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a b s t r a c t

Resonance of railway bridges is a matter of major concern in high-speed railways because
it reduces riding comfort, damages the attached structures, and decreases the strength of
girder bodies. Although this abnormal behavior can be inspected using in situ displacement
measurements taken from the ground, its investigation is tedious and, consequently, is
very expensive. In this study, authors developed a novel drive-by system for high-speed
railways to detect resonant bridges; the difference between two track irregularities at
the same position using devices mounted on the first and last vehicles of a train was mea-
sured. This is based on the idea that the response of the last vehicle passing through the
resonant bridge is attributed to the superposition of track irregularities and abnormal
bridge displacement because of resonance mechanisms. However, the response of the first
vehicle primarily arises from track irregularities since the resonance phenomenon is not
yet sufficiently excited. The Resonance Detection Index (RDI), defined as the difference
between the track irregularities measured by the devices mounted on the first and last
vehicles, is used to emphasize the component excited by vehicle length to propose a
methodology for detecting resonant bridges.
Numerical simulations clarify that bridge span and track irregularity have greater effects

on the RDI than either measurement noise or positioning error. Track irregularity may
cause the RDI to vary by ± 2 mm depending on vehicle length wave component of the track
irregularity. Consequently, this study demonstrates that resonant bridges with spans
between 20 and 60 m can be detected using the proposed RDI.
Finally, the proposed method was applied to track irregularity measurements using

actual high-speed trains operating in Japan. More than ten bridges, out of more than 800
bridges, were detected as resonant bridges according to RDI. In situ displacement measure-
ments were performed for three of these bridges, demonstrating the presence of resonance
phenomenon and thereby validating the proposed method.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In Japan, numerous high-speed railway structures, such as railway bridges, have been previously constructed. Human and
economic resources for maintaining these structures are decreasing. Damage because of aging is becoming obvious in these
structures [1]. Therefore, it has become crucial to develop a method for efficiently managing these aging structures and to
ensure compliance to safety standards. A problem that has emerged in recent high-speed railways in Japan is the occurrence
of large-amplitude vibrations in concrete railway bridges because of resonance phenomena [2,3]. Certain simply-supported
concrete bridges that were built in large numbers on Japan’s high-speed railways in the past suddenly started to resonate
after decades of operation [2–4]. The number of resonances in the same type of bridges has been increasing [5]. The practical
problems caused by resonance have been observed in other countries. In France, a case has been reported of a large-
amplitude vibration because of resonance causing ballast destabilization in high-speed railways [6]. Bridges with signifi-
cantly large dynamic responses caused by resonance could create serious troubles such as a decrease in the ride comfort,
ballast instability, train operational problems (because of low-speed limit), and damage to catenaries via electric poles built
on bridges [2,4–7]. Therefore, when large-amplitude bridge vibrations occur because of resonance, rapid detection, and
countermeasures are required. However, it is not easy to inspect a very large number of high-speed railway bridges. In recent
years, the introduction of condition-based maintenance by monitoring and vibration measurement has been studied because
of the low cost of sensor systems and development of information and communications technology [8–12]. Even with these
contributions, enormous human and economic resources are still required to deploy measurement equipment for entire
routes. Therefore, comprehensive monitoring of the resonance state of all bridges is not currently feasible. An efficient
and comprehensive way of inspecting a large number of railway bridges with a single run is the drive-by estimation of pass-
ing railway bridges based on the on-board measured data of a in-service train traveling on the specific routes [13,14]. Fur-
thermore, high-frequency inspection can be realized by daily traveling; therefore, the drive-by resonant bridge evaluation
would be an innovative system for providing resonant bridge detection and monitoring and for reducing the risks associated
with resonant bridges. However, there are not sufficient studies on drive-by bridges inspection methods in high-speed rail-
ways [13]. In this study, a drive-by resonant bridge detection in high-speed railways is realized by a novel detection method
using track irregularity data obtained from the first and last vehicles of a high-speed service train.

There are numerous studies on bridge performance evaluation and damage detection using the data measured from trav-
eling vehicles. Drive-by bridge evaluation has been proposed for cost-effective structural health monitoring (SHM) [13,14].
SHM using sensors directly installed on structures are given in [8–12]. The theoretical and experimental feasibility studies
for the bridge condition estimation using traveling vehicles have already been reported by Yang et al. [15] and Lin and Yang
[16]. These authors subsequently presented the factors that influence drive-by bridge evaluation [17] and proposed the fil-
tering approach to extract the response of the passing bridge, which is mixed with the on-board response [18]. Recently,
Yang et al. [19] summarized drive-by bridge evaluation (termed vehicle scanning in [19]) and the applications of this tech-
nique to highway bridges and railway tracks were reviewed. In addition to these pioneering contributions, bridge vibration
estimation by the drive-by system has been studied worldwide with focus on scaled model experiments [20–24]. In recent
years, numerous drive-by bridge inspection methods have been proposed; these include methods that use a particle filter
[25], a neural network [26], frequency-independent underdamped pinning stochastic resonance [27], the bridge displace-
ment profile [28], and the bridge frequency with two vehicles [29]. In most of these studies and in SHM, the bridge funda-
mental frequency was indirectly identified by the frequency domain analysis of the mixed bridge responses of vehicles.
However, Hester and Gonzales [13] stated in their review article on drive-by bridge inspection that bridge frequency iden-
tification using a drive-by system has been limited to relatively slow-moving vehicle in which vehicles stay for a long time
on the bridges because of limited frequency resolution and bridge–vehicle interactions. When the vehicle travels at a high
speed, the frequency resolution of the on-vehicle measured data and the transmission of the bridge response to the vehicle
via the bridge–vehicle interactions are strictly limited. The measured vehicle response is used not only for the bridge fre-
quency estimation but also for the evaluation and monitoring of the bridge damping [22,30–32] and the mode shape
[33]. Furthermore, the response is used for measuring the static mechanical properties of bridges [23,34]. The detection
of local damage in bridges has been primarily studied by numerical calculation by Nguyan and Tran [35], Zhang et al.
[36], and Hester and Gonzales [13]. These studies have shown that the position and extent of damages that can be identified
are greatly affected by the road profile, which does not include the bridge displacement, the vehicle travel speed, and the
measurement noise.

Most studies have focused on road bridges. In the railways field, the developments of track irregularity estimation meth-
ods using traveling vehicles have been studied [37–44]. Methods for evaluating track irregularities by inertial measurements
[41,45] have been introduced in certain service vehicles in Japan. However, a few examples focused on the railway bridges
located under the track based on the data obtained from railway vehicles [46,47]. Matsuoka et al. [48] proposed a method for
extracting bridge vibration components using short-time Fourier transform of the axle acceleration of a railway vehicle dur-
ing low-speed running; they confirmed the method on a full-scale test line. Carnevale et al. [49] proposed a bridge local dam-
age detection method using the bogie acceleration of a passing train and confirmed the applicability of the method up to
140 km/h using numerical simulations. Recently, Somaschini et al. [50] attempted to construct a drive-by bridge response
extraction method that focused on the bogie responses for high-speed railways. Hester and Gonzales [13] indicated that
there is limited research on a method for dealing with the maximum train speed of the current high-speed railway that
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passes via the bridge in an instant. In another study, researchers noted that, unlike in a road bridge, multiple vehicles with
regularly arranged axles pass over a railway bridge [51,52]. Before extracting the railway bridge response based on the on-
board measured response, it was necessary to clarify the effect of bridge response on the track irregularity that was the input
to each vehicle. However, most knowledge to date has been limited for bridge responses at the travel position with a moving
single axis [14,49]. Most studies on these drive-by bridge inspection systems for railway bridges are based on numerical
analysis; there are almost no actual field tests or full-scale experiments for drive-by bridge inspections in railways.

