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Abstract: This paper shows the results of the monitoring of the deformations of a tunnel, carried out
using a distributed optical fiber strain sensor based on stimulated Brillouin scattering. The artificial
tunnel of the national railway crosses the accumulation zone of an active landslide, the Varco d’Izzo
earthflow, in the southern Italian Apennines. Severely damaged by the landslide movements, the
tunnel was demolished and rebuilt in 1992 as a reinforced concrete box flanked by two deep sheet
pile walls. In order to detect the onset of potentially dangerous strains of the tunnel structure and
follow their time trend, the internal deformations of the tunnel are also monitored by a distributed
fiber-optic strain sensor since 2016. The results of the monitoring activity show that the deformation
profiles are characterized by strain peaks in correspondence of the structural joints. Furthermore,
the elongation of the fiber strands crossing the joints is consistent with the data derived by other
measurement systems. Experiments revealed an increase in the time rate of the fiber deformation in
the first and last part of the monitoring period when the inclinometers of the area also recorded an
acceleration in the landslide movements.

Keywords: optical fibers; distributed sensing; remote monitoring; early warning systems

1. Introduction

In the last decades, there has been a growing interest in the use of distributed optical
fiber sensors in the field of structural and geotechnical engineering. These sensors offer
the unique advantage of detecting the strain distribution over an extended area and at
high spatial resolution [1–3]. Furthermore, they share the advantages of optical fiber
sensors, such as small size, light weight, corrosion resistance, ease of encapsulation and
implementation. Distributed optical fiber sensors are usually based on some form of
scattering of the light propagating in the fiber, specifically Raman scattering, Rayleigh
scattering, and Brillouin scattering. Distributed optical fiber sensors based on Brillouin
scattering feature extremely long sensing distances (up to several tens of km); therefore, they
are typically preferred for the monitoring of large structures from remote locations [4–6].

In recent years, several experiments have demonstrated the reliability and feasibility
of Brillouin sensing technology for structural health monitoring. Gao et al. [7] measured
the strain of post-tensioning aramid fiber reinforced plastic (AFRP) cables, using a specialty
optical fiber sensor bonded to a steel strand. The monitoring was performed both in the

Sensors 2021, 21, 7032. https://doi.org/10.3390/s21217032 https://www.mdpi.com/journal/sensors

https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-8966-9143
https://orcid.org/0000-0001-5701-5228
https://orcid.org/0000-0001-8356-7480
https://doi.org/10.3390/s21217032
https://doi.org/10.3390/s21217032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21217032
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s21217032?type=check_update&version=1


Sensors 2021, 21, 7032 2 of 14

tension procedure and load procedure. It was found that the discrepancy of the strains
measured by the optical fiber sensor and by a conventional strain gauge was very limited.
Shi et al. [8] applied the same sensing technology to monitor the deformation of a tunnel
in the field, using FRP materials to reinforce the optical fiber sensor. Hisham et al. [9]
employed the Brillouin scattering technology to monitor the strain and temperature along
a bored pile adjacent to a deep excavation. A simplified calculation method was proposed
for converting the measured strain into displacements. The monitoring results demonstrate
that the distributed sensor can supply reliable data for calculating the deflection of bored
piles.

Piles, diaphragm walls, and tunnel linings are all important components of under-
ground structures. During the construction of piles, load tests are important for investi-
gating their actual field behavior. The continuous measurement of deformation along the
pile, offered by distributed optical fiber sensors, helps to understand the real pile-soil inter-
action behavior [10]. Furthermore, thanks to their capability to detect both compressive
and tensile strain with high sensitivity, distributed optical fiber sensors can be useful in
monitoring early movements of soil slopes by the direct embedding of suitable fiber cables
in the ground [11,12]. Laboratory scale tests have been performed, showing the capability
of optical cables, properly deployed along the slope, to detect the early ground movements
(settling and sliding) caused by an artificially induced rain, well before the onset of the
landslide [13–18].

The optical fiber technology has also been applied for the realization of fiber-optic
inclinometers, where the fiber is glued along parallel directions of the tube. It has also been
shown that, by processing the acquired deformations, a three-dimensional reconstruction
of the displacement distribution can be obtained [19,20]. Compared to conventional
inclinometers, fiber-optic inclinometers provide a continuous deformation profile and
measure a larger deformation of the tube before getting out of use.

