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ABSTRACT

Introduction. The increasing demand for green and intelligent civil infrastructures necessitates high-precision Internet of
Things (loT) monitoring systems. Given the high sensitivity of geotechnical engineering to soil strains, it is essential to de-
velop precise measurement approaches that can accurately capture soil strains ranging from micro-strain to large strains.
In recent years, advancements in fibre optic sensing technology have enabled accurate measurements within geotechnical
engineering. However, there is still a need to enhance measurement approaches for fibre optic sensing technologies across
various strain levels. This study investigates several fibre optic sensing technologies, including point-distributed, array sens-
ing, and distributed fibre optic sensors, and provides a comprehensive review of recent advancements in fibre optic sensing
for the field of geotechnical engineering.

Materials and methods. Innovative methods and devices for high-precision small-strain fibre optic sensing are detailed.
Additionally, a novel integrated fibre optic sensor device capable of measuring water pressure and total soil pressure using
a signal transducer is introduced.

Results. The study also explores the use of 3D printing technology in fabricating these transducers. A fibre optic sensing
method for monitoring cracks is presented, encompassing physical fabrication, calibration tests, and field engineering ap-
plication verification.

Conclusions. The fibre optic sensing methods proposed in this study offer effective solutions for accurate measurement in
geotechnical engineering across different environmental and disaster conditions.
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AHHOTALUMNA

BBeaeHue. BospacTtatowuii cnpoc Ha 3KOMOTMYHYK U «YMHYIO» FpaXaaHCKyl0 MHAPACTPYKTypy TpebyeT BbICOKOTOYHbIX
cuctem MoHuTopuHra WHTepHeta Bewen (loT). YuuTbiBass BaxHOCTb BOMPOCOB AedopMauuii rpyHTa Ans UHXEHEPHOW
reonorun, Heobxogmmo paspaboTaTb METOALI U3MEPEHUs, CNOCOBHbIE TOYHO hMKCUPOBaThL AedopMaunn rpyHTa, Hauu-
Has OT MukpoaedopmauMin U 3aKaH4MBas CyLLEeCTBEHHbIMM Aedopmauusamu. B nocnegHue rogbl gocTuxeHus B cdepe
BOJTOKOHHO-OMTUYECKNX TEXHOMOMNI 30HAMPOBAHMS NMO3BOSNNIIM MPOBOAUTE TOYHbLIE U3MEPEHUSI B 06NaCTU MHXEHEPHOW reo-
norun. OgHaKko No-NpexHemMy MMeeTcs HEOOXOAMMOCTb YCOBEPLLUEHCTBOBATL NMOAXOAb! K U3MEPEHUSM C UCMONb30BaHUEM
TEXHOMNOrniA BOFTOKOHHO-ONTUYECKOrO 30HAMPOBAHUS pasnnyHbIX Aedopmaumin. PaccmaTpmBaloTcsl HECKOMBbKO TEXHOMOMMI
BOJTOKOHHO-OMTMUYECKOrO 30HAMPOBAHMSA, B TOM YMCIEe TOYEYHO-pacnpedeneHHble, MacCUBHbIE U pacrnpederneHHble BOmo-
KOHHO-OMTUYECKME AaTUMKM.

Matepuansi u metoAabl. NprBeaeH NomnHbIi 0630p NOCNegHNX OOCTKEHMIA B 061acT BONTOKOHHO-OMNTUYECKUX AAaTYNKOB
ans uenen nkxeHepHon reonornn. MogpobHO onncaHbl MHHOBALMOHHBIE METOAb! U YCTPOWCTBA BbICOKOTOYHOTO U3Mepe-
HUS Manbix gedopmMaLmnii C NOMOLLbI0 BONIOKOHHO-ONTUYECKMX OATUYUKOB.

Pe3ynbratbl. [oka3aH HOBbIN MHTETPUPOBAHHbLIA BONTIOKOHHO-OMTUYECKUIA AaTYUK, CMIOCOOHbLIN N3MepaTb AaBrneHne Boabl
1 obluee [aBrieHWe rpyHTa C nomoLlbio npeobpasoBatens curHana. poaHanuM3vpoBaHO UCMOMb30BaHUE TEXHOMOornu
3D-nevyatu ons M3roToBneHus Takmx npeobpasoBaTenei.

