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Abstract

Distributed and quasi-distributed optical fiber sensors have attracted consider-
able attention in engineering structural measurement, intelligent health moni-
toring, and early warning systems owing to their advantages of low cost, high
accuracy, and long-term stability in full-scale testing of long-distance, large-
span, and super high-rise structures. Due to the silica material characteristics
of slender optical fibers, encapsulation protection is required when continuously
measuring parameters such as strain and temperature in practical engineering
structures over the long term, so as to improve the effective service life of sensors.
In static and dynamic deformation measurement, the measurement of struc-
tural strain by encapsulated optical fibers can be equivalent to a strain transfer
model of a multilayer medium structure. Strain transfer theory can guide the
encapsulation process design of optical fiber sensors and improve their measure-
ment accuracy, long-term stability, and durability, thereby enabling accurate
inversion of structural characteristic parameters. On the basis of accumulated
high-quality massive monitoring information, structural theory and mathemati-
cal analysis methods need to be integrated to identify and diagnose global and
local structural damage, and to develop safety and early warning assessment
methods for service states, thereby providing scientific guidance for the intelli-
gence and automation of structural health monitoring systems. Therefore, this
study mainly introduces the design and application history of engineered opti-
cal fiber sensing devices and, based on more than ten years of research achieve-
ments by the research group in strain transfer theory, systematically, deeply,
and comprehensively discusses the core ideas of durable design for point, quasi-
distributed, and distributed optical fiber sensing devices as well as inversion
analysis methods for measured structural parameters, thereby enabling accu-
rate interpretation of characteristic parameters of engineering structures and
diagnosis of structural health or safety states. Furthermore, this study reviews
structural damage identification methods based on massive monitoring data pro-
cessing and modal parameter estimation, as well as the current research status
of structural state assessment based on multi-source monitoring information,
and presents the current application status and trends of artificial intelligence
algorithms in structural damage identification and state assessment. From the
hardware and software perspectives, this study provides feasible, reliable, and ef-
fective scientific support for the optimized design of sensing devices and sensor
network architectures in structural health monitoring systems, the functional
upgrading of core damage identification and state assessment modules, and in-
telligent and lightweight operation.
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Abstract: Distributed and quasi-distributed fiber-optic sensors, owing to their
advantages of low cost, high precision, and long-term stability in long-distance,
large-span, and super-high-rise full-scale structural testing, have received great
attention in engineering structural measurement as well as intelligent health
monitoring and early-warning systems. Because of the material characteristics of
silica in small-diameter optical fibers, encapsulation protection is required when
continuously measuring parameters such as strain and temperature in actual en-
gineering structures over the long term, thereby improving the effective service
life of the sensors. In static and dynamic deformation measurement, the struc-
tural strain measured by an encapsulated optical fiber can be equivalent to the
strain transfer model of a multilayer medium structure. Through the guidance of
strain-transfer theory for the packaging-process design of fiber-optic sensors, the
accuracy, long-term stability, and durability of fiber-optic sensor measurements
can be improved, thereby realizing accurate inversion of structural characteristic
parameters. On the basis of the accumulation of high-quality massive monitor-
ing information, structural theory and mathematical analysis methods need to
be integrated to identify and diagnose global and local structural damage and to
develop service-state safety and early-warning assessment methods, thereby pro-
viding scientific guidance for the intelligentization and automation of structural
health monitoring systems. Therefore, this study mainly introduces the design
and application history of engineering fiber-optic sensing devices and, based on
more than ten years of research achievements by the research group in strain-
transfer theory, systematically, thoroughly, and comprehensively discusses the
core ideas of durable design for point, quasi-distributed, and distributed fiber-
optic sensing devices and inverse analysis methods for measuring structural
parameters, thereby realizing accurate [[unclear: text continues on next page]]
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interpretation and structural health or safety-condition diagnosis. Furthermore,
it reviews the current status of research on structural damage identification
methods based on massive monitoring-data processing and modal-parameter
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estimation, and on structural condition assessment based on multi-source moni-
toring information, and presents the current status and trends in the application
of artificial-intelligence algorithms to structural damage identification and condi-
tion assessment. From both hardware and software perspectives, this study pro-
vides feasible, reliable, and effective scientific support for the optimized design of
sensor components and sensing-network architectures in structural health mon-
itoring systems, as well as for the functional upgrading, intelligentization, and
lightweight operation of core damage-identification and condition-assessment
modules.
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Abstract: Distributed and quasi-distributed optical fiber sensors have at-
tracted great attention in the field of structural measurement, smart health
monitoring and warning system due to their outstanding advantages such
as low cost, high precision, and long-term stability in full-scale testing of
long-distance, large-span, and super high-rise structures. Owing to the silica
material and slender diameter of optical fibers, packaging and protection
measures are required during long-term continuous measurement of strain and
temperature parameters of actual engineering structures, so as to improve the
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effective service life of the sensors. The strain measurement of the structure
using the packaged optical fiber can be equivalent to a strain transfer model
of a multi-layer medium structure. Therefore, strain transfer theory plays a
critical role in guiding the packaging process design, thereby realizing accurate
inversion of structural characteristic parameters, preventing interface damage
between the packaged optical fiber sensor and the measured structure, and
improving the accuracy, long-term stability, and durability of distributed and
quasi-distributed optical fiber sensors in engineering structure measurement.
Based on the accumulation of high-quality and massive monitoring information,
it is necessary to integrate structural theory and mathematical analysis methods
to identify and diagnose damage in both the overall and local structures. This
approach aims to develop safety and early-warning assessment methods for the
service condition, thereby providing scientific guidance for the intelligent and
automated operation of structural health monitoring systems. Therefore, this
review aims to mainly introduce the design and application course of engineer-
ing optical fiber sensors. Based on over a decade of research by our group on
strain transfer theory, we will systematically and comprehensively discuss the
core ideas related to the durable design of point-type, quasi-distributed, and
distributed optical fiber sensors as well as the inversion analysis methods for
measuring structural parameters, so as to realize an accurate interpretation of
engineering structural characteristic parameters and the diagnosis of structural
health or safety status. Furthermore, this review summarizes the structural
damage iden-

tification methods based on massive monitoring data processing and modal pa-
rameter estimation, as well as the current research on structural condition as-
sessment using multi-source monitoring information. It also discusses the appli-
cation status and trends of Al algorithms in the fields of structural damage iden-
tification and condition assessment. The review provides feasible, reliable, and
effective scientific support for optimizing the design of sensor devices and sensing
network architectures in structural health monitoring systems, upgrading the
core damage identification and condition assessment modules, and achieving
intelligent and lightweight operation at both hardware and software levels.

Key words: optical fiber sensor; strain transfer theory; measurement principle;
feature parameter recognition; damage identification; state assessment

Large-volume oil and gas storage tanks, long-span bridges, long-distance high-
speed railways, pipelines, tunnels, and other energy and transportation infras-
tructure structures, when subjected to harsh service environments such as wind
loads, earthquake actions, temperature and humidity, and foundation settle-
ment, may undergo degradation of structural performance. To avoid casualties
and economic losses caused by sudden structural failure, health monitoring of
such important structures is of paramount importance. Structural health moni-
toring (SHM) is an intelligent method that tracks and monitors structural perfor-
mance throughout the service process, identifies damage, evaluates health status,
and, through the identification of early defects, carries out timely maintenance,
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extends structural service life, reduces maintenance costs, and provides warning
of potential safety hazards; it has been widely recognized in the industry[~1-"8].
A complete SHM system includes core links such as target-parameter sensing
technology, data acquisition and transmission, big-data-based system identifi-
cation and damage diagnosis, modal analysis and model updating, structural-
state interpretation, structural safety and integrity maintenance management,
remaining service-life prediction, and disaster early warning[~9-"14]. Among
these subsystems, advanced sensors are the most fundamental and critical com-
ponent; their performance directly determines the accuracy and reliability of
structural observation information, as well as the validity of structural condi-
tion assessment results[~15-"19).