In this work, we present the results of a monitoring campaign carried out in a railway
tunnel using a Brillouin based distributed optical fiber sensor. The measurement method
is the same as described in [21,22]. In detail, the sensor head is a conventional and low-
cost optical fiber, with a tight buffer of 0.9 mm, simply glued along the sidewalls of the
tunnel. The tunnel is in an area in the South of Italy where an active landslide moves at
an average rate of 1 cm/year [23]. The original structure was severely damaged by the
landslide movements. In 1992, the tunnel was rebuilt and, since then, carefully monitored
by inclinometers installed in the subsoil, upslope and downslope from the tunnel. The
new tunnel, whose internal geometry was reconstructed by 3D laser scanning [23], has
a reinforced concrete box structure with the bottom slab, roof, and vertical walls cast in
place such that they have an effective connection among themselves, providing increased
stiffness and strength against landslide movements. In 2016, the optical fiber system was
installed along the tunnel sidewalls in order to monitor the local displacements induced by
the landslide. We note that, while distributed optical fiber sensing technology has been
well known for several years, relatively few reports have been published about the use of
this technology for the long-term monitoring of large structures such as the railway tunnel
considered in this work [8,24,25].

In the following, after briefly recalling the principles of optical fiber distributed sens-
ing based on stimulated Brillouin scattering (SBS), the results of the monitoring campaign
will be presented and discussed. The results indicate that the optical fiber sensor can detect
localized cracks, identify their location along the tunnel walls, and follow their evolution
over time. Furthermore, the comparison between the displacements derived from the opti-
cal fiber strain measurements and the displacements provided by inclinometers installed in
the proximity of the tunnel, and satellite SAR data, demonstrate the congruence between
the data provided by the optical fiber sensor and those from conventional monitoring
systems.
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2. Brillouin Optical Time Domain Analysis for Distributed Sensing

The technology employed in our tests to measure the strain distribution along the
tunnel sidewalls relies on the stimulated Brillouin scattering (SBS) phenomenon. In single-
mode optical fibers, SBS is observed by injecting two frequency-shifted beams at the two
opposite ends [26]. The superposition between the two beams gives rise to an interference
pattern, moving along the fiber at a velocity proportional to the frequency shift between
the two beams. When the frequency shift falls within the so-called Brillouin Gain Spectrum
(BGS) of the fiber, an intense acoustic wave is created by electrostriction. The acoustic
wave acts as a diffraction grating, scattering part of the energy of the pump beam (the
one having the highest frequency) in the backward direction. The scattered light adds
energy to the probe wave (the one having the lowest frequency), which, therefore, becomes
amplified as it interacts with the acoustic wave. The probe gain is governed by the BGS,
being maximum at the so-called Brillouin Frequency Shift (BFS), which is ≈10–11 GHz in
single-mode optical fibers at the wavelength λ = 1.55 µm. As the BFS is linearly dependent
on strain and temperature, the latter two can be determined from it. In the so-called
Brillouin Optical Time-Domain Analysis (BOTDA), one of the two optical beams (the pump
wave, typically) is pulsed, thus that the SBS interaction occurs sequentially, in different
portions of the fibers, thus it can be temporally resolved. By recording the intensity of the
probe wave emerging from the sensing fiber as a function of time, the spatial distribution of
the Brillouin gain can be determined. Furthermore, repeating the measurements for several
pump-probe frequency shifts, the Brillouin gain spectrum (BGS) can be determined at each
fiber position with sufficient spectral granularity. The spatial resolution is proportional to
the pump pulse duration, with a 10 ns pulse duration giving rise to a 1 m spatial resolution.

The field trials presented in this work have been carried out using a prototypal BOTDA
analyzer implementing the scheme in Figure 1 [21].
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Figure 1. Experimental set-up for (BOTDA) Brillouin Optical Time-Domain Analysis measurements. (EOM) electro-optic
modulator; (PS) polarization switch; (EDFA) erbium-doped fiber amplifier; (PD) photodetector; (FBG) fiber Bragg grating;
(DAQ) data acquisition (redrawn from [21]).