BbiBogbl. [1peacraBneH MeToq BONTOKOHHO-ONTUYECKOrO MOHUTOPUHIA TPELLUH, BKITIOYAKOLLNIA (hU3NYECKOEe N3rOTOBMNEHNE,
KanubpoBOYHblE UCMbITAHWUS U BepudUKaLMIo B NMOMEBLIX WHXEHEPHbIX ycrnoBusiX. [peanoxeHHble MeTodbl BONIOKOHHO-
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ONTUYECKOTO MOHUTOPUHIA OCHOBaHbI Ha APdEKTUBHBIX cnocobax TOYHbIX n3MepeHun B obnactu NHXEHEepPHOW reonormu
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INTRODUCTION

Given the extended duration of infrastructure con-
struction and usage, structural health monitoring (SHM)
has emerged as a critical measure to ensure the stability
and integrity of facilities [1-4]. Traditionally, electronic
sensors have been predominantly utilized for monitoring
purposes; however, these sensors often exhibit several
limitations, such as vulnerability to electromagnetic in-
terference, complex wiring requirements, and constrained
timeliness. In contrast, fibre-optic sensors present signifi-
cant advantages, including compact size, high sensitivi-
ty, and immunity to electromagnetic interference. These
attributes render fibre-optic sensors highly suitable for
specialized monitoring needs, and their application in
engineering has become increasingly widespread [5-7].

Fibre optic sensors are principally categorized into
two types: fibre Bragg grating (FBG) sensors and distrib-
uted fibre-optic sensors [8—11]. FBG sensors are typically
employed to measure pressure, displacement, and temper-
ature at specific locations within a building structure. Due
to the thermal expansion and contraction effects inherent
in optical fibres, FBG sensors exhibit high sensitivity to
temperature fluctuations, facilitating precise and low-loss
temperature monitoring. For instance, Hsiao et al. [12]
measured extremely cold temperatures using metal-coated
FBG sensors, while Liu et al. [13] enhanced the thermal
expansion and contraction effects of optical fibres to en-
able real-time temperature measurement in high-temper-
ature environments. Compared to conventional pressure
measurement sensors, FBG pressure sensors demonstrate
superior durability and stability. Li et al. [14] designed
an FBG pressure sensor based on a cantilever beam struc-
ture, whereas Yang et al. [15] developed an FBG sensor
utilizing an isosceles triangular cantilever beam struc-
ture for accurate pressure determination. Displacement
in engineering is typically indicated by phenomena such
as cracks, settlements, and misalignments, necessitating
highly sensitive measurement tools. FBG displacement
sensors are capable of accurately and in real-time moni-
toring such displacements. For instance, Shi et al. [16]
proposed a compact FBG displacement sensor with robust
micro-displacement measurement capability using a hy-
perbolic flexible hinge structure, and Ng et al. [17] devel-
oped a highly sensitive FBG displacement sensor based
on the monitoring of FBG backward reflective power.

Given the intrinsic fragility of FBG sensors, encap-
sulation and protection are essential to ensure their relia-
bility [18-20]. The advent and development of 3D print-
ing technologies, especially fused deposition modeling

(FDM), have introduced innovative methods for sensor
fabrication and production [21, 22]. In FDM technology,
a printer nozzle, guided by computer modeling, heats and
melts the print material, depositing it layer by layer un-
til the final product is formed [23]. For example, Hong
et al. [24] designed an FBG-embedded pressure sen-
sor utilizing FDM technology, while Hassan et al. [25]
demonstrated the potential of 3D printing technology
in designing soft pressure sensors, thereby highlighting
the flexibility of 3D printed production.