Fiber-optic sensors are among the most promising sensing technologies. Com-
pared with electronic sensors such as piezoelectric sensors, capacitive sensors,
and strain gauges, they have many outstanding advantages: small volume, light
weight, corrosion resistance, immunity to electromagnetic interference, good
electrical insulation, low cost, suitability for absolute measurements, high sensi-
tivity, flexible and diverse geometries, multiplexing capability, low transmission
loss, and the ability of a single optical fiber to realize multipoint sensing; more-
over, during construction they can be conveniently embedded and integrated
into the host material["20-"26]. Among them, distributed optical fiber sen-
sors for full-scale measurement and fiber Bragg grating (FBG) sensors for local
measurement are the two most widely used classes of sensors. They have been
extensively applied to monitor parameters such as strain, temperature, pres-
sure, displacement, and acceleration in engineering structures[~27-"30]. With
the development of new demodulation technologies, distributed acoustic sens-
ing (DAS) systems can convert vibration or acoustic-wave signals in the envi-
ronment along a distributed optical fiber into changes in optical intensity or
phase, thereby realizing the perception of vibration or acoustic-wave informa-
tion["21]. Because DAS systems are highly sensitive to environmental noise,
and because the large data volumes brought by high sampling frequencies are
often used independently for perimeter security monitoring or underwater struc-
tural and biological information detection. Distributed and quasi-distributed
fiber-optic sensing technologies have received great attention in the field of en-
gineering structural health monitoring owing to their low cost at large scales
and high-precision measurements. Since the optical fibers used in sensing are
mainly composed of silicon dioxide, this brittle characteristic makes bare fiber-
optic sensors difficult to withstand the harsh construction environments and
service conditions encountered in engineering. Therefore, when measuring ac-
tual engineering structures, in order to achieve effective and long-term testing of
structural strain and temperature, fiber-optic sensors must be packaged and pro-
tected so as to improve their effective service life. The protective layer must have
the capacity to withstand shear, torsion, or extrusion, ensuring that the sensor
can operate normally after installation. At the same time, sufficient bonding
strength must be guaranteed to prevent measurement failure caused by debond-
ing of the sensing fiber at the interface["31-"34]. For special structures such as
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multilayer asphalt pavements, the protective layer must also withstand the high
temperature and high pressure during construction[ 35-"37]. For installation
methods such as surface bonding and embedding, the main characteristics of the
packaging layer also need to be differentially designed according to the features
of the measured structure[~38-"40]. Overall, by packaging sensing optical fibers
with different materials, measurements of multiple target parameters can be re-
alized, and the potential applications of packaged fiber-optic sensors in various
engineering projects will continue to attract more attention and recognition.

In deformation measurement, the essence of measuring structural strain with
packaged optical fibers can be equivalently regarded as a strain-transfer model
of a multilayer medium structure. Therefore, strain-transfer theory can be used
to guide the packaging process and application design of point-type, quasi-
distributed, and distributed fiber-optic sensors under different measurement
conditions (such as static strain, dynamic strain, and temperature), thereby
achieving accurate inversion of structural characteristic parameters. Because
packaging methods differ, the methods for converting fiber-optic measurement
signals into structural characteristic parameters through parameter-inversion
analysis also differ. At the same time, local damage (such as debonding or
warping) at the contact interface between the packaged fiber-optic sensor and
the measured structure will also affect measurement accuracy. By understand-
ing the interfacial action mechanism and related influencing factors, one can, in
the packaging application design of fiber-optic sensors, focus on how to avoid in-
terfacial debonding damage as much as possible, so as to maintain the long-term
validity and reliability of fiber-optic sensor measurement data.

Since the 1990s, scholars have carried out extensive investigations into the strain-
transfer mechanism of fiber-optic sensors[~41]. Early studies focused on the case
in which the modulus ratio between polymer and quartz glass was 1,/200, and
explored the strain relationship between concrete and sensing optical fibers[~42].
The embedded fiber-optic sensing model was simplified into an infinitely elastic
cylindrical model, and the strain-transfer mechanism was analyzed using plane-
strain theory[~43-45]. However, these simplified theoretical analyses involve
assumptions that differ from actual models, making it difficult to determine the
strain-transfer relationship accurately. Until 1998, based on the stress-transfer
theory for fiber-reinforced composites|[~46], relevant scholars established the sys-
tematic strain-transfer theory for embedded three-layer structures[~47]. There-
after, for multilayer fiber-optic sensing models under different damage types
and loading modes, scholars conducted a series of strain-transfer analyses: to
account for the influence of local interfacial slip on strain-transfer efficiency,
they investigated the strain-transfer relationship of a two-layer matrix-material-
optical-fiber model["48]; studied the uniform strain-transfer relationship of mul-
tilayer structures with different coating layers[~49]; proposed an improved strain-
transfer analysis method for a three-layer sensing model by simplifying the ge-
ometry and physical functions[50]; established the strain-transfer relationship
of a four-layer sensing model by considering the pure shear deformation of the
protective layer and adhesive layer["51]; extended strain-transfer analysis to
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the special case of considering the viscoelastic material properties of monitored
structures[52]; for surface-bonded fiber-optic sensors, investigated their strain-
transfer mechanism and the sensitivity of influencing parameters[~53]; and ex-
plored the strain-transfer mechanism of distributed fiber-optic sensors when a
single crack exists in the matrix material["54]. In addition to static models,
some studies have examined the dynamic strain-transfer relationship of surface-
bonded three-layer fiber-optic sensing models under fatigue loading[~55] and
the strain-transfer law under thermal loading["56]. Moreover, strain-transfer
analysis has also been extended to parameter analysis of distributed fiber-optic
sensors and flexible functional-material sensors considering variations in strain
gradient["57-58].

Based on the effective information obtained from massive monitoring data using
advanced fiber-optic sensing technology, structural physical parameters must be
accurately identified in order to diagnose the service state of structures and as-
sess structural safety. Structural parameter identification can be divided into
static and dynamic characteristic identification["6]. The former is commonly
used to identify local damage: measuring points are arranged on the structure,
a static load is applied, the structural performance is measured, and, combined
with corresponding optimization algorithms, parameter information under the
actual structural state is obtained; through comparative analysis, the damage
location of the structure is identified. The identified damage locations are usu-
ally within the measurement points and their surrounding regions. For damage
in test blind zones, further identification must rely on structural theory, recon-
struction algorithms, or numerical simulation analysis[~59]. The latter generally
determines whether damage has occurred in the overall structure based on modal
frequencies, then locates damage based on modal mode shapes, and constructs
appropriate damage-identification indices to diagnose the severity of structural
damage.

With regard to static characteristic identification, scholars at home and abroad
have conducted extensive research. Cui Fei et al.[760] developed a structural-
parameter identification method based on static strain and displacement mea-
surements, in which the identified stiffness parameters of steel-frame structures
could accurately locate structural damage. Ghrib et al.[761] used measured
static deflection to develop two computational methods for reconstructing the
stiffness distribution of Euler-Bernoulli beams and identifying damage; however,
methods based on equilibrium gap functions were closer to the actual damage
state than those based on data differences. Abdo[ 62| studied the relationship
between changes in structural displacement curvature under static loading and
structural damage, and approximately calculated changes in displacement curva-
ture using the central-difference method to identify damage in cantilever beams
and two-span continuous beams. Caddemi et al.["63] used static loading and
closed-form solutions of transverse displacement caused by general boundary
conditions to propose an inverse damage-identification method that can be used
to identify the number, locations, and severity of cracks in simple straight beams
and frame structures; however, the monitoring effectiveness is strongly related
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to sensor placement. Wu et al.[64] proposed a static damage-identification
method for beam structures based on L1 regularization, accurately identifying
damage in concrete beams. Deng et al.["65] proposed a method for identifying
local damage in bridge structures based on quasi-static-information probability
distribution equations, which can effectively identify the location and severity of
damage such as cracks in beam structures. It can therefore be seen that research
on static identification is mainly concentrated on bridge or truss structures to
which static loads can readily be applied in laboratories or in the field.

