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Structural health monitoring is essential for the lifecycle maintenance of tunnel infrastructure. Distributed fiber-optic sensor
(DFOS) technology, which is capable of distributed strain measurement and long-range sensing, is an ideal nondestructive testing
(NDT) approach for monitoring linear infrastructures. This research aims to develop a distributed sensing network utilizing
DFOS for structural integrity assessment of concrete immersed tunnels. The primary innovations of this study lie in the de-
velopment of a general flowchart for establishing a sensing network and obtaining reliable field data, as well as its subsequent
validation through a detailed case study. Concentrated joint deformations in typical immersed tunnels, detectable by the DFOS,
are key indicators of structural integrity. This study addresses crucial elements of field monitoring system design, including the
selection of appropriate optical fibers or cables and the determination of vital interrogator system parameters. It also covers sensor
parameter determination, installation techniques, field data collection, and postanalysis. Furthermore, this research is exemplified
by a case study that illustrates the successful implementation of a distributed sensing network in an operational immersed tunnel,
and monitoring data reveals cyclic structural deformations under impacts of daily tide and seasonal temperature variations. The
data obtained from this network play a significant role in subsequent condition assessments of tunnel structures. The research
findings contribute to the assessment of large-scale infrastructure health conditions through the application of DFOS monitoring.

Keywords: distributed fiber-optic sensor; immersed tunnel; joint deformation; structural health monitoring; tunnel infrastructure

1. Introduction

Underground tunnel infrastructures have been constructed
worldwide, serving vital purposes in human-built envi-
ronments. Particularly in populated urban areas, a diverse
array of tunnels, including those for transportation (roads
and railways) and utilities (sewage and drainage), are
constructed to expand the use of underground spaces, which
substantially contributes to urban sustainability and fortifies
resilience against climate change [1-3]. However, as tunnels
age, their structural conditions are increasingly compro-
mised by both intrinsic and extrinsic factors, including
challenging geological conditions and material degradation

[4-6]. For underground tunnels, structural integrity issues
are mostly associated with unanticipated excessive de-
formations, especially at discontinuous points (e.g., con-
struction joints), resulting in leakage and localized concrete
cracking [6, 7], thereby emphasizing the importance of
preventive monitoring in maintaining the safety and
functionality of critical tunnel infrastructures.

Previous studies have investigated various sensing
technologies for monitoring tunnel deformations and
evaluating their structural integrity. These research efforts
encompass health status monitoring from the perspective of
construction materials to overall integrity monitoring of
large-scale structures. Numerous recent studies have
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examined the integration of intelligent technologies into
construction materials (primarily concrete and other ce-
mentitious composites) to monitor their health conditions
and environmental interactions. For instance, Mpalaskas
et al. [8] investigated the monitoring of damage propagation
and its detection using acoustic emission (AE) techniques,
taking into account the scattering of fracture energy within
the concrete microstructure. To facilitate intelligent damage
detection, small-sized smart piezoelectric sensors have also
been successfully deployed in concrete structural members
[9-11]. Although these studies are predominantly based on
small-scale laboratory tests, they significantly contribute to
the development of emerging sensing technologies for
structural health monitoring (SHM) from a material
perspective.

For monitoring large-scale engineering structures, such
as long bridges or tunnels, a variety of potential sensing
techniques can be applied for specific purposes. These
techniques may include conventional point strain sensors
[12], 3D laser scanning [13], computer visions [14], and
optical fiber sensor [15]. Among these, distributed fiber-
optic sensor (DFOS) stands out for its ability to sense strain,
temperature, and vibration over long distances and in
a distributed manner. DFOS systems operate on several
optical scattering phenomena in light transmission through
an optical fiber, including Rayleigh, Brillouin, and Raman
scattering [16, 17]. Remarkably, the optical fiber or fiber-
optic (FO) cable, potentially extending over a hundred ki-
lometers, functions both as the sensor and the signal
transmission medium. This unique feature allows a single
cable to serve as a dense array of deformation sensors,
covering numerous monitoring points in tunnels [18, 19].
This integrated approach is challenging to replicate with
conventional discrete sensors, especially when considering
instrumentation costs and the complexity of the sensing
network.

In previous studies, DFOS has been used to instrument
various geotechnical structures for deformation monitoring
[20-24]. For instance, Gue et al. [25] and Zhu et al. [18] used
DFOS systems installed on shield tunnels as extensometers
on the intrados surface of tunnels to detect transverse
torsion and circumferential joint openings. Notably, pre-
vious studies have focused mainly on postanalysis of
monitoring data, while little emphasis has been placed on the
design and establishment of field DFOS monitoring net-
works. However, if not implemented properly, the DFOS
monitoring system may exhibit defects in field conditions,
which can deteriorate the measurement accuracy, as evi-
denced by the work of Zhang and Broere [26] and Liu et al.
[27], where issues such as fiber anchorage failure and
breakage compromised the performance of the monitoring
systems. Particularly under harsh field conditions, a single
break can effectively reduce a dual-ended fiber loop to two
single-ended fiber lines, which will impact the data acqui-
sition precision, or disable parts of a single-ended moni-
toring network. Given these challenges, the development of
robust field instrumentation guidelines for DFOS moni-
toring is crucial and should be given as much priority as data
interpretation itself.

Structural Control and Health Monitoring

This study targets to develop a distributed sensing network
for monitoring the structural integrity of concrete immersed
tunnels using DFOS. The innovations and contributions of the
present study are twofold: (1) It proposes a general and
practical framework for developing a reliable sensing network
and guiding field implementation, and (2) it further verifies the
effectiveness of this framework through a tunnel monitoring
case study. In the rest of this study, the structural integrity
issues of typical immersed tunnels are first discussed in Section
2, and basic monitoring requirements are specified. Sub-
sequently, Section 3 explores the practical design aspects of
a distributed monitoring system, and key aspects, such as the
criteria for determining sensing fibers or cables and the in-
terrogator system, were initially addressed, followed by critical
sensor parameter determination, sensor installation methods,
and sensor protection. In addition, the proposed guidelines are
explicitly demonstrated through a case study in Section 4,
focusing on the successful establishment of a distributed
sensing network for monitoring an in-service immersed tunnel.
Finally, conclusions of this study are drawn in Section 5.