In this scheme, both pump and probe waves were generated from the same external
cavity laser source (CoBrite DX1 from ID Photonics, Neubiber Germany), featuring a
linewidth of 100 kHz and emitting a power of 40 mW at the wavelength of 1.55 µm. The
laser light was first split in two branches by means of a 50/50 optical coupler. In the upper
branch, the light was frequency-shifted through an electro-optic modulator (EOM1) driven
by a RF signal close to the BFS of the fiber. The DC bias of the electro-optic modulator was
set to the minimum of its transfer function, therefore, realizing a dual sideband, suppressed-
carrier modulation. The light exiting from EOM1 has two spectral lines, one upshifted
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and the other one downshifted from the laser frequency by a quantity equal to the RF
modulation frequency. The so-formed probe light was launched into one end of the fiber
under test (FUT) after being passed through an optical isolator. When interacting with the
pump light, the lower sideband becomes amplified from the SBS interaction, whereas the
upper sideband becomes depleted [27]. In the lower branch, the pump light was pulsed
by another electro-optic modulator (EOM2), driven by an electrical pulse generator, and
biased at the minimum transmission. The scheme also includes a polarization switch (PS),
allowing the measurement of the Brillouin gain for two orthogonal state-of-polarizations
(SOP) of the pump light. In fact, summing together the two measurements, one gets
rid of the Brillouin gain dependence on the SOP of the interacting signals. The probe
light transmitted over the fiber is sent to a narrowband (≈4 GHz) fiber Bragg grating
(FBG), reflecting only the lower sideband of the probe light (i.e., the Stokes line). The
FBG also filters out the amplified spontaneous emission (ASE) of the erbium-doped fiber
amplifier (EDFA) inserted into the probe branch. The probe light emerging from the FUT is
detected through a photodetector with a bandwidth of 125 MHz and a conversion gain of
4 × 104 V/W. Data acquisition is carried out by a fast analog-to-digital converter connected
to a dedicated Field Programmable Gate Array (FPGA) processor for real-time averaging.
The acquisition is performed by scanning the RF applied to EOM1 to a proper range,
thus allowing the BGS to be reconstructed at each fiber position. Finally, the acquired
data are post-processed by applying a cross-correlation method to each acquired BGS [28],
providing an estimate of the BFS in each position.

For the experiments reported in the following, the BOTDA measurements were carried
out at a spatial resolution of 1m, with an estimated strain resolution of ±10 µε.

3. The Landslide

The landslide system crossed by the tunnel is located in the eastern suburbs of the town
of Potenza (Southern Italy) (Figure 2). It develops within the Variegated Clay Formation
(Upper Cretaceous–Lower Miocene), constituted by a succession of chaotic, heterogeneous,
severely tectonized scaly clays and marly clays. The main earthflow develops along a
NW-SE fault in the most urbanized zone of the slope. The fault has probably been the cause
of the first slope failure and subsequent landslide evolution. The landslide is characterized
by an average inclination of about 10◦, approximately 1250 m in length, 150 to 300 m in
width, and multiple slip surfaces [29]. In the accumulation zone, a local slide occurs in
correspondence to a bend of the Basento river. The earthflow body is constituted by a
mixture of different lithotypes: rock fragments, blocks, and disarranged strata of marly
limestone and calcarenite are incorporated in a clayey matrix, which governs the landslide
behavior. The clay fraction (c.f.) ranges between 25% and 50%, the liquid limit wL between
50% and 100%, while the residual friction angle ranges between 6◦ and 13◦. The tunnel
crosses the accumulation zone, close to the Basento river, which is subjected to localized
erosion.
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4. Monitoring Results
4.1. Landslide Displacements

To evaluate the time evolution of the displacements of the area under study, different
experimental devices were used in the last 30 years. Deep and superficial displacements
were monitored by several institutions, mainly by mobile probes inserted in inclinometer
tubes.

In the area, data from 19 inclinometers installed from 1993 to 2006 were available,
reaching a maximum depth of 50 m. However, now all these inclinometers are out of
use because of excessive cumulated shearing. The most recently installed set of sensors,
still in use, consists of 5 inclinometer tubes, with horizontal displacement measurements
generally carried out on a monthly basis. Readings along the height of the tubes were taken
in steps of 0.5 m (equal to the distance between the two spring-pressured wheels of the
servo-accelerometer probe), and their precision was 1 mm per 20 m. Figure 3 reports all
displacement data against time. The average annual rates were highly variable from one
zone to another while being in the order of one to a few cm/year. Displacement rates of
the more recently installed inclinometers were similar to those of inclinometers installed in
the early 2000s. Therefore, from the whole displacement dataset, no significant acceleration
was observed in the last 20 years. In particular, inclinometer I1, located in the landslide
accumulation, presents the longest and more detailed data series, and shows an annual
rate fundamentally constant from 2005 to 2012.