The core of structural damage identification based on dynamic response in-
formation is that changes in the structural health condition cause changes in
the physical characteristics of the structure. By establishing functional rela-
tionships between structural modal parameters—such as natural frequency and
modal mode shapes—and structural physical parameters—such as mass, damping,
and stiffness—structural damage identification can be achieved. Many scholars
at home and abroad have studied detection methods for damage identification
using dynamic approaches. Peeters et al.[66] discussed the influence of excita-
tion and temperature on modal parameters and developed a structural damage-
identification method that removes temperature effects. Bayissa et al.["67] pro-
posed a statistical moment of the energy-density function based on vibration
response in the time-frequency domain, transforming wavelet coefficients in the
spatial domain into a new damage-identification parameter, and accurately mea-
sured damage in concrete slabs and steel-plate girders. Cao et al.[~68] reviewed
methods for identifying structural damage using damping as a dynamic charac-
teristic. Zhang et al.["69] improved the Bayesian computational method and en-
hanced its effectiveness in structural damage identification. Hou et al.[~70] and
Khodadoost et al.["30] reviewed the research status and challenges of structural
damage-identification methods based on vibration information. It can therefore
be seen that dynamic-characteristic identification methods are commonly used
for damage diagnosis in large and complex structural systems, such as long-
span bridges and high-rise buildings, and are mainly divided into two broad
categories: physics-model-based and monitoring-data-driven methods. Their
sensitivity and accuracy in damage identification still require further improve-
ment. In summary, structural parameter-identification methods mainly include:
identification methods that obtain modal parameters based on structural modal
analysis; methods based on vibration-test signal analysis, such as wavelet anal-
ysis and empirical modal decomposition; damage-identification methods based
on model updating; and identification methods based on physical-parameter
analysis, such as Kalman filtering and generalized Tikhonov regularization.

In addition, some scholars have introduced artificial-intelligence algorithms into
the processes of conventional structural-parameter identification and damage
diagnosis, in order to improve the accuracy of obtaining structural modal pa-
rameters and identifying damage. Among these approaches, damage identifica-
tion based on modal parameters obtained through modal analysis is currently
the mainstream method; it has the advantages of high identification efficiency,
good accuracy, and clear physical concepts.
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Figure 1: Fig. 1

In view of this, this study reviews research progress, development trends,
and challenges in the application design methods, testing mechanisms, and
characteristic-parameter inversion/calibration improvement of fiber-optic
sensors, as well as structural-feature identification and condition assessment
based on effective monitoring information; it also briefly describes the current
application status of artificial-intelligence methods in the field of structural
damage identification. Section 1 briefly discusses the problems existing in the
application of fiber-optic sensors in structural monitoring systems; Section 2
reviews the application design methods and testing mechanisms of fiber-optic
sensors based on strain-transfer theory; Section 3 reviews research progress
in experimental improvement methods for structural characteristic-parameter
inversion and calibration; Section 4 reviews the current status of research on
structural-feature identification and condition assessment based on fiber-optic
monitoring information; and Section 5 states the main conclusions of this
study.

1 Analysis of Problems Existing in the Applica-
tion of Structural Monitoring Systems

Health monitoring and service-condition assessment of important engineering
structures are key links in maintaining their safe operation and risk prevention
and control. Therefore, structural health monitoring is also recognized as a
research approach parallel to theoretical analysis, numerical simulation, and
model testing. The primary architectural components of a structural health
monitoring system are shown in Fig. 1.

1 SHERENRSHNETEHAMEN

Fig. 1 Primary architectural components of structural health monitoring
systems

Sensor components and sensor-network layout constitute the most basic and
most critical part of a structural health monitoring system, directly affecting
the accuracy and reliability of structural-parameter estimation, while also influ-
encing the effectiveness and stability of the entire system. The impact range of
failure of various sensors in a structural health monitoring system is shown in
Fig. 2. When the testing of some sensors fails, local positions of the structure
become blind zones; if the data-processing and analysis algorithm module does
not perform reconstruction, subsequent condition assessment and operation-
and-maintenance management will be affected. It can therefore be seen that
the bottleneck problems encountered by monitoring systems at the application
terminal mainly originate from the rationality and reliability of the design of un-
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Figure 3: Fig. 3

derlying sensor components and sensor-network layout. The sensor components
and sensing network determine the effectiveness and reliability of the acquisi-
tion of structural performance information from the measured structure. In this
process, correct sensor design, calibration, and installation are the most critical
steps.

E 2 SHERENARSKHERSEIMNZIMEE
Fig. 2 Impact range of sensor failure in structural health monitoring systems

Fiber-optic sensors have become the most popular testing elements for engineer-
ing structures because of their strong designability and their advantages in en-
abling long-distance, high-precision continuous testing and local high-precision
testing at relatively low cost. The measurement principle of fiber-optic sensing
technology is to use optical fiber as the sensing or transmission medium of the
signal. By detecting changes in parameters such as the intensity, phase, and po-
larization state of light signals transmitted, reflected, or scattered in the optical
fiber under external loading or temperature action, structural parameters can
be measured through relevant calibration equations[ 29]. Fiber-optic sensors
commonly used in engineering are mainly divided into distributed fiber-optic
sensors and quasi-distributed fiber-optic sensors based on discrete FBG sensing
technology. The structures of a bare optical fiber and an FBG sensing element
are shown in Fig. 3.

(a) Distributed optical-fiber structure
(b) Physical photograph of optical fiber

(¢) FBG structure
B3 e
Fig. 3  Fiber optic sensor

With the rapid development of a new generation of advanced fiber-optic sensing
technologies and the expansion of application markets to testing needs such
as extremely harsh service environments, the measurement accuracy, stability,
and durability of function-enhanced fiber-optic sensors remain to be improved.
Internationally well-known companies use FBG sensors, as shown in Fig. 4.

As shown. When three types of FBG sensors developed by internationally
renowned sensor companies are used for structural testing, problems such as

chinarxiv.org/items/chinaxiv-202608.00060 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00060

ChinaRxiv [$X]

Fig. 4 Engineering FBG sensors developed by internationally renowned
companies

Figure 4: Fig. 4 Engineering FBG sensors developed by internationally
renowned companies

debonding at bonded interfaces, bending or aging of rigid encapsulation ma-
terials, and consequent measurement inaccuracy and failure may occur during
long-term service. The reasons, in addition to the incomplete design methods
and specifications for fiber-optic sensors, include another important factor: the
lack of understanding and awareness of the force-bearing action and measure-
ment mechanisms of the sensors

24-31

For example, without understanding the mechanism by which deformation
of the substrate is transmitted to the sensing fiber, sensor developers cannot
reinforce the key force-bearing locations of the sensor or carry out other refined
designs. Therefore, it is urgently necessary to optimize the structural design
and calibration methods of commercially available encapsulated fiber-optic sen-
sors. The development and study of multilayer-medium strain-transfer theory,
structural theory, and methods for identifying structural characteristic param-
eters and physical states provide theoretical guidance for implementing these
improvements.

Fig. 4 Engineering FBG sensors developed by internationally renowned compa-
nies

At present, the bottleneck in the field of structural health monitoring that relies
on advanced sensing technologies lies in extracting effective information from
massive monitoring data, accurately identifying the physical parameters of struc-
tures, diagnosing their service states, and revealing the correlation mechanism
between effective sensing signals and structural characteristic parameters; this
is the fundamental scientific problem that must be overcome. Therefore, with
respect to the sensing and mechanism of fiber-optic sensors, the application de-
sign of engineered sensors, the acquisition of effective sensing signals, and the
diagnosis of structural service states, integrated research should be carried out
in areas such as the application design methods of fiber-optic sensing devices,
testing mechanisms, and inverse calibration of characteristic parameters, as well
as the identification of structural characteristics and condition assessment based
on effective monitoring information.
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Fig. 5 Types of encapsulated fiber optic sensors classified by deformation
transmission path

Figure 5: Fig. 5 Types of encapsulated fiber optic sensors classified by deforma-
tion transmission path