2. Structural Integrity Issues of
Immersed Tunnels

Immersed tunnels, which serve as critical fixed link in-
frastructures beneath waterways, have been successfully
constructed in various locations globally. The construction
process typically begins with the fabrication of shorter
tunnel segments, which are subsequently assembled into
longer elements (typically around 100m) in a dry dock.
These elements are then floated to the designated tunnel site
using tugboats and immersed into a prepared trench on the
riverbed [28]. Longitudinally, an immersed tunnel struc-
turally behaves akin to a chain of interconnected segments
on a prepared foundation. Two distinct types of joints are
integral to a segmented immersed tunnel structure, namely,
immersion and dilation joints (as depicted in Figure 1).
Immersion joints materialize during underwater element
immersion and connection, whereas dilation joints form
during the sequential fabrication of elements at a dry dock.

Generally, since joint cross sections exhibit a lower
bending stiffness than normal cross sections of a continuous
structure, making them prone to concentrated excessive
deformation. Over an extended operational lifespan, the
occurrence of excessive joint deformations predominantly
involving longitudinal opening and closure (along y-axis in
Figure 1), as well as vertical differential settlements (along z-
axis in Figure 1) at the joint, can lead to localized concrete
cracking and leakage [6, 29]. Therefore, to comprehensively
evaluate structural integrity, it is imperative to diligently
monitor joint deformations along the entire length of the
tunnel.

3. Monitoring Structure Integrity Using
the DFOS

3.1. Basic Information of the DFOS System. A DFOS system
generally functions based on optical backscattering phe-
nomena within an optical fiber, encompassing Rayleigh

85U9017 SLIOLLUOD SA1a1D 3o [dde 3y Ag pausenof e sajoiie YO @8N J0 s3|nJ oy Areiq i auluO 4|1 UO (SUONIPUOI-pUR-SLLBH 0D AB | 1M ARe.d 1BU1 {UO//SANL) SUOIPUOD PUe SR 13U} 335 *[7202/2T/S0] Uo ARidiauliuo A8|IMm ‘Wied L Ad T062809/y202/SSTT OT/10p/W0D A3 1M Akeid Ut juo//sdiy wouy papeojumoq ‘T ‘7202 ‘Wuds



Structural Control and Health Monitoring

Backfilling soil

Concrete segment

Immersion
joint

Dilation joint

Tunnel

element

<

Natural groun

Immersion joint

strata

Immersed tunnel

F1GURE 1: Illustration of a segmented immersed tunnel with immersion and dilation joints.

scattering and Brillouin and Raman scattering [16, 17].
DFOS that utilizes Brillouin and Rayleigh backscattering
provides distributed strain and temperature sensing capa-
bilities [30], whereas those relying on Raman scattering are
limited to temperature measurements. Between the different
commercially available Rayleigh scattering-based DFOS
systems, optical frequency domain reflectometry (OFDR) is
the most suitable given its excellent millimeter-order spatial
resolution, but OFDR typically has a sensing range of up to
a hundred meters [31], limiting its applicability for moni-
toring extensive linear infrastructure. In contrast, Brillouin
scattering-based DFOS can cover distances up to a hundred
kilometers, making them more suitable for monitoring
networks in extensive tunnel projects.

3.1.1. Brillouin Scattering-Based DFOS. Brillouin scattering
occurs within an optical fiber when forward-propagating
incident light interacts with acoustic phonons in optical
fibers. This interaction leads to the generation of back-
scattered light with a shifted frequency compared to the
original incident light, which is denoted as the Brillouin
frequency shift (BFS), as depicted in Figure 2. The BFS is
proportional to the velocity of the acoustic phonons, which
is sensitive to mechanical strain or temperature variations in
the optical fibers. Therefore, measuring this BFS (Av)
provides a way to determine the strain ¢ and temperature
variations AT spatially distributed along the full length of the
optical fiber [30, 33]:

Av = C.e + C,AT, (1)

where C, and C, denote the sensitivity coefficients of strain
and temperature, respectively, which are typically constant
parameters determined by the optical fiber.

3.1.2. DFOS System Parameter Investigation. A typical
DFOS setup consists of an optical fiber or cable affixed to the
structure and an interrogator device for optical signal
analysis (see Figure 2). According to Zhang and Broere [26],

when determining a suitable fiber or cable type for exten-
someter use, the key aspects that should be checked or
calibrated include the maximum working strain (MWS), the
creep and relaxation potential, the sensitivity coefficients of
strain and temperature, and the axial stiffness. Notably, the
axial stiffness implies the ease of fiber handling, particularly
when prestraining is needed during onsite installation.
Conducting a calibration tension test can effectively ascer-
tain the mechanical properties of an optimal sensing fiber,
such as by Lienhart et al. [34] and Zhang and Broere [26].

The interrogator performance in DFOS systems is
contingent upon several key parameters. The spatial reso-
lution is the primary factor influencing the accuracy of strain
or temperature measurements at a given sampling point.
This accuracy is derived from averaging over the spatial
resolution length, with typical resolutions in civil engi-
neering applications ranging from 2 to 200 cm. Another
critical parameter is the maximum sensing distance (MSD),
which dictates the maximal length of the optical fiber or
cable in DFOS systems. Furthermore, the resolution or
accuracy of the BFS is essential. This metric reflects the
interrogator’s capacity to distinguish the minimum BFS,
thus determining the precision of the strain and temperature
measurements. Finally, the BFS scan range of an interrogator
crucially influences the range of strain and temperature that
can be measured. Notably, the practical measurement range
in a DFOS system is often more restricted by the properties
of the optical fiber itself, especially regarding maximum
strain endurance and thermal tolerance. Consequently,
when formulating field monitoring strategies, it is impera-
tive to consider both the interrogator capabilities and the
intrinsic attributes of the sensing fiber.

3.2. DFOS Instrumentation as Extensometers. As DFOS can
measure the strain along the fiber axis, the simplest approach
to set up an extensometer is through a two-point anchorage,
where a short fiber length is fixed at its two ends, P, and P,,
as shown in Figure 3(a). With this layout, the relative dis-
placement of the two anchor points can be readily derived
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FIGURE 3: Optical fiber extensometer: (a) single form and (b) combined form.

from the extension or contraction of the interval fiber length
(Ax in Figure 3(a)). Analogous to the long-gauge fiber Bragg
gratings (FBGs) extensometer (for measuring the relative
displacement of the two anchor ends), the short interval fiber
length is referred to as the gauge length.