Fixed GPS stations with continuous acquisition and benchmarks for periodic mea-
surements were installed in 2006 and have provided displacement data since then. Details
about installation, data acquisition, and displacement time series registered from 2006 to
2020 are reported in [29]. SAR COSMO-SkyMed (CSK) satellite images of years 2011–2014
were also processed and interpreted [29].
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Figure 3. Deep displacements against time obtained from inclinometer data of Varco d’Izzo earthflow.
Letters B, S, FS, I indicate inclinometers installed in different monitoring campaigns since 1992.

CSK satellite SAR data relative to the period 2011–2014 were processed by differential
interferometry techniques within the PST-A (in Italian: Piano Straordinario di Telerileva-
mento Ambientale), i.e., the high precision plan of remote sensing of the Italian Ministry of
Environment [30]. As well known, such data provide the component of superficial displace-
ments, detected on permanent scatterers, along the satellite Line-Of-Sight (LOS) [31–33].
By comparison with ground-based displacement data, after careful assessment of total
displacement azimuth and inclination to the horizontal, the component along the LOS can
be converted to horizontal displacements and, therefore, compared to inclinometer or GPS
data [29,34].

In the zone between the highway and the railway tunnel, displacement data were
rather uniform, with a rate along the LOS of about 3 mm/year, as shown by the map in
Figure 4 and the distribution along section DD’ in Figure 5a. Horizontal displacement
rates were approximately three times the LOS component. The rates calculated from CSK
satellite data were similar to (and, in particular, slightly higher than) those of fixed GPS
station F2 with continuous acquisition, as shown by Figure 5b.

4.2. Optical Fiber Monitoring

The BOTDA sensor presented in Section 2 was employed to detect the strain distribu-
tion along the two sidewalls of a 200 m long railway tunnel (tunnel “Calabrese”), consisting
of eight contiguous sectors separated by joints with irregular spacing (the average length
of each sector being 25 m). Figure 6 shows the tunnel location in the landslide area and the
position of the construction joints.
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Figure 4. Average displacement rates in the period May 2011–March 2014 evaluated from COSMO-
SkyMed ascending data for the accumulation of Varco d’Izzo earthflow (redrawn from [29]).
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Figure 5. (a) Average Line-Of-Sight (LOS) displacement rates in the period May 2011–March 2014
along section DD’; (b) comparison with GPS data obtained in the same area (redrawn from [29]).

As the sensing element, a single-mode 0.9 mm tight-buffered optical fiber was hand-
glued along the two sidewalls of the tunnel using epoxy adhesive. The optical fiber was a
G657 low bending loss fiber, with a BFS of ≈10.7 GHz at room temperature. As the adopted
measurement scheme requires access from both ends of the sensing fiber (see Figure 1),
the two strands of fiber running along the two sidewalls were spliced together at one of
two entrances of the tunnel, realizing a single, uninterrupted optical path (see Figure 7). In
Figure 7, START indicates the launching section for the pump wave, while END indicates
the launching section for the probe. The figure also reports the approximate abscissas of
the sensing fiber at the beginning and the end of the two sidewalls.
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Figure 7. Path (shown in red) of the optical fiber installed along the tunnel sidewalls.

A reference acquisition of the BFS profile along the whole fiber was carried out on 9
June 2016. This measurement was then stored and subtracted from the successive records.
The BFS changes were then converted into strain, adopting a standard transduction factor
of 20 µε/MHz. As an example, we compare in Figure 8 the reference data, as well as the
data taken on 21 November 2016.
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Figure 8. BFS measurements taken on 6 June 2016 (blue line) and 21 November 2016 (red line). The
inset shows a zoomed view of the acquired BFS profiles from ≈350 m to ≈450 m.

We see that the BFS profiles were spatially irregular. This should be attributed to
the strain induced on the optical fiber by the gluing operation. However, the inset of
Figure 8 reveals that these irregularities remained constant over time. Therefore, they can
be easily compensated by subtraction with the reference profile. We also note that the
central part of the profiles corresponds to the portion of the fiber employed to connect
the downslope and upslope fibers. In that region, the optical fiber ran outside the tunnel
and, therefore, was more affected by the ambient temperature. The temperature inside the
tunnel was more stable, even though some seasonal temperature variation was observed
as well. In order to isolate the effects of the temperature from the strain in the acquired BFS
profiles, an offset was applied to each BFS profile in order to minimize the root mean square
(r.m.s.) difference between consecutive BFS measurements over each tunnel sidewall. This
offset was separately calculated for each BFS measurement. This method assumes that
the temperature was uniform inside the tunnel, which has been verified as a reasonable
approximation.

