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Abstract. Field monitoring techniques offer an attractive approach for understanding bridge behavior under in-service loads.
However, the investigations on bridge behavior under high-speed train load using field monitoring data are limited. The focus of
this study is to explore the structural behavior of an in-service long-span steel truss arch bridge based on field monitoring data.
First, the natural frequencies of the structure, as well as the train driving frequencies, are extracted. Then, the train-induced
bearing displacement and structural strain are explored to identify the effects of train loads and bearings. Subsequently, a
sensitivity analysis is performed for the impact factor of strain responses with respect to the train speed, train weight, and
temperature to identify the fundamental issues affecting these responses. Additionally, a similar sensitivity analysis is conducted
for the peak acceleration. The results indicate that the friction force in bearings provides residual deformations when two
consecutive trains are in opposite directions. In addition, the impact factor and peak acceleration are primarily affected by train
speed, particularly near train speeds that result in the resonance of the bridge response. The results can provide additional insight
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into the behavior of the long-span steel truss bridges under in-service high-speed train loads.
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1. Introduction

Railway bridges must operate in harsh environments,
experiencing large loads with every train crossing (Quirke
et al. 2017, Vagnoli et al. 2018). Damage often occurs when
bridges are subject to these environmental and traffic loads,
as well as extreme loads (e.g., earthquake and typhoon),
potentially resulting in serious risk to bridge safety and
serviceability (Malveiro et al. 2018). Thus, maintenance
and repair activities are crucial to ensuring operational
performance (Xia et al. 2013, Leander et al. 2010).
Accordingly, understanding the bridge behavior under in-
service train loads will help operators to focus limited
resources on maintaining safe and reliable operation of
railway networks.

Structural health monitoring (SHM) techniques have
proven effective for conducting condition assessment of as-
built bridges in real-time (Wan and Ni 2019, Fujino and
Siringoringo 2011). Numerous SHM systems have been
installed on large-scale structures (Spencer et al. 2004, Ko
and Ni 2005). Most of these SHM systems are installed on
highway bridges, with only a limited number of practical
applications have been found for railway bridges,
particularly high-speed railway bridges. Moreover, Moreu
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and Spencer (2015) indicated that significant differences are
found between the behavior of highway bridges and railway
bridges, including: (i) the live loads on railway bridges are
significantly larger than those on highway bridges, (ii) the
impact factor for railway bridges is higher than that for
highway bridges, and (iii) interactions of the train-track-
bridge system should be considered in the design and
maintenance. Thus, information derived from highway
bridge SHM systems is of limited use in understanding
railway bridge responses.

The dynamic response of railway bridges subjected to
high-speed trains is governed by the bridge properties and
train parameters (Zhai et al. 2019). Many short-term full-
scale tests have been conducted to understand the effects of
train loads on bridge responses (Leander et al. 2010, Su et
al. 2010). For example, Cantero et al. (2016) demonstrated
recorded responses of a 36 m long composite bridge to
distinguish the effect of various factors on the dynamic
response; the study indicated that the combination of axle
spacing and train speed is the predominant factor. Note that
the impact factor is an important parameter for railway
bridge design, assessment, and maintenance, as well as the
enforcement of legal train loads (e.g., train weight and train
speed) (Gou et al. 2022). Tao et al. (2018) analyzed the
impact factors produced by moving trains based on field
test data, and then compared these factors with the
suggestions in various codes. Ataei and Miri (2018) carried
out 845 dynamic tests on 11 masonry arch bridges in the
railway network in Iran to assess the effect of train and
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bridge parameters on the impact factor. In addition, bridge
deformations (e.g., displacement and structural strain) and
vibration (e.g., acceleration) under live loads can benefit the
management of bridges and train serviceability (Moreu and
LaFave 2012). Numerous studies illustrating the train-
induced deformations and vibration, especially the resonant
responses, have been conducted (Auersch 2021, Liu et al.
2009, Lu et al. 2012). For example, Sayed et al. (2017)
investigated the correlation between bridge acceleration and
train speeds to find the train speed that induces resonance of
the bridge. While many short-term field tests have been
carried out to investigate the behavior of railway bridges
under service traffic, particularly focusing the intrinsic
effect of train parameters (e.g., train speed and train weight)
on the concerned factors of bridges (i.e., impact factor and
the peak responses) (Leander ef al. 2010); however, long-
term deployments are still limited due, in part, to high cost.
Long-term studies allow environmental variations (e.g.,
temperature) to be considered (Xu er al. 2010). These
environmental variations or sudden events can be perceived
as randomness in short-term test results.