Notably, if displacements of P, along both the x and y
directions (Ax and Ay in Figure 3(b)) are to be measured
concurrently, additional extensometers will be required to detect
both components precisely, resulting in one possible layout in
Figure 3(b), and the mathematical relations correlating fiber
strains to displacement components can be derived as follows:

V(GL, +Ax)? + Ay* - GL,

= (2)
GL, ‘-

V(GL, + Ax)” + (b, — Ay)’ — GL,

GL, ey

where GL, and GL, are the gauge lengths of the two ex-
tensometers in Figure 3(b), and h, is the vertical distance
between the anchor points P; and P;. The fiber strain

variations (to the baseline status) of GL, and GL,, namely, ¢,
and ¢,, can be deduced via BFS by the interrogator, and from
equations (2) and (3), the accurate displacement compo-
nents can be derived. The application of such a sensing
principle is detailed below in Section 4.2 of case study.

To monitor the concentrated joint deformations of long
immersed tunnels, a short length of FO cable can be readily
configured as an extensometer spanning the joint gap by
fixing its dual ends at two adjoining segments. However,
these joint deformations are typically not limited to a single
direction but can exhibit more complex deformation modes.
First of all, for wide immersed tunnel, the two sidewalls of
the joint cross section may settle differently, resulting in
segmental twisting (see Az, and Az, in Figure 4(a)), and
thus, a proper sensor layout should capture the differential
settlements at both sidewalls. Moreover, the thermal ex-
pansion or contraction of concrete segments theoretically
leads to uniform joint openings, but segment tilting on the
vertical plane causes nonuniform opening (variable joint
widths) as illustrated in Figure 4(b). These can be monitored
using at least two independent extensometers at the upper
and lower locations. Given the above monitoring
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FIGURE 4: Sensor layout at the tunnel joint for measuring deformations: (a) differential settlement transversely; (b) openings and differential
settlement at joint; (c) sensor blocks at the tunnel joint; (d) sensor blocks at each sidewall.

requirements, multiple extensometers should be assembled and
combined to monitor complex joint deformation modes.

Using DFOS, one feasible instrumentation solution is
demonstrated in Figures 4(c) and 4(d). At each joint cross
section, two independent sensor blocks (SBs) are installed to
instrument both sidewalls. Within each SB, two gauge
lengths are horizontally placed (GL1 and GL3 in Figure 4(d))
to detect joint opening at the lower and upper parts of the
joint (Ay, and Ay, in Figure 4(b)). Combined with an
additional inclined gauge length GL2, as illustrated in
Figure 4(d), the differential settlement at the tunnel joint can
be found following the sensing principle proposed in
Figure 3(b). Furthermore, the twisting effects resulting from
the differential settlements of the two sidewalls (Az, and Az,
in Figure 4(a)) can be properly monitored by comparing the
vertical settlements of the two SBs. Notably, a single, ex-
tended optical fiber has the potential to set up a vast array of
measurement points and acquire the needed spatial in-
formation for a structural integrity evaluation.

When designing extensometers using optical fibers or
cables, the following aspects should be considered.

3.2.1. The Gauge Length. Determining the gauge length is
the initial step in extensometer design, and in most cases, the
fiber extensometer must be prestrained at installation to be
able to measure both elongation and contraction. As illus-
trated in Figure 5, P, defines the gauge length (at zero-strain
state), while P, indicates the point of installation with an
initial prestrain, and P, corresponds to the maximum

Lv oL
! c e 1
P, Optical fiber P, > < _"
__--...s @ -
Gauge length L, | 4 ‘\\ p}
I

|
< > !
| Length at installation !
I

A

Figure 5: Illustration of parameters of a single optical fiber
extensometer.

elongation scenario. In order to limit the fiber’s working
strain below the MWS level at the anticipated maximum
displacement (considering both fiber extension and con-
traction), the gauge length L; can be determined as follows:

LO = (Lc + Le)smax’ (4)

where L, and L, are the anticipated maximum contraction
and elongation (absolute values) of the extensometer, re-
spectively (see Figure 5), and e, is the MWS of the
optical fiber.

From the perspective of convenience in extensometer
installation, the gauge length should preferably be kept as
small as possible; moreover, a shorter gauge length can
mitigate the potential vibration of the strained fiber under
working conditions. However, the lower bound of the gauge
length will still have to take into account that (a) it should
preferably be no smaller than the interrogator spatial res-
olution to minimize the (spatial resolution related) sys-
tematic error and (b) the field instrumentation conditions.
For instance, the gauge length should be greater than the
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joint gap width when installed to span the gap for measuring
joint openings.

3.2.2. Fiber Prestrain at Installation. The prestrain level ¢,
at installation should account for the maximum contraction
scenario as follows:
LC
Eins. = LO' (5)
If L. and L, of the extensometer are estimated to be
equal, the prestrain level at installation can be set to half of
the MWS; hence, the fiber sensing capacity can be fully
utilized. Notably, the optical fiber should not be too stiff
when manual prestraining is needed during installation.

3.2.3. Compensation of Temperature Effects. As Brillouin
scattering depends on temperature and strain, temperature
effects must be properly compensated in deformation
monitoring. Two common methods are used: measuring the
BEFS of a short loose (zero-strain) fiber near the gauge length
and deducting it from the total BFS, or using a Raman-type
distributed temperature sensing (DTS) interrogator for
dedicated temperature measurements on the gauge length.
The first method is the most widely used for eliminating
temperature effects in deformation sensing.

3.2.4. Fiber Anchorage and Protection. For extensometer
applications, the gauge length must be securely anchored at
both ends to prevent slippage under normal conditions.
Directly bonding the fiber to a structure’s surface is often
impractical due to challenges in prestraining the fiber and
the time required for glue to set and harden. Consequently,
additional anchoring components, such as anchorage pads
or clamps (as depicted in Figure 6), are typically employed.
The optical fiber can be affixed to these pads either by gluing
onto the surface (see Figure 6(a)), embedding in a glue-filled
slot (shown in Figure 6(b)), or using a screw-adjustable
clamp (in Figure 6(c)). The (optical fiber-pad) extensometer
assembly can then be mounted onto the structure’s surface
using glue or bolts. Additionally, high strain levels can cause
fiber shrinkage and potential slippage at the fiber-clamp or
fiber-glue interface, leading to measurement errors. Hence,
preinstallation experiments are recommended to test
bonding performance with different glues or clamp forces,
ensuring reliable anchorage even at the highest anticipated
strain levels.