In this study, authors propose a drive-by system that detects resonant bridges [2,3,53] in high-speed railways, which are
closely related to actual bridge states. The proposed filtering and enveloping process of track irregularities included the
bridge displacement measured for the first and last vehicles; the process emphasized the vibration components unique to
the resonant bridges, which were dominant only in the last vehicle. The resonant bridges could be detected using the differ-
ence between the processed track irregularities. The problem of frequency resolution [13], which was a bottleneck for drive-
by systems of high-speed railways, was avoided by directly using the filtered and enveloped track irregularity waves mea-
sured for first and last vehicles. Furthermore, the effects of track irregularities excluding the bridge displacement compo-
nents were considerably reduced by the difference between the measured data obtained from first and last vehicles.
These novel and key ideas make it possible to realize a drive-by system for resonant bridges in high-speed railways, which
has been difficult to date; these ideas provide certain insights for developing more sophisticated drive-by bridge inspection
systems. Furthermore, the experimental validation of proposed methodology based not only on the on-board measured track
irregularities but also on in situ measured bridge displacement responses in real high-speed railways can provide high reli-
ability. Furthermore, the proposed method can directly use the in-vehicle track irregularity measurement system [45,54] and
the track maintenance management database system [55,56] that are already extensively used for Japan’s high-speed rail-
ways. Thus, the practical application of this study can be confirmed without making any additional investments.

The method proposed in this study has the following limitations. First, the theoretical and numerical calculations in this
study assume constant train speeds. This is not a serious limitation because high-speed railways have long intervals between
stations, and most trains run at a constant speed. Second, this study focuses only on the simply-supported bridges with the
most basic structure, which are numerous in Japan’s high-speed railways. Continuous bridges are outside the scope of this
paper. Certain experimental results of its possible applicability to continuous bridges have been observed in the experimen-
tal validation, but theoretical verification is required for this in the future. The detection method proposed in this study can
theoretically detect secondary resonance by adjusting the filtering passband. However, priority was given to the primary res-
onance, which causes various problems. Consequently, the secondary resonance was excluded from this study. Displacement
at the mid-span of bridges under train passages is more common as a bridge performance index than the presence or absence
of resonance [57–59]. This is not a direct limitation of drive-by resonance detection method proposed in this study; however,
even if the proposed method is improved, the mid-span displacement response cannot be estimated using the principle of
the proposed method. However, the key ideas and insights that can be used for the drive-by estimation of bridge displace-
ment responses are provided in the numerical validations of this study.
2. Drive-by resonant bridge detection method

2.1. Resonance of railway bridges

To understand resonant bridges and drive-by detection method discussed in this study, the resonance phenomenon of
railway bridges during train passages is explained. Authors discuss certain typical results of numerical simulation by con-
sidering the interaction between a railway bridge modeled as a 2D simply-supported beam and a train modeled using a
2D multibody vehicle. The details of the simulation model are given in Appendix A. For general high-speed railway bridges
and vehicles in Japan, bridges and trains have the following specifications: a span length of 50 m, bridge fundamental fre-
quency of 2.8 Hz, modal damping ratio of 2%, bridge unit length mass of 25 t/m, vehicle length of 25 m, bogie center interval
of 17.5 m, bogie axle interval of 2.5 m, axle loads of 120 kN, and 12 vehicles per train. Other specifications were set as in [52].

Fig. 1 shows the bridge maximum response values and the displacement and the impact factor during train passage as a
function of the train speed. Impact factors are commonly used in bridge designs [3,59]. The impact factor is obtained by sub-
tracting 1 from the maximum bridge displacement divided by the static displacement. The maximum displacement and
impact factor amplify rapidly at the train speed of ~ 250 km/h. Resonance occurs when the excitation frequency of the pass-
ing train represented by the vehicle length and train speed matches the bridge fundamental frequency. Fig. 2 shows the dis-
placement time-series responses at the bridge mid-span with train speeds of 200, 230, 250, 270, and 300 km/h indicated by
A, B, C, D, and E in Fig. 1. The horizontal axis represents the dimensionless time, where 1 is the time required for the passing
of one 25-m vehicle. The displacement response at a train speed of 250 km/h (C) gradually increases with the passage of the
train, and the maximum displacement occurs at the passage of the last vehicle. In B and D, a beat phenomenon occurs in
which the bridge response amplitudes increase and decrease when the train passes over the bridge. The beat phenomenon
occurs when two waves with slightly different frequencies overlap. In a high-speed railway bridge, these two frequencies are
the excitation frequency of a traveling train and bridge frequency. Therefore, the beat phenomenon occurs when the train
passes over a bridge at a speed that is slightly shifted (i.e., B and D) from the resonance speed.
3



Fig. 1. Maximum response value of a simply-supported bridge during train passage as a function of the train speed: (a) Maximum displacements at the
bridge mid-span and (b) Impact factors.

Fig. 2. Bridge mid-span displacement (‘‘Disp.” on the vertical axis) time history response for trains.
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Resonance occurs when the excitation frequency corresponding to the regular axle spacing matches the bridge frequency.
Therefore, the resonance train speed v ¼ v res satisfies the following condition [53]:
v res ¼ f 0 � La ð1Þ
where f 0 is the bridge fundamental frequency of the primary bending mode, and La is regular axle spacing. Regular axle spac-
ing has several lengths such as the distance between the axles in a bogie or the distance between the centers of the bogies.
However, the vehicle length Lc is the dominant excitation interval for medium and long-span bridges as shown in Fig. 1 and
Fig. 2. Therefore, La ¼ Lc (25 m) is assumed in this study. Substituting the conditions shown in Fig. 1 into Eq. (1) and La ¼ Lc
(25 m) gives v res ¼ 2:8 � 25 ¼ 70 m/s, which is ~ 250 km/h. The amplification of the bridge dynamic response by resonance is
quite important in the design of high-speed railway bridges. Theoretical, experimental, and numerical studies have been
conducted worldwide on interactions with vehicles, and these studies have been systematized as a design method using
the impact factor [3,6,59,60].
2.2. Proposed method

In this study, authors propose a method for detecting resonant bridges based on track irregularities dynamically mea-
sured by devices placed on two vehicles of a running train. Using measuring devices mounted on the bogies of first and last
vehicles, two track irregularities can be obtained. The track irregularity mentioned here includes the bridge displacement
response.

In resonant bridges, the basic idea is to detect the difference in track irregularities estimated using different vehicles.
Track irregularities measured at two points (i.e., at two locations of a train) include both static and dynamic bridge responses
and rail irregularities. Assuming that rail irregularity does not change if measured at two different instants, its contribution
to the signals acquired at the two points, which are then synchronized, is common. However, if the passage of the train mod-
ifies (and amplifies) the bridge dynamic response, since the measurements of the same point take place at different times,
the estimations of rail irregularity using both sensors are different because of the movement of the bridge itself. Therefore,
using a difference processing of the track irregularity measured at two train locations, the components amplified by the
bridge dynamic response can be extracted.

A similar concept was proposed by Nagayama et al. [26] for road bridges where cross-spectrum analysis was used to
extract the bridge vibration components common to two passing vehicles; however, it cannot be applied to high-speed rail-
ways because conversion to the frequency domain causes a significant lack of resolution. For this reason, we propose a new
4



K. Matsuoka, H. Tanaka, K. Kawasaki et al. Mechanical Systems and Signal Processing 158 (2021) 107667
method in the time domain that can extract resonant bridge responses directly using track irregularity data as a function of
the position on the bridge.

This concept is briefly explained using the examples reported in Figs. 1 and 2. If resonance does not occur in the passing
bridge as happen in A and E of Fig. 2, it is possible that the track irregularity measured on each bogie of the first and last
vehicles will be almost the same. This is limited to the case in which the weight and length of the first and last vehicles
are almost the same, a condition that is usually satisfied for high-speed rail vehicles in Japan since the capacities of the first
and last vehicles are the same and limited to passengers (thus, the variation in weight is relatively small). Furthermore, even
if resonance occurs in the bridge, as happen in C in Fig. 2, the track irregularity measured on the bogies of the first vehicle is
almost the same as in the case of non-resonance. Nevertheless, track irregularity measured on the bogies of the last vehicle is
also attributed to the overlap with the bridge response, which is amplified by resonance. Fig. 3 shows the bridge displace-
ment at the center of the first and second bogies of the first and last vehicles when passing through the bridge (Fig. 2). As
expected, in the resonance situation (C), the track irregularity measured by the last vehicle is significantly larger than that
measured by the first vehicle.

2.3. Bogie-mounted track irregularity measuring device

The proposed method was validated using instrumentation already installed on the bogies of certain high-speed trains in
Japan for measuring track irregularity [45,54]. Since this is a very common situation and ad-hoc sensors are not required, the
proposed method can be implemented without specific investments; this is a particular advantage of this study. For equip-
ment development and accuracy verification, please refer to [45,54]; this study provides only a brief description, focusing on
the details useful for this research.

