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ARTICLE INFO ABSTRACT

Keywords: Structural health monitoring plays a key role for maintenance and lifetime extension of bridges
Steel truss bridge under complex loading conditions and damage scenarios. This paper applies vibration-based
Random vibration methods to monitor the structural health of a Warren-type truss bridge. First, acceleration

Fatigue cracks
Nodal acceleration
Finite element analysis

measurements are used to obtain natural frequencies and modal shapes of the bridge by modal
identification. Then, a high-fidelity numerical model in a finite element code is calibrated.
Damage scenarios with various crack location and severity are considered for a member, and
time-domain simulations are carried out to assess the dynamic responses of the bridge under
random excitation. An analysis of the acceleration statistics shows that the damaged member
displays a more significant increase in accelerations than the intact members, and locations near
the supports of the damaged member experience more changes than other locations. This study
contributes to a fundamental understanding of bridge dynamics and facilitates development of
damage identification methods.

1. Introduction

Railway or road steel truss bridges are subject to repeated dynamic loads during their lifetime. Such dynamic loads may arise
from traffic actions or from ambient environments in the form of temperature, wind, and rain. According to the design standards
of bridge structures, e.g., Eurocode [1], the traffic loads are typically considered using a dynamic amplification factor and the wind
loads should be examined depending on the shape and length of the bridge. If not considered properly in the design, these loads
could induce vibration of the bridge and eventually lead to premature failures.

For structural failures of steel bridges, several causes exist including fatigue [2], overload [3], corrosion [4], and collision [5].
Among them, fatigue is the most common cause of failure for steel truss bridges in the U.S. [5]. Fatigue cracks typically occur in
the weakest locations that coincide in the joints between the individual members of a truss bridge [6-8], as depicted in Fig. 1. The
development of cracks in steel profiles usually results in a reduction of the effective cross section, and afterwards in the overall
reduction in the stiffness of a bridge. The fatigue cracks and subsequent changes in the structural properties of any bridges must
be detected at an early stage. Otherwise, the lifespan of the bridges can be significantly shortened and there is a risk of collapse.
In the past, collapses of several bridges were reported [9]. Such catastrophes can cause casualties, disruption in transportation and
negative economic impacts.
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Fig. 1. Illustration of areas prone to cracking in both welded and bolted connections of Warren-type steel railway truss bridges.

To avoid premature failures of steel bridges, inspection and maintenance are necessary, and different methods exist. Visual
inspection is one of the most used methods [10]. However, this method is neither cost-effective nor time-efficient. In addition, there
is a risk for oversight of potential hazards. Structural health monitoring (SHM) relies on precise data measurements during operation
and the measured data should be compared with base measurements to obtain useful information on structural health [11]. Research
in SHM brings various alternative solutions to bridge maintenance [12,13], including computer vision-based and vibration-based
methods. While the computer vision-based method [14,15] may use digital camera and artificial intelligence to localise damages,
the classical vibration-based method relies on sensor measurements and considers the dynamic responses due to changes in physical
aspects of bridges, such as mass and stiffness [16].

Both frequency- and time-domain approaches are widely used in vibration-based methods [17]. The frequency-domain approach
examines changes in natural frequencies, mode shapes, or damping, whilst the time-domain approach directly analyses the time
series of the measured acceleration and displacement signals [18]. In the following, both approaches are briefly reviewed.

Much research adopts the frequency-based vibration method for damage identification because the mass and stiffness properties
affect the dynamic properties of natural frequencies and mode shapes. For example, Siriwardame [19] proposed a method for damage
detection for a steel railway bridge based on modal parameters. With the proposed method, the approximate position of the damage
could be determined. Kheim et al. [20] proposed a crack scanning method based on natural modes that allows identification of
multiple cracks. This method can be used to identify the quantity, severity and positions of the cracks within a beam. Capecchi
et al. [21] used a two-parameter objective function to identify the position and severity of the damage of a parabolic arch. This
study concluded that the addition of objective function to the change in modal components can make the detection possible, as
the damages are unidentifiable when comparing only the change in natural frequencies. Gorgin [22] examined the damage using
the first mode shape of a beam structure. The study proposed a procedure of damage identification based on damage indices. Ay
et al. [23] used a novel statistical method of probability distribution of decay rate for estimation of the modal damping ratio when
comparing damage scenarios to the undamaged baseline case for a Warren-type truss bridge. This study showed the difficulties in
damage identification when only the natural frequencies and mode shapes of the damaged structure are compared against those of
the baseline case.