In addition, protecting the extensometer from external
impacts is often necessary, particularly for monitoring tasks
in harsh environments. Under severe conditions, replacing
nonsensing sections with stronger reinforced optical fiber
cables by welding connections (ensuring core-cladding layer
compatibility) can enhance durability. While such a solution
is viable for limited sections due to minor signal loss of
approximately 0.1-0.3 dB per connection [25], it also limits
the number of reinforced-to-sensing fiber transitions needed
to maintain adequate signal quality.

Structural Control and Health Monitoring

3.3. Workflow for Field Instrumentation Design. In Table 1,
a standard workflow is proposed to explicitly demonstrate
the procedures for practical field instrumentation design
using DFOS extensometers. This workflow covers the es-
sential steps and will be further illustrated with a case study.

The workflow starts by specifying the monitoring re-
quirements or targets as listed in Step 1. The monitoring
requirements should cover the directions (single or multi-
ple) and the anticipated range to be measured, the necessity
of manual prestrain at installation, and the instrumentation
conditions in the field. Note that the field installation
conditions further determine the suitable fiber anchorage
method. Additionally, if the deformation is to be measured
along two or three axes, additional extensometers will be
needed, as demonstrated in the case study section.

In Step 2, the collection of key system parameters of the
available DFOS system is essential, including the parameters
of the optical fiber and interrogator. For a conceptual
monitoring system design, the MWS can be set tentatively at
1%, as this applies to most available small-diameter optical
fiber products, but further verification is still needed. The
spatial resolution of the interrogator can be tentatively set as
the lower bound of the extensometer gauge length.

In Step 3, when designing a sensor layout for specific
deformation measurements, whether for single- or multi-
direction deformations, the relation that transfers the fiber
BES (or fiber strain) to the desired deformations should be
established according to specific sensor layouts. Although no
universal paradigm exists, this transfer relationship is based
on a deformation geometry analysis. A derivation of such
a relation is detailed in the case study (Section 4.2).

In Step 4, the gauge length is determined by consid-
ering the spatial resolution of the interrogator, the MWS
of the optical fiber, and the anticipated deformation range.
If fiber prestraining is necessary, the prestrain level should
account for the status where the lowest strain scenario
occurs on the gauge length. Finally, Step 5 concludes the
workflow with the design of the fiber anchorage methods
and additional protection measures based on the field
working environment.

4. Distributed Monitoring of an Immersed
Tunnel Case Study

This section details a case study involving the development
and implementation of a DFOS monitoring network for
assessing the structural integrity of an immersed tunnel, the
Heinenoordtunnel, in the Netherlands. The design of the
extensometer and the strategy for field instrumentation are
demonstrated through adherence to the workflow outlined
in Table 1, validating its applicability.

4.1. First Heinenoordtunnel. The First Heinenoordtunnel,
which was opened for service in 1969, is an immersed tunnel
located within the A29 highway in the Netherlands that
extends beneath the Oude Maas River (see Figure 7). Ar-
chitecturally, the tunnel features a rectangular cross section
and is longitudinally composed of five concrete elements
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() (b)
FIGURE 6: Anchorage pads for fiber fixing: (a) surface bonding; (b) slot bonding; (¢) dual clamps (modified from [35]).

Pad (with slot)
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TaBLE 1: Workflow of DFOS field instrumentation design.

Work step

Work description

Step 1: monitoring requirements specification

Single-direction or multidirection measuring

Anticipated range of measured deformation

Instrumentation conditions check (mounted on the surface or internal burial)
Manual prestrain at installation is needed or not

Step 2: DFOS system parameter collection

Spatial resolution of interrogator
Maximum working strain of optical fiber (via calibration)
Axial stiffness of sensing fiber (if manual prestrain is needed)

Step 3: fiber sensor layout design

Establish fiber strain—displacement transfer relation
Temperature effects compensation (when needed)

Step 4: gauge length and prestrain

Gauge length determination
Prestrain level determination

Step 5: fiber anchorage and protection

i e Rl Bl Ea o

Pad-fiber or clamp-fiber assembly method
Field installation planning
Fiber protection measures

8.6 m

South service

building 19m

Oude maas river

North service
o building
Immersion joint | ]

1

E3

Immersed tube section/5 Elements/574 m

Dilation joint

FiGure 7: Longitudinal profile of the Heinenoordtunnel.

(labeled E1 to E5 in Figure 7), each extending approximately
115m in length. These elements are further subdivided into
six shorter segments, each measuring approximately 19 m.
The total length of this immersed tunnel section is ap-
proximately 574 m, incorporating 25 dilation joints and six
immersion joints (see Figure 7).

After over 5 decades of operation, the structural in-
tegrity concern of the Heinenoordtunnel has increased.
Joint leakage has been documented [6, 36] that suggests
potential excessive joint opening indicating compromised
watertightness [7, 37], while pronounced differential
settlements at joints might predict concentrated shear
deformation and potential cracking [38]. Consequently,
monitoring joint openings and differential settlement is
crucial for assessing structural safety throughout a tun-
nel’s service life.

The Heinenoordtunnel is slightly special because, to the
extent, there is no central utility tube in the tunnel (as is
common for most immersed tunnels), and the only option is to
use the main traffic tubes, which results in limited available
space for the sensor network configuration, direct exposure of
the sensors to traffic, and the added constraint that field in-
stallation of the sensors will require temporary tunnel closure
to ensure access. The DFOS is chosen for this project because it
allows joints to be instrumented with a single optical fiber cable
with limited required space (working height from the wall) for
individual sensors, and the fiber end can extend outside the
tunnel to the end interrogator; hence, a remote-controlled
monitoring system that imposes no disturbance on normal
traffic becomes possible. The west tube’s sidewall in the Hei-
nenoordtunnel is selected for trial sensor instrumentation, as
shown in Figure 8.
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FIGURE 8: Heinenoordtunnel west sidewall to be instrumented by a remotely controllable DFOS system.

Traffic lanes

4.2. Field Instrumentation Scheme Design. The field in-
strumentation scheme for the Heinenoordtunnel is designed
stepwise as follows.