The object of this work is to investigate the behavior of
high-speed railway bridges under in-service train loads
using long-term monitoring data, with the goal of
understanding issues affecting the dynamic behavior of the
high-speed railway bridge. This study addresses steel truss
bridges, which are frequently used for longer-span high-
speed railway bridges, focusing on the Dashengguan
Bridge, located in Nanjing, China. First, dominant
frequencies in bridge responses are extracted from the field
monitoring data, including the natural frequencies of this
bridge and train driving frequencies. Then, train-induced
bridge deformations (i.e., bearing displacement and
structural strain) are presented to demonstrate the effects of
train loads and bearing properties. Subsequently, sensitivity
analysis is carried out to investigate the intrinsic effects of
train speed, train weight, and temperature on the dynamic
response of the bridge (e.g., impact factor and peak
acceleration). This study provides useful information
regarding the performance of high-speed railway bridges
under in-service train loads, which can help prioritize
bridge repair and maintenance.

Upstream Downstream

2. Long-term monitoring data of the Dashengguan
bridge

The Dashengguan Bridge and associated structural
health monitoring (SHM) system are introduced
individually in this section, forming the foundation of the
subsequent investigation.

2.1 The Dashengguan Bridge

The Dashengguan Bridg crosses over the Yangtze River
with a total length of 1272 m, as shown in Fig. 1. This
symmetrical continuous steel truss arch bridge carries six-
lanes of railway traffic in the north bound (NB) and south
bound (SB) directions (including the Beijing-Shanghai (B-
S) high-speed railway, the Shanghai-Wuhan-Chengdu (S-
W-C) quasi-high-speed railway, and the Nanjing Metro
Line S3 traffic). Indeed, the Dashengguan Bridge
experiences a large amount of traffic during regular
operation (approximately 300 high-speed trains per day),
forming a critical link in the railroad infrastructures. This
heavily transited rail line provides a unique test-bed to
achieve the objectives of this research. Three steel arch
trusses, supported by reinforced concrete piers, are
employed to carry the train loads. Except the middle bridge
pier, which has a fixed bearing, spherical steel bearings are
installed at the top of the bridge piers. Note that no
expansion devices were installed in the bridge. Thus, the
accumulative structural responses produced by in-service
loads (e.g., traffic and environmental loads) can be
significant.

2.2 Structural health monitoring (SHM) system

To gain a deeper understanding of the in-service
behavior, as well as ensure the safety, durability, and
serviceability of the Dashengguan Bridge, a comprehensive
SHM system was permanently installed on this bridge in
June 2011. The SHM system can automatically collect train
speeds, bearing displacements, structural strains, bridge
temperatures, and ambient temperatures. Note that the
displacement and temperature are continuously recorded. In
contrast, acceleration, strain, and speed are collected only
during train crossings. The duration of the measurements
depends on the type of train and when sensing was triggered

Downstream

Yangtze

Fig. 1 An aerial view of the Dashengguan Bridge.
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to start. The acceleration, strain, displacement, and
temperature data are recorded with the sampling
frequencies of 200 Hz, 50 Hz, 1 Hz, and 1 Hz, respectively.
Fig. 2 shows the layout of displacement sensors. The traffic
direction of each lane is also presented in this figure. Fig. 3
depicts the deployment for acceleration sensors, which
capture the vertical and transverse accelerations of each
span.

In addition, the locations of the cross-sections where the
temperature and strain sensors are installed are numerically
identified in the figure. The strain and temperature sensors
employed in this study are described herein, as shown in
Fig. 4. The designations D, S, and T in the labels represent
the displacement, strain, and temperature sensors,
respectively, followed by the cross-section location number
and the identifier for the structural members. Further, E and
W represent the east-facing and west-facing plates,
respectively. More detailed information regarding the
Dashengguan Bridge and its SHM system can be found in
Zhu et al. (2021).

3. Dynamic responses of the Dashengguan Bridge

The recorded acceleration and strain responses are
employed to determine natural frequencies and train driving
frequencies, which are introduced individually in the
subsequent section. Finally, the bridge responses under a
typical in-service train loads are presented.

3.1 Natural frequencies of the Dashengguan
Bridge

The bridge accelerations under ambient loads are shown
in Fig. 5. Transverse accelerations are slightly larger than
vertical accelerations, which are mainly produced by
crosswind and flowing water. Based on these ambient

0.4

accelerations, the natural frequencies of the Dashengguan
Bridge are extracted wusing the frequency domain
decomposition (FDD) method, as shown in Fig. 6. Herein,
the accelerations recorded during the night in January and
October are employed to consider the influence of
temperature on natural frequencies. In addition, the
corresponding average bridge temperatures are 0°C and
30°C, respectively.

