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,e phenomenon of vibration is quite frequent in various engineering works. Vibration analysis and monitoring occupy a
significant place in scientificmeasurements and engineering applications.,e quality of the underline structure actively influences
the response of high-speed railway track plate and trackside. Due to years of service and under the action of train loads, bond
failure between supporting track plate and cement asphalt mortar layer will imminently occur. And this will significantly influence
the vertical dynamic response of a track slab and severely affect the safe operation of the entire railway system which can
subsequently lead to a risk of derailment. Firstly, the purpose of the present study is to develop a practical 2D dynamic interaction
model of vehicle-track subgrade based on a two-step simulation capable of analyzing the dynamic response of a track slab under
different fault distribution in the CA mortar layer by using the commercial software Abaqus. Secondly, the distributed optical
vibration sensing (DOVS) technology is discussed and applied on a section of high-speed railway near the Hongqiao station which
has been in operation after a long period of degradation for real-time vibration monitoring. Overall, the numerical simulation
results show that, in the elastic field, the track plate defects have a significant amplification effect on the vibration, and the
magnification can be more than 2 to 3 times. ,e vibration monitoring results reveal two elements of the fault effects on the track
slab dynamic response: the amplification of the dynamic response when the train is arriving and leaving the monitoring section
and also causing extreme resonance when the train is passing increasing the vibration signal largely.

1. Introduction

High-speed railway is an integral part of the modern
transportation mode. However, it has raised more complex
engineering problems. ,e entire railway system must be in
excellent condition to guarantee traveling safety and com-
forting. A ballastless slab track is an advanced structural
form of nonballast tracks; it is extensively applied in high-
speed line due to its highly consistent track geometry, its
longer lifespan, and the reduced need for maintenance [1].
Generally, the structure is composed of rail, fastener, track
slab, filling layer of cement emulsified asphalt mortar
(CAM), and concrete base. ,e diseases existing in the
underline structure of high-speed railway are complex and

diverse. ,e track plate diseases are generally: concrete
cracks, CA mortar layer debonding, reinforcement corro-
sion, ageing infrastructure, basement subsidence, mud, and
slope failure as discussed in [2, 3]. According to Che et al.
[4], the defects in the CA mortar play a critical role in the
increment of the track slab vibration magnitude. Field in-
vestigation shows that the faults in the CA mortar layer will
grow by long-term dynamic loading and bring potential
risks to the operation safety [5]. With regard to transport
infrastructure and in response to these complex diseases and
damages, track maintenance and operating practices are of
vital importance as discussed in [6].

,e most commonly used methods for detecting the
diseases existing in high-speed railway underline structure
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mainly include the following categories: manual measure-
ment, strength detection, dynamic response vibration
monitoring, elastic wave detection, ultrasonic detection, and
radar wave detection. Manual detection relies mainly on
manual search and small-dimensional tools, which can only
detect superficial diseases and they are inefficient to some
extent [7]. Strength detection is the primary challenge in the
condition assessment of existing infrastructure using con-
crete rebound hammers and other equipment, and it is
impossible to find internal defects and diseases. Pro-
fessionals prefer nondestructive methods to avoid further
damage to an already struggling structure [8]. ,e radar
method is based on the frequency of a returned signal as an
indication of range. ,e radar signal is slightly weak, the
detection depth is limited, and it is difficult to quantitatively
analyze the degree of damage [9]. ,e ultrasonic method is
widely used, but ultrasonic transducers are required to
ensure the accuracy of detection. ,is is not possible in road
engineering and tunnel engineering [10].,e nondestructive
testing method based on the elastic wave principle is
regarded to be highly useful for determining the sub-
structure and analyzing the disease by processing the elastic
wave echoes under different excitation conditions as dis-
cussed in [11–13]. ,ey include different testing methods
such as impact imaging method, the surface wave method,
elastic wave tomography, and seismic response method.

,e response of railway tracks and trackside vibration
are strongly governed by the quality of the track. Defects or
nonhomogeneities in the track and substructure can re-
markably increase the dynamic response in the system,
leading to further deterioration of the track. ,is issue is
more dramatic in high-speed lines where the debonding of
CA mortar layer appears almost in all sorts of ballastless
tracks, and this will not only cause violent vibration of the
system vehicle-track but also subsequently lead to a potential
derailment of the train. Vibration monitoring and survey is
of vital importance in structural dynamics and geotechnical
engineering applications. Accurate measurement and
monitoring of vibration are crucial for detection of anom-
alies and prewarning of infrastructure failure [14]. A great
many traditional vibration sensors suffer from electro-
magnetic interference which is not suitable for applications
in harsh environments.