Compared with the frequency-domain approach, the time-domain approach generally derives more information from the dynamic
responses of structures. With the advent of modern sensor and instrumentation technologies, signals like accelerations can easily
be accessible. Teng et al. [24] used acceleration data to train a convolutional neural network to improve the accuracy of damage
detection. Potenza et al. [25] presented a method for steel bridge evaluation using a combination of digital image processing and
acceleration measurements. Baybordi and Esfandiari [26] proposed a new sensitivity-based updating approach based on data from
time history. He et al. [27] improved the resolution of first three natural frequencies of a simply supported bridge using acceleration
data from vehicle contact points. Fu et al. [28] investigated damage identifications for isotropic plate structures using a finite element
model that is updated in the time domain. OBrien et al. [29] developed a damage detection method using statistical analysis of data
from an acceleration-based bridge weigh-in-motion system.

In recent years, dynamic behaviours of steel truss bridges have raised interests of many researchers. Padil et al. [30] built
a scaled model of a steel truss bridge in laboratory, where they created real cuttings into the truss member. Even though the
scaled model and the cuttings could not represent the real scenario, their research showed the modelling and measurement error
for damage detection using artificial neural network (ANN), and they proposed a non-probabilistic ANN method to address the
uncertainties. Teng et al. [31] studied both a scaled laboratory model and a real steel truss bridge in order to develop a structural
damage detection method based on developing digital twins and transfer learning between the numerical and real structures. Wang
et al. [32] investigated a real scenario after a critical crack was found in a diagonal member near a joint of the Ikitsuki steel truss
bridge and identified the causes of the crack development. Tran-Ngoc et al. [33] proposed an improved ANN method by using
cuckoo search algorithm based on a study on a large-scale steel truss bridge — the Nam O Bridge. Niyirora et al. [34] recently
reviewed current approaches for vibration-based damage detection and identified research gaps such as the need to optimise the
sensor placement and to study damage-sensitive data other than mode shapes and natural frequencies.
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Fig. 2. Workflow of the proposed analysis procedure.

Although various methods have been proposed to identify bridge damages based on sensor measurements, there are several
challenges for practical applications. On the one hand, damages are random in nature in terms of form, location and severity, and
only a few sensors can be mounted on a bridge. On the other, real bridges are complex structures that change their state over time,
and measurements of the initial state of many bridges in use are not available. As such, many methods are developed based on
models of simple structures [21,22] where structural damages and their effects can be controlled in an easy manner.

To facilitate the development of efficient damage identification methods (e.g., damage indices, position and number of sensors)
for bridges, it is necessary to have a good understanding of the bridges’ dynamic behaviour under different health states, e.g., intact
and damaged ones. To this end, this study concentrates on a symmetrical steel truss bridge that consists of 34 truss members.
Although only a model-scale bridge is studied, its vibration features can be representative of those of realistic bridges; see [35]
for example. Previously, other researchers, e.g., Padil et al. [30] and Teng et al. [31] have also studied SHM of bridges using such
bridge models. To assess the effect of structural damages, we focus on the time-domain approach and carry out numerical simulations
under random loads and considering various damage scenarios (crack depths and locations). Then, the dynamic response features
of the bridge members are characterised. The novelty of this paper is three-fold. First, development of the time-domain approach
for SHM by proposing statistical quantities to characterise the vibration signals under damage. Second, consideration of a variety
of damage scenarios under random excitation. Third, comparison of acceleration response at different nodal locations to facilitate
efficient deployment of sensors.

The remainder of this paper is organised as follows. Section 2 summarises the overall framework of the paper and details
the material and geometry of the model bridge. Section 3 presents a verification of the established finite element model against
experimentally measured data. Section 4 gives the case study with damage scenarios. Section 5 presents results and discussions for
the numerical simulations. Finally, Section 6 concludes the paper with a summary.

2. Investigation framework and the case study bridge

The vibration-based method of SHM is based on the time history of vibration data signals. In order to obtain and analyse these
data, the overall framework involves three phases, as shown in Fig. 2.

In the first phase, a downscaled model of a truss bridge is designed and constructed. The design considers the typical material
and geometry of realistic truss bridges and also makes necessary simplifications to accommodate laboratory conditions and material
availability.

In the second phase, a numerical model of the bridge is created, verified, and then calibrated based on laboratory measurements.
Special attention is paid to simulation-related parameters and to calibration of fundamental natural frequencies and mode shapes.

