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Abstract

Influence lines (ILs)-based damage indices for long-span bridges were investigated in this
study. Their effectiveness was experimentally validated for the first time through the scaled
physical model of the Tsing Ma Bridge (TMB). First, the IL mechanism for damage detection
and its corresponding damage indices are briefly introduced. Subsequently, the scaled TMB
model instrumented with different types of sensors, including displacement sensors, strain
gauges, and accelerometers, was introduced. The IL characteristics of different bridge
components were compared. Two different damage cases with single and double damage
locations at the bottom chord were tested. In the single-damage case, different ILs extracted
from the nearby components were used for damage identification. These ILs could successfully
locate damage visually. The strain IL (SIL) was more sensitive to local damage than deflection
IL, but its detection performance degrades rapidly with the increasing distance between sensor
and force locations. In the double-damage case, the SIL extracted from a single sensor cannot
identify both damages because of the limited detectable range of each SIL; using multiple
sensor information was necessary. For comparison, the modal parameters were also employed
for damage detection. These experimental results validated the merits of the IL-based methods
proposed for long-span bridges, indicating that IL.-based damage indices are good indicators of
local damage detection in long-span bridges. This finding contributes to the development of
real-time techniques for damage localization in long-span bridges equipped with a structural

health monitoring system.
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Introduction

Vibration-based Damage Indices

Once built, bridges suffer from continuous deterioration and damage accumulation caused
by the long-term effects of traffic loads and harsh environmental conditions. Bridge health
monitoring systems aiming to monitor bridge operation conditions and guarantee bridge safety
and functionality during the service life of bridges have been installed on many bridges,
particularly long-span bridges, such as Tsing Ma Bridge (TMB) (Wong et al. 2000), Jindo
Bridge (Jang et al. 2010), and Sutong Bridge (Zhang et al. 2022). Bridge health monitoring
systems employ different types of sensors and collect a great deal of data and information.
Different vibration-based techniques, often classified into frequency- and time-domain
categories, have been actively proposed to detect the anomalies of bridges. The well-known
family of vibration-based frequency domain approaches is based on the change in structural
dynamic characteristics and their derivatives. For example, Xu and Wu (2007) and Xu et al.
(2011) proposed using acceleration and strain responses-based energy strategies to detect
damages in long-span bridges. Ni et al. (2008) employed the relative flexibility change as a
damage index to detect damages in the cable-stayed Ting Kau Bridge, where various structural
components were simulated to be damaged. Wickramasinghe et al. (2016) conducted a
laboratory experiment on a scaled suspension bridge model to validate their proposed mode
shape-based damage index. Thus far, other dynamic characteristics proposed for damage
detection include, but are not limited to, natural frequencies (Cawley and Adams 1979),
frequency response functions (Liu et al. 2009), mode shapes (Pandey and Biswas 1991), and so
on. These dynamic characteristics have been employed for model updating (Sharry et al. 2022;
Ren et al. 2022; Briseghella et al. 2022) and performance evaluation (Wang et al. 2022b) of
bridge structures. However, after a series of field experiments, it is noted that these structural
dynamic characteristics are typically insensitive to local structural damage or have a low
resistance to the operating environmental factors (e.g., temperature) (Chen et al. 2015; 2018).
Moreover, mode shape-oriented approaches typically require measurement at sufficient
locations to configure accurate spatial distribution (He and Zhu 2016). These constraints limit

real-world applications of these approaches.

The sensors required in time-domain methods are fewer than those required in the
frequency-domain methods (Li and Zhao 2006). In particular, moving loads, which resemble
vehicles running on a bridge, can provide a signal with large amplitudes and high signal-to-
noise ratios when they pass through the sensor locations (Link and Weiland 2009). Such moving
load-based methods have attracted growing attention in recent years (Lu and Law 2007; He and

Zhu 2016; He et al. 2017). In addition, other non-parameter-based methods have also been



reported for damage detection (Aloisio et al. 2020, 2021; Viefhues et al. 2022).
Bridge Damage Detection using the Influence Lines (ILs)-based Method