Moreover, as discussed in [15]; the accelerometer-based
systems can offer high-precision information but can only
provide a short monitoring distance and require a high
maintenance cost which makes them unsuitable for the
actual needs of modern engineering measurement. As the
field of vibration sensor has advanced, strong interests exist
for new vibration sensors replacing the traditional sensors to
improve cost-effectiveness and the immunity to electro-
magnetic interference. Optical fiber sensors have received
considerable research attention since it was proposed. ,ey
operate with the same physical principle to measure strain,
temperature, acoustic field, pressure, vibration, and other
quantities by modifying the fiber so that the amount to be
measured modulates the intensity, phase, polarization,
and wavelength or transit time of light in the fiber. If sensing
is distributed along the length of the fiber, an optical

time-domain reflectometry (OTDR) is needed to locate the
position of the intrusion or disturbance [16]. Distributed
optical vibration sensors have several advantages: distrib-
uted and multiplexed topologies, small size, large-scale
monitoring, excellent flexibility, and compatibility with
data transmission network [17].

In this paper, a practical 2D dynamic interaction model
of vehicle-track subgrade based on a two-step simulation
capable of analyzing the dynamic response of high-speed
railway track line under different fault distribution in the CA
mortar layer by using the commercial software Abaqus is
developed. ,en, based on the OTDR technology, a vibra-
tion monitoring was conducted on a section of railway near
Hongqiao high-speed railway station. ,e relationship be-
tween fiber vibration signals and the CA mortar fault dis-
tribution was discovered during the train passage.

2. Working Principle of Vibration Detection
Using Distributed Optical Fiber Sensors

Distributed vibration sensors operate a real-time detection,
location, and prewarning of the surrounding vibration
signals. ,e system has been widely used in the intrusion
detection and the surveillance of important areas such as
military bases, nuclear reactor facilities, and electrical power
plants. It has broad application prospects in continuous
distributed monitoring of track, airport runway, and
roadbed, and it is quite suitable for pipeline monitoring due
to its large monitoring scale. An optical time-domain re-
flectometer (OTDR) is the simplest distributed optical
sensor, and it is based on the Rayleigh scattering. ,e
Rayleigh scattering is the most critical factor for determining
the transmission loss of an optical fiber [18].,e light source
is a highly coherent and narrow-linewidth laser which is
suitable to enhance the interference effect of the light and
avoid several scatterings in the wavelength induced by
different polarization transformations of various frequency
components in the light source as discussed in [19, 20].

,e principle of a phase-sensitive optical time-domain
reflectometer (OTDR) was initially introduced in the sensing
application by Henry F. Taylor in early 1993 [21].,e overall
structure of OTDR-distributed optical fiber vibration
sensing system is shown in Figure 1.

It is composed of a laser source; an optical modulator
and demodulator to convert the input light into a range of
pulse light; an Erbium-doped fiber amplifier (EDFA) to
amplify and generate a synchronized pulse light after the
modulated light been the object of losses and dispersions
according to the phenomenon of scattered light with the
Rayleigh scattering light as the most dominant elastic
scattering light [22]; an optical coupler to collect the series of
pulse light in order to transmit the final pulse light simul-
taneously throughout the fiber under test (FUT) for dis-
turbance detection; a photodetector to convert the returned
optical signal into an electrical signal; and a data acquisition
card equipped with an A/D accessory (analog-to-digital
converter) to preprocess and finally to transfer the signals
to a computer information management system. ,rough
the analysis of the disturbance information, the system alerts
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the main controller system for a prewarning. Hence, after
emitting a high-power narrow-linewidth optical pulse, the
Rayleigh scattering light signal is sampled at high speed, and
the data collected are sent to a computer for further analysis.
According to the analysis result, the system can determine
whether there is any illegal intrusion event.

,e distributed optical vibration sensing (DOVS) system
developed by Shanghai Baian Technology Co. Ltd is applied
in this monitoring project. DOVS uses an embedded sensing
fiber as a distributed sensor to collect locomotive-induced
vibration signals and then process the signals based on the
principle of Φ-OTDR fiber interference.