The third phase of the study addresses damage scenarios and investigates their influences on the dynamic responses of
the numerical model. Acceleration, displacement, and eigenfrequencies are considered, with the main focus on the acceleration
amplitude.
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Fig. 3. Schematic of the Warren-type truss bridge.

Table 1

Characteristics of the model truss bridge.
Material Dimensions Truss
Type Steel Length 2000 mm Type Warren
Young modulus 210 GPa Width 500 mm Supports Simple
Poisson’s ratio 0.3 Height 500 mm Joints Fixed

A scaled model truss bridge was designed and constructed at the structural engineering laboratory, University of Agder.
Previously, a design of the bridge was carried out based on design standards [36,37] with a focus on the static load bearing criteria.
Buckling check and static deflection of the bridge were addressed in a Bachelor thesis [38].

The bridge geometry consists of diagonal, vertical and horizontal trusses. This bridge is a variant of the Warren truss type which
has been widely adopted in the main girder of modern suspension bridges, such as Akaishi Kaikyo Bridge, Golden Gate Bridge,
and 25 de Abril Bridge. These bridges usually have a long span of kilometre level above a river or open sea. We consider this type
primarily because of the difficulty to inspect these bridges using traditional methods. As shown in Fig. 3, the bridge contains 34 truss
members and 16 nodes, and the model is 2000 mm long, 500 mm wide and 500 mm tall. The model was built using L-profile beams,
with a cross-sectional dimension of 20 x 20 x 2 mm. The material properties of this bridge are listed in Table 1. Although standard
steel and steel profiles are considered in this study [36,37], there can be uncertainties associated with the material properties and
profile imperfections. For the assembled bridge, additional uncertainties arise related to boundary conditions and connections. These
uncertainties should be addressed by numerical calibration.

The truss members are connected via steel brackets, each 2 mm thick, with M6 standard screws, washers and nuts. The screws
are tightened with a torsional moment equal to 11 Nm. These connections are fully constrained with zero degrees of freedom (DOF).
The bridge is bolted with 10-mm end brackets, and 20 mm dowel pins are used to connect the end brackets with 10-mm support
brackets. Additionally, Teflon spacers are used to restrict the lateral movement between the end brackets and the support brackets.
By having reamed holes in the support brackets on one side of the bridge, and slotted holes on the other side, zero translational
DOF is allowed on one side, whereas one DOF on the other.

3. Numerical modelling and verification

Numerical modelling of the bridge is conducted in a finite element (FE) code, Abaqus (Version 6.14) [39]. Initially, four FE
models with different fidelity levels are considered, namely beam, truss, shell, and solid elements. A good agreement among the
four models is found after modal analysis, and the FE model with solid elements is further applied as it is best representative of
the physical model. To calibrate the numerical model, a sensitivity study is performed to find the most suitable parameters in the
numerical model.

3.1. Sensitivity study

Parameters that could significantly influence the natural frequencies include mass and stiffness properties based on the inherent
relationship between them. Additionally, due to application of the FE code, the mesh size is expected to be very important. Hence,
the sensitivity study is primarily carried out to select the ideal mesh size and to determine the modelling of the brackets.
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(a) Variation of the first six natural frequencies with mesh size.
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(c) Influence of the bracket size on the first six natural frequencies.

Fig. 4. Comparison of natural frequencies of the first six modes considering different settings in the FE analysis.

3.1.1. Influence of the mesh size

The whole bridge is meshed uniformly with the ten-node tetrahedral element with four integration points (C3D10 in Abaqus [39]).
This element type is selected primarily because of the complicated bridge geometry.

Three mesh sizes of 5, 10, and 50 mm are investigated and Fig. 4(a) shows the damped natural frequencies of the first six
modes under these mesh sizes. It can be observed that as the mesh size decreases, the natural frequencies of all modes reduce,
and a significant gap exists between the 10- and 50-mm meshes. Although the average difference in the natural frequencies is
approximately 43% between these two mesh sizes, the maximum difference between the 5- and 10-mm mesh size is only 3.2%.
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Table 2
Summary of laboratory test conditions for modal identification.
Method Sensor type Excitation Time Output data
load duration
OMA Briiel and Kjer Operational 60 s Eigenfrequencies,
type 8344 vibrations modes and
piezoelectric modal damping
deltashear
accelerometer
CMA Endevco 713-2k-240 Hammer - Eigenfrequencies,
triaxial & uniaxial modes and
piezoresistive modal damping
accelerometer

This trend is because the wall height of the L-profile is 20 mm and therefore the 5- and 10-mm mesh size equals 1/4 and 1/2
of this length, respectively, whereas the 50-mm mesh size exceeds this value. As the natural frequencies converge with the 5-mm
mesh size, a further reduction in the mesh size, e.g., to 2 mm, is not considered as this would cause an exponential increase in the
computational time. The final meshed bridge model consists of 188474 elements.