2 Application Design Methods and Testing Mechanisms of
Fiber-Optic Sensors Based on Strain-Transfer Theory

2.1 Overview of Application Design of Fiber-Optic Sensors

Basic tests show that the strain measurement range of bare fiber-optic sensors
is approximately 4 000 pe. In practical engineering, this range usually cannot
meet measurement requirements. Therefore, encapsulation measures are needed
to reduce the strain sensitivity of the sensor and indirectly expand the measure-
ment range. For temperature measurement, special encapsulation materials
can be coated on the surface of the bare sensing fiber to improve tempera-
ture sensitivity and measurement stability. Fiber-optic sensors used in practi-
cal engineering should be robust, durable, and easy to install, and should not
have adverse effects on the integrity, durability, or reliability of the monitored
structure. In addition, considering large-scale application requirements, sensors
should also be economical. According to different measurement requirements of
structures, fiber-optic sensors can be divided into three categories: point-type,
quasi-distributed, and distributed sensors. Usually, a single-point FBG or FBG-
array sensor can be detected by multiplexed integration as a quasi-distributed
sensor; distributed fiber-optic sensors can be designed for quasi-distributed and
fully distributed detection. According to installation methods, fiber-optic sen-
sors can be divided into surface-bonded and embedded types. The material
properties, boundary conditions, load types, and target parameters to be mea-
sured of the monitored structure usually determine the installation method of
the sensor. For example, steel structures mostly use surface-bonded sensors,
while pavement structures use embedded sensors. According to the transmis-
sion path by which deformation of the host material reaches the fiber-optic
sensing element, fiber-optic sensors can mainly be divided into three categories:
the first type transmits deformation of the host material to the sensing fiber
through interfacial shear force (Fig. 5, S-OF1, E-OF1); the second type trans-
mits deformation of the host material through two anchoring elements at both
ends of the sensing fiber (Fig. 5, S-OF2, E-OF2); and the third type relies on
both the interface and the anchoring elements at both ends to jointly transmit
deformation (Fig. 5, E-OF3).

Fig. 5 Types of encapsulated fiber optic sensors classified by deformation trans-
mission path

In general, the sensing characteristics of optical fibers and those induced by
material properties--

Measurement limitations can be remedied by designing specific packaging mea-
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sures, and optical fiber sensors can meet a variety of measurement needs in
engineering through rational structural design. However, packaging measures
introduce strain-transfer errors. For some sensors (such as S-OF2), this error
can be corrected through conventional calibration tests; but for some sensors,
especially embedded sensors (such as E-OF2 and E-OF3), conventional calibra-
tion tests have difficulty accurately describing the true relationship between the
sensor and the monitored structure. Therefore, studies have proposed improved
calibration tests or strain-transfer analysis methods to improve the accuracy of
calibration coefficients
24,34

. Conventional calibration tests involve only the sensor itself, whereas improved
calibration tests cover both the sensor and the substrate (i.e., a part of the
monitored structure). The essential difference between the two is that the latter
considers the influence of the interaction between the monitored structure and
the sensor on measurement accuracy.

In summary, the development of strain-transfer theory is closely related to the
application of optical fiber sensors. The purpose of strain-transfer analysis is
to provide a scientific basis for accurately interpreting the relationship between
sensor signals and the parameters of the monitored structure. Existing studies

24, 40

have pointed out that strain-transfer theory is of great significance for sensors
that rely on interfacial shear transfer deformation (such as S-OF1 and E-OF1),
which also explains why most published studies on strain transfer are based on
multilayer-medium models

33,47 — 57,71 — 72

2.2 Mechanistic analysis of optical fiber sensing measure-
ment based on strain-transfer theory

To monitor the internal strain of a structure, packaged optical fiber sensors must
be embedded in the substrate structure. Because the material compositions of
the packaging material and the substrate are usually different, the substrate of
an embedded sensor is a typical inclusion-composite medium model

73—T5

. There are distinct interfacial characteristics between the sensor and the sub-
strate; after serving for a period of time, this contact interface may debond
because of excessive local stress. Therefore, it is necessary to establish a me-
chanical testing model for embedded optical fiber sensors, theoretically analyze
the laws of strain transfer, explore the perturbation effect of the sensor on the
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local strain field of the substrate, and, on the basis of strain-transfer analysis, ob-
tain the distribution law of the interfacial shear stress along the sensing length,
thereby identifying interfacial debonding damage. At the same time, it is also
necessary to obtain the strain-transfer relationship when debonding occurs at
the interface between the substrate and the optical fiber sensor, so as to provide
a theoretical basis for corresponding error correction.

Similarly, for monitoring the surface strain of a structural body, it is also neces-
sary to consider the loading mode of the structure and to carry out durability
design for distributed optical fiber sensors, thereby avoiding debonding prob-
lems caused by excessive local interfacial stresses and maintaining the validity
and reliability of distributed measurements

76 —T7

In summary, current correction of measurement parameters introduced by
packaging protection of optical fiber sensing devices relies on calibration exper-
iments and strain-transfer theory analysis

24, 40

. A small number of scholars have conducted parameter inversion analyses for
multilayer-medium model structures based on strain-transfer theory

72,74,76 — 77

Studies have also proposed that, for distributed strain measurement in lo-
cal regions of flexural structures, after full-distributed packaging protection is
adopted, the mechanical model under loading and the measurement-data phe-
nomena cannot be explained by strain-transfer theory established for axial ten-
sion/compression conditions; accordingly, a deformation theory for multilayer-
medium beam structures was proposed for data inversion

34

It can thus be seen that, in structural engineering testing with quasi-
distributed and distributed optical fiber sensing technologies, sensing-data
processing is closely associated with device packaging and layout forms as
well as structural loading modes. Appropriate correction methods need to be
selected according to different situations to estimate measurement parameters,
thereby achieving accurate inversion of structural characteristic parameters.
Traditional point-type packaged optical fiber sensors can still be corrected
using conventional strain-transfer theory.

However, the current analysis of strain-transfer models is insufficiently inte-
grated with practical sensor applications. Designers in the field of optoelec-
tronic engineering have difficulty fully understanding the mechanical interaction
between sensors and the measured structure. If designers are not clear about
how structural deformation is transmitted to the sensing fiber, it is difficult to
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carry out refined design or performance optimization of optical fiber sensors.
On the other hand, scholars in engineering can understand the strain-transfer
mechanism of multilayer models, but improving sensor measurement accuracy
still depends on the depth of their analysis of the mechanical model of defor-
mation transfer in multilayer media. Currently representative information on
strain-transfer-theory analysis models is shown in Table 1; the table provides
quantitative analyses of strain-transfer coefficients for the measured structure
under different loading modes and minor damage conditions. It should be em-
phasized that understanding the working principles of optical fiber sensors and
the interactions between sensors and measured structures is crucial for sensor
design based on strain-transfer analysis. It can avoid the occurrence of inter-
facial damage between packaged optical fiber sensors and measured structures,
and improve the accuracy, long-term stability, and durability of distributed and
quasi-distributed optical fiber sensors in engineering structural measurements.

Figure 6 presents a variety of commercial packaged FBG sensors available on
the market, and gives the corresponding numbering according to the sensor-
structure classification shown in Figure 5. For the sensors in Fig. 6(a) and
Figs. 6(c)-6(e), relatively accurate strain-transfer coefficients can be obtained
through conventional calibration tests and improved calibration tests; for the
sensors in Fig. 6(b) and Fig. 6(f), however, it is necessary to establish the
strain relationship between the sensor and the host material with the aid of
strain-transfer theory. Field applications of optical fiber sensors face further
challenges: surface-bonded sensors (S-OF1) are prone to debonding, especially
under cyclic loading
78 —1T79

. In addition to selecting adhesives with excellent bonding performance to reduce
interfacial debonding, understanding the complex interaction between the sensor
and the host material through strain-transfer analysis and identifying material
and geometric parameters that affect interfacial strain and bonding strength
are also effective ways to avoid this phenomenon. The design of the packaging
layer should ensure that the possibility of debonding from the host material
is minimized and that it has strong bonding capability to efficiently transfer
host-material strain to the sensor. In addition, strain-transfer analysis has also
been used to predict the residual strain distribution in the composite material
of surface-bonded metal-coated optical fiber sensors, as well as to characterize
the interfacial shear stress-strain state

80 — 86

Table 1 Typical strain-transfer theory analytical models
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Model characteristics

Analytical formula

Applicable conditions

Embedded three-layer
transfer modell47]

Embedded three-layer
transfer model!

Surface-bonded
four-layer transfer
model®!; the protective
layer and adhesive layer
are regarded as
undergoing pure shear
deformation, and the
radial displacement
increment is neglected
Model of the measured
structure under

dynamic action[®!