Distributed fibre-optic sensors are classified based
on their measurement principles into point-distributed,
quasi-distributed, and fully distributed systems [26-28].
Point-distributed and quasi-distributed sensors usually em-
ploy FBGs as the measurement unit [29, 30]. For instance,
Pei et al. [31] developed a sensor based on point-distrib-
uted fibre optics specifically designed for monitoring
landslide displacements; Xu et al. [32] proposed a novel
sensor based on quasi-distributed fibre optics for soil pres-
sure measurements of earth slopes; and Luo et al. [33]
proposed an ultra-weak FBG (WFBGQG) array sensing sys-
tem for long-distance monitoring. In fully distributed fibre
measurements, the entire fibre serves as the sensing ele-
ment [34-36]. Li et al. [37] used an optical backscatter me-
ter for concrete crack monitoring, confirming the effective-
ness of distributed fibre optics in this application; Wang
et al. [38] implemented distributed temperature measure-
ments (DTS) for real-time monitoring based on the Bril-
louin scattering slow-light delay time; Ravet et al. [39]
monitored continuous tunnel displacement using distrib-
uted fibre-optic strain sensing, highlighting the potential
of distributed fibre optics in tunnel detection; and Prabodh
et al. [40] proposed dynamic strain measurements using
Brillouin optical time domain analyzer (BOTDA), provid-
ing a reference for the measurement of vibration-based
physical quantities such as sound.

In summary, fibre-optic sensing exhibits substantial
developmental potential in the realm of structural health
monitoring. It is adaptable to a variety of monitoring con-
ditions and is suitable for monitoring temperature, strain,
and stress at structural vulnerable points, as well as for
long-distance real-time monitoring. This study elucidates
the measurement principles of various fibre-optic sen-
sors and, in conjunction with FDM technology, details
the production, calibration, and application of two types
of FBG sensors. Furthermore, it analyzes the application
of a distributed fibre-optic sensing system, offering guid-
ance for the implementation of fibre-optic sensing sys-
tems in engineering.
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Working principle of fibre optic sensors

Fig. 1 shows structure of the optical fibre and the wo-
rking principle of the fibre optical sensors. The core, being
the innermost component, is responsible for light transmis-
sion. The outer protective layers safeguard the optical fibre
from environmental damage and mechanical stress, there-
by enhancing its durability and performance. The FBG sen-
sor exhibit a high sensitivity to variations in external envi-
ronmental conditions. When broadband light is incident
upon a FBG, the FBG selectively reflects a specific wave-
length while transmitting all other wavelengths. This particu-
lar reflected wavelength, known as the Bragg wavelength,
is sensitive to variations in temperature and strain. The re-
lationship between the Bragg wavelength and these exter-
nal factors can be expressed as follows:

AN,

=(1_Qﬂ)8+(a+a)AT» (1)
where AL is the center wavelength drift of the FBG due
to stress strain or temperature change; A, is the initial
wavelength of the FBG without external influence; Peﬁr
is the optical elasticity coefficient, for the commonly
used quartz optical fibre to take 0.22; ¢ is the fibre grat-
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ing strain; o and & are the coefficient of thermal expan-
sion of the optical fibre grating and the thermo-optical
coefficient, generally take o + &= 6.67 - 10%/°C; AT is
the temperature change.

Distributed sensing technology can be categorized
into three distinct types based on the underlying monitor-
ing principles. Fig. 2 provides a comprehensive overview
of the various types of distributed fibre optic sensors, cat-
egorizing them into point-distributed, quasi-distributed,
and fully distributed. Point-distributed sensors measure
strain and temperature variations by detecting changes
in reflected wavelength. Quasi-distributed sensors utilize
multiple measurement points along the fibre, each corre-
sponding to a distinct wavelength shift, thereby enabling
long-distance monitoring across multiple locations. Fully
distributed sensors use the entire optical fibre as a contin-
uous measurement point, allowing for the measurement
of physical quantities along the entire length of the fibre.

The principles underlying point-distributed and
quasi-distributed sensors align with those used in FBG
monitoring systems, which are not reiterated here. In
the upper right corner of the figure, the internal structure
of the optical fibre and FBG details, such as the core,
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Fig. 1. Structure of the optical fibre (a); working principle of fibre optic sensors ()
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cladding, and various grating periods, are depicted. FBGs
are widely utilized for both static and dynamic measure-
ments, with ultra-weak FBGs (uwFBGs) being particu-
larly effective for monitoring strain, temperature, and
distributed acoustic sensing (DAS).