Fig. 4 shows the bogie-mounted track irregularity measurement device that is based on inertial measurements. The
device comprised a gyroscope, an accelerometer, and four laser displacement meters. The gyroscope and the accelerometer
estimate the position and attitude of the measuring device at each instant using second-order integration. The track irreg-
ularity is obtained subtracting the bogie displacement measured by the inertia measurement unit (IMU) from the relative
displacement between the bogie and the rail measured through lasers.

For Japanese track maintenance, track irregularity is evaluated using the chord-based method. The mid-chord method
evaluates the displacement distance from the rail to the average displacement of the front and rear points. In Japan, the
40-m mid-chord method is commonly used; this method measures the relative displacement with respect to average values
at 20 m positions at the front and back of a target point as shown in Fig. 4 (c). The device was designed to cancel the influence
of long wavelength components (i.e., low-frequency) applying the filter characteristic applied using the mid-chord method
to the inertial measurement. The technical features of track irregularity measured by this device are the same of the general
track-inspection trains, i.e., vertical, horizontal, and rotation irregularities. The accuracy has already been verified by field
tests to be of the same quality as a dedicated inspection train [45]. Although it is difficult to restore long wavelength com-
ponents, they can be ignored for the purposes of this study because their effect on the detection of resonant bridges is
negligible.

Certain high-speed trains in service in Japan have devices installed on their first and last vehicles to prevent data loss in
case of device failure and to compensate for decreased accuracy at low train speeds.

2.4. Resonant bridge’s dominant vibration

In addition to bridge vibration, multiple vibration components are mixed in the track irregularity measured by the first
and last vehicles. As described in Section 2.2, components other than the bridge displacement components were significantly
canceled by the differential processing of track irregularities measured in first and last vehicles. However, if the vibration
component unique to the resonant bridge is known, the highly accurate detection of the resonant bridge can be realized
by signal processing that emphasizes the component. Here, a simple theoretical discussion on the resonant bridge displace-
ment component measured just below the bogies (i.e., loading points) of first and last vehicles is explained.
Fig. 3. Bridge displacement (‘‘Disp.” in the figure) responses at each train position and each train speed (i.e., bridge displacement component for the track
irregularity).
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Fig. 4. Bogie-mounted track irregularity measurement device: (a) Measurement device actually introduced and (b) Measurement principle of track
irregularity using inertial and displacement measurements.
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Fig. 5 shows a theoretical model for analyzing the resonant bridge displacement component, which is measured as the
track irregularity at the point of load application. The train load was idealized as a concentrated load sequence introduced
at intervals along the vehicle length. Such idealization is often used for bridge resonance analysis [61]. Here, we focus on the
bridge displacement at a certain point for the concentrated moving load. Here, it is assumed that the number of vehicles is
considerably larger than that required to reach a steady state of bridge vibrations.
Fig. 5. Theoretical analysis model of resonant bridge response. Lc is the vehicle length; P is the concentrated moving loads for each vehicle length; v res is the
train speed (resonance speed); EI, mb ,cb , and Lb are the bridge-bending stiffness, the unit length mass, the damping constant, and the span length; zb x; tð Þ
represents the bridge’s vertical displacement at the position x and the time t on the bridge.
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The condition for resonance is given in Eq. (1). Therefore, the bridge frequency under the resonance condition naturally
satisfies the following relationship:
Fig. 6.
f 1 ¼ v res

Lc
¼ x

Lct
ð0 � x � LbÞ ð2Þ
where x represents the position in the longitudinal direction (the left end of the bridge is 0), t represents the time when the
first concentrated moving load enters the bridge at the point 0, and Lb represents the bridge span length. The bridge displace-
ment component at resonance comprises the following two components: the quasi-static deflection component zb;s x; tð Þ that
depends on the position of the moving loads and the dynamic response component zb;d x; tð Þ that depends on the bridge fre-
quency, modal damping ratio, and the magnitude of P [53].
zb x; tð Þ ¼ zb;s x; tð Þ þ zb;d x; tð Þ ð3Þ

The quasi-static deflection component zb;s x; tð Þ does not change with the focusing vehicle because it depends only on the

wheel load and wheel position. Assuming that the excitation frequency resonates with the primary bending mode of the
bridge, the dynamic response zb;d x; tð Þ of the simple beam when passing through the train can be approximated as follows:
zb;d x; tð Þ � n1;dðtÞsin
px
Lb

� �
ð4Þ
Based on the steady-state assumption, the modal displacement n1;dðtÞ has the following relationship:
n1;dðtÞ ¼ Aressin 2pf 1t þ hresð Þ ð5Þ
where Ares represents the dynamic response amplitude at resonance. At resonance, the applied load and response amplitude
are out of phase by p=2. Therefore, we have
hres ¼ p 1� Lb
Lc

� �
ð6Þ
2.5. Loading-point dynamic response of resonant bridges

Focusing on the dynamic displacement of the arbitrarymth loading point after the steady state, if the time tm is defined as
the time when the mth load enters the bridge, zb;dðx; tmÞ ¼ zb;dðx; x=v resÞ can be obtained from the relationships
tm ¼ t � m� 1ð ÞLcf g=v res and tmvres ¼ x for 0 � x � Lb. Using the relationship between Eqs. (4) and (5), the bridge dynamic
displacement response at the mth loading point zmb;d can be expressed as a function of only the position x as follows:
zmb;d xð Þ � Aressin 2p x
Lc

þ hres

� �
sin 2p x

2Lb

� �
ð0 � x � LbÞ ð7Þ
Fig. 6 shows an example of the bridge dynamic displacement component at resonance at the loading point obtained by Eq.
(7) when the bridge span is 50 m and Ares ¼ 1. Equation (7) shows that the maximum amplitude of the wave with the vehicle
length Lc varies with 2Lb, which is twice the bridge length. Therefore, the passed bridge can be judged as a resonant bridge if
a vibration having the wavelength of the vehicle length can be observed and if the vibration amplitude is varied at the same
period as the bridge length in the bridge displacement at the loading point, which is measured on the last vehicle passing
over the bridge. However, the track irregularity measured at the loading point when passing through the bridge includes
various components, such as rail corrugation, quasi-static bridge deflection and measurement noise, in addition to the res-
onance bridge response component given in Eq. (7).

2.6 Extraction of the resonant-bridge dynamic response component
Theoretically calculated bridge dynamic displacement components in resonance at the loading point for vehicle length of 25 m (bridge span = 50 m).
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The track irregularities If xð Þ and Il xð Þ of the loading points (including the bridge displacement components and measure-
ment errors) measured by the first and last vehicles are given as follows:
If xð Þ ¼ zfb;s xð Þ þ zfb;d xð Þ þ r xð Þ þ ef xð Þ; Il xð Þ ¼ zlb;s xð Þ þ zlb;d xð Þ þ r xð Þ þ el xð Þ; ð0 � x � LbÞ ð8Þ
wherer xð Þ represents the track irregularity excluding the bridge displacement and measurement noise components; r xð Þ can
be modeled by normal distribution using the mean 0 and the variable variance r2, which usually decreases on the short
wavelengthk, as stated in [62]. ef xð Þ and el xð Þ represent the measurement errors of bogie-mounted measurement devices
on the first and last vehicles, respectively.