3.1.2. Influence of the bracket size

The bracket size in the FE model has been identified as another important factor affecting the results, because existence of the
bracket affects the mass distribution of the bridge and stiffness of the connection between truss members.

In this sensitivity study, three alternatives have been considered for modelling the brackets: full brackets, reduced brackets,
and reduced brackets with no boundary brackets; see Fig. 4(b) for the bracket geometries and locations. As shown in Fig. 4(c),
reducing the bracket size lowers the natural frequencies. Although a reduction in the modelled bracket size causes a decrease in
the structural mass, this reduction also causes a decrease in the stiffness and increases the effective length of the truss members
of the bridge model, which consequently causes a decrease in the frequencies. Compared with the full bracket size, a 75%-95%
reduction in the bracket size causes approximately 20% increase in the effective length of the diagonal member. This further results
in a 14.8% difference in the first natural frequency, and a 13.6% difference in the sixth natural frequency. If the boundary brackets
are not modelled in the FE model, the natural frequencies can decrease between 23.7-28.8% for different modes compared with
the full-bracket alternative. Hence, the bracket size can be used to calibrate the FE model based on the laboratory test results.

3.1.3. Other influential factors

Other factors that influence the dynamic properties include the Young’s Modulus (E), Poisson’s ratio (v), and steel density (p).
During the calibration process, a set of values is considered for each factor, and eventually E = 200 GPa, v = 0.29 and p =
7850 kg/m3 are selected after a comparison of the obtained natural frequencies and mode shapes.

3.2. Bridge instrumentation and measurements

In order to verify the FE models considered in the sensitivity study, laboratory tests were performed together with modal
identification methods. Two modal identification methods are considered here, i.e., Operational Modal Analysis (OMA) and Classical
Modal Analysis (CMA).

In OMA [40], the dynamic responses of the interested structures are measured and the natural frequencies, modes and modal
damping are determined. The OMA test is an output test, which means the input excitation load is not measured and its magnitude
is not relevant to the results; however the exciting vibrations are considered as ‘operational vibrations’, as the bridge should be
under normal operation when the measurements are taken.

Unlike in OMA, in CMA [41] the dynamic responses measured are excited by a measurable excitation load, typically a hammer
impact. The input data are precisely measured and are considered for the output data, and the response/excitation ratio is used to
determine the modal properties. The advantage of such tests is the broader range of the frequencies excited by the hammer impact.

The bridge model in the laboratory with instrumentation is shown in Fig. 5. Two types of sensors were used. As CMA does not
allow sensitive sensors due to the higher magnitude of loading, three Endevco 713-2k-240 triaxial piezoresistive accelerometers [42]
were used in conjunction with three Endevco uniaxial accelerometers. Their sensitivity is only 0.030 mV,/ms2, which corresponds
to the test requirements. During the test, the bridge was impacted by a hammer force at the velocity of 1.14 m/s at the middle of
five beams, as shown in Fig. 5. The sampling rate of the measurements is 3125 Hz.

For OMA, four piezoelectric deltashear accelerometers of type 8344 from Briiel and Kjer [41] were used. This type of
accelerometer has a higher sensitivity, up to 250 mV/ms2, which is suitable for long measurements under low vibrations. One
accelerometer served as a reference sensor (see Fig. 5), whilst the other three were moved to different positions in each measurement.
The vibration data were obtained in five measurements, each of 60 s time duration. The two laboratory tests with key information
are summarised in Table 2.
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Fig. 5. Setting and instrumentation of laboratory tests.

Table 3

Results from analytical modal analysis (AMA) verified against the laboratory tests
(OMA & CMA); A: relative difference in percentage.

Mode AMA OMA 4 (%) CMA A (%)
1 16.10 15.6 3.21 15.89 1.32
2 37.71 36.1 4.46 36.59 3.06
3 53.22 45.6 16.71 46.40 14.70
4 75.76 68.0 11.41 70.27 7.81
5 81.15 79.1 2.59 81.72 -0.70
6 95.32 92.8 2.72 95.59 -0.28

3.3. Verification against laboratory tests

The present high-fidelity FE model consists of meshes of the C3D10 element type, 5-mm mesh size, Young’s Modulus E = 200
GPa and brackets of limited size based on previous analysis in Section 3.1.