As shown in Fig. 6, the Dashengguan Bridge is more
flexible in the vertical direction, with the first vertical mode
being around 0.35 Hz. Additionally, the first transverse
mode is around 0.51 Hz. Herein, numerous vertical modes
are found as the frequency increases. In contrast, most of
the transverse frequencies are smaller than 5 Hz. Note that
the influence of temperature on structural frequencies is
small; the variations of natural frequencies are less than 2%
on the interval from 0°C to 30°C.

3.2 Train driving frequencies

The driving frequencies produced by moving trains are
mainly dominated by train parameters (e.g., carriage length)
and train speed. Trains cross the Dashengguan Bridge in
both directions and with different speeds, ranging from 150
km/h to 200 km/h for the S-W-C line and from 200 km/h to
250 km/h for the B-S line. The typical train contains eight
or sixteen carriages, including the locomotive. More
detailed information regarding the train parameters can be
found in Zhai et al. (2015). The driving frequencies
produced by moving trains can be obtained as f = n-l/v,
where [ is the carriage length, which is around 25 m; v is the
train speed; and n=1,2,3, ...... (Juet al. 2009, Wang et al.
2019). Herein, the fundamental driving frequency for the
Dashengguan Bridge ranges from 1.67 Hz to 3.33 Hz.

The typical train-induced bridge accelerations are shown
in Fig. 7. The vertical acceleration is obviously larger than
the transverse acceleration. Additionally, the vertical
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Fig. 8 The dominant frequencies in train-induced accelerations.

acceleration clearly increases when trains move onto the
span where the accelerometers are located. In contrast, the
variation in the amplitude of transverse accelerations is
small during the crossing process. The dominant
frequencies of train-induced accelerations are extracted
using the FDD method. The power spectral density (PSD)
matrix is obtained by these accelerations (six for vertical
direction and four for transverse direction, see Fig. 3) and
separated by singular value decomposition (SVD) (Qu et al.
2018). If the input is harmonic wave, peak value
corresponding to the harmonic wave can be observed in all
singular values. The first singular value is always larger
than others, which is employed in this study. To ensure the
singular values produced by all trains can be observed
clearly in one figure, the first singular values are normalized
to have a maximum of 1, as shown in Fig. 8; the colorbar
displays the normalized value of the first singular value.
Note that the Run-Test method indicates the train-induced
acceleration is non-stationarity (Wang et al. 2016);
however, the time-varying characteristics of these frequency
components are not concerned herein. The data in Fig. 8 is
recorded during several overcast days in February 2013; the
temperature variation in these days is negligible, allowing
the effect of temperature on structural accelerations and
bridge dynamic properties to be ignored. As expected, the
loading frequencies identified from the acceleration changes
proportionally with the train speed.

Note that resonance occurs when the train loading
frequencies coincide with the natural frequencies, which
causes the bridge response to increase significantly. For this
bridge, the resonance is expected to occur at several train
speeds, for example, the resonance corresponding to 1.27
Hz and 2.05 Hz can occur at 31.75 m/s and 51.25 m/s,
respectively, as shown in Fig. 8.

3.3 Train-induced bridge responses

To better understand the dynamic properties of the
Dashengguan Bridge, the bridge responses under a typical
moving train are shown in Fig. 9. The location of selected
sensors is also indicated in Fig. 9. This train travels from
Shanghai to Beijing on Track 02, with the time where the
train enters and exits the Dashengguan Bridge
corresponding to approximately 10 s and 38 s, respectively.
In addition, the recorded train speed is 68 m/s. As shown in
Fig. 9, bridge responses increase significantly when the
train crosses this bridge. Note that the acceleration at the
sensor VA20 increases suddenly when the locomotive
moves on this bridge. In contrast, accelerations at other
sensors increase less, being triggered by the vibration of
adjacent spans. However, all these accelerations decrease
smoothly after the train exits the bridge.

To better understand the measured train-induced
accelerations, a time-frequency analysis is conducted using
the wavelet transform (WT), and presented in Fig. 10.
Herein, the time-frequency spectra for sensors VA02 and
VA1l are shown; the spectra for the other sensors are
similar to those shown in Fig. 10. For the convenience of
the reader, the vertical natural frequencies of this bridge are
displayed in Fig. 10(e). The train driving frequencies at 2.72
Hz, 5.44 Hz, 8.16 Hz, and 10.88 Hz are the same for
sensors VAO2 and VA11, as well as similar to the findings
in Fig. 8. The structural responses corresponding to natural
frequencies of this bridge are much smaller than the train-
induced responses, resulting in the almost imperceptible
components at several natural frequencies. These natural
frequencies continue to be seen in the spectra after the train
leaves the bridge (Spencer et al. 2015). In addition, the
natural frequencies from Fig. 10(c) are not entirely the same
as Fig. 10(d). Generally, global mode means that the
complete structure is affected; local mode means that only a
small part of the structure oscillates with the corresponding
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Table 1 The identified damping ratio