Here, as shown in Fig. 3, that the downward convex half sine wave observed during non-resonance (A and E) primarily
corresponds to the quasi-static bridge displacement component zb;s xð Þ as shown in Eq. (3). Furthermore, the higher-
frequency vibrations seen in the track irregularities recorded by the last vehicle at resonance C correspond to the dynamic
displacement component zb;d xð Þ of the bridge. As noted in the track irregularities measured by the first vehicle in Fig. 3, the
changes in the quasi-static bridge deflection component zb;s xð Þ in the first and last vehicles are sufficiently small, that is,

zlb;s xð Þ � zfb;s xð Þ because the zb;s xð Þ caused by the train load depends only on the wheel load and its loading position. However,
as shown in Fig. 3, even in resonance state C, track irregularity measured by the first vehicle is primarily composed of a
downwardly convex half sine wave, while the high-frequency dynamic displacement component measured by the last vehi-

cle is not observed. Therefore, the relationship of zlb;d xð Þ � zfb;d xð Þ is established for the bridge dynamic component zb;d xð Þ at
resonance, such as situation C. Furthermore, the same measurement devices are used for track irregularity measurements;
therefore, we can assume that the measurement errors el xð Þ and ef xð Þ are generated from the same probability distribution.
We assume a normal distributionN 0;r2

� �
with the mean 0 and variance r2 for distributing the measurement error. The addi-

tive nature of the variance el xð Þ � ef xð Þ can be expressed as the measurement error e0 xð Þ following the normal distribution
N 0;2r2
� �

with the mean 0 and the variance 2r. Based on these discussion and Eq. (8), we can eliminate the track irregularity

excluding the bridge displacement r xð Þ and the quasi-static deflection component Zbs(x) by subtracting the If xð Þmeasured on

the first vehicle from the Il xð Þ measured on the last vehicle:
Il xð Þ � If xð Þ ¼ zlb;s xð Þ þ zlb;d xð Þ þ el xð Þ � zlb;s xð Þ � zlb;d xð Þ � ef xð Þ � zlb;d xð Þ þ e
0
xð Þ ð0 � x � LbÞ ð9Þ

e0 xð Þ � N 0;2r2� � ð10Þ

In Eq. (9), zlb;d xð Þ is the product of sine waves with the vehicle length Lc and with twice the bridge length 2Lb, as shown in

Eq. (7) and Fig. 6. In real vehicles and resonant bridges in Japan’s high-speed railways, the following relationship exists
between Lc and 2Lb. The length of a general high-speed railway vehicle Lc in Japan is 25 m; however, the span that may cause
resonance in Japan’s high-speed railway bridges is ~ Lb �30 m. See Appendix B for details on the relationship between the
fundamental frequency and the span of high-speed railway bridges in Japan. Therefore, the relationship 1=Lc � 1=2Lb is
given for the two wavelengths in Eq. (7) in most resonant bridges. As shown in Fig. 6, Eq. (10) is primarily composed of vibra-
tions with wavelength Lc , and its amplitude varies at the wavelength 2Lb. The domain is 0 � x � Lb; therefore, the vibration
component of the wavelength 2Lb does not have a large dominant component in the frequency domain. Figure 7 shows a
typical example of a Fourier amplitude of the bridge dynamic displacement component zlb;d xð Þ for the 50-m bridge span
in Fig. 6. Only one peak with a vehicle length of 25 m could be confirmed.

For track irregularities measured in the real world, it is problematic to accurately extract zlb;d xð Þ because of the effects of

multiple errors. In addition to the simple measurement error e0 xð Þ, the error factors include the position identification errors
(for conversion from the observation time t to the position x). In position identification, errors occur depending on the
changes in the distance between the first and last vehicles; these errors occur because of the degree of freedom of the rail
direction and the distance of the communication terminals from the location identification devices installed on the ground.
The difference between the waves with position identification errors result in an apparent wave, which does not actually
exist. This becomes more prominent for the displacement responses with short wavelengths. Furthermore, there is a certain
amount of the track irregularity component with the 25-m wavelength for the track irregularity measured on the first vehi-
cle passing over a bridge that does not have any dynamic response because of bridge resonance. Therefore, to reduce unnec-
essary factors and to make the differential processing more robust against position identification errors, we performed two
signal processing methods on the measured track irregularities using the characteristics of the measured bridge dynamic
displacement component represented by zlb;d xð Þ. Figure 8 shows the workflow of the proposed detection method explained
below.

One method was the bandpass filter processing that was used to remove vibrations other than the main component of the
vehicle length shown in Figure 7 from the measured track irregularities of the device shown in Fig. 3. In this study, we called
the filtered irregularities as the vehicle length irregularity. Another method is envelope processing in which the vehicle
length irregularity amplitude was estimated by enveloping. If F �f g is the bandpass filtering, and G �f g is the enveloping,
the track irregularities that include the bridge displacement of the first and last vehicles after each processing can be
expressed by the following two equations:
8



Fig. 8. workflow of the proposed detection method.

Fig. 7. Fourier amplitude of bridge dynamic displacement component at resonance at the loading point for a vehicle length of 25 m (bridge span = 50 m).

K. Matsuoka, H. Tanaka, K. Kawasaki et al. Mechanical Systems and Signal Processing 158 (2021) 107667
9



K. Matsuoka, H. Tanaka, K. Kawasaki et al. Mechanical Systems and Signal Processing 158 (2021) 107667
G F If xð Þ
n on o

¼ G F zfb;s xð Þ
n o

þ F zfb;d xð Þ
n o

þ F r xð Þf g þ F ef xð Þ� �n o
� G F zfb;s xð Þ

n on o
þ rIr;Lc þ re;Lc ð11Þ

G F Il xð Þ
n on o

¼ G F zlb;s xð Þ
n o

þ F zlb;d xð Þ
n o

þ F r xð Þf g þ F el xð Þ� �n o
� Ares;Fsin 2p x

2Lb

� �
þ G F zlb;s xð Þ

n on o
þ rIr;Lc þ re;Lc ð12Þ
where rIr;Lc and re;Lc represent the amplitudes of the measurement error and the filtered irregularity without the bridge
response components. Ares;F is the amplitude of the resonant bridge dynamic displacement component after bandpass filter-
ing. The difference in the track irregularities measured on the first and last vehicles after this processing can be approxi-
mated by the following equation:
G F Il xð Þ
n on o

� G F If xð Þ
n on o

� Ares;Fsin 2p x
2Lb

� �
:ð0 � x � LbÞ ð13Þ
Enveloping involves estimating the blue dotted line from the red line in Fig. 6. Therefore, the component zlb;d xð Þ observed
only in the resonant bridge after enveloping is a convex function with the bridge span length being half a wavelength. Fur-
thermore, a measurement error occurs when the differences between waves are increased because of the additive nature of
variance. However, the measurement error component can be canceled by differential processing, which converts the error
component into the amplitude of the measurement error by enveloping. In particular, the variance of the measurement
errors for the first and last vehicles is considered to be comparable in principle because the same measurement devices were
used for the first and last vehicles. Therefore, by enveloping, we can expect a high removal effect of the measurement error
components. Moreover, by calculating the difference between the vehicular length irregularity amplitudes of the first and
last vehicles after processing, we detected the resonant bridge as a half-wave convex peak corresponding to the bridge
length. The convex wavelength of the resonant bridge estimated by the envelope processing is 2Lb, which is at least twice
the wavelength Lc . Therefore, even with the same position identification error, the error after difference processing can be
suppressed to a value less than the difference processing of the wave with the wavelength Lc .

Based on the above data, we formulated the resonance detection index (RDI) as follows:
RDIðxÞ ¼ G F Il xð Þ
n on o

� G F If xð Þ
n on o

ð0 � x � LbÞ ð14Þ
Therefore, the following equation will determine whether the bridge with the span Lb over which the train has passed is
resonating:
RDI xð Þ / sin p x
Lb

� 	
: Resonance

0 : Non resonance

(
ð0 6 x 6 LbÞ ð15Þ
The principle of this method is based on an idealized model. In the real world, RDI can have more complicated properties
due to other effects such as axle arrangement, bogie positions for measuring track irregularities, the presence of the front and
rear bogies, and the differences in the bridge quasi-static responses when the first and last vehicles pass over the bridge. In
this study, we confirm the effects of various factors by numerical analysis and show their application to actual bridges and
vehicles.

3. Validation results of the numerical model

3.1. Creation of simulated measurement track irregularities including bridge displacement components

In this study, we examined the effect of various factors on the detection accuracy of a resonant bridge using a numerical
analysis result that considered the dynamic interaction between the vehicle and bridge for a simple support bridge. For cal-
culating the bridge displacement component, we used a general 2D vehicle–bridge interaction simulation model [52,63–65].
The wheels and rails were rigidly connected, and track irregularities were considered as forced displacements. See Appendix
A for details of the simulation model. The train was modeled by connecting 12 vehicles, as shown in Fig. 9. We used the spec-
ifications for a general high-speed railway vehicle used in Japan. The vehicle length Lc is 25 m and the bogie center interval is
17.5 m; the axle interval in a bogie is 2.5 m and the axle weight is 120 kN. Other specifications are the same as those in [52].