To verify the FE model, results of the numerically identified natural frequencies of six modes are compared against those
identified from the laboratory tests; see Fig. 6(a). In the figure, analytical modal analysis (AMA) refers to modal analysis of the
present FE model, resulting in acquisition of modal parameters such as mode shapes and natural frequencies. Compared with OMA,
CMA does not consider true boundary conditions of the bridge. This can be the reason of slightly greater values of the natural
frequencies measured in the CMA test.

Fig. 6(b) displays the first six eigenmodes identified by the numerical simulations. These six modes are lateral bending modes and
most influential when it comes to both global dynamic responses of the entire bridge, and local responses of the diagonal members.
Damage scenarios will be introduced to one diagonal member in Section 4.1. Limiting the number of the natural modes in the
numerical simulations to several dominant ones is necessary to keep the computational time acceptable, and similar approaches
have been adopted by Patil and Ahiwale [43] for another bridge model.

To compare the present numerical results (AMA) against the laboratory test results (OMA and CMA), we list the identified
frequencies in Table 3. Compared with the identified natural frequencies from AMA, those from OMA and CMA show deviations
lower than 5% for modes 1, 2, 5, and 6. Still, for modes 3 and 4, the discrepancies can exceed 10%. Such deviations can be caused by
various uncertainty factors related to both the physical and numerical models. Overall, the calibrated FE model is deemed acceptable
for further simulations in this study.

4. Case study

The case study consists of two subsets of damage scenarios. The first subset considers different damage locations, whilst the
second subset considers different damage severity.
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4.1. Damage scenarios

The diagonal member (M7, see Fig. 7(a)) is chosen for all the damage scenarios due to the influence of the damage of this
member on the loss of stiffness of the entire bridge. The initial damages consist of three damage cases listed in Table 4. The damage
cases have the same crack geometry with different locations. Each crack is 10 mm deep and 0.5 mm wide, cutting through the
thickness of the L-profile. This damage depth represents 50% of the wall thickness. Case ‘B’ has the crack in the middle of the
diagonal member, and the other two cases have the crack 300 mm off the midpoint. These two damages are positioned very close
to the reduced brackets on each side, at a distance of approximately 3.5 mm. After determining the effect of each damage location,
additional damage cases consisting of damage with different depths were considered at the most responsive location (see Table 4).
The severity of the damage considered ranged from 10 to 50%, i.e., from 2 to 10 mm.

Compared with the mesh size of the intact bridge, a finer mesh size of 0.5 mm was used at the edges of all crack-like damages,
as shown in Fig. 7(b).
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Fig. 7. Illustration of the bridge model in the case study.

Table 4
List of the studied damage cases with various location and severity.
Damage Damage depth Position Damage Damage depth Position
case (from M7) case (from M?7)
Relative Actual Relative Actual
A 50% 10 mm 300 mm A2 10% 2 mm 300 mm
50% 10 mm 0 mm A4 20% 4 mm 300 mm
50% 10 mm —300 mm A6 30% 6 mm 300 mm
A8 40% 8 mm 300 mm
A10 50% 10 mm 300 mm

4.2. Time-domain response to the white noise loading
4.2.1. Modal dynamic analysis
Generally, a structural system subjected to dynamic loads can be expressed by the following equation of motion (EOM).
mii(?) + cu(?) + ku(r) = f(z) 1)

where m,c and k are the mass, damping and stiffness matrices of a structure, and i, and u are acceleration, velocity and
displacement vectors, respectively. f is the vector of the external load.
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There are several methods for performing dynamic analysis of structural systems, including direction integration methods and
modal methods [44]. Considering the linear nature of the bridge system and computational efficiency, we chose modal dynamic
analysis to obtain the dynamic responses in the time domain using modal superposition. This approach has been applied in similar
studies where stochastic loading is used for structures [45,46].

Because the modal dynamic approach bases the structure’s response on the modes of the system, a frequency extraction procedure
must be performed first [39]. Accordingly, the six selected modal frequencies and shapes are extracted based on the previous results.
With the consideration of modal damping and time-dependent loading, the EOM can be expressed as Eq. (2).

G+260q+w’q=1f =f_, + lefm ®)

where q is the amplitude of the response in a mode; & is the damping ratio; w is the natural frequency of the undamped mode; f is
the magnitude of the loading projected onto the mode and 4 is the time increment.