Global modes
Frequency [Hz] 2.66 545 8.15 11.00
Damping ratio [%] 1.25 2.25 1.50 1.06
Local modes
Frequency [Hz] 0.50 2.05 7.05

Damping ratio [%] 2.10 0.29 0.74

eigenfrequency. Herein, the global means the associated
eigenfrequency can be observed in more than half of
acceleration sensors, while the local means the
corresponding eigenfrequency is only identified in one
acceleration sensor. Some global modes (e.g., 2.66 Hz, 5.45
Hz, 8.15 Hz, and 11 Hz) are present in Figs. 10(c) and (d);
most of them die out at around 53 s. Several locals (e.g., 0.5
Hz, 2.05 Hz, and 7.05 Hz in Fig. 10(c) and 0.77 Hz, 2.21
Hz, and 4.55 Hz in Fig. 10(d)) are also clearly seen in the
vertical direction; these modes are dominant in ambient
vibration responses.

After trains exit the bridge, this bridge is subjected to
free vibration. In such situations, modal damping ratios can
be extracted by applying a bandpass filter to the decaying
responses. The decaying responses corresponding to 2.66
Hz, 5.45 Hz, 8.15 Hz, and 11 Hz are obtained using the
Butterworth bandpass filter, as shown in Fig. 11(a).
However, vibration corresponding to 0.5 Hz, 2.05 Hz, and
7.05 Hz in Fig. 10(c) and 0.77 Hz, 2.21 Hz, and 4.55 Hz in
Fig. 10(d) are clearly seen in ambient vibration responses.
The random decrement technique (RDT) (He ef al. 2011) is
utilized to obtain the decaying responses in company with

the Butterworth bandpass filter, as displayed in Fig. 11(b).
Then, the Ibrahim time domain (ITD) technique (Mohanty
and Rixen 2004) is utilized to obtain the damping ratio, as
summarized in Table 1. Herein, the accelerations induced
by 10 trains are employed to calculate the mean damping
ratio, and only the local modes observed in Fig. 10 (c) are
listed. The locals corresponding to 2.05 Hz and 7.05 Hz
have a lower damping ratio. In addition, most of the global
modes own a larger damping ratio.

4. Train-induced bridge deformations

Bridge deformations (e.g., bearing displacement and
structural strain) are principally produced by moving trains
(i.e., short-term fluctuations) and temperature variations
(i.e., long-term fluctuations), as shown in Fig. 12. Spherical
bearings provide longitudinal restraining forces due to the
friction, as shown for the simple truss model in Fig. 12.
Herein, the left bearing has a lateral restraint, whereas the
right bearing does not. The maximum friction force in the
right bearing is given by Fmax. The changes in the bearing
displacement would be 0 before the bearing friction is
overcome by the combination of the train-induced
longitudinal force Frr and the temperature-induced force
Frg. In addition, train-induced longitudinal forces and
temperature variations can also affect structural strains. The
train-induced longitudinal force mainly affects the structural
members, contributing significantly to the longitudinal
stiffness of bridges. In contrast, temperature equal
influences on the steel members in all directions. Note that
vertical train loads are the dominant loads during the train
crossing, producing the main component in structural
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strains. The temperature-induced bridge deformations have
been discussed in previous work (Zhu ef al. 2021); thus, in
the remainder of this section, the train-induced bearing
displacements and the train-induced structural strains are
introduced individually.

4.1 Train-induced displacement

This section describes the effect of moving trains on the

bearing displacement. As mentioned previously, the
direction of train-induced longitudinal force is dictated by
the train direction. Herein, the crossing trains are classified
into two general categories: (i) the train moving in the same
direction as the previous train (i.e., a north bound (NB) train
after another NB train and a south bound (SB) train after
another SB train), and (ii) the train moving in the opposite
direction of the last train (i.e., a SB train after a NB train
and a NB train after a SB train).
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Fig. 13 shows the autonomous monitoring data at
measurement point DO605 for these typical trains crossing
the Dashengguan Bridge. The average result for these
segments is also shown in Fig. 13 for comparison using
solid lines. These datasets are taken from data recorded on
October 1st, 2013. Note that the initial values of all data
segments are set to zero. The results in each dataset are
nearly identical. If the train moves in the same direction as
the previous train, the magnitude of the bearing
displacements exhibit responses that increase to a peak and
then return to the initial level, as shown in Fig. 13(a). The
average maximum magnitude for the North-North train is
1.64 mm, whereas for the South-South trains it is 1.42 mm.
In contrast, when two consecutive trains are in opposite
directions, the bearing plates will move in the opposite
direction, too; the average magnitude of residual
displacement of the bearing is 2.88 mm, as seen in Fig.
13(b).