Model of the measured
structure under

temperature action!®f]

_ sinh(kx)
6f(x> = €m [1 - sinh(kL)]
k2 — 2G,
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1—cosh(Az)/cosh(AL)
7rg Be/(2hr, Ey)+1

L
£ =
Em

Average strain-transfer

coefficient 8 =

BC [ [Ay cosh(Agz)+ A5 cos(Aqz)]
Ay cosh(AgL)+X5 cos(Ay L)

Strain monitoring inside
cement or asphalt
concrete and
rock/composite
structures by point-type
or quasi-distributed
embedded optical fibers.
Considering the
influence of deformation
coordination among
multiple media layers;
strain monitoring inside
concrete structures with
embedded packaged
optical fibers.

Strain monitoring on
the surfaces of steel,
concrete, or composite
structures using
point-type or
quasi-distributed
surface-bonded optical
fibers.

Strain-transfer

mechanism of structures
—producing dynamic

response under fatigue

s c:(v)sh()\3 )+, cos(Aqy m)]—DBCll@ading,

=) Ay cosh(/\3L)+(>\5 (;05(/\2L)
h(\

o) Sy T

ag cosh(Ax)
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Under temperature
loading, the
strain-transfer
relationship between
structural strain and the
strain perceived by the
packaged optical fiber;
the influence of the
coefficient of thermal
expansion is introduced
for the first time.
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Fig. 6 Commercially available FBG sensors

Figure 6: Fig. 6 Commercially available FBG sensors

Model characteristics

Analytical formula

Applicable conditions

Local crack model of the
[52]

measured structure

e = ACclPre)] _
BCIQ[B(L_wﬂ _|_ gm

Transfer relationship
between the structural
strain of a distributed
optical-fiber
measurement substrate
and distributed
optical-fiber structural
strain when microcracks
exist locally in the
matrix structure.

Table 1 (continued)

Model characteristics

Analytical formula

Applicable working
conditions

Structural-sensor
interfacial debonding
modell33]

Model considering
nonuniform strain
transfer(72]

Ef:

A3 1— cosh(A; )
€mo A7 cosh(A\; Ly)

e¢(x) = C; cosh(kzx) +
C, sinh(kx) 4 ¢, (x)

Local debonding
damage occurs at the
contact interface
between the optical
fiber and the substrate
For packaged
distributed optical
fibers embedded inside
a structure to measure
distributed strain,
considering the
nonuniform variation
characteristics of the
transfer coefficient along
the sensing-fiber length

Fig. 6 Commercially available FBG sensors/*!]

In summary, when embedded or surface-bonded packaged distributed optical
fibers and FBG sensors are used for structural strain monitoring, the directly
measured strain cannot fully represent the actual strain of the structure under
measurement. Therefore, strain-transfer theory has been developed to accu-
rately interpret the acquired data, analyze the effects of embedded sensors on
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Fig. 7 Multiple types of packaged FBG sensors independently developed by
the team

Figure 7: Fig. 7 Multiple types of packaged FBG sensors independently devel-
oped by the team

structural integrity and strength, and improve sensor design and calibration
methods so as to achieve long-term, effective, and accurate measurements. Fur-
thermore, by understanding the influencing factors related to interfacial interac-
tion mechanisms and multilayer sensing test models, the packaging application
design of engineering fiber-optic sensors can be inversely guided, and reliable
mechanisms for avoiding or mitigating interfacial and other damage can be pro-
posed. This improves the durability of engineering fiber-optic sensors and the
long-term validity and reliability of measurement data, thereby providing hard-
ware and methodological support for the long-term stability and intelligence of
structural health monitoring systems.

2.3 Design recommendations for improving the measure-
ment accuracy and durability of fiber-optic sensors

By deeply integrating strain-transfer theoretical analysis with the engineering
design of fiber-optic sensor components, the transfer mechanisms of temperature
and strain measured by optical fibers in the substrate, the sources of measure-
ment error, and correction methods are revealed; the failure and damage mech-
anisms of packaged fiber-optic sensing elements are explained; and durability-
oriented design recommendations are provided. Fig. 7 shows multiple types of
packaged FBG sensors independently developed by the team and the correspond-
ing sensor structural type codes. They include point-type and quasi-distributed
FBG string sensors, which can be used, respectively, for single-point or multi-
point testing of compressive or tensile deformation when embedded in asphalt
or cement concrete structures, or for quasi-distributed testing when externally
attached to the surfaces of steel structures or composite-material structures with
relatively high stiffness.

Fig. 7 Multiple types of packaged FBG sensors independently developed by
the team![3377]

Comparing the sensor structures and physical objects shown in Figs. 6 and 7, it
can be seen that, in the structural design and material selection of sensors, and
in single-point or multi-point continuous measurement, it is necessary to fully
consider the characteristics of the measured structure and monitoring require-
ments, so that adaptive targeted design can be achieved, the node connections
in the sensing-network layout can be reduced, and a lightweight sensing net-
work capable of efficient and stable multi-source information measurement can
be formed.

In summary, the design and parameter calibration methods of sensors are closely
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related to the installation scenario, constraint conditions, load type, damage
mode, monitored structure, and the material and geometric characteristics of
intermediate layers. To improve the durability of fiber-optic sensors and achieve
long-term effective monitoring, the most critical issue is the rational selection of
packaging materials for protecting the sensing fiber and adhesives for fixing the
fiber-optic sensor, which directly determines the quality and measurement accu-
racy of the sensor. Ideally, the protective layer and bonding layer should remain
in the elastic stage throughout the sensor’ s service period. According to the
results of strain-transfer analysis, the intermediate layer may be damaged under
large-deformation conditions. Therefore, for different host materials, specialized
refined design of the sensor should be carried out through strain-transfer theory.
In addition, basic tests are needed to verify the measurement performance and
structural performance of the sensor. Generally, to avoid interfacial failure and
ensure measurement accuracy, the number of sensing-model layers of a surface-
bonded sensor should not exceed 4, and the number of sensing-model layers of
an embedded sensor should preferably not exceed 3. The optimal sensor design
scheme is to use the same material for the bonding layer and the protective
layer. In summary, in addition to the measurement-accuracy problem that can
be solved through strain-transfer theory and calibration tests, the durability of
the sensor ultimately depends on the rational selection of packaging materials
and adhesives.

3 Research on Inversion Methods for Structural Character-
istic Parameters

During long-term operation, structural monitoring systems based on fiber-optic
sensing technology generate massive data related to the measured engineering
structure. How to correctly use these data to interpret and assess structural
characteristics is a difficult problem currently faced in the field of structural
health monitoring. Massive data may include abnormal data caused by environ-
mental noise, vibration, and temperature variations affecting sensors; duplicate
data caused by redundant sensor design; drift data caused by degradation of
sensor performance; and missing data caused by sensor failure. Therefore, the
analysis and processing of massive data need to fully consider the sources of
various datasets and use foundational knowledge in relevant disciplinary fields
to conduct targeted feature classification and correction, thereby obtaining ef-
fective sensing information.

3.1 Correlation Analysis Between Fiber-Optic Sensing Signals and
Structural Characteristic Parameters

Because of the complexity of the structural forms of measured engineering ob-
jects and differences in the service environment, fiber-optic sensing signals ex-
tracted in engineering usually need to be filtered and denoised through signal-
processing techniques in order to obtain effective sensing signals. Furthermore,
it is necessary to establish correlations between the processed effective sensing
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signals and the characteristic parameters of the measured engineering object,
so as to realize quantitative or qualitative perception of the measured target
parameters.

From the perspective of information science, current research on sensing-signal
processing mainly focuses on the hardware of fiber-optic demodulation equip-
ment and the optimization of supporting algorithm software. For example, high-
performance FPGA can be selected as the core controller, and data can be driven
by a low-power CPU, thereby improving the measurement-length-range index of
distributed fiber-optic vibration-sensing measurement systems|[ 87]; compressed
sensing theory can be used to sparsely sample and reconstruct signals, and
wavelet transform can be used for denoising, thereby improving the stability
and accuracy of effective measurement signals[~88-"89)].