By contrast, relatively rare attention has been paid to static damage detection approaches,
such as dead-load redistribution change and IL-based indices. Although ILs are often related to
moving loads in the literature, ILs are essentially structural static characteristics. IL-based
indices inherit the advantages and essence of moving load-based approaches, and further show
their merits as easy removal of the zero drift and the variation caused by temperature load.
Zaurin and Catbas (2009) proposed to identify the strain IL (SIL) of a four-span bridge model
by combining video imaging and sensing information, and they subsequently testified that SIL
was a promising damage indicator through a four-span bridge-type structure and a steel bascule
bridge (Zaurin and Catbas 2011; Zaurin et al. 2016). Chen et al. (2015) proposed three stress
IL-based damage localization indicators for long-span bridges. The effectiveness of these
indicators was validated through the numerical case studies of the full-scale TMB. Later, Zhu
et al. (2014) integrated the stress IL-based indices with the data fusion method to enhance the
detectability. Subsequently, they verified these IL-based damage localization indices and the
improved approach experimentally on a three-span concrete beam model (Chen et al. 2017). To
realize damage quantification, Chen et al. (2018) reconstructed the deflection IL (DIL) using
the matrix decomposition method, and revealed the relationship between structural damage and
DIL change in beam structures. The effectiveness of the quantification method was
experimentally validated through a simply supported beam. Cai et al. (2022) have recently
compared different IL-based indices, revealed their intrinsic relationships, and shed light on
selecting appropriate IL-based indices and optimizing sensor placement on beam structures.
Huseynov et al. (2020) adopted the rotation IL (RIL) change before and after damage as a
damage index. They realized damage localization experimentally in a simply supported beam
model. A similar RIL-based index was also used by Alamdari et al. (2019a), who verified this
index numerically in a cable-stayed bridge. Other studies on IL-based damage detection in the
last decade are summarized in Table 1. Meanwhile, many identification methods, which
identified ILs from moving vehicle-induced dynamic responses of a bridge, were proposed and
proved numerically or experimentally (Chen et al. 2015; 2016; Wang et al. 2017; Froseth et al.
2017; Dong et al. 2019; Zheng et al. 2020).

Notably, ILs are typical bridge characteristics that are frequently measured in trial tests
before the bridge opening and regular load testing during the service life of bridges by using
heavy trucks. With bridge health monitoring systems, ILs can be measured or identified in a
more convenient and timely manner. ILs have also been applied to bridge capacity evaluation
(Wang et al. 2022a), weight-in-motion (Lansdell et al. 2017), and model updating (Zhu et al.

2015). However, the corresponding discussions are not included in the scope of the current

4



study.
Research Objectives

Previous studies have demonstrated the prospect of the vibration- and IL-based damage
indices. Most of these indices were tested on simple structural configurations with a limited
number of unknown parameters, such as simply supported beams; thus, they lack practicality
for real bridge applications to some extent. Detecting local damages in a large-scale complex
bridge remains a major challenge. Moreover, investigations on IL-based methods for long-span
bridges are rare, although ILs were proven superior to dynamic characteristics (e.g., modal
properties) in some aspects of damage detection. Two relevant studies are the numerical case
studies on the TMB (Chen et al. 2015; Zhu et al. 2014) and the condition assessment on the
Yangtze Bridge (Sun et al. 2016). Although bridge ILs are regularly measured, creating man-
made damages in real bridges and investigating the detectability of these IL-based indices are
certainly impractical. Therefore, experimental investigation on ILs for damage detection in

long-span bridges is of practical significance.

The present study experimentally investigates the IL-based damage localization method
in a long-span bridge by using a scaled physical model of the TMB as an example. The main
contributions of this experimental work are as follows: (1) The effectiveness of the IL-based
damage indices for long-span bridges was experimentally validated for the first time. (2) The
damage detection performances of the IL-based and the modal properties-based methods in
long-span bridges are experimentally compared. After the Introduction, Section 2 elaborates on
why IL can be employed for damage detection and recalls the IL-based damage localization
methods, including IL change and its first-order finite difference, in previous numerical studies.
Then, Section 3 introduces the scaled physical model of the TMB used for the subsequent
experimental investigation. Section 4 presents the experimental performance of the IL-based
indices on the TMB model. Both single- and double-damage scenarios are considered. Section
5 presents the detection performance of the modal properties-based methods. Finally, the major

findings and conclusions are summarized in Section 6.