Figure 9a,b report the results relative to the whole monitoring campaign, separately
shown for the upslope and downslope tunnel sidewalls, respectively. Note that, the strain
distribution along the downslope wall has been flipped (compared to the optical fiber raw
measurement), to show the variations along the same direction as the upslope profile (i.e.,
from joint #1 to joint #7 in Figures 6 and 7). The vertical dashed lines in the same figure
indicate the position of the structural joints. We also observe that, in the last measurement
of 22 May 2019, the first 45 m of the downslope profile were missing due to breakage of the
fiber in that region. Note that the measurement taken on 22 May 2019 was in addition to
the data previously reported in [21].
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Figure 9. Results of the optical fiber strain measurement along the (a) downslope and (b) upslope
tunnel wall, with indication of the position of joints. J—Joint, PS—local Parget Swelling, SP—Salt
Precipitate accumulation, C—Crack.

The strain profiles exhibit several peaks, which, is some cases, occur in the position of
the structural joints. Through careful inspection of the tunnel conditions, we can explain
the origin of these peaks in terms of four different phenomena, indicated by a bracketed
letter in Figure 9a,b. The letters C, PS, and SP correspond, respectively, to a crack, a local
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parget swelling on the tunnel walls, and a salt precipitate accumulation due to water
infiltration and evaporation, exemplified in Figure 10. The letter J corresponds to the joints
where relative displacements of the tunnel sectors occur.
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Figure 10. Crack on the tunnel wall crossed by the glued fiber (a); parget swelling and salt precipitate accumulation (b); salt
precipitate accumulation (c).

Figure 9a,b show that the highest strain was caused by the local parget swelling.
However, the most interesting results were related to the joints’ opening/misalignment
deformation peaks. The highest fiber strains mostly occurred in correspondence of joints 1,
2, and 3, where the most appreciable relative displacements have been measured since the
tunnel construction in 1992 until recent years by caliper. In particular, approximately 2 cm
misalignment was observed in joint n. 3 and slightly lower values in joints n. 1 and 2 [21].

In order to estimate the resulting fiber elongation corresponding to the joint’s opening,
we followed the procedure described in [21]. In brief, the strain values around each J peak
(Figure 9) were detrended and integrated along a fiber length corresponding to the spatial
resolution of 1 m. Assuming a strain resolution of ±10µε and a sampling step of 40 cm
along the fiber, the corresponding elongation resolution over the spatial resolution was
±17 µm. Figure 11a,b show the time series of such fiber elongation in both the upslope
and downslope tunnel walls.
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Figure 11. Elongation against time of the optical fiber, corresponding to the tunnel joints along the
(a) downslope or (b) upslope sidewall.

5. Discussion

Figure 9 shows that the strain peak values along the downslope wall are higher than
those along the upslope wall. A similar result is provided in terms of fiber elongations by
Figure 11. This is consistent with the local kinematics of the landslide accumulation that
opens like a fan towards the river, which, in turn, triggers the movements by erosion [29].
The data of Figure 11 show that in the first phase of the measurements, i.e., the second half
of 2016, the fiber underwent elongations in correspondence of joints 1, 2, and 3, which in
fact fall into the area where the small local landslide triggered by river erosion develops
(Figure 6). After the measurement of June 2018, at about two years from the installation, the
fiber underwent elongation in all the joints, and it underwent even failure in the downslope
joints 1 and 2. In order to perform the subsequent measurement in the rest of the fiber in
May 2019, it was necessary to realize a bypass of these joints. In other words, a piece of
fiber was spliced between the fiber attached along the downslope wall after joint 3, and the
fiber attached along the upslope wall before joint 1. Note that, adopting a Brillouin Optical
Time-Domain Reflectometry (BOTDR) scheme, the system could still be operating even
after a fiber breakage, as the measurement requires access to only one end of the optical
fiber [35].

The global time trend of fiber elongations appears in agreement with that of the
landslide displacements estimated by GPS measurements. In fact, the data of station F2
in Figure 5 and further data reported by Vassallo et al. [29] showed lower displacement
rates in the period June 2016–June 2017, consistently with a decrease in the local cumulated
annual rainfall. Furthermore, a recent analysis of Cosmo-SkyMed data [34] showed an
acceleration of the movements in the accumulation area between 2018 and 2020, when
fiber failure occurred in correspondence of joints 1 and 2. The experimental results thus
demonstrate the reliability of the fiber system to monitor the strain distribution and the
tunnel behavior.