3. 2DFEMtoSimulate theTrackPlateVibration
Response under Different Distribution
States of the Voided Cement Asphalt Layer

3.1. Model of Single Wheel Vehicle-Track in a Sequential
Dynamic Loading Mode. To determine the dynamic re-
sponse of the track slab under different faulty CA mortar
distributions, the elastic wave propagation is simulated on a
2D multilayered finite element model. One single wheel axle
is taken into consideration, and the wheelset power is
simplified to 11 axial loads. Since the fasteners connect the
rail and the subrail structure as a whole and transfer the train
dynamic load on the slab surface, a Ricker wavelet is used as
the wheelset centrifugal acceleration force as shown in
Figure 2. ,e Ricker wavelet is often used as an artificial
excitation force in the dynamic simulation analysis [23, 24],
and it is defined in the time domain as [25]

r(τ) � 1−
1
2
ω2
pτ

2
􏼒 􏼓exp −

1
4
ω2
pτ

2
􏼒 􏼓, (1)

where τ is the time (in seconds) and ωp is the most energetic
frequency (in radians per second).,e waveform consists of a
peak and two troughs, or side lobes. ,e convergence is fast,
the waveform shape is simple, and the duration is short. ,e
total propagation time is estimated to be 0.5 s and formulated

at a peak frequency ωp � 500Hz and found to have high-
frequency vibrations [26].,e fluctuation of energy is set for a
sampling interval of Δt � 0.0002 s, while the peak value of the
centrifugal acceleration induced is unit amplitude and the
corresponding time is τ � 0.02 s.

,e wavelet is directly applied on a position corre-
sponding to the fastener of each track plate. It has a frequency
of 500Hz and a duration of 0.5 seconds. Assuming the railway
has a homogeneous profile in the track’s direction and the
train runs at a speed of 300 km/h, and the distance between
two fasteners is 5m, the time interval ∆t between two
neighboring fasteners can be expressed as follows:

Δt �
Δs
v

, (2)

where Δs is the distance between two neighboring fasteners
and v is the train speed. ,e amplification factor of the
dynamic load is 3 for a design of more than 300 km/h of
speed [27].
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Figure 1: Structure of an OTDR-distributed optical fiber vibration sensing system.
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Figure 2: Ricker wavelet waveform distribution.

Shock and Vibration 3



In this paper, a two-step simulation, namely, excita-
tion and propagation discussed in [28], was extended such
that the vehicle-track subgrade and track-soil dynamics
are calculated separately. ,e vehicle-track subgrade
providing the excitation source is modeled using a single
moving wheelset finite element model. ,e waveforms
generated by the dynamic interaction of the wheelset are
then saved and used within the track-soil model. During
the first step, a Ricker wavelet is separately applied at each
fastener position, and then all the output waveforms
recorded across the track line are superposed in accord
with the time interval between two fasteners. ,e gen-
erated waves are the wheelset excitation on the track slab,
and during the second step, the dynamic sequential
loading mode is adopted by propagating along the track
line the wheelset excitation in one time-step and in accord
with the time interval. Figure 3 shows the flowchart of the
dynamic response computational method.

Figure 4 illustrates the coupling single wheel vehicle-
track model built in this study according to the Chinese
high-speed railway embankment design code. It consists of
a track line of 57m computational length and 2.03m width.
,e track line is composed of 11 track plates of 5m long
each and includes five layered mediums. Table 1 shows the
parameters of each material including density ρ, elastic
modulus E, Poisson’s ratio μ, and damping coefficient δ. A
good representation of damping is important for the finite
element analysis of ground vibrations. Material internal
damping and boundary damping play a key role in the
vibration attenuation. ,e material damping (δ � 0.05) was
set by default in the finite element computation as a small
damping parameter to quickly remove the high-frequency
vibration without having a significant effect on the track
slab response. Boundary damping often referred as radi-
ation damping was used at the edges of the mesh part so as
to attenuate the vibration. ,ese boundaries which are
composed of viscous dampers are sometimes used to im-
prove the modelling of semiinfinite environments such as
soil under a building (for example, for the study of soil-
structure interaction in earthquake engineering). ,is
depreciation is called radiation damping and must be
placed at the boundaries of the finite element models. In the
finite element model, these dampers dissipate energy well
but actually represent a transfer of energy to the semi-
infinite medium that is not represented in the finite element
model. ,e fault material (elastic modulus significantly
reduced) is assigned in the middle track plate with a dif-
ferent rate as shown in Table 2. From top to bottom, the
track plate layers are composed of concrete, CA mortar
layer, a support plate in concrete, a rock layer, and the
basement in natural ground. ,e thickness of each medium
is shown in Figure 4. Considering that the damping dif-
ference between layers under structures is infinitely small, a
tie contact property modelling of the finite element is
adopted. A void of 0.2m is arranged to separate two dif-
ferent track plates limiting the displacement of the track
slab. Due to the massive size of the model, a multilevel of
the mesh is used in the key analysis part. ,e total number

of nodes in the finite element model is 347391, and the total
number of elements is 326880.