From the perspective of engineering science, current research on massive
monitoring-data processing mainly focuses on algorithm-software development
that considers the characteristics of the measured structure and data features.
It can be summarized into two categories[ 90-"91]: the first category is based
on theoretical models and finite-element modeling and analysis cognition,
supplemented by mathematical analysis, to clean abnormal data in massive
monitoring data, reconstruct missing data, and correct drift data; the second
category relies on massive datasets from continuous measurement and uses
statistical methods and artificial-intelligence algorithms to analyze the variation
patterns of massive monitoring data, thereby extracting effective monitoring
data. The first type of method does not require a large number of data
samples and can obtain relatively refined effective monitoring information, but
it has relatively high requirements for the accuracy and distribution pattern
of collected data and the precision of theoretical models. The second type of
method obtains only statistical feature information from massive monitoring
data, but requires massive data samples and has relatively high requirements
for algorithms and system hardware configuration.

Here, the most typical strain and temperature are used as examples for ex-
planation. When distributed fiber-optic sensing technology is used to measure
structural deformation, after filtering and denoising are performed to obtain
effective sensing signals, it is necessary to construct a quantitative relationship
between the fiber-optic sensing signal and structural strain. For bare fiber, the
quantitative expression can be established through existing calibration experi-
ments to realize the association between the fiber-optic sensing signal and strain.
For packaged optical fiber (such as optical cable), its quantitative expression can
be established through improved calibration experiments or strain-transfer the-
ory analysis, thereby realizing the association between the fiber-optic sensing
signal and strain. When distributed fiber-optic sensing technology is used to
measure structural or environmental temperature, a similar approach can be
adopted: for bare fiber and packaged optical fiber, calibration experiments and
heat-transfer analysis theory[~4] can be used, respectively, to establish the quan-
titative relationship between the fiber-optic sensing signal and temperature. Its
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Fig. 8 Optical fiber sensing signals and structural characteristic parameters of
the measured object

Figure 8: Fig. 8 Optical fiber sensing signals and structural characteristic pa-
rameters of the measured object

analysis procedure is shown in Fig. 8. It can thus be seen that fiber-optic sensing
signal-processing technology needs to fully consider the packaging and deploy-
ment process of the optical fiber, so as to select a more accurate calibration
formula or establish, on the basis of structural analysis theory (or heat-transfer
analysis theory), the quantitative expression relationship between the fiber-optic
sensing signal and the characteristic parameter—strain (or temperature)—of the
measured structure.

Figure 8 Optical fiber sensing signals and structural characteristic parameters
of the measured object

Fig. 8 Optical fiber sensing signals and structural characteristic parameters of
the measured object

3.2 Intelligent Characterization Technology for the Physical
State of the Measured Engineering Structure

Because distributed and quasi-distributed optical-fiber sensing technologies en-
able low-cost and high-precision measurements at large scales, they have re-
ceived considerable attention in the field of engineering-structure health moni-
toring. How to use optical-fiber sensing signals to realize intelligent characteri-
zation of the physical state of the measured engineering structure is an urgent
problem to be solved in the engineering application of distributed and quasi-
distributed optical-fiber sensing technologies. Specifically, after effective optical-
fiber sensing signals are obtained through filtering and denoising, and after a
quantitative relationship between the sensing signals and the strain (tempera-
ture) of the measured structure is established through traditional or improved
calibration experiments or strain-transfer theory (thermal-conduction analysis)
according to the packaging and layout process of the sensing fiber, it is neces-
sary to further incorporate the constraints, loads, and service environment of the
measured structure. On the basis of continuously monitored data information,
the physical state of the structure—such as the structural geometric form and
structural mechanical properties—is characterized, thereby providing a reference
basis for service-safety diagnosis and assessment of the measured structure.

When measuring an actual engineering structure, the optical fiber must be pack-
aged and protected so as to improve the effective service life of the sensor. In
deformation measurement, the essence of measuring structural strain with a
packaged optical fiber can be regarded as a strain-transfer model of a multilayer
medium structure. Therefore, structural mechanics theory or strain-transfer
theory can be used to guide the packaging-process design of distributed and
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Fig. 9 Mathematical model of morphological reconstruction algorithm based
on discrete curvature

Figure 9: Fig. 9 Mathematical model of morphological reconstruction algorithm
based on discrete curvature

quasi-distributed optical-fiber sensors under different measurement conditions
(such as static strain, dynamic strain, and temperature), thereby achieving accu-
rate inversion of structural characteristic parameters®3-34! avoiding damage at
the interface between the packaged distributed or quasi-distributed optical-fiber
sensor and the measured structure, and improving the measurement accuracy,
long-term stability, and durability of distributed and quasi-distributed optical-
fiber sensors in engineering-structure measurement. On the basis of packaging
application design for distributed optical-fiber sensors, it is necessary to further
consider how to use distributed optical-fiber sensing measurement data to de-
scribe the physical state of the engineering structure and to digitize and program
it, thereby realizing visual display. That is, how to use optical-fiber sensing sig-
nals to intelligently characterize the physical state of the measured engineering
structure.

For this reason, the geometric shape of beam-structure deformation is illustrated
here by taking measured distributed optical-fiber sensing signals and a shape-
reconstruction algorithm as an example. The geometric shape reconstruction
algorithm can adopt the following formulal9?!:

{:r =0 1) + (pi_1 — p;) cos0;_y + p; cos 0, ,<6<0,) (1)

y= O(me + (pim1 — pi)sind;_; + p;sind

where 0, =0, _; + A0 =0, ; + s/p;. As shown in Fig. 9, when i =1,2,3,- is
taken respectively, according to Eq. (1) and the measured discrete curvature,
the real-time geometric shape of the structure can be established. In this ex-
periment, OFDR testing technology was used, and the sensing signal obtained
by demodulating the distributed optical fiber with a LUNA ODiSI 6000 instru-
ment had a spatial resolution of 2.6 mm. The experimental setup is shown in
Fig. 10, and the pipe-structure shape information obtained from the tested
data inversion is shown in Fig. 11[921. After the discrete strain measured by
the distributed optical fiber is converted into discrete curvature, the geometric
shape of the pipe structure can be reconstructed according to Eq. (1), thereby
determining the physical state of the pipe-structure profile.

Figure 9 Mathematical model of morphological reconstruction algorithm based
on discrete curvature

Fig. 9 Mathematical model of morphological reconstruction algorithm based on
discrete curvature
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Fig. 10 LUNA fiber optic demodulator measurement tube structural strain

Figure 10: Fig. 10 LUNA fiber optic demodulator measurement tube structural
strain

Fig. 11 Geometric behavior of pipe structures under different loads based on
discrete strain information

Figure 11: Fig. 11 Geometric behavior of pipe structures under different loads
based on discrete strain information

Figure 10 LUNA fiber-optic demodulator measurement of tube-structure strain
Fig. 10 LUNA fiber optic demodulator measurement tube structural strain

Figure 11 Geometric behavior of pipe structures under different loads based on
discrete strain information!9?l

Fig. 11 Geometric behavior of pipe structures under different loads based on
discrete strain information!92!

Similarly, for other optical-fiber sensing signals, such as vibration signals (dy-
namic strain, acceleration), time-domain and frequency-domain analysis can
also be used.

technology and mathematical analysis methods, a quantitative characterization
relationship between fiber-optic sensing signals and the static and dynamic
strain fields of structures is established and implemented through programmed
design for visualization["74], thereby completing the intelligent representation
of the physical state of structures. According to these real-time and continu-
ous changes in structural morphology and strain-field distribution, the real-time
damage state of a structure can be assessed, ultimately achieving the final goal
of applying fiber-optic sensing technology in engineering structural testing and
monitoring.

In summary, research on extracting effective monitoring information from mas-
sive monitoring data has mainly focused on the intermediate-process hardware
and software modules of structural health monitoring systems. Researchers in
relevant disciplines process and analyze the data according to their respective
professional expertise, with the aim of obtaining high-quality effective data sig-
nals["13,721,731]. However, few studies have considered improving the quality
and reliability of massive monitoring data from the perspective of local optimiza-
tion and high-quality design of sensing components and sensing-network layouts,
so as to enhance the measurement accuracy of structural characteristic parame-
ters and the reliability of the complete structural health monitoring system, and
thereby obtain a more comprehensive and accurate interpretation or description
of the engineering structure being measured. Therefore, starting from the basic
perception layer of structural health monitoring systems, carrying out refined
and high-quality design of the sources that generate massive monitoring data—
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“sensing components and sensing-network layouts” —and, from the perspectives
of hardware performance and quality improvement, reducing the complexity of
the intermediate-process module of “monitoring-data processing and analysis,”
will be a feasible idea and method for overcoming this technical bottleneck.