Train-induced and  temperature-induced  bearing
displacements potentially result in the abrasion of bearings.
The average train-induced bearing motion associated with
each train crossing is approximately 3 mm, and roughly 300
trains cross the Dashengguan Bridge each day. On this
basis, the daily train-induced motion for bearing D0605 is
around 900 mm. Zhu et al. (2021) also examined the
temperature-induced bearing motion, which is about 4.0
mm/°C for bearing D0605. The average daily temperature
variation at the Dashengguan Bridge is around 15 /°C,
resulting in a daily temperature-induced motion for this
bearing of approximately 120 mm. Therefore, the abrasion
of bearings due to in-service trains is more significant than
the abrasion associated with temperature variations.
Moreover, because the centre bearing is fixed, the bearings
away from the centre will experience more abrasion,
resulting in higher potential for failure.

4.2 Train-induced structural strains

Train loads produce the main component of the
structural strains. Chord members are influenced by the
vertical forces, as well as the longitudinal forces, induced
by the train. However, the vertical members, which are
employed to transfer the load from the bottom chord
members to the main steel truss, are only influenced by the
vertical train-induced forces. Accordingly, the train-induced
strains in chord members and vertical members are
investigated separately.

4.2.1 Chord members

First, the strain responses are examined for the bottom
chord member S1127, which is located in the middle of the
main span at the Beijing side, as shown in Fig. 3. To focus
on the axial strain in the chord member, the strains
measured from sensors S1127E and S1127W are averaged
together and plotted in Fig. 14. The static strain due to the
initial dead loads is not included, because the sensors were
mounted after the completion of bridge construction;
therefore, the initial value for all data segments is set to
zero. Similar to the train-induced displacements, these
datasets are also classified into two general categories (i.e.,
consecutive trains moving in opposite directions and
consecutive trains moving in the same direction). The mean
strain in this chord, calculated for more than 30 trains, is
also shown in Fig. 14 as a solid line. Fig. 14(a)
demonstrates that the structural strains nearly return to zero
if the two consecutive trains move in the same direction. In
contrast, residual strain in is observed in Fig. 13(b) after
passing of the second train for the case of two consecutive
trains moving in opposite directions; this residual is due
primarily to friction in the bearings. This phenomenon is
similar to the findings for train-induced displacements
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presented in Section 4.1. Additionally, Fig. 14 shows that
the maximum strain in the bottom chord member produced
by a single train is less than 15 pe, indicating that the
bottom chord member is always operating in the linear
range. Thus, the train-induced strain in the chord members
is negligible, when compared with the temperature-induced
strain (more than 100 pe), as discussed in Zhu ef al. (2021).

4.2.2 Vertical member

Next, the second vertical member in the main span at the
Beijing side, S0907 (see Fig. 3), is considered to explore its
strain responses under in-service trains. The strains
measured from sensors S0907E and S0907W are plotted in
Fig. 15; the initial value for all data segments is set to zero.
Fig. 15 demonstrates that the structural strains nearly return
to zero after trains exit the bridge. Thus, the friction force in
bridge bearings would not affect the structural strains in the
member, which has small contributions to the longitudinal
stiffness of the bridge. In addition, the strain from sensor
S0907E is nearly a reflection of the strain from sensor
S0907W when trains move on the downstream tracks (i.e.,
Tracks 01 and 02). Therefore, the axial strain in the vertical
member, calculated by averaging the strains measured from
sensors S0907E and S0907W, is around 0. These trains only
produce bending moments in this member. In contrast, the
trains moving at the upstream side (i.e., Tracks 03 and 04)
produce both axial strains and bending moments in the
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e
.8
g
n

-2

00 10 20 30 40 50

Time [s]

(a) The downstream side

member S0907. Note that the maximum strain is around 35
pe, which is significantly less than the yield strength of
steel, as well as smaller than the temperature-induced
strains.

5. Impact factor for the steel truss bridge

The impact factor is an essential parameter in the design
of railway bridges (AREMA 2016). The impact factor is
defined as the maximum ratio of the dynamic response to
the static response and given by

IF = max (M) )

TRStatic

where TRgutc and TRaynamic T€present the static and dynamic
train-induced responses, respectively. The static response
TRuaiic 1s the pseudo-static train-induced response, whereas
the dynamic response 7TRdynamic 1S produced by moving loads
applied by the wheels of the train as it crosses the bridge. In
the remainder of this section, the impact factor in typical
members is examined first. Then, the sensitivity of these
impact factors to three parameters (i.e., train speed, train
weight, and temperature) is investigated. Note that the
impact factor is calculated based on the axial strain in
structural members; to this end, strains measured on the
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Fig. 15 Strain measurements of the vertical member S0907 under in-service trains (“E” and “W” in the identifier
represent sensors S0907E and S0907W, respectively)
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Fig. 16 Tran-induced strain responses in typical structural members; the dashed lines correspond to the recorded
strain responses, whereas the solid lines represent the pseudo-static response
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Fig. 17 Sensor layouts for the fully symmetric structural members

same member are averaged together. For example, the axial
strain is assumed to be the mean of strains in the east-facing
and west-facing plates.