4.2.2. Damping effects

The damping effects in modal dynamics are considered through the damping ratio &. In this study, the damping ratio is determined
based on the experimentally obtained data by investigating the reduction of amplitude peaks and is found to be 0.98%. Here, the
same damping ratio is included for all six modes in the modal dynamic analysis.

4.2.3. Simulation length

In order to obtain results that include the first six eigenmodes in the range of 0-100 Hz, a time increment of 0.005 s was applied
in the time-domain simulation of the bridge. This increment was chosen primarily because of computational efficiency. To determine
the simulation length for the case study, we compared the results of three simulation length, i.e., 10, 30, and 60 s, for the undamaged
bridge model subjected to white noise loading. Although the length of the time history has an effect on the statistics of interested
responses, e.g., acceleration, the overall trends and general observations of the damages’ effect remain the same. For the sake of
computational efficiency, the simulation length for all damage scenarios is kept at 10 s.

4.2.4. White noise loading

In the time-domain numerical simulations, a stochastic load in the form of white noise is applied on the bridge to excite random
vibrations of the structure. The white noise loading condition is a wide-band excitation representative of ambient conditions with
wind and temperature effects. Such conditions have been considered by others [47]. For real bridges, the load effect from traffic
loads [48] should also be properly considered. As shown in Fig. 8(a), the pre-generated time series of white noise load has small
amplitudes to ensure that the material behaviour of the bridge is linear-elastic. On the other hand, the load covers a broad frequency
range of 0-100 Hz after performing a Fourier transform of the auto-correlation function [49]; see Fig. 8(b). This point load is applied
at the N3 node in the y-direction (Fig. 3). The position of the load was chosen such that the load would influence the diagonals
symmetrically.

5. Results and discussions

In this section, the dynamic responses of each member as well as the overall model are analysed with a focus on the acceleration
response. The results of damaged models are compared with those of the intact model in order to quantify the influence of the
damage. The discussion follows the order of damage location, severity and finally, the influence of pseudo noise.

5.1. Effect of the damage location on dynamic responses

First, the results obtained from the midpoints of all 34 bridge members are investigated. Then, seven additional points on the
damaged member are compared. In addition to the midpoints, nodal points are also considered due to their high displacement in
the six mode shapes (see Fig. 6(b)). As the influence of damage on the nodal points is limited, the results are not presented.

5.1.1. Comparison of midpoints responses

As illustrated in Fig. 9, one midpoint from each member of the bridge is initially investigated. These points are chosen because of
their positions on the local axis of symmetry and hence their high sensitivity to external loading and changes in structural properties
of the bridge.

As the damages (case A-C) affect the mass and stiffness properties of the diagonal member, the accelerations of all midpoints
experience differences. Fig. 10 shows one representative time series of a nodal acceleration under two circumstances. As shown, the
time series is of stationary and stochastic nature under the white noise excitation. The blue curve (damage case C) has increased
envelope than the red curve (undamaged), but the differences are relatively small at any time instant. To measure the differences,
we considered several statistics and found the root mean square (RMS) of the entire time series to be an effective metric of the
cumulative differences.

aCCyaq = \/ace? + accg +acc? 3
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Fig. 8. Properties of the white noise loading, which was set in the numerical model.
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Fig. 9. Illustration of the 34 midpoints (M1-M34) whose dynamic responses are initially investigated.

Fig. 11(a) presents the absolute difference of the RMS magnitudes between the three damaged cases and the undamaged case.
The magnitude results are obtained from Eq. (3). Generally, the damage case B causes much less changes than the damage cases A
and C. This observation can be explained by the fact that a crack close to a bolt connection affects more the local boundary support
of the diagonal member than a crack away from a connection.
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Fig. 11. Results from initially investigated points of the scaled bridge numerical model.

Among the investigated midpoints, the most significant changes are observed for M7, M9 and M20. Take the damage case C for
example. The relative percentage change is 15.5%, 17.3%, and 23.4% for M7, M9, and M20, respectively. Considering the spatial
positions of these three points, M9 and M20 can be regarded as two symmetric points of M7. Interestingly, after a crack damage
is brought to the model, these points have different trends in the RMS magnitude, which increases for M7 but decreases for M9
and M20. This observation indicates that the dynamic response of a nodal acceleration is more complicated than that of the static
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Fig. 13. Additional seven points (P1-P7) investigated on the damaged diagonal member.

response of a nodal displacement upon the presence of a crack. While the displacement is expected to increase because of the
reduced structural stiffness induced by a crack, accelerations at different nodal positions of the bridge do not necessarily increase,
as can be inferred by Eq. (2). A crack causes reduction in both the inertia and stiffness terms which further complicates the natural
frequencies of global modes and the dynamic responses. As M7 is located on the diagonal member where damages are imposed, its
acceleration appears to have a higher overall magnitude than any other investigated midpoints.