4.2.1. Step 1: Monitoring Requirement Specification. The
target deformations to be monitored are joint de-
formations along the vertical and longitudinal directions,
namely, the joint opening and relative settlement (of the
two joint sides), at both the immersion and dilation joints.
Atimmersion joints, an anticipated opening of +6mm and
arelative settlement of approximately +5mm are expected,
and at dilation joints, an anticipated opening of ap-
proximately £4mm and a relative settlement of around
+3mm are expected. Note that a negative opening in-
dicates joint closure relative to the baseline, while a neg-
ative differential settlement indicates only an opposite
settlement tendency on the two sides compared to the
presumed right-handed coordinate system direction. A
major constraint is that the installed sensor shall not
occupy too much space to limit its potential disturbance to
the normal traffic in the tunnel.

4.2.2. Step 2: DFOS System Parameter Collection. In this case
study, the determination of the interrogator system includes
several project-specific requirements. The commercially
available interrogators have been reviewed and discussed by
Zhang et al. [15]. Firstly, to cover the tunnel length of ap-
proximately 650 m, the interrogator should have a sensing
distance exceeding 650 m for single-end measurements or at
least 1.3km for dual-end measurements. Among the
available options, Brillouin scattering-based systems are
preferred over Rayleigh scattering systems. Secondly,
a spatial resolution in the centimeter range is preferable over
the meter range, given the need for distributed strain sensing
in future applications. Finally, a weighing between cost and
performance is necessary.

After a full consideration of the above requirements,
a BOFDA interrogator, model fIB2505 produced by
fibrisTerre Systems GmbH, was finally selected to measure
the BFS in the sensing fibers. This particular BOFDA unit
boasts a spatial resolution of 0.2 m for distances up to 2km
and 0.5 m for lengths extending to 25 km. It features a strain
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accuracy of 2microstrains (0.0002%) and can measure
a maximum strain of 3%, as detailed in FibrisTerre [39].

For extensometer use, a candidate strain-sensing fiber or
cable should be checked on several critical metrics, including
the MWS, the creep and relaxation potential, and the axial
stiffness. Notably, most sensing fiber types in previous
studies as evaluated by Zhang et al. [15] can satisfy the MWS
requirement. Examples of typical strain-sensing fiber or
cables include the D-09mm fiber, the D-2mm
polyurethane-coated FO cable [40], and high-stiffness ca-
bles with metal tubes reinforcements, metal reinforcement
strings, or glass fiber-reinforced polymer (GFRP) re-
inforcement [40, 41] as illustrated in Figure 9. In this
monitoring project, axial stiffness stands out as a priority
since manual prestraining is needed to set up the exten-
someters. The ultimately selected sensing cable is the
polyurethane-sheathed NZS-DSS-C07 type, which features
a 2-mm diameter (D-2 mm) as displayed in Figure 9(b). This
specific cable exhibited a measured strain sensitivity co-
efficient of 48.55 MHz per 0.1%, an MWS of approximately
1.2%, and a moderate axial stiffness of approximately 3 kN.
These characteristics facilitate relatively easy manual pre-
straining during installation, as noted by Zhang and
Broere [26].

4.2.3. Step 3: Fiber Sensor Layout Design. Due to access
limitation, the optical fiber cable is initially planned to be
installed only at the west sidewall surface of the tunnel,
and at the joint, the cable is aligned as extensometers
spanning the joint gap. The SB layout as demonstrated in
Figure 4(d) can address the joint deformations of interest,
but since the sensor installation is only confined to very
short night closures, the extensometer at the upper lo-
cation will not be implemented. Consequently, this trial
monitoring project only targets to monitor the openings
and differential settlement at the lower locations of the
joints.

For measuring both horizontal and vertical joint de-
formations simultaneously, two extensometers are set up by
fixing the optical fiber at 3 discrete points, P1 to P3, as shown
in Figure 10, where both gauge lengths (GL, and GL,) cross
the joint gap, and GL; works mainly to detect (horizontal)
joint openings, while GL; and GL, strain values can be
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FiGure 9: Illustration of typical strain-sensing fiber types used in the literature.
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FiGure 10: Sensor layout for joint two-directional displacement
measurements in Heinenoordtunnel.

combined to interpret vertical differential settlement. At
installation, GL, is set horizontal, and the three fixation
points are aligned to form a right-angle triangle. The transfer
relations between the measured BFS and joint deformation
are derived from geometrical relations, as shown in equa-
tions (4)-(9).

Upon the occurrence of a specific joint displacement
along both the horizontal and vertical directions at time
interval i, the correlation between the fiber’s BFS and the
deformation for GL; can be articulated as follows:

Metal or GFRP
~ reinforcement

Buffering sheath

9
Buffering jacket
Metal tube
reinforcement
(0
(a) D-0.9 mm optical fiber
(b) D-2 mm optical cable with
buffering jacket
(c) D-3.2 mm optical cable with
metal-tube reinforcement
(d) D-3.5 mm optical cable with
metal or GFRP reinforcement
Avy;
&1, = > > 6
1,i c. ( )
= ll(l + 51,1‘)’ (7)
Ay; =l (8
For GL,, it follows that
Av,;
82‘1‘ = ’1, (9)
CS
Li=hL(1+&,;) (10)

Moreover, the vertical distance between P1 and P3 is

calculated as follows:
hi=2, -, (11)

In this context, I, ;/I,; denotes the length of GL,/GL, at
interval i; Av, ;/Av,; represents the BFS of GL1 and GL2 at
interval i (temperature effects subtracted), as recorded using
the interrogator; ¢, ;/¢,; are the strains of GL1/GL2; Ay; is
the elongation of GLI at interval 4; and h; is the vertical
distance between the two fixation points P1 and P3.

In the subsequent measurements at a later time interval
denoted as j, the relationships between the displacement and
BEFS, as expressed in equations (6)-(11), still apply. There-
fore, the deformation of the joint relative to the previous
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interval i can be determined as (Ay; — Ay;) for joint opening
and (h i—h) for differential settlement. Note that at im-
mersion and dilation joints, different joint gap widths exist,
as shown in Figure 7. However, for simplicity of sensor
installation, the sensor layouts at both joints are set the same
overall, but with different dimensions and different gauge
length values are selected.