5.1 Impact factor for structural members

Fig. 16 depicts the axial strains in typical structural
members (including a vertical member S0907, a top chord
member S1111, a bottom chord member S1119, and a
member adjacent to the middle bearing S1329) under in-
service trains moving on different tracks. Again, the axial
strain is taken as the mean of strains in the east-facing and
west-facing plates. In addition, the pseudo-static response is
treated as the time-varying trend of the strain response,
which is extracted wusing a multilevel wavelet
decomposition. Accordingly, the measured strain responses
and extracted pseudo-static responses are compared using
dashed and solid lines. Note that the difference between
these two signals represents the dynamic responses.

Fig. 16 illustrates that these structural strains exhibit
distinct differences even under the same trains. The bottom
chord member S1119, located in the middle truss,
experiences similar influences from trains moving on the
four tracks. In contrast, the other three members are mainly
influenced by the trains moving on the adjacent tracks. For
example, S0907 and S1111, located on the upstream truss,
are mainly affected by trains on Tracks 03 and 04; S1329 is
in the middle truss and sees more effects from trains
moving on Tracks 02 and 03. In particularly, trains moving
on Tracks 01 and 02 have nearly no influence on the axial
strain in member S0907. Similarly, the symmetric member
would not see effects from trains moving on Tracks 03 and
04.

The strain range for the vertical members is reasonably
large when trains are on Tracks 03 and 04. A similar
phenomenon occurs in S1119 when trains move on Tracks
02 and 03. The peaks in these strains correspond to the
bogies under the locomotive and carriages. Herein, the
difference in the bogie weight between locomotives and
carriages is small. The previous valleys and peaks are
generated by this train moving on the previous spans. In
contrast, the structural strain in the members S1111 and
S1329 is quite smooth, indicating that the recorded response
features mainly a static contribution with little or no
dynamic component. Therefore, the fatigue damage of
vertical and bottom members are more sensitive to cyclic
wheel loads than the top chord members and members
adjacent to the middle bearing.

The impact factors for these members can be estimated
intuitively based on Eq. (1). The impact factors for
members S1111 and S1329 are almost 0. However, the
impact factor for member S0907 reaches 0.3 when trains
move on Track 04, and the impact factor for member S1119
is over 0.4 for trains on Tracks 02 and 03. Indeed, impact
factors for the Dashengguan bridge are found to range as
high as 0.62 for nonresonance and as high as 0.72 for
resonance (e.g., in members S1117 and S1118), which will
be presented in more detail in the following subsection. The
local actions of the wheel loads may account for this
phenomenon; impact factors of the member experiencing
direct train loads are larger than the indirect member. Thus,
this study suggests that the members in truss bridges should
be designed with different impact factors. Note that
although the impact factors for members the various
members are significant, the maximum structural stresses
are still much lower than the allowable stress.

5.2 Sensitivity of impact factor

This section investigates the sensitivity of impact factors
to three factors, which are train speed, train weight, and
temperature. Herein, a pair of fully symmetric structural
members, which are located in the middle of the main span
on the Beijing side (see Fig. 3), S1117 and S1118, is
employed, as shown in Fig. 17, and are assumed to share
the same dynamic characteristics. The reason for this
selection is because the speed range of each track (i.e.,
ranging from 150 km/h to 200 km/h for the S-W-C line and
from 200 km/h to 250 km/h for the B-S line) is too narrow
for the sensitivity analysis of impact factors with respect to
train speed. The sensitivity results will be presented
individually in subsections.