ILs for Damage Detection

Mechanics of ILs for Damage Detection

Structural damage detection is typically defined as detecting the stiffness reduction of one
or more structural members. The inverse of the stiffness matrix is the flexibility matrix, which
has been used for model updating and damage identification because of its superiority in
damage sensitivity. In conventional vibration-based approaches, the flexibility matrix is

constructed from the modal properties (Zonta et al. 2003):



F=0Q'®", (D

where F is the flexibility matrix, ® is the mode shape matrix, and € is the diagonal matrix
containing modal frequencies. However, the flexibility matrices constructed from modal
properties have limited accuracy and practicability because of the following: (1) obtaining
mass-normalized mode shapes is usually difficult; (2) dynamic signals are vulnerable to
measurement noise; (3) mode truncations are usually performed, as the number of measurable
vibration modes is usually much lower than the number of the degree of freedom (DOF); and
(4) flexibility has a low spatial resolution if only a limited number of sensors are used (Zonta

et al. 2003; Chen et al. 2015).

The DIL describing the deflection response variation at a specific location when a unit
force moves along a beam (or a bridge) is essentially part of the flexibility matrix (Chen et al.
2018). The moving force acts sequentially on a series of selected vertical DOFs; in this scene,

the load matrix for obtaining ILs can be represented as follows:
S @

where Q is the load matrix. The identity submatrix on the left side of Eq. (2) corresponds to the
vertical DOFs with a unit force, while the remaining zero submatrix corresponds to the vertical,
horizontal, and rotational DOFs without any force. Given the relationship between flexibility

matrix, load matrix, and deflection matrix,
D=FQ, 3)

where D is the DIL matrix. The DIL measured at the ith DOF is essentially part of the ith row
of the flexibility matrix. Accordingly, multiple DILs at several DOFs can represent a submatrix
of the flexibility matrix. Therefore, DILs can reflect the flexibility matrix to some extent.
Similar mechanics are also applicable to RILs and SILs. Moreover, various ILs represent static
structural characteristics, which are quite different from dynamic characteristics. Notably,
estimating the complete flexibility matrix of a long-span bridge based on the limited IL
measurement information is impossible because the practical moving force direction is only

vertical.

Similarly, the SIL can be represented by multiplying load matrix Q and strain flexibility

matrix F&:

D' =FQ, “)



where D? is the SIL matrix. The strain flexibility matrix was also referred to as the damage

index by Zonta et al. (2003).
IL-based Damage Indices

As mentioned in the literature review, changes in different types of ILs and their
derivatives were investigated for damage detection, and their effectiveness was partially

validated in some structural configurations (Chen et al. 2015; 2018; Huseynov et al. 2020).

The basic type is the IL change representing the direct change in flexibility,
AIL(X,y)=1L(x,y)— 1L, (x,y), (5)

where IL(x, y) and ILy(x, y) are the newly obtained IL function and the IL function in the healthy
(undamaged) state, respectively; x is the force location in the bridge (beam) longitudinal
direction; and y is the sensor location. Once the bridge suffers from severe local damage, the
measured IL change exhibits distinct features at damage locations, typically either a peak or a
sudden drop. The shapes of the damage-induced IL changes for different IL types were
analytically and experimentally compared by Cai et al. (2022) by using a simply supported

beam as an illustrated example.

The first-order finite difference of the IL change is also explored as a damage index to

enhance the damage sensitivity:
(X, y)=AlL(x+Ax,y)-AlIL(X,Y), (6)

where Ax is the spatial interval between two force steps. Although the high-order finite
difference of IL change can further enhance damage sensitivity, it may simultaneously amplify
the noise effect, causing false alarms. Deflection and strain typically represent the global and

local responses, respectively; both DIL and SIL were investigated in the present study.

Scaled TMB Model

The TMB is one of the longest suspension bridges in the world. It carries a highway and a
railway. A comprehensive structural health monitoring system has been installed on this bridge
since 1997, including 110 strain gauges (Wong et al. 2000). A corresponding physical scaled
bridge model, wherein all the major connections and boundary conditions were reproduced with
a geometric scale of 1:150, was established at The Hong Kong Polytechnic University (Xu et
al. 2012; 2016).