In addition to M7, M9, and M20, other 31 midpoints are analysed considering the differences in the acceleration RMS. As M18
and M22 are located on two diagonal members away from the damaged member (see Fig. 9), these two points encounter limited
increase in the RMS magnitude of acceleration. Some small differences are also reported for the members between the two sets of
supports.

As RMS of the total acceleration magnitude only considers the summed effect in three directions, the effects of damages on
responses in the X-, Y- and Z-directions are further studied. It is found that the most dominant component in the acceleration
magnitude is from the Y-direction. This observation is expected because the white noise loading is pointed in the Y-direction which
directly affects the dynamic responses in that direction. As shown in Fig. 11(b), the RMS differences of the Y- acceleration have
similar trends as those of the total acceleration after damages are brought to the model, and damage cases A and C have stronger
effects than damage case B.

To visualise the effect of damages and the direction of the change in the acceleration magnitudes, we plot red or blue spheres
for selected midpoints in Fig. 12. Here, the larger the sphere, the higher impact on the nodal acceleration.

These findings opens up opportunities for efficient SHM considering sensor deployment and damage detection. For similar truss
bridges, the midpoints of the crossbars between the supports can be measured first. If there is an appreciable difference in the
acceleration RMS, additional points can be investigated to locate the crack position.

5.1.2. Comparison of responses on the damaged member

Because the midpoint of the damaged diagonal member experiences a significant increase in the measured acceleration, the
damaged diagonal member is investigated more closely. The RMS of the total acceleration magnitude of seven points, P1-P7, are
considered. Among these points, P4 is close to the midpoint, and P1 and P7 are close to the end connections; see Fig. 13. As shown
in Fig. 14, regardless of the damage cases, the variation trend of the RMS difference with the seven points is almost bell-shaped
due to the symmetry of the points with regard to midpoint. Another observation is that the location of the cracks (i.e., damage
cases A—-C) does not affect the variation trend in the RMS, but influences more the magnitude of the RMS difference. As we only
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Fig. 15. Differences in the acceleration RMS of five damage scenarios with different damage severity.

considered six lateral bending modes in the frequency extraction (see Section 4.2.1), it is possible that the acceleration magnitudes
and the corresponding RMS may change if additional modes are considered in modal dynamic analysis. For this reason, additional
time-domain numerical simulations were carried out with a broader spectrum of natural frequencies. In the simulations where the
first 50 eigenmodes are considered, the acceleration magnitudes of the seven points remain at the same level and the observations
of the RMS trend still hold. Based on these results, we can conclude that the considered six lateral bending modes have a large
influence on the acceleration of the damaged member although the precise position of the crack-like damage may be hard to locate
by measuring the changes in acceleration on this type of steel bridge.

5.2. Influence of damage severity on the dynamic responses

The initial damage scenarios (case A-C) have a relative depth of damage 50%, which could be considered a severe case. In the
study of the influence of damage severity, five damage cases (A2-A10) are considered (see Table 4) with the relative depth ranging
from 10% to 50% at an increment of 10%. The position ‘A’ is chosen as the location to investigate damages of different severity.
Based on previous analysis, this location is expected to have significant effect on the dynamic responses.

For damages with a depth of less than 6 mm, the difference in RMS of acceleration is less than 50 mm/s?, which represents a
2.72% change from the RMS of the undamaged case; see Fig. 15. If a longer time duration than 10 s is considered in the simulations,
the absolute difference in the RMS of acceleration is expected to increase and exceed 50 mm/s2. This value is taken as the threshold
in this study, while it should be decided based on numerical analysis for different bridges. Still, a similar level of relative difference
(damaged versus undamaged) should remain because of the stationary nature of the response. If only damages of great magnitudes
could be identified on the basis of these results, then damages of relative depths less or equal to 30% could be found undetectable
in this scenario. These results are expected because the relatively small depth of the damage has only a minor influence on the
stiffness of the bridge, which results in a minor change in the natural frequencies, accelerations and other dynamic responses.