6. Conclusions

We have reported the results of a three-year monitoring campaign of a railway tunnel
crossing the accumulation zone of an active landslide in Southern Italy. The zone is being
monitored by different technologies (GPS, satellite, inclinometers, 3D laser scanning),
including distributed optical fiber sensors—glued to the tunnel walls—based on stimulated
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Brillouin scattering. The data show that the landslide accumulation is moving extremely
slowly upslope and downslope from the tunnel. The same tunnel is apparently able to
contrast the earth thrust with limited deformations. The optical fiber technology has proven
able to successfully monitor such deformations with high resolution. Given the possibility
of spatial and temporal continuous measurements and remote operation, the monitoring
system has thus the potential of detecting and pinpointing structural anomalies occurring
to the tunnel, acting as a reliable early warning system.

Author Contributions: Conceptualization, A.M., C.D.M., L.P., and L.Z.; methodology, A.M., R.V.;
investigation, E.C., A.C.; writing—original draft preparation, G.Z.; writing—review and editing,
A.M., L.Z., R.V., C.D.M.; project administration, R.C., G.M.; funding acquisition, C.D.M., L.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research has been supported by MIUR PON R&I 2014–2020 Program (project MITIGO,
ARS01_00964), funded by the Italian Ministry of University and Research.

Data Availability Statement: The BOTDA datasets analyzed during the current study are available
from the corresponding author on reasonable request.

Acknowledgments: The authors would like to thank Maurizio Belvedere, Jacopo De Rosa, and
Mayank Mishra for the frequent tunnel inspections.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Habel, W.R.; Krebber, K. Fiber-optic sensor applications in civil and geotechnical engineering. Photonics Sens. 2011, 1, 268–280.

[CrossRef]
2. Hong, H.Y.; Zhang, Y.F.; Li, G.W.; Zhang, M.X.; Liu, Z.X. Recent progress of using Brillouin distributed fiber optic sensors for

geotechnical health monitoring. Sens. Act. A Phys. 2017, 258, 131–145. [CrossRef]
3. Iten, M. Novel Applications of Distributed Fiber-Optic Sensing in Geotechnical Engineering; Vdf Hochschulverlag: Zürich, Switzerland,

2011.
4. Ye, X.W.; Su, Y.H.; Han, J.P. Structural Health Monitoring of Civil Infrastructure Using Optical Fiber Sensing Technology: A

Comprehensive Review. Sci. World J. 2014, 2014, 652329. [CrossRef]
5. Bao, X.; Chen, L. Recent Progress in Brillouin Scattering Based Fiber Sensors. Sensors 2011, 11, 4152–4187. [CrossRef]
6. Soto, M.A.; Angulo-Venuesa, X.; Martin-Lopez, S.; Chin, S.H.; Ania-Castanon, J.D.; Corredera, P.; Rochat, E.; Gonzales-Herraez,

M.; Thevenaz, L. Extending the Real Remoteness of Long-Range Brillouin Optical Time-Domain Fiber Analyzers. J. Lightw.
Technol. 2014, 32, 152–162. [CrossRef]

7. Gao, J.; Shi, B.; Zhang, W.; Zhu, H. Monitoring the stress of the post-tensioning cable using fiber optic distributed strain sensor.
Measurement 2006, 39, 420–428. [CrossRef]

8. Shi, B.; Xu, H.Z.; Zhang, D.; Ding, Y.; Cui, H.L.; Gao, J.Q.; Chen, B. A study on BOTDR application in monitoring deformation
of a tunnel. In Proceedings of the 1st International Conference of Structural Health Monitoring and Intelligent Infrastructure,
Tokyo, Japan, 13–15 November 2003; Wu, Z.S., Abe, M., Eds.; A.A. Balkema: Lisse, The Netherlands; Exton, PA, USA, 2003;
pp. 1025–1030.

9. Hisham, M.; Peter, J.B.; Kenichi, S.; Assaf, K.; Adam, P. Distributed optical fiber strain sensing in a secant piled wall. J. Geotech.
Geoenviron. Eng. 2011, 137, 1236–1243.

10. Ma, E.; Lai, J.; Wang, L.; Wang, K.; Xu, S.; Li, C.; Guo, C. Review of cutting-edge sensing technologies for urban underground
construction. Measurement 2021, 167, 108289. [CrossRef]

11. Wang, B.; Li, K.; Shi, B.; Wei, G.G. Test on application of distributed fiber optic sensing technique into soil slope monitoring.
Landslides 2009, 6, 61–68. [CrossRef]

12. Liu, J.; Wang, Y.; Lu, Y.; Wei, J.; Kanungo, D.P. Distributed Optical Fiber Sensing Technique in Monitoring the Ground Deformation.
J. Sens. 2017, 2017, 6310197. [CrossRef]

13. Olivares, L.; Damiano, E.; Greco, R.; Zeni, L.; Picarelli, L.; Minardo, A.; Guida, A.; Bernini, R. An Instrumented Flume to
Investigate the Mechanics of Rainfall-Induced Landslides in Unsaturated Granular Soils. Geotech. Test. J. 2009, 32, 32.