5.2.1 Sensitivity of the impact factor to train speed

Fig. 18 shows the effects of train speed on the impact
factor for the selected structural members. The impact
factor increases with increasing train speed. In particular, a
prominent peak corresponding to 52 m/s is observed. The
phenomenon is because resonance occurs when the train
driving frequency coincides with the natural frequencies of
the bridge. Thus, resonance can significantly increase the
impact factor (reaching nearly 40% over adjacent values),
which should attract close attention from railway bridge
design and maintenance personnel.
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5.2.2 Sensitivity of the impact factor to train weight

A sensitivity analysis is now performed to assess how
the train weight affects the impact factors. The SHM system
installed on the Dashengguan Bridge does not record the
weight of crossing trains. Li et al. (2018) illustrated vehicle-
induced cable tension is determined by vehicle loads and
influence lines. Similarly, Wu et al. (2018) reported strain
responses of the structural strain are influenced by vehicle
loads and structural influence lines. Influence lines
comprehensively reflect the boundary conditions, geometric
properties, and material properties of a structure, which
change slightly during the normal operation. In addition,
Wang et al. (2019) demonstrated that the integral area of
strain response represents the gross train weight. However,
train-induced dynamic responses significantly influence the
integral area (see Fig. 17). Thus, the average pseudo-static
strain responses are employed to represent a relative
measure of the average weight of bogies. The pseudo-static
response is extracted using the multilevel wavelet
decomposition. Then, the k-means clustering, where &
equals 2, is operated to divide the pseudo-static response
into two parts. The cluster center with the higher magnitude
of center is employed as the average pseudo-static strain
response, representing the average bogie loads of trains. In
addition, to eliminate the influence of train speeds on
impact factors, the trains with speeds ranging from 64 m/s
to 66 m/s for Tracks 01 and 02, as well as 54 m/s to 56 m/s
for Tracks 03 and 04, are utilized by assuming each group
shares the similar dynamic characteristics. Accordingly, the
relationship between the impact factor and the average
pseudo-static strain response (i.e., average bogie loads) is
illustrated in Fig. 19. The changes in the impact factor for
these trains are relatively small, indicating that the impact
factors are almost independent of the bogie loads.
Therefore, the train-induced dynamic response changes
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Fig. 20 The relationship between impact factor and
average bridge temperature (“Txx” represents
the track number)

Table 2 The results from linear regression for the
relationship between impact factor and temperature
Track number TO1 T02 T03 T04
Slope 0.0013 0.0010 0.0001 0.0007
Squared correlation coefficient 0.5532 0.3780 0.0517 0.2534
0.3061 0.1429 0.0027 0.0642

r-squared value

proportionally with the train weight.

5.2.3 Sensitivity of the impact factor to temperature

The relationship between the impact factor and average
bridge temperature is shown in Fig. 20 for several
representative members. Similar to the previous section, the
data employed in Fig. 19 is chosen to eliminate the effect of
train speeds on the impact factor. In addition, the results
from linear regression of the data are summarized in Table
2. Increases in temperature are seen to result in a modest
linear increase in the impact factor. This phenomenon may
because the elastic modulus decreases slightly with
temperature increase (Xue et al. 2020).

6. Peak accelerations

This section investigates the sensitivity of peak
accelerations of the Dashengguan Bridge to three factors:
train speed, train weight, and temperature. Herein, the
acceleration sensors mounted on the half-bridge on the
Shanghai side are employed. Note that a low-pass filter with
the stopband frequency of 45 Hz is applied for the recorded
acceleration. In addition, the peak acceleration is denoted as
the mean of the first six largest magnitudes to eliminate
outliers. These results will be presented individually in the
following subsections.

6.1 Sensitivity of peak accelerations to train speeds

Based on the measured train-induced accelerations and
train speeds, the variations in peak accelerations with train
speeds are shown in Fig. 21. The acceleration in the vertical
direction is significantly larger than that in the transverse
direction, which is consistent with the results shown in Fig.
7. The highest peak accelerations, in all directions, occurs
for sensor VAO2. Additionally, the peak acceleration
increases for trains running at higher speeds. Trains on
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Fig. 22 The relationship between the peak train-induced transverse acceleration and the corresponding peak vertical
acceleration (R2 and Corr2 represent the r-squared value and squared correlation coefficient, respectively)

Tracks 01 and 02 typically run at relatively high speeds
(mostly over 55.56 m/s), resulting in larger accelerations
than for the trains on Tracks 03 and 04. The relationship
between the bridge acceleration and train speed provides
evidence for the harmonic vibration; the resonance causes
the bridge accelerations to increase significantly. As seen in
Fig. 21, more peaks corresponding to resonance responses
are visible in Fig. 21 than Fig. 18; the peak accelerations at
these specific train speeds increase significantly, such as 50
m/s and 65 m/s. Moreover, resonance can also be observed
at moderate speeds, and the first critical speed is around 23
m/s. Thus, Fig. 21 can provide reliable reference for
estimating the resonances of this truss bridge (both in the
vertical and transverse directions) and identifying the
critical speeds under in-service trains. Moreover, as seen in
Fig. 22, the relationship between the peak train-induced
transverse acceleration and the corresponding peak vertical
acceleration is modeled using a linear model (see the solid
lines in Fig. 22). In addition, the r-squared value (R?) and

squared correlation coefficient (Corr?) are also given in the
figure. These results indicate that the peak transverse
acceleration is relative to the peak vertical acceleration,
which is consistent with the findings of Moreu and Spencer
(2015).