Fig. 1 shows the schematic of the scaled TMB model. Its total length and main span are
14.34 and 9.18 m, respectively, and the height of the two towers is 1.37 m. Two main cables
are 0.24 m apart in the lateral direction. Same as the real TMB, the scaled TMB model displays
the deck suspended at the main span and the west side span (Ma Wan side), while the deck is
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supported by three supports in the east side span (Tsing Yi side). The dimension of this scaled
model is large enough to allow the installation of various sensors for response monitoring. Two
different materials were used for fabricating this scaled bridge model: aluminum was used for
the bridge deck, whereas steel was used for other components, such as bridge towers, piers,
cables, and suspenders. Fig. 1(b) shows a typical cross frame. The whole bridge model consists
of 242 cross frames connected by two outer and two inner longitudinal trusses by welding. In
this study, one cross frame and its nearby right longitudinal trusses were defined as one module
(Mod.); thus, this bridge model has 241 modules plus an additional cross frame. The length of
each module is around 6 mm in the bridge longitudinal direction. Fig. 1(c) shows two typical
modules between the two suspenders of this model, mainly comprising the top chord, bottom
chord, diagonal chord, vertical post, railway beam, and bottom beam. Xu et al. (2012) presented
the specific design and fabrication of this scaled model. A corresponding finite element model
(FEM) was established, and model updating was conducted based on the measured modal
characteristics of the scaled model. Since then, a few structural health monitoring studies have
been conducted on this scaled TMB testbed. Xu et al. (2016) developed a multitype sensor
optimal placement and response reconstruction method and validated the effectiveness through
this scaled TMB model. Xu et al. (2018) employed this TMB model for experimental validation
of a multilevel damage detection method with response reconstruction using a divide-and-
conquer approach. Notably, the IL-based method in the present study is a model-free method,
and it used only the measurement information from the physical model and did not need the

FEM.

Experimental Validation
Experimental Setup

Fig. 2 shows the schematic of the experimental setup. Displacement sensors and strain
gauges were installed at the selected locations of the model to obtain the corresponding IL
information. A total of 46 strain gauges (model no. BX120-3AA) and four displacement sensors
(model no. KEYENCE, LK-503) were deployed on the TMB model. Given the symmetrical
cross frame of the deck, all strain gauge sensors were placed on the left side (i.e., Grid [ and II
in Fig. 3) in this study. The strain and displacement response information was collected by two
data acquisition systems (model no. KYOWA EDX-100A) with a sampling frequency of 10 Hz
for the IL measurement in the static tests. Moreover, 19 additional accelerometers (model no.
KD1010 and KD1300) were installed on the main span bridge deck to obtain the modal
information. The sampling frequency was changed to 1000 Hz during the acceleration

measurement in the dynamic test.

The spatial installation configuration of these sensors is shown in Fig. 3. The zoom-in



blocks, representing the specific regions instrumented with strain gauges, show the specific
spatial installation layout. The bridge topology is complex and consists of several components
with different individual element properties (e.g., stiffness). Thus, the strain gauge installation
covered as many components as possible in one selected region (i.e., the bottom-right block in
Fig. 3). This region was selected because the preliminary FEM analysis indicated relatively
large strain amplitudes of the structural components in this region. Detailed information on
sensor installation is presented in Table 2. A steel block of 5.5 kg representing a moving mass
was placed on the aluminum bridge deck of every other module during static IL measurement,
where no dynamic amplification effect needs to be considered. However, if IL is obtained from
the dynamic responses induced by a vehicle with a high running speed, the dynamic
amplification factor has to be carefully dealt with. Fig. 4 shows the corresponding photograph
of the setup of the scaled TMB model.