3.2. Results and Discussion. ,e results computed with dif-
ferent CAmortar faulty rate and the output points taken every
0.4m from the middle track plate excitation source have been
selected for study case. ,e outputs are the vertical velocity of
the dynamic response. Figure 5 shows the typical time his-
tories of vibration velocity of the wheelset along the track line
structure. It presents the same main characteristics as dis-
cussed in [29, 30]. ,e positive sign indicates the downward
vibrations. ,e amplitude of the vibration velocity on the
track line is about 0.27mm/s. It can be seen that the positions
of the wheelset axles are well described from the waveform
peaks. Also, the vibrations are constantly transmitted on the
track plate after being strongly dominated by the wheelset.

Figure 6 shows the vertical dynamic response distri-
bution of the track slab at different CA mortar faulty rates.
It can be seen that centrifugal dynamic response oscillates
slightly near the load position when the faulty CAM rate is
between 0% and 20%. When the faulty CAM rate is over
20%, it oscillates sharply across the slab track with vertical
surface acceleration fluctuations being most significant.
,e peak velocity is located precisely at the wheel-rail
contact point S2 for a CAM faulty rate of 40%.

Figure 7 shows the average velocity of the track slab with
different faulty CAM rates. ,e dynamic response at different
node points in the middle track slab is studied, which implies
the vertical velocity response values. Altogether, six node
points are considered, the maximum average values appear at
the node S4.,e node points S1, S2 and S3 give nearly the same
average velocity which is the smallest. ,e response in the
nodes S1, S2, and S3 are actively and continuously dominated
by the excitation of the wheelset. Also, it can be seen that the
dynamic response intensifies sharply from a faulty CA mortar
rate of 0%–10%which is its peak value.,e peak average value
of the dynamic response occurs due to extreme resonance
caused by the faults in the CAM. ,e influence starts de-
creasing slowly at a faulty rate over 10% and reaches a steady
state similar to that of the flawless CA mortar layer. Assuming
that the increment of the dynamic response is relative because
of the faults existing in the CAmortar layer, it is coherent that
the shrinkage of the vertical dynamic response occurs at a
faulty rate over 10% as this represents well the nonlinear
behavior of the defect material. It should also be noted that the
above numerical simulation is the computed result in the field
of complete elasticity of the material, and only the amplifi-
cation effect of the medium on the elastic wave is considered.
In fact, the vibration of the train includes not only the am-
plification of the material but also the variation of the exci-
tation source itself. Equal phenomena are most likely because
much more internal microcracks are accumulated in the CA
mortar layer with more substantial initial damage and thus
weaken the dynamic strength of the track slab. At this state, it
may lead to the formation of track dynamic irregularities.
Hence, it will be most likely to alter the running behavior of
high-speed trains and to lead to a potential derailment.
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Figure 3: Flowchart for the dynamic response computational method.
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Figure 4: Finite element model of the underline structure.

Table 1: Model material parameters.

Material number Material ρ (kg/m3) E (GPa) µ δ
1 Concrete 2400 34.5 0.2 0.05
2 CA mortar 1400 25 0.168 0.05
3 Defect 1100 0.001 0.45 0.05
4 Rock layer 2600 27 0.22 0.05
5 Basement 2300 25 0.25 0.05
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4. Application of Vibration Monitoring in
Hongqiao High-Speed Railway Station

4.1. Monitoring Section. As shown in Figure 8, the site is
located on the east side of the Shanghai-Hangzhou railway
overpass at the intersection of the Shanghai Songjiang highway
and Jiamin elevated road and is about 10 km from the
Hongqiao high-speed railway station.,e north side of the site
is the highway interchange, and the west side is the Puhuitang
river.,emonitoring section is 15mof length, and it is located
on the east side of Puhuitang River Bridge. It includes a double
track railway line. ,e results of the field investigation show
that two track plates numbered, respectively, L00526 and
L00528 havemore visual defects.,is section of the track plate
has been in operation after a long period of deterioration
(existence of debonding, cracks, and shelling) in the CA
mortar layer. L00526 visual defect is themost serious with 15%
of faulty rate. Debonding and cracks can be located visually in
the CAmortar layer as shown in Figure 9.,e field-testing was
implemented for two days. In the first day, the quality of the
CA mortar remained defective and been repaired in the next
day. Twenty trains have passed through the monitoring site
including ten trains in the left track and ten trains in the right
track. For brevity, the results of four trains with the most
induced vibration are only listed below.