At every instrumented joint, the BFS of a short loose
fiber length (approximately 40 cm) adjacent to anchor P1
(see Figure 10) within a SB is recorded for the purpose of
temperature compensation as well as ambient temperature
sensing; in this way, the temperature effects can be deducted
(from the total BFS of the tensioned GL; and GL,). The
ambient temperature at each joint can be derived from the
following equation:

o7, + Si=Seo) (12)
C
where C, is the temperature sensitivity coeflicient of the
optical fiber (1.89 MHz/°C); f,, indicates the BFS at baseline
temperature T, (here a room temperature of 22.8°C); and f;
refers to the BES at time interval i as recorded by the BOFDA
interrogator.

4.2.4. Step 4: Gauge Length and Pretension. The joint gap
widths of the immersion and dilation joints are measured to
be approximately 135 and 4cm, respectively. The gauge
length determination must consider both the anticipated
deformation range and fiber working strains. Here, the
MWS of the sensing fiber is set at approximately 1.1%, which
is slightly less than the verified MWS of 1.2% to provide
additional safety margin. For the immersion joint, the gauge
length is determined predominantly by the joint gap width
(1.35 m), while for the very narrow dilation joint by the fiber
working strain. In addition, the prestraining of fibers at
installation should assure strain readings on the two gauge
lengths in the extreme scenario where the optical fiber ex-
hibits the loosest status.

The abovementioned conditions result in the governing
conditions shown as follows:

2% A
2 max _ g < 1.1%,
Lo
(13)
2 2
\/(LI,O +2 % Aymax) + (hO + Azmax) - LZ.O o
I =g <1.1%,
2.0
(14)
2 2
\/LI,O + (o = AZpney)” = Lyg
=¢ 20,
Lyo
(15)

where L, and L, indicate the gauge lengths of GL; and
GL,, respectively; Ay, and Az, indicate the anticipated
maximum positive opening and differential settlement at the
joints, respectively; ¢; and ¢, are the strain values of GL, and
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GL,, respectively; and h is the vertical distance difference
between P1 and P3 at the initial installation, as shown in
Figure 10, which is set equal to the gauge length of GL,.
The gauge lengths and prestraining design are de-
termined as listed in Table 2. Note that all the gauge lengths
exceed the spatial resolution of the BOFDA (0.2 m), and the
corresponding systematic error has been minimized.

4.2.5. Step 5: Fiber Anchorage and Protection. The field
installation in the traffic tubes in the Heinenoordtunnel is
restricted to several short night closures only; thus, a fast way
to set up the SB is essential for working efficiency and project
success. Given that pulling the tiny optical fiber to the
designated strain level and mounting it directly to the wall
surface is inconvenient and can be time-consuming, to
quicken the installation process, the fiber is first assembled
with anchorage pads using an adhesive at designated po-
sitions under laboratory conditions. The pads used are
designed with a narrow slot on the surface, where the fiber is
embedded by filling with glue, as depicted in Figure 11(b). In
the field, the sensors are installed by mounting the pads at
the designated locations on the tile surface of the tunnel wall
with epoxy adhesive, as shown in Figure 11(a).

As the optical fiber sensors installed are immediately
exposed to busy traffic lanes, sensor protection is highly
necessary from the start of the monitoring period. Several
measures exist that can provide sufficient protection to the
sensor: For surface-mounted extensometers, covering the
gauge length with plastic or metal cover boards protects
against external impacts and isolates the sensors from
ambient airflow, which further mitigates fiber vibration;
extensometers buried in concrete or ground can be shielded
by threading the gauge through a protective tube [27].
Furthermore, the nonsensing sections of the optical fiber
serve as signal transmission channels and also require
protection, such as by placing them in polyvinyl chloride
(PVC) or metal ducts.

Considering the budget and ease of installation, covering
protection using thin boards is the optimal solution. In the
field, special protective boards that are made of thin stainless
steel plates are manufactured to fully cover the SBs at each
joint, as shown in Figure 11(c). These boards are installed
after the pad mounts and are disconnected at the joint gap to
allow for relative deformation. Note that the loose-fiber line
GL; (see Figure 11(a)) is aligned parallel to GL, for ease of
covering protection. The finished sensor installation in the
Heinenoordtunnel is presented in Figure 12.

In this case, the road barriers on the side of the traffic
lanes provide an easy route for the extension of the long FO
cable between sensors. These loose cable sections between
instrumented joints are encased within a PVC duct for
protection, which is mounted atop the road barrier, as
shown in Figure 12(b). The field installation procedure is
confirmed to be robust enough to be executed even during
the peak of the COVID-19 pandemic, despite the resultant
delays and restrictions on the number of personnel per night
shift. Both ends of the fiber are extended outside the tunnel
to the interrogator located within the service room of the
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TaBLE 2: Gauge length and pretension design.

Parameter Immersion joint Dilation joint
L, 1350 mm 800 mm
.. 0.44% 0.50%
GL1 Prestraining (Installed at 1356 mm) (Installed at 804 mm)
Working strain 0%-0.90% 0%-1.0%
L,, 1902 mm 1127 mm
.. 0.60% 0.55%
GL2 Prestraining (Installed at 1913 mm) (Installed at 1134 mm)
Working strain 0.19%-1.01% 0.20%-1.08%

Cover board

<“—— Road barrier

FIGURE 11: Schematics of the sensor installation scheme in the field: (a) sensor block installation, (b) laboratory fiber-pad assembly, and
(c) cover board for fiber sensor protection.

Dilation joint

Sidewall

FiGgure 12: Completed DFOS monitoring network in the First Heinenoordtunnel: (a) sensor block at immersion joints; (b) loose connection
FO cable in protective PVC ducts.
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tunnel service building above the tunnel entrance. In this
way, the installed DFOS monitoring system provides remote
controllable ability and imposes no traffic disruptions during
operation.

4.3. Monitoring System Performance Appraisal. The DFOS
performance of the system installed in the Heine-
noordtunnel is assessed with regard to three aspects: the
capacity for high-frequency data collection, the signal at-
tenuation level, and the deformation and temperature
measurement accuracy.

4.3.1. The Capacity of High-Frequency Data-Taking. The
field instrumentation for the complete set of 30 joints (one
dilation joint was abandoned due to accessibility limitations)
was completed by June 11, 2021. This led to the establish-
ment of a comprehensive optical fiber sensing loop
encompassing all the tunnel joints. Under field conditions,
one data read for the entire fiber loop took approximately
7 min, demonstrating that the DFOS monitoring system can
conduct high-frequency measurements with an interval of
less than 1h. Therefore, it proves capable of performing
deformation monitoring for daily and seasonal joint be-
havior studies of the immersed tunnel.