Characteristics of ILs

Fig. 5 shows the characteristics of the SILs measured at different bridge components in
one module (i.e., Mod. 114), wherein the abscissa is the force location and the ordinate is the
variation of the SIL coefficient. The profiles of these SILs were markedly different: (1) The SIL
curves of the top and bottom chords were approximately opposite. (2) The SIL curves of the
railway beam and bottom chord were nearly symmetric with respect to the sensor location,
whereas the SIL curve of the diagonal chord was nearly antisymmetric. (3) A sharp peak
appeared in the SIL curves of the vertical post and bottom beam. The profile characteristics of
the measured SIL curves were similar to those observed in the full-scale TMB FEM (Chen et
al. 2015). Moreover, the strain influence coefficient decreased when the force moved away
from the sensor location. According to Chen et al. (2015), the peak-to-peak amplitude, defined
as the difference between the maximum and minimum strain, and the boundary of the main
coverage range, defined as the 30% of the amplitude, were determined to quantify the
characteristics of different SILs, as summarized in Table 3. The SIL amplitudes of the
longitudinal components, i.e., the bottom and top chords and railway beam, were relatively
greater than others. The SIL amplitudes of the vertical post and bottom beam attenuated quickly
with the increasing distance, both exhibiting a narrow coverage range. Although the SIL of the
diagonal chord exhibited the largest coverage range, it might not be suitable for damage
detection because of the smallest peak strain magnitude. Based on the above observations, the
SILs of the railway beam and the bottom and top chords were selected to detect local damages

in such a long-span bridge.

Fig. 6 shows a typical DIL of the bridge deck varying with the force location. The
maximum deflection coefficient in this scene was approximately 9 mm, which corresponded to

nearly 1.35 m in the full-scale bridge. The DIL curve was approximately symmetric about the
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sensor location. Similar to SIL, DIL was characterized by an amplitude of 11.5 mm and a
coverage range of 56 modules. The coverage range of DILs was wider than that of SILs,

indicating that DIL is a global detection index, whereas SIL is a relatively local one.
Damage Detection Performance

Given that the TMB is a statically indeterminate structure, any damage would result in the
internal loading redistribution. Accordingly, the ILs, regardless of DILs or SILs, extracted from
the undamaged components near the damaged members would also exhibit differences.
Considering the components with relatively larger strain/stress amplitudes are more vulnerable
to train- or vehicle-induced fatigue damage, the bottom chords member was selected as the
damaged members in this study. The present study simulated two damage scenarios in the
bottom chords, as seen in Fig. 7. Both were produced in Grid I, close to the strain gauge

installation layout.

® The first damage scenario was made by cutting the bottom chord of Mod. 112, referred to

as a single-damage case.

® The second damage scenario was simulated by cutting another bottom chord of Mod. 100,

referred to as a double-damage case.

The bottom chords of the bridge are subjected to tension under a vertical external load.
The two damaged bottom chords were selected at the locations that were associated with
relatively large tensile stress in the preliminary FEM analysis and thus considered vulnerable

to fatigue damage.

Single-damage Case

Fig. 8 shows the representative results of the ILs before and after damage, wherein the SIL
was measured from the bottom chord of Mod. 109, and the DIL was measured from the bridge
deck of Mod. 114. The two vertical lines denote the sensor and damage locations. Although the
SIL and DIL curves showed peaks at the sensor location, both the SIL and DIL change curves
exhibited obvious peak values corresponding to the damage locations. Both the SIL and DIL
change curves were almost symmetric with respect to the damage location. In this study, the
change ratio of the IL is defined as the ratio between the peak-to-peak amplitude of IL change
and the corresponding IL. The SIL and DIL change ratios were approximately 40% and 3.4%,
respectively, demonstrating that SIL is more sensitive to local damage than DIL. The slight
change ratio of DIL (i.e., 3.4%) indicated that a single structural truss component loss in such
a complex long-span bridge has a limited effect on the overall structural performance,
highlighting the difficulties in damage detection in complex long-span bridges using global

indices directly. Consequently, only SIL results were used for damage localization in the
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following sections unless otherwise stated.

Fig. 9 shows the SIL change ratio of different bridge components near the damaged bottom
chord, which is shown by a dashed line. The lines with different lightness (or colors) were used
to represent different change levels of SILs, namely, <10%, 10%—-20%, 20%—30%, 30%—40%,
and >40%. In particular, Fig. 10 presents the IL change of different bridge components of Mod.
114. An apparent peak indicating the damage location could be observed at all the concerned
bridge components, despite the disturbance caused by the measurement noise. The SIL change
of the bottom beam exhibited another sharp peak due to the sensing problem when the mass
acted near the strain gauge. In descending order of the damage-induced stain change amplitude,
the top three components were the bottom chord, railway beam, and top chord; these
components exhibited dozens of microstrains change. As shown in Figs. 9 and 10, the bottom
chord damage was relatively easy to be detected by the bottom chord and railway beam by

considering the IL change amplitude and change ratio jointly.

