


























(Guangzhou and Nanning sides), mid-span deck (both upstream and downstream
sides), and at the top of arch [Fig. 7 and Fig. 8(a)]. The wind speed resolution is 0.01m/s
with the sampling frequency of 1 Hz. The maximal wind speed measurement of the
Windsonic is 60m/s

For the dynamic actions, the vibration testing was employed to analyze the natural
frequencies, damping ratios, and mode shapes of the entire structure. Also, it was used
to detect the general damage location (Cho et al. 2010, Li et al. 2007). Totally, there are
17 uni-axial accelerometers (ACC) distributed on the deck and at top of arch. Three
tri-axial ACCs were installed on mid-span deck (upstream and downstream) and at the
top of arch. A tri-axial ACC is comprised of three uni-axial sensors placing in vertical,
lateral, and longitudinal axes. The longitudinal is not taken into account for the bi-axial
ACCs. The locations at the quarter-span and three quarters-span of deck on upstream
and downstream sides were equipped with bi-axial ACCs. In order to reduce impact
from the external environment, the ACCs were first welded on the surface of steel plates,
and then they were covered by stainless boxes and sealed with a sealant, as displayed
in Fig.8(b). The Mode 941B ACCs, manufactured by Zhengheng Technology Company
in China, were selected. It has four shifts containing acceleration shift, large-, medium-,
and small-speed shifts. The medium-speed shift was employed to record the vibration
for the Xijiang bridge. The sampling time length is 60s with the frequency of 51.2 Hz.

Local fatigue damage is more easily induced under non-periodic cyclic loading
action in the long term. Xijiang bridge is a steel structure that is suffered from repeated
train loading. Since strain is a key local parameter to reflect the structural performance
in a more refined level (Wang et al. 2016a), the dynamic strain monitoring is a
necessary. The mid-span section was selected as the key section. Six dynamic strain
gauges (DSG), model BS-8FT made in Japan from KYOWA company, were
symmetrically distributed on the mid-span deck. The strain gauges are able to
simultaneously measure strain and temperature. Furthermore, it is designed with
self-temperature compensation to eliminate the influence of environment temperature.
The rated capacity of BS-8FT is £1000 um/m, and the safe temperature range is from
-30°C to 80°C. The shielded stainless boxes were also used to protect the strain gauges,
as shown in Fig. 8(c).

According to the requirement of bridge managers, a video monitoring system was
laid on the arch above 20m from the deck at Guangzhou side. A high-resolution camera,
SONY700, was used as part of the HMS, as shown in Fig. 8(d). The video monitoring
system can directly observe the status of deck and track when the bridge suffers strong
wind or the train runs on the bridge. Also, it improves the visual degree of health monitor
system.

3.2.2 Acquisition instruments

The entire DATS is divided upstream and downstream parts. All the sensors
distributed on the upstream/downstream decks were centralized around the base
station. The IEEE1588 protocol LXI-class, a standard clock synchronization technology
was adopted (Peng el al. 2009). In the HMS of Xijiang bridge, the high-performance
front-end acquisition devices, INV 3060V, was employed. This device is designed with
multiple embedded processors including FPGA (Field Programmable Gate Array), ARM
(Advanced RISC Machines, RISC-Reduced Instruction Set Computer) and DSP (Digital
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Signal ), which can realize off-line measurement, automatic identification of the sensor
types, automatic completion of high-precision calculus analysis for the real-time signal
(Jamro el al. 2012, Yang et al. 2006). Due to the ARM processor embed into the device,
working parameters and control commands can be fully controlled via the internet, which
meets the intelligent requirements of HMS for the HSR bridge (Yang et al. 2006). In
order to assure the durability of acquisition devices and the working stability of
acquisition devices, several measures were taken for each base station. For examples,
a lightning-proof stainless cabinets was used as an outermost protection. Also a
temperature controller was fixed to ensure the acquisition device works in a thermostatic
environment. Additionally, an intelligent power switch was installed in the cabinet, which
aims to avoid the apparatus burning out due to instantaneous high voltage. An
uninterrupted power supply (UPS), which protects the base station components from an
unexpected electric surges and outages, was employed as well. The base station and
its components are shown in Fig. 9.
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Fig. 9 The base station.

3.3 Field measurement results

The HMS was established in August 2013. The system has been in good condition
since its installation. A successful early-warning was observed on June 21th, 2015 when
the typhoon Kujira attacked the bridge site. The information was timely return to the
bridge managers, and the measures were implemented in time to guarantee the train
running safety on the bridge. The reliability of DASP-MTS was verified in this event. In
this section, the wind environment monitoring and vibration monitoring are selected to
further demonstrate the efficacy of the HMS.