6.2 Sensitivity of peak accelerations to train
weights

The changes in the peak acceleration with the variations
of train weight are investigated in this subsection. Similar to
Section 5.2.2, the average pseudo-static strain response in
sensors S1117 and S1118 is used as a surrogate for the
average bogie loads for the trains. Accordingly, the
relationship between peak acceleration and corresponding
average pseudo-static strain is shown in Fig. 23. In addition,
the results from linear regression of the data are
summarized in Table 3, where the squared correlation
coefficient ranges from 2.9 x 10 to 0.1964. These results
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Fig. 23 The relationship between peak acceleration and average bogie load for trains on various tracks
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Table 3 The results from linear regression for the relationship between peak acceleration and average

bogie load
Sensor Parameter Track
Track 01 Track 02 Track 03 Track 04
VA Squared correlation coefficient 2.89 x 1070 0.1964 0.0325 0.0605
Slope -0.0015 0.1599 0.1078 0.0679
VAO4 Squared correlation coefficient 0.1179 0.0044 0.0622 0.0375
Slope 0.2213 0.0205 0.0952 0.0492
VALL Squared correlation coefficient 0.1456 0.0758 9.61 x 1070 0.0119
Slope 0.1859 0.1266 0.0018 0.0219
AL Squared correlation coefficient 0.1208 0.0431 0.0393 0.0026
Slope 0.1366 0.0457 0.0901 -0.0193
TALL Squared correlation coefficient 0.1721 0.0880 0.0327 0.0223
Slope 0.1111 0.0634 0.0372 0.0187
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Fig. 24 The relationship between peak acceleration and average bridge temperature for trains on various tracks

Table 4 The results from linear regression for the relationship between peak acceleration and average
bridge temperature

Sensor Parameter Track
Track 01 Track 02 Track 03 Track 04
VAO2 Squared correlation coefficient 0.3750 0.1565 0.0500 0.0060
Slope 0.1837 0.0826 0.0486 0.0106
VAO4 Squared correlation coefficient 0.1151 0.0907 0.1118 0.0918
Slope 0.0724 0.0539 0.0465 0.0382
VAL Squared correlation coefficient 0.0897 0.2404 0.0046 4.49x10
Slope 0.0483 0.1305 0.0142 0.0007
AL Squared correlation coefficient 0.0541 0.0005 0.0260 0.0959
Slope 0.0303 -0.0030 0.0267 -0.0580
TALL Squared correlation coefficient 0.3222 0.0061 0.0073 0.0022
Slope 0.0159 -0.0104 0.0064 0.0029
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indicate that the peak acceleration is relatively insensitive to
increases in train weight.

6.3 Sensitivity of peak accelerations to temperature

The relationship between the peak acceleration and
average bridge temperature is presented in Fig. 24; the
corresponding results for the linear regression are listed in
Table 4. Sensor VAO2 and VA1l demonstrate a modest
correlation between acceleration and temperature,
particularly the trains on Tracks 01 and 02, with the squared
correlation coefficient ranging from 0.0897 to 0.3750; this
influence of temperature is seen to be more pronounced for
higher speed trains. However, for the other sensors
considered (i.e., VAO04, TAO4, and TAIll) the peak
accelerations are relatively insensitive to increases in
temperature.

7. Conclusions

To offer better understanding of the behavior of the
long-span steel truss bridge under in-service high-speed
train loads, this study explored the structural behavior of an
in-service long-span steel truss arch bridge based on long-
term field monitoring data. The train-induced bridge
deformations illustrated the friction force in bearings causes
residual deformations (e.g., bearing displacement and
structural strain in chord members) when two consecutive
trains are in opposite directions. Based on the train-induced
strain response, the impact factors for different types of
members are calculated; the results demonstrated the impact
factors for the chord and transverse members in the bottom
truss, as well as vertical member, are significant when trains
are on adjacent tracks. In addition, the impact factor is
mainly affected by train speed, and resonance can
significantly increase the impact factor. In addition, the
sensitivity analysis was performed for the peak acceleration
with respect to the train speed, train weight, and
temperature. Similar to the impact factor, the peak
acceleration is also mainly affected by train speed,
particularly near resonance. Note that bridge temperature
has a larger influence on the peak acceleration in the
vertical direction than in the transverse direction. These
results can validate previous analytical research (e.g.,
numerical simulations), which can also provide additional
insight into the behavior of the long-span steel truss bridges
under in-service high-speed train loads.
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