Distributed measurement techniques are further
classified based on their underlying monitoring princi-
ples, such as Rayleigh Scattering-Based Sensors, which
is primarily used for high-resolution strain; the optical
time domain reflectometry (OTDR) and optical fre-
quency domain reflectometry (OFDR) are used for tem-
perature measurement; the Brillouin Scattering-Based
Sensors of Brillouin optical time domain reflectometry/
analyzers (BOTDR/A) and Brillouin optical frequency
domain reflectometry (BOFDR) are commonly used to
measure distributed strains and temperatures.

Newly designed effective soil stress transducer

In engineering applications, FBGs are frequently
affixed to sensing units to measure various parameters.
Given the complexity of the operational environment, it
is often necessary to monitor multiple variables simulta-
neously. To address this challenge, the encapsulation and
integration of FBGs is essential. In this study, an FBG
sensor capable of simultaneously measuring earth pres-
sure and water pressure was developed. As illustrated in
Fig. 3, the FBGs for measuring earth and water pressures
were embedded into the grooves of the upper and lower
layers of the sensor, respectively. The upper structure is
completely sealed, while the lower structure contains mi-
cropores that permit only water or air to pass through, en-
suring measurement accuracy. The sensors were fabricated
using the 3D FDM method, which allows the fibre grating
sensing unit to be embedded directly during the printing
process, thus preserving the sensor’s integrity and sealing.
FDM-fabricated sensors can be better matched to the mod-
ulus of the soil, ensuring synchronized deformation with
the soil. Additionally, the flexibility of FDM enables

Fig. 3. Structure of soil — water pressure sensor

Puc. 3. Cxema narumka JaBieHus TPYHT — BOAA

the design of package structures that can integrate vari-
ous measurement functions within a single sensor, thereby
simplifying the measurement process.

Prior to deployment, the sensor must be calibrated
to determine its static coefficient. As depicted in Fig. 4,
the upper right part of the figure demonstrates the setup
for the calibration test. The sensor’s soil pressure mea-
surement was calibrated using overlying pressure with
a gradient of 0.01 MPa, applying corresponding weights
to the sensor’s sensing surface. The sensitivity of the sen-
sor to soil pressure was calculated to be 12.633 nm/MPa
through linear fitting. For the calibration of water pres-
sure, air pressure was used in place of water pressure
with a gradient of 0.05 MPa. The corresponding air pres-
sure was increased in the water pressure sensor chamber,
and the sensitivity of the sensor to water pressure was
calculated to be 6.282 nm/MPa, also through linear fit-
ting. These findings confirm that the sensor possesses
sufficient sensitivity to both earth and water pressures to
meet the necessary engineering specifications.

Newly designed crack measurement sensors

Engineering structures are often susceptible to small
cracks, necessitating the use of sensors with high mea-
surement accuracy to monitor these small displacements.
To meet this requirement, a high-accuracy, small-range
FBG displacement sensor was developed and pack-
aged using FDM technology. The design and structure
of the sensor are shown in Fig. 5, with the sensor de-
signed to have an overall length of 10 cm and a cross-
sectional dimension of 8 mm.

The newly designed crack measurement sensors
can measure micro-cracks under various conditions.
The relationship between the slit displacement Ax and
the FBG wavelength drift AL, is shown in Eq. (2), where
K_ is the fibre grating strain sensitivity coefficient, K
and K are the elasticity coefficients of the fibre grat-

Pressure unit design principle
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ing and the spring, respectively, and L is the length
of the stretched fibre:
K, &

Aky = K, )

1

The calibration tests were carried out in laboratory.
The results are depicted in Fig. 5. It can be found that
the displacement sensitivity of the proposed transducer
was 2.301 nm/mm with a fitting coefficient of 0.992.
The temperature sensitivity was 0.0208 nm/°C with
a fitting coefficient of 0.9917. Based on the small-range
FBG displacement measurement device, a hardware and

Alignment hole
Retainer plate

Concealed pull bar
Structural schematic

Fiber Optic
I Fusion Splicer
Fiber Optic Grating Splicing

software system was developed for long-term stable real-
time monitoring of geotechnical bodies.