In addition, the SIL changes extracted from different railway beams and bottom chords
were investigated, as shown in Fig. 11. The corresponding change ratio is presented in Fig. 12.
The SIL change of the railway beam and bottom chord generally decreased with the increasing
distance between the sensors and damage location. The SIL change ratio of the bottom chord
was generally larger than that of the railway beam, given the same distance. For the bottom
chords and railway beams, the SILs of Mods. 107 and 120 could still identify the damage at
Mod. 112 accurately, whereas those SILs of Mods. 95 and 133 could not. This finding
demonstrated that the detectable range of SIL was approximately 10 modules (= 0.6 m),
corresponding to approximately 4% of the whole length of the TMB model. Therefore,
installing strain gauges on the longitudinal horizontal components every 10 modules could

guarantee satisfactory detection performance in the entire bridge model.

Fig. 13 shows the damage detection results using the mentioned first-order finite difference
of the IL change by taking the SIL of the bottom chord of Mod. 109 and the DIL of Mod. 114
as examples. Although the calculation of finite difference amplified the noise effect, the damage
location could still be located by identifying the sudden change of either SIL or DIL. This result
demonstrated the effectiveness of the first-order finite difference-based indices for damage
detection in long-span bridges and confirmed the findings of the previous numerical study using

a full-scale FEM (Chen et al. 2015).

Double-damage Case

As mentioned, the second damage was done by cutting off the bottom chord of Mod. 100.
Fig. 14 shows the corresponding detection results using the SIL change of the bottom chords in

Mods. 95 and 107. Only one apparent peak corresponding to the damage location could be
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identified visually in each SIL result. The peak locations were different: the SIL result extracted
from Mod. 95 located the damage at Mod. 100, whereas that from Mod 107 located the damage
at Mod. 112. Notably, according to Fig. 11, the detectable range of SIL in the single-damage
case was approximately 10 modules. However, the SIL change of Mod. 107 cannot locate the
second damage at Mod. 100 in this double-damage case. The reason is that the SIL of Mod. 107
was more sensitive to the damage in Mod. 112 due to the closer distance, whereas the
corresponding SIL change of Mod. 107 induced by the Mod. 100 damage was much smaller
and cannot be clearly identified. Note that the SIL change ratio of Mod. 107 was approximately
26% in the single-damage case (as shown in Fig. 12), whereas it only slightly increased to 28.5%
because of the introduced second damage. These results implied the limited detectable range of
the SILs again. Multiple SIL information will be required for multidamage detection in long-

span bridges.

Comparison with Modal Parameters

In the dynamic test, the accelerometers were also deployed on the bridge’s main span, and
a hammer was used to generate an impact signal. The corresponding modal information,
including modal frequencies and mode shapes, was extracted by using the complex mode
indicator function (Brincker et al. 2001) based on the measured accelerations. The change in
modal frequencies and mode shapes were regarded as the vibration-based damage indices to
identify the damage (single-damage case). Only the vertical vibration modes were considered

in this study.

Fig. 15 depicts the extracted first three mode shape information of the main span of the
bridge model before and after the single-damage simulation. The difference was quite small;
the damage occurrence could not be identified based on this difference. The first vertical mode
shape was almost antisymmetric, whereas the second vertical mode was symmetric with a half-
wave, regardless of whether the damage occurred or not. The modal assurance criterion (MAC)
(Pastor et al. 2012) was applied to detect damage occurrence. Table 4 lists the specific vertical
modal frequencies information and the calculated MAC values. The maximum natural
frequency change was merely 2.6%, and the MAC values were above 0.99. The change ratios
of the modal information in Table 4 were much smaller than that in Fig. 9 (mostly > 10%). The
limited number of sensors led to the low spatial resolution of the mode shapes. As a result, the
modal curvatures could not be accurately computed, and the corresponding detection
performance was poor. The experimental results indicated that compared with the SIL-based
indices, the modal parameter change might not be suitable for the direct detection of the local
damages in long-span bridges. It was also noted that the identified natural frequencies were

slightly different from those reported by Xu et al. (2012) due to the recent change in the TMB
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model.