4.3.2. The Signal Attenuation Level. Signal attenuation of the
long optical fiber loop in the field is the key factor de-
termining the precision of BFS measurements. The atten-
uation of signals within a DFOS system is typically
associated with factors such as the length of the fiber, the
efficacy of connectors and splices, and the degree of localized
bending of the fiber. Under field working conditions, the
signal attenuation for the 1.4-km optical fiber loop is
measured, using the BOFDA interrogator, as lower than
3.0 dB, which is much smaller than the specified threshold of
12dB set by the interrogator manual [39]; hence, the BFS
measurement results in the field are reliable.

Notably, field observations in this study also reveal that
signal attenuation of the optical fiber loop mainly results
from severe local fiber bending (beyond the prescribed
bending limit), in addition to other factors such as welding
connection. In this project, the whole sensing network
covering 30 joints, with a length of approximately 1.4 km,
was constructed section by section during multiple fieldwork
shifts; thus, several welding connections were made, but
these connections caused only an insignificant attenuation
loss of below 1 dB. However, a deformed cover board due to
direct traffic impacts was observed at some points, which
caused local bending of the optical fiber and significant
signal attenuation of about 12 dB. This local fiber bending
only temporarily influenced the system as the high signal
deterioration was recovered after cover board maintenance.
In conclusion, the installed DFOS system has shown high
resilience under field conditions.

4.3.3. Deformation Result Accuracy. A 0.8-m-long reference
fiber length was fixed at the tunnel sidewall (not spanning
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a joint) with an initial strain of around 0.5%. Throughout the
6-month interval spanning from June 12 to December 10,
2021, the strain fluctuation range of this fiber length was
approximately 0.01%. Theoretically, this reference fiber
length only measures the thermal deformation of the
sidewall concrete over a 0.8-m length, which is estimated to
be approximately 0.11 mm based on an expansion coefficient
of the concrete of 6E —6 per °C and an average daily tem-
perature difference of 24°C over this period. The de-
formation measured by the reference fiber length falls in the
range of 0.09 mm over the observed period, which agrees
with the theoretical value (0.11 mm) on the scale (with the
difference far below the desired 0.1-mm accuracy). This
finding suggested that the implemented DFOS monitoring
network possesses a minimum accuracy of 0.l mm under
field conditions.

4.3.4. Temperature Result Accuracy. To verify the temper-
ature monitoring accuracy, the measured temperature of the
most northern joint (the first immersion joint) is compared
with the outside meteorological ambient temperature of the
site. The results show that temperature measurements by the
DFOS system closely follow the ambient weather temper-
ature throughout the monitoring period [42], and therefore,
the temperature monitoring results in field conditions are
reliable.

In summary, the designed DFOS system in the Heine-
noordtunnel proves capable of measuring joint deformation
at high frequencies (intervals of less than 1h) with sub-
millimeter accuracy.

4.4. Monitoring Results Demonstration. To calculate the joint
deformations, the BOFDA interrogator first measures the
BFS along the fiber cable axis. The BFS readings corre-
sponding to the strained fiber lengths at each individual joint
are then obtained. After accounting for the temperature-
related BEFS, these readings are converted to joint de-
formations using equations (4)-(9).

4.4.1. Monitoring Results Observation on Daily Basis.
Unlike conventional manual leveling with yearly intervals,
the DFOS system can record data at minimum intervals of
5min, effectively revealing joint deformation behavior on
a daily basis. The joint deformations and temperature results
are presented in Figures 13, 14, 15. It is important to note
that the deformations are baselined to June 11, 2021, when
monitoring of all 31 joints was initiated.

From the differential settlement results depicted in
Figure 13, the most notable behavior is observed in the two
troughs at joints J1 and J6. These troughs align closely and
recur with a period of approximately 12.5 h. In contrast, the
settlement results for the other 28 joints do not exhibit such
cyclic behavior to a significant degree. Additionally, joints J1
and J6 are the immersion joints located at the north and
south ends of the immersed section, serving as transitions to
the piled tunnel abutments. Given the sensor installation at
these immersion joints, the regular troughs indicate that the
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FIGURE 13: Measured differential settlement at joints (tide level on right vertical axis).
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FIGURE 15: Measured temperature results at joints.

entire immersed tunnel section moves cyclically, almost as
arigid body, relative to the service buildings. The daily cyclic
deformation has a roughly 12-h period consistent with the
tidal fluctuations in the River Oude Maas at Heinenoord as
plotted in Figure 13. This cyclic movement of the tunnel, as
detected by the DOFS system, is closely related to the

seepage flow and consolidation deformations of the soil
strata underlying the tunnel, and for more numerical in-
vestigations on this topic, see Zhang and Broere [43].
During this 2-day period, the joint openings range from
—0.20 to 0.20 mm. By comparing the data plots in Figures 14
and 15, it is evident that joint opening is generally negatively
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correlated with temperature change, where a decrease in
temperature corresponds to an increase in joint opening.
This suggests that the joint gap tends to open at lower
temperatures, such as during winter, and close at higher
temperatures, such as during summer. The expectation of
seasonal joint opening and closure driven by temperature
changes is further validated by the subsequent long-term
seasonal deformation results.

4.4.2. Seasonal Tunnel Joint Deformation Behaviors. Field
monitoring of the full sensing network, covering all 30 joints,
was initiated on June 11, 2021, and concluded on December
11, 2021, due to major tunnel maintenance. The recorded
joint deformations of the six immersion joints during this
half-year period are presented in Figure 16. The macro
deformation results reveal that joint openings are signifi-
cantly more pronounced than differential settlement. The
positive values indicate that, compared to the baseline status
on June 11, 2021 (summer), the gaps of all immersion joints
widen during winter. However, differential settlement ex-
hibits more significant fluctuations, which are generally less
related to seasonal temperature variations.