The bridge is assumed to be a standard simple-supported bridge in Japan’s high-speed railway. The bridge span varies
from 20 to 60 m, and the unit length mass is 25 t. The natural frequency is 2.8 Hz with a resonance speed of ~ 250 km/h.
The modal damping ratio of bridges is set to 2% excluding Section 3.4. As shown in Appendix B, the lower limit of the bridge
fundamental frequency of Japan’s high-speed railway bridges generally corresponds to 55L�0:8

b . Therefore, concrete bridges
having a 40 to 45 m span have a frequency of ~ 2.8 Hz in the real world. Although the fundamental frequencies of other span
bridges are different from those of actual bridges, the bridge frequencies were set to 2.8 Hz (regardless of the span) to elim-
inate the influence of the resonance speed. To make the ratio of bridge displacements and various errors and irregularities
almost the same as in reality, we adjusted the wheel loads such that the maximum deflection of the bridge at resonance was
10



Fig. 9. Passage of a vehicle model with six degrees of freedom on a simple-supported beam
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Lb=2000 mm. Lb=2000 mm was roughly equivalent to the upper limit of the measured vertical displacement in existing high-
speed railway bridges in Japan [65].

The measurement error is generated by random numbers using a normal distribution. Based on the previous test results
(which included inertial measurements) of the bogie-mounted track irregularity measuring devices, we reported the stan-
dard deviation of the measurement error at the 5-m mid-chord versine displacement (i.e., the relative displacement with
respect to the average values at 20-m positions front and back of a target point) to be less than ~ 0.2 mm. Therefore, the
standard deviation of the normal distribution that generates the random numbers is based on 0.2 mm.

Rail irregularities were characterized byWiriyachai et al. [62] as one-sided power spectral density functions SrrðXÞ, where
X ¼ 2p=Lr rad/m is the spatial frequency or the wave number. Lr is the wavelength of the rail irregularity. In this study, we
used the following equation proposed by Zhang et al. [66] and Lei and Noda [67] based on Wiriyachai et al. [62]:
SrrðXÞ ¼ kA
X2

c

X2 þX2
c

� 	
X

ð17Þ
where k = 0.25 andXc = 0.8245 rad/m. The value of the coefficient A is presented in Table 1.
The previously measured results on Japanese high-speed railways demonstrated that the maximum amplitude of rail

irregularities was within ± 7 mm. In recent years, the measured value of a 5-m mid-chord versine displacement has a max-
imum of ~ 5 mm [68,69]. These values correspond to Grade 6 when compared with the values in Eq. (17) and Table 1 [66]. In
this study, we consider Grade 6 based on these measurements of orbital irregularities.

The train speeds are to 200, 230, 250, 270, and 300 km/h corresponding to points A, B, C, D, and E of Fig. 1 respectively.
These train speeds correspond to ± 10% and ± 25% of the resonance speed of 250 km/h. When converting the time-series
response to distance, we perform resampling at 250-mm intervals in accordance with actual track irregularity
measurements.

3.2. Effect of train speed

To confirm the basic performance of the proposed RDI, we applied the proposed method by assuming that the bridge dis-
placement component is observed as track irregularity. Fig. 10 shows the results considering only the bridge displacement
Table 1
Coefficient A of rail irregularity power spectrum density.

Grade CoefficientA

1 121.07
2 101.81
3 68.16
4 53.76
5 20.95
6 3.39
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Fig. 10. Applied results only for the bridge displacement components (50-m span length): (a) Maximum displacements at the bridge mid-span as a function
of train speed (same as Fig. 1); (b) Input track irregularities with only bridge displacement component; (c) Filtered vehicle length irregularities; (d)
Enveloped vehicle length irregularities; and (e) Resonance bridge detection index.
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components measured on the first and last vehicles. Fig. 10 (b) and (c) show the track irregularities (consisting only of the
bridge displacement component) and the filtered vehicle length irregularities, respectively. Fig. 10 (d) and (e) show the
enveloped vehicle length irregularity amplitudes and the RDIs calculated using the results in Fig. 10 (d), respectively.
Fig. 10 (a) shows the same results as Fig. 1 for the resonance states A, B, C, D, and E for each of the speeds.

By comparing the vehicle length irregularities in Fig. 10 (c) with the input irregularities in Fig. 10 (b), we could eliminate
only the quasi-static bridge displacement component with a long wavelength. However, even in the non-resonant states A
and E, there are variations in the bridge displacement components because of the entry and exit of the bogies before and
12
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after the bogies installed the measurement devices. The vehicle length irregularity amplitudes in Fig. 10 (d) are affected by
these variations. There are slight differences between the first and last vehicles even in cases where there is no resonance.

As shown in Fig. 10 (d) and (e), the vehicle length irregularity amplitude of the last vehicle was much larger than that of
the first vehicle in the resonance state C. Consequently, RDI forms a convex dominant component in the resonant bridge
position. In the beating states B and Dwhere the impact factors are approximately half that of the resonance, the RDIs rapidly
attenuated to less than ~ 25% of the resonance. Furthermore, for non-resonant train speeds A and E, the RDI values are max-
imum at 15% of the resonance.
3.3. Effect of bridge span

Fig. 11 shows the RDI values when the bridge span is changed from 20 to 60 m. Track irregularity is introduced consid-
ering only the static and dynamic response components of the bridge. Fig. 11 shows that, in any span, RDI generates a
convex-shaped outstanding component only at the resonance speed. Therefore, it is highly possible that the proposed
method can be applied to a wide range of resonant bridges with span lengths ranging from 20 to 60 m. However, the max-
imum RDI value at resonance varies depending on the bridge span. The bridge span of 40 m is close to 1.5 times the vehicle
Fig.11. Applied results only for the bridge displacement components (train speeds correspond to speeds in Fig. 9 (a)): Bridge spans of (a) 20 m, (b) 30 m, (C)
40 m, (d) 50 m, and (e) 60 m.
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length of 25 m (the bridge span that causes anti-resonance); therefore, the dynamic response component of the bridge is
difficult to amplify even when there is resonance. Thus, the RDI at resonance was small as compared with other spans. Other
bridge span effects were related to the number of vehicles on the bridge. The number of vehicles on the bridge increased as
the bridge span increased. Then, the long-period bridge displacement component for the entire train is relatively larger.
Therefore, with increase in bridge span, there is a reduction in the maximum RDI values at resonance.

By focusing on A, B, D, and E, which are not in the resonance state, we confirmed the tendency of RDIs to fluctuate to the
negative side for bridge spans greater than 40 m. This is the effect of the quasi-static bridge displacement component that
corresponds to the increase in the number of vehicles on the bridge. There is a large difference between the number of vehi-
cles in the front and the rear of the first and last vehicles of interest in this study. For example, there are no vehicles on the
bridge immediately after the first vehicle entered; however, there are many vehicles on the bridge after the first vehicle
passed the long bridge mid-span. The situation is the opposite for the last vehicle. Therefore, the bridge quasi-static displace-
ment components when passing the first vehicle tends to increase in the second half; however, the displacement compo-
nents for the last vehicle tends to increase in the first half. This difference generates negative RDI fluctuations in the non-
resonant situation. For bridge spans of 30 and 20 m, which are equal to or less than the vehicle length, we cannot confirm
any RDI fluctuations on the negative side in the non-resonant states. Moreover, this fact supports the above considerations.

The RDI fluctuations at non-resonance correspond to the difference in the quasi-static bridge displacement components
of the first and last vehicles because of the difference in the number of vehicles (measured by the number of wheel axles) on
the bridge. Based on this, we can estimate the bridge displacement using RDI at non-resonance. This could be a future task;
however, it is a feature worth mentioning for developing of a more general drive-by bridge inspection. The variation of max-
imum RDI values at resonance and the RDI fluctuation at non-resonance depend on the bridge span. However, we confirm
that the resonance of high-speed railway bridges with general deflections ranging from 20 to 60 m can be detected in the
ideal situation.

3.4. Effect of bridge damping

Fig. 12 shows maximum displacements at bridge mid-span with the bridge modal damping of 1%, 2%, and 5%. The effect of
bridge damping on detection accuracy is verified by applying the proposed method to track irregularities when passing
through these bridges with various bridge damping. The value of 2% is used as the bridge modal damping in Japanese bridge
design code. However, a large variation in the measured bridge modal damping is present. In particular, investigating the
case with large modal damping from the viewpoint of detection accuracy is necessary. Here, 5% is used as the case where
the bridge modal damping is large in the concrete bridge. Furthermore, European design standards stipulate that the modal
damping of steel and composite bridges is 1% for middle and long span. Therefore, 1% was also examined as an example of
remarkable resonance.