5.3. Influence of noise on acceleration responses

In real-life scenarios, the measured acceleration signals of a bridge may contain noises from various sources [50]. To address
this aspect, additional noises are added to the original acceleration signals from the numerical simulations. Here, the additive white
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Fig. 16. Differences in acceleration results of chosen points with addition of pseudo noise in a form of white Gaussian noise in comparison with the clear results.

Gaussian noise to signal [51] is used to create a pseudo noise. The modified acceleration signal with pseudo noise is expressed in
Eq. (4) as follows.

YO =X+ Z(@) 4

where Y(7) is the modified acceleration signal, X (¢) is the original, clear acceleration signal, and Z(¢) is the noise signal generated
with power spectral density N, [51]. X(¢) and Z(¢) are independent processes.

The signal-to-noise ratio (SNR), is a measure of the strength of the clear signal relative to background noise (undesired signal).
SNR is computed as the ratio of the summed squared magnitude of X (¢) to that of the noise, Z (). Various pseudo noises with different
SNRs are generated and added to the acceleration signals. Fig. 16(a) compares the time series for acceleration at M7 for damage
case A. In this case, although the considered noise level is quite low with an SNR of 10, noticeable differences in the acceleration
signal can be observed.

For damage detection, a practical threshold for the RMS difference of 50 mm/s’ can be assumed. Previously, similar approaches
were suggested for the serviceability of highway bridges in Japan [52]. When SNR is greater than 2, damages with a crack depth of
more than 8 mm (40% relative depth) can be considered detectable. If SNR equals 10, damages with a crack depth of 6 mm (30%
relative depth) is the smallest crack that could be detected. Considering the fact that SNR may vary between 2 and 20 in many
real-life scenarios, damage detection of cracks at their early development stages is a challenge.

The differences in the acceleration RMS with and without the pseudo noise are shown in Fig. 16(b). Although these three
midpoints show an increase in the RMS difference after the noise is added, the observed trend can be opposite if a different pseudo
noise is considered. Because the noise itself is Gaussian and generated with a random seed number, the noise brings uncertainties to
the measurements and causes difficulties for damage detection in practice. Among the three midpoints, M7 is still the point whose
acceleration response is most appreciable after a damage is introduced.
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6. Conclusion

This study deals with the dynamic responses of a scaled truss bridge due to damages. A high-fidelity numerical model is first
calibrated with a sensitivity study based on laboratory tests. The influence of mesh size and bracket dimensions is considered, as

well

as the overall stiffness of the bridge. Then, damage scenarios addressing various crack depth and location are considered for

a diagonal member. Finally, the dynamic responses of the damaged bridge are compared with those of the undamaged bridge, and
influential factors that may affect damage detection are discussed. The following main conclusions are drawn:

(a) When verifying the numerical bridge model against the physical one, uncertainties brought by instrumentation and boundary

conditions should be considered. For a truss bridge, the effective length of a member in the numerical model may differ from
that of a real one.

(b) A significant increase in acceleration can be found for the damaged member, whereas small differences for other members.

Decrease in the acceleration root mean square (RMS) can be observed for diagonal members symmetrical to the damaged
member. The relationship between damages and accelerations is complex. These results indicate that the damaged member
of the steel truss bridge could be identified using vibration-based approaches.

(c) There is a high percentage increase in accelerations in points near the supports. Even though the actual acceleration value is

d

quite low, this observation opens up the possibility of using a few measurements to determine the overall structural health
of a truss bridge.

) Midpoints of truss members are most sensitive in acceleration to damages. The damages could be potentially found if

accelerations of the midpoint of a damaged member displays substantially more increases in RMS than other members.

(e) When adding pseudo white Gaussian noise to the original acceleration signals, only damages with large crack depths, e.g., >

30%, can have detectable differences in the acceleration signals.

7. Limitation and future work

This paper focuses on computational modelling of the dynamic responses of a model bridge due to crack-like damages. Due to
limitation of time and resources, the experimental results are used to verify the computational model of the intact bridge. During
the time-domain numerical simulations, only a simplified white noise loading is considered.

In future, the following aspects can be considered based on the present research outcomes:

Comparison of the dynamic behaviours of the model truss bridge against similar full-scale bridges.

Development of damage identification methods and monitoring strategies.

Development of efficient, frequency-domain approaches and comparison against time-domain ones.

Enhancement of vibration-based approaches by loading tests which can load the target bridge by vehicles and can provide
global flexural stiffness of the bridge.
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