As a further indication of the seasonal joint deformation
behavior revealed by the DFOS monitoring system,
Figure 17(a) plots the temperature and joint deformation
results (daily mean) of the southernmost immersion joint in
the Heinenoordtunnel during the half-year monitoring
period (from June 11 to December 10, 2021). During the
monitoring period, the absolute joint deformations
remained within 1.5 mm, exhibiting seasonal fluctuations
with temperature variations. The joint opening exhibited
slight fluctuations in the summer season, and as the daily
temperature decreased during the winter season, the joint
gap widened to a maximum of approximately 1.43 mm by
December 10, 2021. Moreover, joint opening has a strong
inverse correlation with temperature (with a Pearson cor-
relation coefficient of —0.94), implying that the joint gap
expands during the summer and contracts in the winter. The
joint differential settlement value (absolute) falls below
0.3 mm, and it also varies with temperature, albeit at a sig-
nificantly reduced magnitude of fluctuation (evidenced by
a Pearson correlation coefficient of 0.31, which is lower than
that of joint opening). This suggests a weak correlation
between the minor vertical deformations at this joint and
temperature. Figure 17(b) plots the results of the second
dilation joint in the Heinenoordtunnel during the entire
monitoring period (from December 16, 2020, to December
10, 2021). The joint deformations exhibit the same tendency
as that of the immersion joint, while the scale of the joint
opening (an absolute of 1.5 mm) is much smaller than that of
the immersion joint.

Given the thermal properties of concrete, the seasonal
variation in joint opening is closely linked to the longitudinal
thermal expansion and contraction of the concrete segment.
Specifically, during summer, the expansion of the segment
leads to a narrowing of the joint gap, resulting in joint
closure, whereas in winter, the segment’s contraction causes
an enlargement of the joint gap, resulting in joint opening.

Structural Control and Health Monitoring

This observation aligns with the hypothesis that the thermal
expansion of segments is counterbalanced by cyclic joint
opening, as proposed in previous studies [7, 38]. Therefore,
the mechanism of seasonal cyclic joint opening at tunnel
joints is strongly confirmed by these DFOS measurements.
The seasonal joint opening measured by the DFOS system
allows for a more explicit analysis of its consequences for
joint watertightness and long-term tunnel safety compared
with previous studies based only on estimated deformation
ranges, as in Van Amsterdam [44] and Van Montfort [38].
In conclusion, the designed DFOS monitoring system
demonstrates the capacity to simultaneously detect bi-
directional joint deformations (both joint opening and
differential settlement) under field conditions, delivering
high-quality data. The differential settlement results for the
immersion joint fall within the same magnitude as those
obtained from previous leveling measurements.

4.5. Discussion and Limitations. Field monitoring has con-
firmed that the distributed sensing network implemented in
the case study can generate joint deformation data at in-
tervals as short as 5min. This capability allows for the de-
tailed observation of deformation behavior under daily tidal
impacts and seasonal temperature variations, which is
typically not achievable with conventional leveling methods
previously used in monitoring serviced immersed tunnels in
the Netherlands. Furthermore, the ability to simultaneously
measure horizontal opening and vertical differential set-
tlement of both dilation and immersion joints makes it an
ideal monitoring solution for assessing the structural in-
tegrity of long immersed tunnels. The cover boards provide
sufficient protection to the sensing fiber, although a traffic
accident caused an impact to the sensing fiber resulting in
significant signal loss, which was subsequently recovered
during site maintenance. Overall, the DFOS monitoring
network has proven highly effective in upgrading the current
monitoring of immersed tunnel infrastructures.

However, there exist limitations in this study. Re-
grettably, due to accessibility limitations, no other reference
instruments were installed to provide explicit joint opening
measurements comparable to those acquired by the DFOS
system. In this trial monitoring study, the DFOS network
was installed only on the lower section of one sidewall. The
proposed ideal sensor layout depicted in Figure 4, which
includes measurements of segment tilting and skewing,
could not be fully implemented due to site accessibility
limitations in the Heinenoordtunnel. However, such
a comprehensive sensor layout is planned for future mon-
itoring practices, following the completion of the ongoing
major tunnel renovation that includes the construction of
a narrow utility tube for improved accessibility. The DFOS is
planned to be installed at additional locations on the tunnel
structure to better characterize spatial deformation behav-
iors, in combination with other comparable sensor types for
validation. Following the validated performance in the trial
monitoring, the DFOS will be further extended to upgrade
large-scale tunnel infrastructure monitoring in the Neth-
erlands during the next-stage maintenance campaign.
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5. Conclusion

DFOS offers a solution to the limitations of traditional
sensor types, providing extensive spatial and temporal data
crucial for structural condition assessments. This research
focuses on developing a DFOS-based distributed sensing
network for evaluating the structural integrity of concrete
immersed tunnels. A case study from the Netherlands ex-
emplifies the feasibility of the approach. General conclusions
include the following:

1. In developing a DFOS-based distributed sensing
network for structural monitoring, the overall system
performance under field conditions hinges on the
properties of the optical fiber, the capabilities of the

interrogator system, and the quality of the field sensor
installation.

. The installation of DFOS as extensometers for

monitoring concentrated deformation involves con-
siderations such as gauge length determination,
prestrain at installation, temperature effect compen-
sation, fiber anchorage, and protection.

. The practical workflow proposed for designing and

implementing DFOS instrumentation under field
conditions has been proven effective through the case
study. The deployed DFOS system demonstrated the
capability to measure bidirectional joint deformations
(joint opening and differential settlement) at subhour
intervals, confirming its validity in site conditions.
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4. The distributed sensing network in the case study
effectively quantifies the cyclic opening and closure of
joints driven by temperature variations in the im-
mersed tunnel. Monitoring over both daily and sea-
sonal periods indicates that the joint gap tends to open
at lower average temperatures and close at higher
temperatures.

5. High-frequency monitoring data reveal that the entire
immersed tunnel section behaves like a rigid body,
moving upward and downward periodically with tidal
variations, with a submillimeter movement ampli-
tude. Consequently, the DFOS sensing network en-
hances the SHM of immersed tunnels and provides
more comprehensive information for assessing their
long-term integrity and safety.

In summary, the proposed framework for creating the
sensing network and acquiring reliable field data, along with
its verification through a case study, potentially enhances the
application of DFOS for tunnel infrastructure monitoring
and assessment within maintenance campaigns. However,
this study has limitations, as it does not achieve a fully
comprehensive sensing network capable of capturing the
spatial deformation behaviors of the structure, nor does it
delve into structural health assessment based on the mon-
itoring data. These are crucial aspects that warrant further
investigation in subsequent studies.
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