4 Fiber-Optic Sensing Information-Driven Research on
Structural Damage Identification and Condition Assess-
ment

On the basis of the high-quality effective sensing information obtained through
the optimization of the aforementioned fiber-optic sensing components and net-
work layout, fiber-optic demodulation equipment, and supporting algorithms,
how to describe the physical state of the measured structure—that is, how to
use the effective monitoring data obtained by fiber-optic sensing technology to
realize structural damage identification and service-condition assessment—is an
important scientific problem currently faced at the engineering-application ter-
minal of structural health monitoring systems. Current research can mainly
be divided into two schools: (1) diagnosis of the physical state of engineering
structures obtained independently of physical models and based on massive mon-
itoring data, such as Bayesian methods based on probability theory and deep-
learning algorithms[~92-"93]; and (2) physical-state identification methods for
engineering structures established on the basis of physical models of engineer-
ing structures by applying structural mechanics theory and mathematical anal-
ysis, such as identification of structural modal parameters based on vibration
signals and structural morphology reconstruction based on distributed strain
information["94-"103]. It can thus be seen that the second type of method
can accurately identify the physical state of engineering structures based on a
small amount of effective data and in combination with researchers’ analysis
in the field of engineering structures; therefore, it is the mainstream method
in the field of structural health monitoring. According to these real-time and
continuous changes in structural morphology and strain-field distribution, the
real-time damage state of a structure can be assessed.

For discrete fiber-optic sensing signals, relatively little research has been con-
ducted on how to use this mainstream method to realize intelligent perception of
structural state or damage. Some scholars have used the strain-failure history
of quasi-distributed optical fibers to diagnose interfacial damage[ 104]; diag-
nosed tunnel cavities and rock-mass stability based on reconstructed linear mor-
phology from distributed fiber-optic measurement signals[~105]; and identified
the safety state of aerospace composite-material structures according to recon-
structed curved-surface morphology[~106]. The research team used vibration
signals perceived by optical fibers, adopted time-domain and frequency-domain
analysis techniques and mathematical-physical analysis methods, established
a quantitative characterization relationship between fiber-optic sensing signals
and the static and dynamic strain fields of structures, and implemented vi-
sualization program design, thereby realizing intelligent representation of the
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Fig. 12 Fiber optic sensing information-driven structural damage identification
and condition assessment process

Figure 12: Fig. 12 Fiber optic sensing information-driven structural damage
identification and condition assessment process

physical state of composite-material plate structures[~74,7103]. It can therefore
be seen that, according to these real-time and continuous changes in structural
morphology and strain-field distribution, the real-time damage state of a struc-
ture can be assessed. When the research object is expanded from components to
structural systems, the related analysis and characterization methods remain to
be further studied, and it is expected that intelligent monitoring and represen-
tation of structural damage can be realized from structural health monitoring
systems.

Structural damage identification and condition assessment are core links in
structural health monitoring systems. Data analysis based on fiber-optic sens-
ing signal preprocessing is carried out mainly around strain-field reconstruc-
tion, modal-parameter identification, and damage localization and quantifica-
tion, forming a structural static damage-identification and dynamic-response
information-driven damage-identification technical system that integrates tradi-
tional mechanical modeling with intelligent algorithms, and realizing cross-scale
refined identification methods ranging from micro-damage in engineering struc-
tures to macroscopic large deformation, and from local to global. The core
process of structural damage identification and condition assessment driven by
fiber-optic sensing information is shown in Fig. 12. Damage localization and
quantification are the core of structural characteristic identification; the high
sensitivity and high precision of fiber-optic sensing monitoring provide a feasi-
ble method for early damage identification. At the same time, related research
has also developed from single-damage-scenario identification toward the precise
quantification of multiple types and multiple scales of damage.

Figure 12. Fiber-optic sensing information-driven structural damage identifica-
tion and condition-assessment process

Fig. 12 Fiber optic sensing information-driven structural damage identification
and condition assessment process

4.1 Structural Identification Methods Based on Modal-
Parameter Estimation

Structural damage can lead to changes in physical parameters such as the stiff-
ness and mass of a vibration system, thereby causing changes in the vibration
characteristics of the structure. Damage-identification methods diagnose, locate,
and assess the degree of damage by comparing changes in the vibration char-
acteristics of healthy and damaged states; their core is to find parameters that
can be obtained through algorithms and are sensitive to structural damage. The
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Fig. 13 Methods for estimating structural modal parameters

Figure 13: Fig. 13 Methods for estimating structural modal parameters

selection of appropriate modal parameters is directly related to the difficulty of
damage identification and the correctness of the identification results. Common
damage-sensitive parameters include the natural frequencies, mode shapes, and
curvature modes of structures. Structural modal parameters (such as natural
frequency, mode shape, and damping ratio) are core indicators reflecting the
dynamic characteristics of structures. Under environmental excitation, meth-
ods for estimating structural modal parameters can be divided into three cate-
gories: time-domain methods, frequency-domain methods, and time-frequency-
domain methods[~107], as shown in Fig. 13. Time-domain methods include the
stochastic subspace method, natural excitation technique, and random decre-
ment technique; frequency-domain methods include the peak-picking method
and frequency-domain decomposition method; time-frequency-domain methods
include wavelet transform and Hilbert-Huang transform. Based on dynamic
strain data from optical-fiber monitoring, relevant studies have achieved break-
throughs from steady-state modal identification toward dynamic and real-time
modal tracking. Structural modal parameters may change within a short time,
especially when subjected to relatively large external forces; therefore, modal pa-
rameters need to be estimated in a timely manner to diagnose the damage state
of the structure. Accordingly, real-time modal tracking technology has been
developed. Bhowmik et al.[793] studied the engineering requirements for real-
time condition monitoring of mechanical vibration systems and single-sensor
deployment, proposed an error-correction recursive singular-spectrum analysis
algorithm based on first-order feature perturbation, and constructed a real-time
monitoring unified framework to realize online monitoring and control of com-
plex vibration systems. These vibration-information-based structural damage
identification methods can also be applied to interpreting vibration or acoustic-
wave data output by DAS systems; in practical use, they must be combined
with an analysis of the distributed optical-fiber deployment mode[~108].

Fig. 13 Methods for estimating structural modal parameters

Structural health-monitoring systems can output massive amounts of monitor-
ing data, and artificial-intelligence algorithms are used for data interpretation
so as to reveal the physical state information of structures contained in the data.
Avci et al.[7109] reviewed the transition of vibration-based structural damage
detection from traditional methods to machine-learning and deep-learning meth-
ods. Bao et al.["110] reviewed advances in machine learning for structural modal
identification, damage identification, and reliability assessment, and discussed
future development trends. The application of artificial-intelligence methods in
modal-parameter estimation mainly includes methods that use machine learning
to solve modal equations and methods that use artificial-intelligence techniques
for post-processing. The use of artificial intelligence for automatic data process-
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ing reduces spurious modes. For example, in the stochastic subspace method
and the NExT-ERA method, the determination of the number of rows and
columns of the Hankel matrix directly affects the results of modal identification:
if the Hankel matrix is too large, spurious modes will be output, whereas if it is
too small, modal parameters will be missing. Therefore, combining deep learn-
ing with modal-parameter identification methods, and automatically selecting
the most suitable size of the Hankel matrix through learning from massive data,
can improve the efficiency and accuracy of modal-parameter identification.

In summary, combining artificial-intelligence algorithms with traditional
modal-parameter estimation and damage-identification methods can enhance
autonomous learning and data-analysis capabilities, effectively eliminate errors
caused by subjective factors, and realize accurate identification of failure modes
in large engineering structures.

4.2 Structural Condition-Assessment Methods

Structural condition assessment is a key link in judging indicators such as struc-
tural safety, applicability, and durability on the basis of structural characteristic-
parameter estimation and damage-identification results, and it is also one of the
ultimate goals of structural health monitoring. In recent years, most relevant
studies have been based on optical-fiber monitoring data and have combined me-
chanics theory, statistical analysis, and intelligent algorithms, with the aim of
constructing a complete system ranging from single-index assessment to multi-
source fusion assessment, tending toward a transition from “post-event assess-
ment” to “pre-event early warning.”