Fig. 13 shows the RDI calculated from the track irregularities with 1%, 2%, and 5% of bridge modal damping. The effect of
bridge damping has almost no effect on the RDI at non-resonance indicated by A and D in Fig. 13. Moreover, the RDI in res-
onance state C has the smallest amplitude when the modal damping is 5%. However, the fluctuation range of RDI is ~ 1 mm.
Furthermore, predominant span of RDI is largely unaffected. From these results, it can be inferred that bridges with modal
damping of<5% can be detected by the proposed method.

3.5. Effect of measurement error

In this section, the results of simulations considering the measurement error are shown. The error is introduced, gener-
ating a random number using the normal distribution with the three standard deviations of 0.1, 0.2, and 0.5 mm.

Fig. 14 shows examples of the simulated track irregularities for analyzing the effect of the measurement error for a bridge
span of 50 m; the train speed is 250 km/h. The measurement errors of the first and last vehicles were separately generated
from the same normal distribution, and these errors were added to the bridge displacement components of the first and last
Fig. 12. Maximum displacement at the bridge mid-span with bridge modal damping 1%, 2%, and 5% (50-m span length). ‘‘Disp.” Stands for the
displacement.
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Fig. 13. Effect of bridge damping for resonant bridge detection (span = 50 m); the train speed corresponds to the speed in Fig. 9 (a)).

Fig. 14. Examples of simulated track irregularities with the bridge displacement component and measurement error (bridge span 50 m, train speed
250 km/h). Measurement error distribution with standard deviations of (a) 0 mm, (b) 0.1 mm, (c) 0.2 mm, and (d) 0.5 mm.
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vehicles, respectively; the obtained results are shown in Fig. 15. The RDIs hardly change, even when the measurement error
is 0.5 mm, which is more than double the practical measurement error. This tendency is the same in the other spans. There-
fore, we can confirm that the resonance bridge can be detected by the proposed method regardless of the measurement error
in the inertial measurement device being currently used.
3.6. Effect of track irregularities other than the bridge displacement components

The track irregularities are random; therefore, ten track irregularities were generated using Eq. (17) with Grade 6. By add-
ing these irregularities to the bridge displacement component and measurement error (standard deviation = 0.2 mm), 10
simulated track irregularities were created. The same track irregularities were introduced in the first and last vehicles.

Fig. 16 shows examples of simulated track irregularities created for a bridge span of 50 m and a train speed of 250 km/h.
By adding the track irregularity generated by Eq. (17), the simulated track irregularities greatly fluctuate.

Fig. 17 shows the results applied to the simulated track irregularities (bridge span = 50 m). RDI fluctuates in the range of
approximately ± 0.5–±2 mm because of track irregularities. The maximum RDI value at the resonance state (C) tends to
Fig. 15. Effect of measurement error on resonant bridge detection (span = 50 m; train speed corresponds to speed given in Fig. 9 (a)).

15



Fig. 16. Examples of simulated track irregularities with the bridge displacement component and measurement error (bridge span 50 m, train speed
250 km/h). Measurement error distribution with standard deviations of (a) 0 mm, (b) 0.1 mm, (c) 0.2 mm, and (d) 0.5 mm.
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increase in the range of + 1 mm by the introduction of track irregularities. Although the dominant shape slightly changed by
the addition of track irregularities in some cases, the dominant RDI components at resonance had a positive convex excel-
lence with the half-wavelength of the bridge. The RDI fluctuation arising from the introduction of orbital irregularity is large
when driving at a speed lower than the resonance speed. As shown in Fig. 10 (c), when the train passing speed is less than the
resonance speed, the first and last vehicles show waves with different phases in the vehicle length irregularities with only
the bridge displacement components. When track irregularity with the same wavelength as the vehicle length is overlapped
to the bridge displacement component at a position with a large amplitude in the first vehicle, the vehicle length track irreg-
ularity of the first vehicle is amplified. However, the vehicle length irregularity of the last vehicle is canceled. Consequently,
RDI, which is the difference between the irregularities, greatly changed. This fluctuation observed in RDIs is the largest
at ± 2 mm when the resonance speed indicated by B is � 10%. For other train speeds, the RDI fluctuation is
approximately ± 0.5 mm. The maximum RDI value at resonance is ~ 3 mm for a bridge span of 50 m. The RDI excellence
at resonance with a span of 50 m is larger than the effect of fluctuations in track irregularities. Therefore, we could conclude
that the existence of resonance can be judged by RDI even by considering the track irregularity effect. However, we need to
be careful when comparing different bridges having the same spans but different track irregularities. There is a possibility
that the state B before the resonance may be estimated as a resonance when the variation by track irregularity is quite dif-
ferent in the bridge to be compared. Even in this case, it is possible to improve the resonance bridge detection by referring to
the on-board measurement results with different traveling speeds. Furthermore, this misdetection does not miss the reso-
nant bridges. Therefore, we can confirm that the proposed method can detect the resonant bridges on the safe side using on-
board measured track irregularities including the bridge displacement components, even in the presence of track irregularity
and measurement noise.

Each bridge span (20–60 m) was examined considering the same track irregularity, and the RDI fluctuations had the same
tendency. As typical examples, the results for bridge spans of 30 and 60 m are shown in Fig. 18. As shown in Fig. 18, the RDI
values of bridges with 30 m are far superior to the RDI values of long-span bridges. Therefore, the resonant bridge can be
easily detected even if the fluctuation of ~ 2 mm occurs by the added track irregularity. However, as shown in Fig. 18 (b),
the effect of the track irregularity at the 60-m span is almost the same as that at the 50-m span. Nevertheless, the maximum
RDI value for bridges with the span of 60 m at resonance is less than that for bridges having the span of 50 m; therefore, it
Fig. 17. Effect of track irregularities for resonant bridge detection (span = 50m); the train speed corresponds to the speed in Fig. 9 (a)). ‘‘Disp.” Stands for the
displacement.
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Fig. 18. Effect of track irregularities on resonant bridge detection (train speed corresponds to the speed given in Fig. 9 (a)). The bridge spans are (a) 30 m
and (b) 60 m.
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might be difficult to estimate the resonance state C and the beat state B separately as it was done for bridges having the span
of 50 m.

In summary, except for the bridge span of 40 m, which has a small resonance amplification because of the anti-resonance
bridge span, there is a high possibility that the bridge in the resonance state can be detected by the proposed method using a
wide range of bridge spans ranging from 20 to 60 m.
3.7. Effect of position identification error

Track irregularity is recorded as a function of the time domain together with the train speed time-series. Then, for posi-
tion identification, these values are converted into a distance function based on the communication records with the ground
communication terminal. For high-speed trains in Japan, the communication records with the ground communication ter-
minals for position identification are measured for both first and last vehicles. In this study, we used this information to esti-
mate the positions of the second and first bogies of the first and last vehicles. Furthermore, to correct a small position
identification error, position identification was repeated using the cross-correlation of the data of the last vehicle based
on the measured data of the first vehicle [70]. Therefore, the position identification of the measured data for applying this
study shown subsequently is usually < 1 sample (250 mm). However, a position identification error of ~ 1 m is generally
unavoidable without enough ground communication terminals and precise position identification by cross-correlation. To
confirm the accuracy of the proposed method in such a general measurement situation, we shifted the position of the last
vehicle and applied the proposed method with a position identification error. Then, we calculated the RDI. We examined the
situation when the last vehicle has position identification errors of 0 mm (none), ±250, ±500, ±1000, and ± 2000 mm with
respect to the first vehicle.

Fig. 19 shows the effect of the position identification error on RDI when the bridge span is 50 m. Here, as described in 3.1,
Grade 6, which is the closest to the actual situation of Japanese high-speed railways, was used. If the position identification
error of the last vehicle relative to the first vehicle is in the range of ± 2000 mm, the influence of the position identification
error on the RDI will be negligible. This is the case even when track irregularities are added. Note that if the bandpass filtered
waveform is directly subtracted without the enveloping process, an error of up to ± 1.5 mm occurs even when the bridge
span is 50 m. These results confirm that the proposed method is robust in the case of position identification errors between
the first and last vehicles if the data are enveloped to increase the RDI wavelength.

