasing applied
weights (kg) on FBG3 in dry soil and (f) wet soil, (g) the strain profile of
the extensometer in response to increasing applied weights (kg) on
FBG4 in dry soil and (h) wet soil, (i) the strain profile of the extensometer
in response to increasing applied weights (kg) on FBGS5 in dry and (j)
wet soil.

Fig. 15. lllustration of (a) the displacement of the extensometer in
response to increasing applied weights (kg) on FBG1 in dry soil and (b)
wet soil, (c) the displacement of the extensometer in response to
increasing applied weights (kg) on FBG2 in dry soil and (d) wet soil, (e)
the displacement of the extensometer in response to increasing applied
weights (kg) on FBG3 in dry soil and (f) wet soil, (g) the displacement
of the extensometer in response to increasing applied weights (kg) on
FBG4 in dry soil and (h) wet soil, (i) the displacement of the
extensometer in response to increasing applied weights (kg) on FBG5
in dry soil and (j) wet soil.
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Fig. 15 illustrates the displacement of the extensometer in
response to increasing applied weights on the different FBGs,
in both dry and wet soil. Fig. 8(a) shows the extensometer
placement inside the wooden box — it can be seen that it causes
it to bend downwards from its initial position when weights are
applied to each FBG location. Fig. 15 illustrated the FBG
response when the extensometer was bent downwards due to
the range of weights applied (in lkg increments) to respective
FBG locations. A similar trend can be seen with the graphs in
Fig. 14, responding to Eqs. (4) and (7) show that displacement
is linearly related to changes in strain applied.

V. CONCLUSION

In this work, the construction of an FBG-based extensometer
that has been shown to monitor lateral ground movements
effectively was designed around a series of FBG-based strain
sensors and fabricated simply and inexpensively using the 3D-
printing technique reported. The results obtained have shown an
average grating responsivity of 0.0158 nm per cm displacement
and high linearity of up to 99%, with a linear trend. Furthermore,
the design was robust and based around a strain sensor with a
series of protected FBGs, using waterproof tape and showing that
this provides excellent waterproofing properties over the
operating temperature range studied.

Field testing has illustrated the system reliability under
operational conditions, with FBGs showing a responsivity of
0.0012 nm/pe, in dry and wet soil conditions with response to
increasing applied strains, with high linearity of up to 99%. The
work done shows that the extensometer system was reliable and
easy to use for continuous ground monitoring, vital for flood
mitigation purposes. The next stage of the work will evaluate
actual earthwork slopes to show that the results obtained have
broad applicability for geotechnical engineers.
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