14. Damiano, E.; Olivares, L.; Greco, R.; Minardo, A.; Zeni, L.; Picarelli, L. Performance of Slope Behaviour Indicators in Unsaturated
Pyroclastic Soils. J. Mt. Sci. 2015, 12, 1434–1447.

15. Damiano, E.; Avolio, B.; Minardo, M.; Olivares, L.; Picarelli, L.; Zeni, L. A Laboratory Study on the Use of Optical Fibers for Early
Detection of Pre-Failure Slope Movements in Shallow Granular Soil Deposits. Geotech. Test. J. 2017, 40, 529–541. [CrossRef]

16. Darban, R.; Damiano, E.; Minardo, A.; Olivares, L.; Picarelli, L.; Zeni, L. An experimental investigation on the progressive failure
of unsaturated granular slopes. Geosciences 2019, 9, 63. [CrossRef]

http://doi.org/10.1007/s13320-011-0011-x
http://doi.org/10.1016/j.sna.2017.03.017
http://doi.org/10.1155/2014/652329
http://doi.org/10.3390/s110404152
http://doi.org/10.1109/JLT.2013.2292329
http://doi.org/10.1016/j.measurement.2005.12.002
http://doi.org/10.1016/j.measurement.2020.108289
http://doi.org/10.1007/s10346-008-0139-y
http://doi.org/10.1155/2017/6310197
http://doi.org/10.1520/GTJ20160107
http://doi.org/10.3390/geosciences9020063


Sensors 2021, 21, 7032 14 of 14

17. Schenato, L.; Palmieri, L.; Camporese, M.; Bersan, S.; Cola, S.; Pasuto, A.; Galtarossa, A.; Salandin, P.; Simonini, P. Distributed
optical fibre sensing for early detection of shallow landslides triggering. Sci. Rep. 2017, 7, 14686. [CrossRef]

18. Sun, Y.; Zhang, D.; Shi, B.; Tong, H.; Wei, G.; Wang, X. Distributed acquisition, characterization and process analysis of multi-field
information in slopes. Eng. Geol. 2014, 182, 49–62. [CrossRef]

19. Zeni, L.; Picarelli, P.; Avolio, B.; Coscetta, A.; Papa, R.; Zeni, G.; Di Maio, C.; Vassallo, R.; Minardo, A. Brillouin optical time-domain
analysis for geotechnical monitoring. J. Rock Mech. Geotech. Eng. 2015, 7, 458–462. [CrossRef]

20. Bernini, B.; Minardo, A.; Zeni, L. Vectorial dislocation monitoring of pipelines by use of Brillouin-based fiber-optics sensors.
Smart Mater. Struct. 2007, 17, 015006. [CrossRef]

21. Minardo, A.; Catalano, E.; Coscetta, A.; Zeni, G.; Zhang, L.; Di Maio, C.; Vassallo, R.; Coviello, R.; Macchia, G.; Picarelli, L.; et al.
Distributed Fiber Optic Sensors for the Monitoring of a Tunnel Crossing a Landslide. Remote Sens. 2018, 10, 1291. [CrossRef]

22. Minardo, A.; Catalano, E.; Coscetta, A.; Zeni, G.; Di Maio, C.; Vassallo, R.; Picarelli, L.; Coviello, R.; Macchia, G.; Zeni, L.
Long-Term Monitoring of a Tunnel in a Landslide Prone Area by Distributed Optical Fiber Sensors. In Proceedings of the IGARSS
2020–2020 IEEE International Geoscience and Remote Sensing Symposium, Waikoloa, HI, USA, 26 September–2 October 2020;
pp. 6600–6603.

23. Calcaterra, S.; Cesi, C.; Di Maio, C.; Gambino, P.; Merli, K.; Vallario, M.; Vassallo, R. Surface displacements of two landslides
evaluated by GPS and inclinometer systems: A case study in Southern Apennines, Italy. Nat. Hazards 2012, 61, 257–266. [CrossRef]

24. Gómez, J.; Casas, J.R.; Villalba, S. Structural Health Monitoring with Distributed Optical Fiber Sensors of tunnel lining affected by
nearby construction activity. Autom. Constr. 2020, 17, 103261. [CrossRef]

25. Di Murro, V.; Pelecanos, L.; Soga, K.; Kechavarzi, C.; Morton, R.F.; Scibile, L. Long-term deformation monitoring of CERN
concrete-lined tunnels using distributed fiber-optic sensing. Geotech. Eng. 2019, 50, 1–7.