4.2.1 Traditional Assessment Methods Based on Mechanical Models

Traditional mechanical models are based on theories such as material mechan-
ics, structural mechanics, elasticity, damage mechanics, and fracture mechanics.
By using optical-fiber monitoring data to validate characteristic parameters of
experimental models, they realize assessment of the physical state of structures
and have irreplaceable advantages in terms of compatibility with codes and
standards. Research focuses on improving the compatibility between theoret-
ical derivation models and actual engineering structures. For example, in the
assessment of structural cracks, Richter et al.[799] studied the automated assess-
ment of crack monitoring in concrete structures and distributed optical-fiber
monitoring data, proposed an automated crack-width calculation procedure
based on strain integration and the Python open-source framework fosanal-
ysis; the mean absolute errors between the calculated crack widths and DIC
reference values were 24.3 pm and 22.0 pm, respectively, and the maximum
error was ( )44.6 pm. Gomes et al.["111] studied the detection of microcracks
in reinforced-concrete structures, the evolution of crack width, and monitoring
of closure states; they proposed a SENTMI patch sensor based on a textile-
embedded optical-fiber network, with a maximum sensitivity of 0.004 mm/cd.
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It can accurately detect microcracks of 0.01 mm, track the crack opening and
evolution process, and effectively assess the number of cracks in concrete and--

width.

4.2.2 A New Evaluation Method Integrating Statistical Analysis and
Intelligent Algorithms

The new evaluation method is mainly based on statistical analysis and intel-
ligent algorithms. By mining the implicit patterns in fiber-optic monitoring
data, it realizes adaptive evaluation of structural condition. In recent years, re-
search has mainly developed from the application of a single algorithm toward
multi-algorithm fusion and time-series prediction, significantly improving the
intelligence level of evaluation. Statistical-analysis-based evaluation is a rela-
tively traditional evaluation approach: through statistical processing of a large
amount of monitoring information, statistical patterns related to structural con-
dition are obtained.

In terms of statistical evaluation methods, Xu et al.
112

proposed an early-warning system based on fiber-optic sensors and Bayesian
updating stability analysis, which was applied to quality assessment and perfor-
mance monitoring of an excavated slope. Slope stability was evaluated through
field measurement data. In addition to traditional statistical evaluation meth-
ods, the deep integration and application of intelligent algorithms have also
been a research focus in recent years. Luo et al.

113

studied the problem of abnormal-state detection and source-pattern recognition
in underground pipelines, and proposed an integrated method combining a dis-
tributed fiber-optic vibration sensing system with deep learning. The fused
deep scattering network requires no training, has low computational cost, an
anomaly detection rate of >99%, and an abnormal-condition recognition accu-
racy of >99%.

4.2.3 Comprehensive Evaluation Method Based on Multi-Source
Monitoring Information Fusion

Fiber-optic sensors have outstanding advantages and broad application scenar-
ios. However, relying only on a single category of fiber-optic monitoring data
sometimes makes it difficult to comprehensively and accurately reflect the ser-
vice condition of structures; multi-source information fusion evaluation is also
needed. In recent years, some scholars have integrated fiber-optic monitoring
data with other sensor data and environmental factors, etc., and their studies
have focused on optimizing fusion mechanisms and engineering applicability,
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thereby improving the comprehensiveness and reliability of evaluation results.
In terms of feature-level fusion, Wang et al.

101

, addressing the problem of low recognition accuracy for high-sampling-rate long-
sequence signals in a fiber-optic distributed acoustic sensing system, designed
a CDIL-CBAM-BIiLSTM network model based on feature fusion. The average
recognition accuracy for disturbance events exceeded 99%, and the recognition
time was less than 2 ms. In terms of decision-level fusion, in 2025, Li et al.

114

, targeting problems such as difficulties in multi-sensor data coordination and
low detection accuracy in leakage detection of polluted gas from pipelines in
chemical parks, proposed a real-time data-fusion algorithm based on distributed
fiber-optic sensing. Field measurements showed that the detection accuracy for
leaks of various intensities exceeded 94.75%, the detection delay was shortened
to 2.4-5.1 s, and the false-alarm rate was low and superior to existing methods
such as wireless sensing and laser spectroscopic measurement.

5 Conclusions

The development of operational-condition perception networks and monitoring
systems for engineering structures is currently an important research topic in
the engineering field. Structural health monitoring focuses on using modern
advanced sensing technology, combined with deformation analysis of the mea-
sured structural stress state, to design sensing elements and sensing-network
layouts; based on the data information output by demodulation equipment, it
combines structural mechanics theory and mathematical analysis methods to
identify the physical characteristics of structures and assess their service con-
dition, thereby guiding structural operation and maintenance management as
well as safety-risk early warning and prevention and control. Therefore, this
study reviews the application-design methods of fiber-optic sensors and product
iteration and updating, as well as research progress in structural characteristic
parameter inversion, damage identification, and condition assessment methods.
The main conclusions are as follows.

1) Measurement limitations caused by the material characteristics of opti-
cal fibers can be compensated for through special packaging technologies.
However, packaged fiber-optic sensors developed to satisfy multi-objective
engineering testing requirements introduce strain-transfer errors, thereby
promoting the development of strain-transfer theory. Strain-transfer the-
ory is particularly important for sensors that rely on interfacial shear stress
to transfer deformation, because the strain-transfer error of this type of
sensor cannot be eliminated through traditional calibration tests. This
also explains why published studies on strain-transfer theory are all based
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on multilayer medium models. For distributed and quasi-distributed fiber-
optic sensors, estimation methods for measured structural parameters still
need to be analyzed specifically in combination with the stress character-
istics of the structure.

2) Strain-transfer theory can be used to accurately interpret acquired data
and improve sensor design and calibration specifications. Research on the
application design, durability enhancement, and potential failure mecha-
nisms of multilayer sensing models for fiber-optic sensors through strain-
transfer analysis remains relatively insufficient, and strain-transfer theory
has not yet been used to explore the influence of multi-factor coupling
effects (such as the matrix material containing cracks under dynamic load-
ing) on the measurement accuracy and service performance of fiber-optic
sensors in specific structures (such as high-speed railways and aerospace
composites). How to improve the measurement accuracy, optimize the
design, and enhance the durability of fiber-optic sensors in complex envi-
ronments through strain-transfer theory remains a challenge to be solved.

3) When fiber-optic sensing information is used to carry out inversion analysis
of structural characteristic parameters, improvements in the quality and
reliability of massive monitoring data should be considered from the per-
spectives of optimizing the sensing elements and sensing-network layout
and high-quality design, thereby improving the measurement accuracy of
structural characteristic parameters and the reliability of the entire struc-
tural health monitoring system, and obtaining a more comprehensive and
accurate interpretation or description of the measured engineering struc-
ture.

4) Methods for identifying structural damage based on modal parameters un-
der environmental excitation mainly suffer from problems such as unstable
excitation, many spurious modes, poor identification accuracy, inability
to identify small damage, failure to consider the nonlinearity of structural
damage, and incomplete monitoring data. On the basis of improving
sensing-element performance and optimizing sensing-network layout, as
well as data preprocessing algorithms, one may consider further integrat-
ing traditional structural theory, modal-parameter estimation, damage
identification, and artificial-intelligence algorithms to conduct adaptive
dynamic learning from massive effective monitoring data, develop intelli-
gent structural health monitoring systems, efficiently analyze monitoring
data, and adaptively update the monitored physical model, thereby real-
izing timely maintenance and risk prevention for the safety and damage
of important engineering structures.

risks and early warning.

In summary, how to use the effective, multi-source fiber-optic sensing signals
measured by advanced fiber-optic sensing systems to identify the characteristic
parameters of engineering structures with high accuracy, stability, and durabil-
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ity still requires researchers from intersecting disciplines such as optics, mechan-
ics, and structural engineering to comprehensively consider and fully integrate
relevant technical features in the directions of analytical theory, model exper-
iments, and engineering applications. This will promote the development of
information-driven methods and systems based on long-term continuous, real-
time monitoring data for inversion of characteristic parameters of engineering
structures and intelligent perception of physical states, and further advance the
automation, visualization, and digitization of efficient and scientific assessment
of the physical states of engineering structures in service and intelligent struc-
tural health monitoring systems.
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