Field application cases of newly designed fibre optic
sensors

Structural damage in engineering typically begins
with the initiation of cracks, followed by crack propa-
gation and eventual structural failure. High-accuracy,
small-range sensors with high sensitivity are suitable for
real-time monitoring of crack propagation. In this study,
newly designed fibre-optic sensors were applied to moni-
tor crack displacement in rock bodies at the top of caves.
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Temperature sensor

Small range displacement

measurement device
Number of nitial C.oefﬁclent of Coefficient of
. displacement temperature
displacement  wavelength oy ii s
sensitivity sensitivity
semsor ) (nm/mm) (nm/°C)
1 1548.507 2.301 0.0208
2 1551.846 3.330 0.0402
3 1561.957 3.903 0.0237
4 1538.887 3.304 0.0542
5 1538917 4239 0.0531
6 1536.781 4.154 0.0242
7 1529.939 2.339 0.0305
8 1557.991 4.810 0.0234
9 1533.622 5.673 0.0395
e Initial wavelength Temperature coefficient
temperature o
(nm) (nm/°C)
sensor
1 1551.038 0.0097
2 1538.891 0.0098
3 1560.073 0.0098
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Fig. 6. Field application of newly designed fibre optical sensors: @ — sensor arrangement; b — field instrumentation system
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These rock bodies are subjected to significant bearing
pressure and are disturbed by water spray erosion, wind,
and seismic activities, all of which exacerbate crack
propagation. To maintain the stability of the top rock
body of the cave, real-time monitoring of crack displace-
ment is essential. The arrangement of the top rock body
and sensors is shown in Fig. 6. To ensure the accuracy
of crack displacement monitoring, temperature sensors

were also installed around the displacement sensors to
compensate for temperature variations.

Cracks in the rock at the top of the cave were
monitored over a one-year period, with time as the in-
termediate variable. Fig. 7 illustrates the results of crack
displacement monitoring at point 1. Fig. 7, a, ¢ show
the temperature variations over the year, indicating a fluc-
tuating pattern that aligns with seasonal atmospheric tem-
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perature changes. The monitoring data reveal significant
daily temperature variations, reflecting large diurnal
temperature differences. Fig. 7, b, d depict the changes
in crack displacement. After removing the effect of tem-
perature on the wavelength, a positive increase indicates
crack expansion, while a negative increase may be due
to minor sensor rebound and the thermal expansion and
contraction of the cracks due to temperature changes.

CONCLUSIONS

This study provides a comprehensive discussion
on the current state of optical fibre sensing technology.
Some newly designed optical fibre sensors for effective
stress and micro-cracks measurement in geotechnical
engineering were also presented. The working prin-
ciple, sensor design and advanced 3D FDM fabrication
approach were elaborated. A typical field application
case of the newly designed optical fibre sensors was dis-
cussed. Major conclusions are summarized as follows:

1. Optical fibre sensing technology could offer a new
approach for health monitoring in civil engineering in
good accuracy and long-term stability especially in harsh

158

environment, such as low temperature, electro magnetic
interference conditions and corrosion environment.

2. The proposed fibre optic transducer could mea-
sure the effective stress of earth pressure in high accu-
racy. The pressure sensitivity of the soil pressure dia-
phragm is 12.633 nm/MPa with a linear fitting coefficient
0f 0.9928. The pressure sensitivity coefficient of the wa-
ter pressure diaphragm is 6.282 nm/MPa with a fitting
coefficient of 0.992. The physical model results proved
the accuracy of the newly designed fibre optical sensor.

3. A high-precision small range FBG displacement
measurement device was proposed to measure micro-
cracks in different conditions. The sensitivity of the pro-
posed transducer was 2.301 nm/mm with a fitting coeffi-
cient of 0.992; the temperature sensitivity is 0.0208 nm/°C
with a fitting coefficient of 0.9917. In addition, a hardware
and software system was developed for long-term stable
real-time monitoring of geotechnical bodies, which could
provide beneficial guidance for actual engineering dis-
placement, temperature changes, and disaster warning.

4. The outcome of this study provides newly ap-
proach investigating the displacement and strain patterns
of models after stress deformation, offering practical moni-
toring means for subsequent engineering applications.
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