Based on these confirmation results, bridges with RDI peak amplitudes greater than 1.5 mm and RDI peak spans matching
the bridge span length were extracted as resonance. This simple threshold setting includes empirical findings obtained
through trial and error based on next field test data. Consequently, more generalized thresholds that can be applied to fields
other than those targeted in this study need to be set in detail according to span length and track irregularity management
levels. This issue should form the basis of future work.
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Fig. 19. Effect of the position identification error on the resonance bridge detection with (a) only the bridge displacement component and (b) the bridge
displacement component and track irregularity. The bridge span was 50 m, and the train speed corresponded to the speed given in Fig. 9 (a).
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4. Validation results on actual high-speed railways

4.1. On-board measurement method

For our application, we selected one of Japan’s high-speed railway lines on which certain service trains are running with
their first and last vehicles fitted with track irregularity measuring devices. Of the total length of ~ 250 km, the target stretch
is ~ 22.6 km (875 bridges) excluding the acceleration/deceleration sections before and after the stations, the sections on
embankment and the tunnels. The selected train was composed by eight vehicles. The geometrical characteristics of these
vehicles are the same as those used and have an axle weight of ~ 110 kN without passengers. The travel speed in the target
section was ~ 230–250 km/h. The track irregularity measuring devices were installed in the center of the second and first
bogies of the first and last vehicles, respectively. Position detection devices were installed in the first and last vehicles,
and communication records were obtained using ground communication terminals approximately every 500 m. The mea-
sured track irregularities were converted from the time to distance functions using this communication record and train
speed data. In addition, the position of the last vehicle relative to the first vehicle was finely corrected by cross-
correlation of the measured data. The sampling of the acquisition system was 2 kHz and all data were converted into dis-
tance series response of 250 mm intervals. By applying the proposed method, the RDI was calculated from the obtained track
irregularities, which included the bridge response of the first and last vehicles. By simultaneously referring to the calculated
RDI and facility information, we detected few bridges with a high possibility of resonance issue.

All these processes were performed on the track maintenance management database system (called LABOCS). LABOCS is a
de facto standard system for track maintenance and management in Japan, and it has already been in use for a long time by
Japan’s high-speed railways [55,56]. Fig. 20 shows a LABOCS display screen. For all high-speed railway lines in Japan, infor-
mation on the ground facilities (including the bridges) were available on LABOCS. Therefore, by implementing the proposed
method on LABOCS, it is possible to compute the track irregularity data and the RDI and comparing themwith the structure’s
specifications. Although there are various types of bridges, such as steel, concrete, I-girder, and box girder, all bridges are
displayed as truss-type objects in LABOCS.

4.2. Resonant bridge detection results

Fig. 21 shows (from top to bottom) the structure type, the structure span, the train speed, the track irregularities mea-
sured at the first and last vehicles, the filtered vehicle-length irregularities, the enveloped vehicle-length irregularity ampli-
tudes, and the RDI. The train speed is ~ 230 km/h. The measured track irregularities are shown as 40-m mid-chord versine
displacements used for track maintenance in Japan. There are six bridges from A1 to A6 in the section. The other section com-
prises bridges with rigid frames [71] that were frequently used in place of embankments in Japan’s high-speed railways. The
difference between the first and last vehicles is small except for the section of the bridge A3. On the bridge A3, the filtered
18



Fig. 20. Display screen of the track maintenance management database system LABOCS.

Fig. 21. Measured track irregularity and calculated RDI (section A).
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vehicle length irregularity of the last vehicle is larger than that of the first vehicle. The enveloped vehicle length irregularity
amplitude of the last vehicle in the bridge A3 section is larger than that of the first vehicle. Consequently, the RDI value
shows a convex peak in which the dominant span almost coincides with the bridge A3 span. This tendency is almost con-
sistent with numerical validations. Therefore, we assume that bridge A3 is in resonance with a train speed of 230 km/h
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Fig. 22. Measured track irregularity and calculated RDI at (a) section B and (b) section C.

Fig. 23. Apparent RDI peak observed.
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Table 2
Outline of target bridges.

ID Girder type Span (m) Detection results by the drive-by method

A3 Concrete box 50 Resonance
C3 Concrete box 60 Beat (weak resonance)
D3 Concrete box 50 Resonance
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and, as will be shown in Section 4.3, we verified whether this bridge actually resonates. For all other bridges and in case of
rigid frame bridges, most RDIs are < 1 mm. Therefore, structures other than the bridge A3 are estimated to be non-resonant
at a train speed of 230 km/h.

Fig. 22 shows the measured track irregularities and the calculated RDI values in the sections B and C as examples of the
typical locations where the RDI features were identified. For a train traveling at the speed of 210 km/h in section B, it is pos-
sible to see RDI peaks that correspond to bridge B1, which has a span of 57 m. More than ten bridges with clear RDI peaks at
the dominant wavelength coinciding with the bridge span, such as A3 and B1, could be observed along the target route. In
section C, the train speed was 250 km/h. In the case of bridge C3, having a 60-m span, we could confirm the presence of a
small component with a peak amount of ~ 1 mm having the same dominant wavelength as the bridge span. The possibility of
false detection because of track irregularities without bridge displace component cannot be ignored because the number of
RDI values is small. However, the RDI dominance in other sections was ~ 0.5 mm. Therefore, it was possible that the train
speed was close to the resonance, and the beating phenomenon occurred.

Fig. 23 shows the measurement at section D where a particular trend of RDI can be observed. This section has three
bridges from D1 to D3. According to RDI, we can assume that the bridges D2 and D3 with spans of 25 and 50 m, respectively,
are resonant. However, although the difference between the first and last vehicles can be confirmed at the filtered vehicle
length irregularities in the section of bridge D3, the filtered vehicle length irregularities of the first and last vehicles almost
coincide in the bridge D2 section. However, the enveloped vehicle length irregularity amplitudes have a difference between
the first and last vehicle in the bridge D2 section and the bridge D3 section. This indicates that apparent differences could
occur in the case of adjacent bridges due to the influence of the dominant shape of the resonant bridge during envelope pro-
cessing. In sections with continuous adjacent bridges, it is necessary to pay attention to the influence of resonant bridges on
adjacent bridges. Even in such cases, it is possible to determine whether the RDI peak is apparent or true by comparing the
filtered track irregularities of the first and last vehicles.
Fig. 24. Schematic of field test of the bridge A3 showing (a) the target bridge A3 and (b) the measuring device U Doppler II.
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4.3. Verification of resonant bridge detection results

To confirm whether indications regarding the resonance bridges provided by the proposed method were correct, in situ
measurements were performed on bridges A3, C3, and D3 mentioned above. All bridges comprise a prestressed concrete box
girder and Table 2 reports the outline of the target bridges.

For bridges A3 and C3, the bridge response velocities under train passing were measured from below the bridge using a
laser Doppler velocimeter with self-vibration compensation (U Doppler II, sampling 2000 Hz [72]). By integrating the
obtained response velocity, we measured the vertical displacement of bridges when the trains passed over them. For the
details of U Doppler II, see [72]. Fig. 24 shows the field measurements and the equipment used for A3 bridge. For bridge
D3, located over a river, an accelerometer (MicroStone MVP-RE8-HC-2000, sampling 500 Hz) was installed on the bridge gir-
der. In all cases, the objective was to measure the position of the bridge mid-span.

Fig. 25 shows the time-series responses of the bridges A3, C3, and D3 obtained by in situ measurements of bridges. In the
case of bridges A3 and D3, the dynamic response amplitude of the bridge increases when the train passes over it. Further-
more, a large free vibration was observed after the passing of the train. This is the typical waveform of a resonant bridge
passing through a train. Fig. 26 shows the maximum displacement of the bridge A3 at other train speeds. As shown in
Fig. 26, the bridge A3 resonates with a peak maximum amplitude at the train speed of 225–230 km/h. Therefore, we
confirmed that the resonant bridges could be detected by the proposed method.
Fig. 25. In situ measured bridge responses: (a) Bridge A3, (b) Bridge C3, and (c) Bridge D3.