Conclusions

In this study, damage detection in a long-span bridge using ILs was experimentally
investigated for the first time through a scaled model. The scaled TMB testbed at The Hong
Kong Polytechnic University was used as a representative long-span bridge example. Different
types of sensors, including displacement sensors, strain gauges, and accelerometers, were
deployed in this model. First, the DIL characteristics of the bridge deck and the SIL
characteristics of different bridge components of the TMB model, including bottom chords, top
chords, railway beams, bottom beams, vertical posts, and diagonal chords, were investigated.
Subsequently, both single- and double-damage cases were simulated at the bottom chords of
different modules. The IL extracted from a single sensor can effectively locate the single
damage; multiple IL information is required for the double-damage case. The damage detection
performance in the physical scaled TMB model demonstrated that SIL is a good local damage
index for long-span bridges, which will shed light on structural health monitoring in real-world

full-scale bridges. The following specific damage detection results are remarked:

1) In the single-damage scenario, the damage-induced change ratio of the SIL was much larger
than that of the DIL. This finding demonstrated that SILs might be more suitable for local

damage detection than DILs, performing higher damage detectability.

2) Although all the SILs of the nearby bridge components could identify damage occurrence
and location, the damage in the bottom chord tended to be detected by the bottom chords
and railway beams more easily by considering the SIL change amplitudes and ratios

together.

3) The SIL change ratio decreased with the increasing distance between the sensor and the
damage locations. The detectable range of SILs was limited but with a relatively high

damage sensitivity near the damage location.

4) The first-order finite difference of the IL change successfully identified the single-damage
location without any noise elimination process, even though the finite difference calculation

amplified the noise effect.

5) In the case study, the direct utilization of the SIL change (i.e., Eq. (5)) extracted from a
single sensor could not locate double damages because of the limited damage range and
relatively large distance between the installed sensor and damage locations. Thus, multiple

sensor applications should be required.

6) Corresponding to the first three vertical vibration modes, the single local damage-induced

maximum frequency change ratio was less than 3%, and all the MAC values were higher
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than 0.99. This finding indicated that compared with the IL-based indices, the
straightforward usage of the modal parameters might not be a suitable approach for damage

detection in long-span bridges.

Considering the limited detectable range of SILs, a sufficient number of strain
measurements will be required to cover the range of the entire long-span bridge. Distributed
strain measurement, a recently-emerging sensing technology that provides strain information
with high spatial resolution, will be a promising solution to be used jointly with the IL-based
damage detection method investigated in this study. In addition, because of the destructive
nature of the presented experiments, only two damage scenarios could be tested in this paper.
More comprehensive investigations of various damage scenarios will be done through

numerical simulations. All of these need to be addressed in future studies.
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Tables

Table 1 IL-based indices reported in previous studies

IL type Model Study type  References
SIL Four-span bridge-type structure Experiment  Zaurin and Catbas 2011
SIL Bascule bridge Field test Zaurin et al. 2016
Stress IL TMB Numerical Chen et al. 2015
(suspension bridge)
Stress IL TMB Numerical Zhu et al. 2014
(suspension bridge)
DIL, SIL Three-span concrete beam Experiment  Chen et al. 2017
DIL Simply supported beam Experiment  Chen et al. 2018
DIL, RIL, SIL  Simply supported beam Experiment  Cai et al. 2022
RIL Simply supported beam Experiment  Huseynov et al. 2020
RIL Simply supported truss bridge Numerical Zhou et al. 2018
SIL Shanghai Yangtze River Bridge Field test Sun et al. 2016
(Cable-stayed bridge)
RIL Cable-stayed bridge Numerical Alamdari et al. 2019a
DIL Cable-stayed bridge Numerical Alamdari et al. 2019b
DIL Simply supported beam Experiment  Zeinali and Srory 2018
DIL Simply supported beam Experiment  Wang et al. 2019
DIL, SIL Three-span beam Numerical Wang et al. 2021
DIL, RIL Three-span beam Numerical Zheng et al. 2021
SIL Simply supported bridge Experiment  Liu and Zhng 2018
DIL, RIL Simply supported bridge; Numerical Breccolotti and
Multi-span continuous bridge Natalicchi 2022
Table 2 Sensor installation in the TMB model
Bridge .
Sensor type Mod. No. (Locations)
Component