(i) Wind environment monitoring. Based on the Xijiang bridge project, several
customized subprogram were designed and implemented in the DASP-MTS, which can
timely realize 10-min mean wind-speed and wind direction. In addition, three-level warn
lights were set up according to various wind speeds. Wind samples are firstly
transmitted to the CC center, and then are effectively managed under the DASP-MTS.
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Users input the website address using an internet browser, which facilitates ease
acquirement and analysis of the real-time uploaded samples online. Data query and
data analysis are two main functions of DASP-MTS. For the data query, five core parts
are organized where users can view the time histories of wind speed samples, check the
historical trending in a certain period, inquire the warn situations, download the original
data for post-processing and produce a wind characteristic report in term of site terrain.
For the data analysis, it focuses on providing various data online processes such as
statistical, auto-spectrum and correlation analyses between different monitor locations.
The processing flow of wind data in the DASP-MTS is shown in Fig.10.
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Fig. 10 The processing flow of wind data using DASP-MTS.

A large amount of wind speed data has been recorded since the HMS initiated
including the Typhoon Kujira in June 2015 (He et al. 2017), as shown in Fig. 11. As
shown, the changing of wind speed during the typhoon was quite distinct and the
maximum instantaneous wind speed was larger than 20 m/s. While the typhoon is a
special case for the bridge managers since special measures such as speed limit may
be adopted, the wind characteristic in normal climate is the vital resource to obtain the
extreme wind speed at the bridge site. Also, it provides significant references to study
the train-bridge coupled vibration system subjected to the wind action (Xia et al. 2008).
Therefore, the wind characteristic was analyzed based on the long-term measured data.
Figs. 12(a)-(c) illustrate the statistical results of mean wind speed, wind rose map and
power spectral density (PSD). It can be seen from these figures that the wind speed in
normal climate at the Xijiang bridge is relatively low. The maximum wind speed is mainly
from S, NNE, NNW directions, with the wind direction frequencies of 29.6%, 12.5% and
21.1%, respectively. In the PSD, a comparison with the Karman spectrum is shown.
Generally, Karman spectrum is in good agreement with the measured one. The
discrepancy between the empirical and measured PSDs may be due to the
modifications from surrounding terrains.
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Fig.12 Field measurement of wind environment.

(ii) Vibration monitoring. The vibration data is mainly utilized in modal parameters
identification (He et al. 2011), the verification of existing analytical theory and updating
the finite element model (FEM) (He et al. 2008). The processing procedure of vibration
data using DASP-MTS is similar to the wind data case,as shown in Fig.10, although the
specific signal processing methods are different. At present, there are 82 trains running
on the Xijiang bridge every day. Fig. 13 illustrates the bridge response when a
high-speed train, CRH2A (China Railway High-speed 2A), runs on the bridge. As shown
in the figure, the ACC can accurately capture vibrating signals, and the vibration trends
is also in accord with the fact that the primary vibrating is from vertical direction while the
vibrating in lateral is minimum (Xia et al. 2005). In general, the response is small due to
the large stiffness of bridge. According to the Fig. 13(b), the maximum displacement in
vertical, lateral, longitudinal directions are 0.810 mm, 0.021 mm and 0.605 mm,
respectively. Furthermore, the frequency identification is carried out using various
methods including peak-picking (PP) (Fig.14 (a)) and stochastic subspace identification
(SSI) (Fig.14 (b)) (Li et al. 2007, Yu et al. 2005, Cho et al. 2010). The identified results
are compared with the values by FEM, as listed in Table 1. The first five model
frequencies were successfully identified, and the results is in good agreement with the
FEM.
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Fig. 13 The measured response at the mid-span as the train runs on the bridge.
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Fig. 14 Model identification.
Table 1. Frequency identification using various methods
Mode Frequency
No. PP SSI  FEM Mode type
1 0.395 0.391 0.408 The 1% symmetric lateral bending of the beam
2 0.421 0.415 0.423 The 1* anti-symmetric vertical bending of the arch
3 0.525 0.525 0.532 The 1% symmetric lateral bending of the beam
4 0.622 0.627 0.618 The 1* anti-symmetric lateral bending of the arch
5 0.797 0.790 0.756 The 1% symmetric vertical bending of the beam
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4 CONCLUSIONS

Cloud computing is applied to the health monitoring of high-speed railway bridge,
which makes the data transmission and storage more convenient. Collected data can be
transferred to center cloud services via wireless network without installing any software.
Users at any location can obtain the real-time monitoring results from the system since it
can realize remote monitoring. The system can also automatically operate and perform
a number of functions. In comparison with conventional health monitoring system of
high-speed railway bridges, the developed DASP-MTS online monitoring in a
Browser/Server frame is more suitable for high-speed railway. The DASP-MTS of the
Xijiang bridge has been in good condition since its installation. The efficacy of HMS on
the Xijiang bridge is verified by preliminary monitoring results from wind environment
monitoring and vibration monitoring.
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