26. Agrawal, G. Nonlinear Fiber Optics, 5th ed.; Academic Press: Cambridge, MA, USA, 2012.
27. Minardo, A.; Bernini, R.; Zeni, L. A Simple Technique for Reducing Pump Depletion in Long-Range Distributed Brillouin Fiber

Sensors. IEEE Sens. J. 2009, 9, 633–634. [CrossRef]
28. Farahani, M.A.; Castillo-Guerra, E.; Colpitts, B.G. Accurate estimation of Brillouin frequency shift in Brillouin optical time domain

analysis sensors using cross correlation. Opt. Lett. 2011, 36, 4275–4277. [CrossRef]
29. Vassallo, R.; Calcaterra, S.; D’Agostino, N.; De Rosa, J.; Di Maio, C.; Gambino, P. Long-Term Displacement Monitoring of Slow

Earthflows by Inclinometers and GPS, and Wide Area Surveillance by COSMO-SkyMed Data. Geosciences 2020, 10, 171. [CrossRef]
30. Costantini, M.; Ferretti, A.; Minati, F.; Falco, S.; Trillo, F.; Colombo, D.; Novali, F.; Malvarosa, F.; Mammone, C.; Vecchioli,

F.; et al. Analysis of surface deformations over the whole Italian territory by interferometric processing of ERS, Envisat and
COSMO-SkyMed radar data. Remote Sens. Environ. 2017, 202, 250–275. [CrossRef]

31. Peduto, D.; Cascini, L.; Arena, L.; Ferlisi, S.; Fornaro, G.; Reale, D. A general framework and related procedures for multiscale
analyses of DInSAR data in subsiding urban areas. ISPRS J. Photogramm. Remote Sens. 2015, 105, 186–210. [CrossRef]

32. Cascini, L.; Peduto, D.; Reale, D.; Arena, L.; Ferlisi, S.; Verde, S.; Fornaro, G. Detection and monitoring of facilities exposed to
subsidence phenomena via past and current generation SAR sensors. J. Geophys. Eng. 2013, 10, 064001. [CrossRef]

33. Cascini, L.; Ferlisi, S.; Fornaro, G.; Lanari, R.; Peduto, D.; Zeni, G. Subsidence monitoring in Sarno urban area via multi-temporal
DInSAR technique. Int. J. Remote Sens. 2006, 27, 1709–1716. [CrossRef]

34. Vassallo, R.; De Rosa, J.; Di Maio, C.; Reale, D.; Verde, S.; Fornaro, G. In situ and satellite long-term monitoring of slow clayey
landslides and of the structures built on them. In Proceedings of the 1st Mediterranean Symposium on Landslides, Napoli, Italy,
7–9 June 2021.

35. Mohamad, H.; Soga, K.; Bennet, P.J.; Mair, R.J. Monitoring twin tunnel interaction using distributed optical fiber strain measure-
ment. J. Geotech. Geoenviron. Eng. 2012, 138, 957–967. [CrossRef]

http://doi.org/10.1038/s41598-017-12610-1
http://doi.org/10.1016/j.enggeo.2014.08.025
http://doi.org/10.1016/j.jrmge.2015.01.008
http://doi.org/10.1088/0964-1726/17/01/015006
http://doi.org/10.3390/rs10081291
http://doi.org/10.1007/s11069-010-9633-3
http://doi.org/10.1016/j.autcon.2020.103261
http://doi.org/10.1109/JSEN.2009.2019372
http://doi.org/10.1364/OL.36.004275
http://doi.org/10.3390/geosciences10050171
http://doi.org/10.1016/j.rse.2017.07.017
http://doi.org/10.1016/j.isprsjprs.2015.04.001
http://doi.org/10.1088/1742-2132/10/6/064001
http://doi.org/10.1080/01431160500296024
http://doi.org/10.1061/(ASCE)GT.1943-5606.0000656

	Introduction 
	Brillouin Optical Time Domain Analysis for Distributed Sensing 
	The Landslide 
	Monitoring Results 
	Landslide Displacements 
	Optical Fiber Monitoring 

	Discussion 
	Conclusions 
	References