95,107,109, 111, 113-115, 117, 118, 120, 122, 133,

Strai
rain gauge 173

Railway beam

Top chord 95, 113-115, 118, 133,173
95,107,109, 111, 113-115, 117, 118, 120, 122, 133,
Bottom chord
173
Diagonal chord 95, 113-115, 133, 173
Bottom beam 113-115
Vertical post 113-115

Laser displacement

Bridge deck 95,114, 133, 173

sensor
60, 68, 76, 84, 92, 100, 108, 116, 124, 132, 140, 148,
156, 164, 172, 180, 188, 196, 204

Accelerometer Bridge deck
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Table 3 Characteristics of the measured SILs from different bridge components: Mod. 114

Component Maximum Minimum Amplitude Coverage range
(ne) (ne) (ne) (no. of modules.)

Railway beam 126.4 -37.2 163.6 24
Top chord 454 —123.5 168.9 21
Bottom chord 98.0 -20.1 118.1 18
Diagonal chord 6.7 —4.8 11.5 62
Vertical post 12.2 —4.0 16.2 1

Bottom beam 28.6 —6.2 34.8 2

Table 4 Modal-information-based indicator for damage detection

Frequency (Hz)
Mode number Undamaged Damage Change ratio MAC
First order 5.30 5.16 2.6% 0.9987
Second order 5.62 5.49 2.4% 0.9993
Third order 9.66 9.64 0.2% 0.9991
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Configuration of the TMB model: (a) Overview of the TMB model; (b) Cross-frame model;

(c) Bridge components of two typical modules

Schematic of the experimental setup for the TMB model

Spatial configuration of the applied sensors in the TMB model (numbers “1” to “240”
denote the Mod. number)

Photograph of the experimental setup

SILs of different bridge components: (a) Component locations; (b) Set A; (c) Set B; (d)
Set C

DIL of bridge deck: Mod. 114

Photograph of damage locations (DL is short for damage location): (a) DL1; (b) DL2
ILs before and after single damage: (a) SIL of bottom chord: Mod. 109; (b) DIL of bridge
deck: Mod. 114

SIL change ratios for different bridge components near the damage

SIL change of different bridge components: Mod. 114: (a) Railway beam; (b) Bottom
beam; (c) Bottom chord; (d) Top chord; (e) Vertical post; (f) Diagonal chord

SIL change of bottom chord and railway beam: (a) Bottom chord; (b) Railway beam
Change ratios of SILs with sensor locations

Damage localization results using the first-order finite difference of IL change: (a) SIL of
bottom chord: Mod. 109; (b) DIL of bridge deck: Mod. 114

Damage localization results for double-damage case: (a) Mod. 95; (b) Mod. 107

Identified mode shapes before and after single-damage simulation: (a) First order; (b)

Second order; (¢) Third order
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Fig.3  Spatial configuration of the applied sensors in the TMB model (numbers “1” to “240” denote the Mod. number)
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Fig. 5  SILs of different bridge components: (a) Component locations; (b) Set A; (c) Set B; (d)
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Fig. 7  Photograph of damage locations (DL is short for damage location): (a) DL1; (b) DL2
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Fig. 8  ILs before and after single damage: (a) SIL of bottom chord: Mod. 109; (b) DIL of bridge

deck: Mod. 114
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Fig. 10 SIL change of different bridge components: Mod. 114: (a) Railway beam; (b) Bottom

beam; (c¢) Bottom chord; (d) Top chord; (e) Vertical post; (f) Diagonal chord
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Fig. 13 Damage localization results using the first-order finite difference of IL change: (a) SIL of

bottom chord: Mod. 109; (b) DIL of bridge deck: Mod. 114
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Fig. 14 Damage localization results for double-damage case: (a) Mod. 95; (b) Mod. 107
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