Fig. 26. Relationship between the maximum bridge displacement and train speed at the bridge A3.
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The dynamic response amplitude of the bridge C3 shown in Fig. 25 (b) slightly increases when the train passes over it.
This behavior it is not as pronounced as the dynamic response amplitude of the bridge A3; therefore, it is not completely
resonant. However, the free vibration waveform can be seen after the train passes; therefore, the state of the bridge C3
was estimated as a beating state with weak resonance such that the train traveling speed slightly deviated from the reso-
nance speed. As shown in Fig. 22 (b), it is possible to confirm that when the RDI peak is greater than 1 mm and the peak
wavelength matches the bridge span, the bridge in the beat state can be detected. This fact shows the possibility of detecting
a potential resonant bridge before it becomes completely resonant.
5. Conclusions

In this study,we developed a drive-by systemable to detect resonant bridges fromdatameasured using high-speed railway
vehicles. A novelmethodology to detect a resonant bridgewas proposed, focusing on differences in track irregularities, includ-
ing bridge displacement componentsmeasured using the first and last vehicles. Followingnumerical verification, the proposed
methodwas applied to experimental data of track irregularities obtained from the high-speed railways of Japan and validated
using in situmeasurements. Using these analyses, we demonstrated that resonant bridges could be detected by the trackmain-
tenance management system that is already used daily by Japan’s railway companies. Our results are summarized below.

(1) Using a bandpass filter and an envelope processing method to estimate the vehicle length track irregularity, it was
possible to emphasize the unique components of the resonant bridge. In addition, a Resonance Detection Index
(RDI) was defined using the difference between the filtered and enveloped track irregularities measured by the first
and last vehicles. Through an appropriate methodology, RDI peaks and peak span can be used to detect resonant
bridges.

(2) Using the parameter of bridge span, a numerical verification clarified that, although the maximum RDI value at res-
onance decreases as the span increases, resonant bridges with spans of 20–60 m can be estimated using the RDI.

(3) Measurement error, position synchronization error, and track irregularity were considered in the simulation. Signal
noise and positioning error have a negligible effect, whereas RDI fluctuates by up to ± 2 mm due to the irregularity
component with a wavelength that coincides with vehicle length. This variation could explain the misevaluation of
resonance at a resonance speed of approximately –10 km/h if the bridge span is 50 m or more.

(4) The proposed method was applied to experimental data acquired by typical bogie-mounted track irregularity mea-
surement devices installed on some trains in service on Japanese high-speed railways. More than ten resonant bridges
were identified based on the RDI. Moreover, in situ bridge displacement measurements for three of these detected
bridges demonstrated the utility of identification procedure.

Considering all of the above analyses, we clarified that measured rail profiles (i.e., track irregularities including bridge
displacement) are different between the first and last vehicles in the case of resonant bridges; however, these differences
can be used to identify resonant bridges. The proposed method can be introduced without any additional investment using
track irregularity devices already installed and operative on the first and last vehicles of certain high-speed commercial
trains in Japan. Furthermore, this research demonstrates that drive-by systems for bridges can be used at high speeds,
and that the results can provide the basis for more sophisticated drive-by systems in future. Note that additional research
is required in future to design a more general drive-by bridge inspection system.

Possible future developments could include:
Research on track type. In this study, we considered slab-type tracks with relatively strong and stable track conditions.

However, the ballasted tracks that are frequently used in Europe exhibit variations in their physical properties and local set-
tlements [46]. Therefore, it is possible that deformation of the track structure and bridge displacement components are more
mixed in ballasted tracks. Although filtered track irregularities with wavelengths equal to the vehicle length are used to
detect resonant bridges, track settlements that deform downward with a span of half a vehicle length can be confused with
resonant bridge components. In future, it will be necessary to develop a separation method for these components.

Research on the availability of other sensors. A limited number of commercial vehicles are equipped with on-board track
irregularity measurement devices. Data measured by general high-speed vehicles include bogie acceleration [50] for vehicle
anomaly detection and carbody acceleration [73] for ride comfort management. Moreover, the development of resonant
bridge detection methods using these sensors is effective for realizing more general drive-by systems in future. When devel-
oping these methods, it is necessary to solve problems such as the effect of the vehicle vibration state caused by adjacent
bridges on the target bridge resonance in the case of multiple simply-supported bridges. However, knowledge obtained from
this study could be used in such research.
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Appendix A. Vehicle–bridge dynamic interaction model

In this appendix, we derive the motion equations of the vehicle–bridge dynamic interaction (hereinafter VBI) model
shown in Fig. 27. The responses of the railway bridges and a train crossing at a constant speed v [m/s] were modeled on
a two-dimensional simply-supported beam and a two-dimensional vehicle model with six degrees of freedom per vehicle.
A similar model has been investigated in many previous studies [52,63,64]; therefore, we provide only an outline of this

model here. The degrees of freedom of the bridge and vehicle are defined as the row vectors ZN;t ¼ z1;t ; � � � ; zN;t½ 	T and

Zc;t ¼ zc;t;wc;t ; zt1;t ;wt1;t ; zt2;t ;wt2;t


 �T , respectively. Let the wheelset freedoms Zw;t be equal to the sum of the bridge displace-
ment ZN;tA and the rail irregularity r at the axle position:
Zw;t ¼ ZN;tAþ r ðA:1Þ

The vehicle–bridge interaction model is defined by the following equation:
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where
M

b ¼ Mb þ ATMwA ðA:3Þ

C

b ¼ Cb þ ATCwA; ðA:4Þ
Fig. 27. Passage of a six degrees-of-freedom vehicle model on a simple-supported beam.
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K

b ¼ Kb þ ATKwA ðA:5Þ

A i;nð Þ ¼ sin
np vt � sið Þ

Lb

� �
H t � si

v

� 	
� H t � si þ Lb

v

� �� �
with
i ¼ 1; � � � ;nwð Þ; n ¼ 1; � � � ;Nð Þ ðA:6Þ

Fgw ¼ �mwg;�mwg;�mwg;�mwg½ 	T ðA:7Þ

Fgt ¼ �mcg;0;�mtg; 0;�mtg; 0½ 	T ðA:8Þ

Mb, Cb, and Kb are the mass, the damping, and the rigidity matrices, respectively, in the modal coordinates of the bridge.

These matrices are expressed as follows:
Mb ¼ Diag mb1; � � � ;mbNð Þ ¼ Diag mLb=2; � � � ;mLb=2ð Þ; ðA:9Þ

Cb ¼ Diag cb1; � � � ; cbNð Þ ¼ Diag 2n1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mb1; kb1

p
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Kb ¼ Diag kb1; � � � ; kbNð Þ ¼ Diag 2pf 1ð Þ2m; � � � ; 2pN2f N
� 	2

m
� �

: ðA:11Þ
Mc , Cc , and Kc are the mass, the damping, and rigidity matrices, respectively, of the vehicle. Mw, Cw, and Kw are the mass,
the damping, and the rigidity matrices, respectively, of the wheelsets. Cb;c (Cc;b ¼ CT

b;c) and Kb;c (Kc;b ¼ KT
b;c) are the coupling

terms related to the vehicle dampers and springs, respectively:
Mc ¼ Diag mc; Jc;mt ; Jt ;mt ; Jtð Þ ðA:12Þ
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ðA:14Þ

Mw ¼ diag mw;mw;mw;mwð Þ; ðA:15Þ

Cw ¼ diag cp; cp; cp; cp
� � ðA:16Þ

Kw ¼ diag kp; kp; kp; kp
� � ðA:17Þ

Cb;c ¼
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2 0 0
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2 0 0
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The vehicles are coupled through the vertical spring kcs and the damper ccs. These components are introduced into the
coupling term of the vertical displacement and the rotational degrees of freedom of the car bodies of two adjacent vehicles
(when the vehicle model contains two or more cars).

The VBI model (A.2) was solved and modeled in state space. Numerical integration was performed by the explicit Runge–
Kutta method [4, 5] proposed by Dormand and Prince (also known as RK5(4)7FM, DOPRI5, and DP(4, 5) [74]). The present VBI
model simulation considers the bridge modes 1–3 (i.e., N = 3) [52].
Appendix B. Bridge span–frequency relationship in Japan

Fig. 28 shows the relationship between the bridge fundamental frequency and the span. These results were estimated by
the Fourier transform of the free vibration responses after the train passed; the displacements were measured for Japan’s
high-speed railways. It can be confirmed that the measured lower limit of the bridge fundamental frequency of the bridge
corresponds to approximately 55Lb-0.8.
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