,e impact imaging method was applied to detect the
structural quality of the track as discussed in [31]. ,e initial
offset imaging profile of the received wave is lined by co-
ordinates of the sensors with an offset of 25 cm. Figure 10

shows the waveform response energy distribution in theX-axis
andY-axis before and after the repair of L00526 track. It can be
seen that the waveform response in the two directions was
significantly was too poor before the repair work.,e response
energy of the defect part of the CA mortar layer is about 2.5
times of the defect-free part. ,e position of the defect can be
visually seen in the cloud image. ,is is in good agreement
with the numerical simulation results. After the repair work,
the compactness of the CAmortar layer has been considerably
increased, and the overall defects have disappeared.

Table 2: Fault distribution in the cement asphalt layer.

Fault units Fault length (m) Fault area (m2) Fault percentage
1 0 0 0
2 0.5 0.015 10
3 1 0.03 20
4 1.5 0.045 30
5 2 0.06 40
6 2.5 0.075 50
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4.2. Sensor Arrangement. ,e sensing system uses a physi-
cally robust polymer optical fiber (POF) to transmit light
(signals data) over large distance with very small losses
through the core of the fiber and a data processing system
based on DOVS technology to measure the amplitude of
vibration signals. ,e cross section of the POF is 1mm in
diameter, and fluorinated polymers are the cladding material
with slightly lower index of refraction than the core. A coating
layer made of polyimide is applied around the cladding in
order to withstand the extended use of such a bending or
stretching operation. Table 3 shows some of the main tech-
nical indicators of the DOVS analyzer (Figure 11), including
measuring distance, positioning accuracy, and detection rate.

As shown in Figure 12, the track plates in the left line
numbered L00526, L00527, and L00528 are the primary
objects of themonitoring, and in the right line, the track plates
figured R00526, R00527, and R00528 with an excellent
structural quality were selected for corroborating evidence.
During the field measurements, the optical fiber cable was
rigorously fixed on the track slab to allow it to survive heavy
dynamic impact when the train is passing through the
monitoring section. Considering that the positioning accu-
racy (spatial resolution) of the optical fiber vibration mea-
surement is about 8m, in order to improve the positioning
accuracy, 10meters of optical cable is used to form a ring of
15 cm diameter attached to the surface of the track slab, and
the discrete points are sampled at an interval of 0.4m along
the fiber under test. ,e distance between two neighboring
rings is 5m as shown in Figure 12. ,e measured value is the
average signal measured over the sampling interval. Table 3
shows the sampling points based on coordinatesXi of discrete
measurement points defined as follows:

Xi � x0 + i · dSI, i � 1, 2, 3 . . . , n, (3)

where x0 is the coordinate of the first point on the sensor, dSI
is the sampling interval, and n is the number of the discrete

measurement point. ,e parameters are set depending on
project requirements. ,e rings 1, 2, and 3 correspond to the
right line, and the rings 4, 5, and 6 correspond to the left line.
,e distance between the sampling points is shown in Table 4.

4.3. Vibration Monitoring Results. ,e distributed optical
vibration sensing system used in this study provides only a
continuous (in space) monitoring data along the optical fiber
under test with high spatial resolution in order of meters.
,emeasured data are the average reflected light wavelength
through the optical fiber in the order of nanometers. ,e
waveform amplitude method is used to process the moni-
toring data by comparing the vibration signals measured in
the right and left track lines before and after the L00526
repair work. Figure 13 shows the original disturbance signal
and sampling points along the track line.,e signal recorded
is the disturbance data that directly touch the optical fiber or
pass to the optical fiber through the structures when the train
is on operation. ,is recorded signal is then processed, and
the positions corresponding to the rings in each track plate
are only considered. ,e comparison is conducted following
3 phases, namely, when the train is arriving, passing, and
leaving the monitoring section. ,e train is considered to be
approaching when the locomotive head is 10 seconds from
the monitoring section. It is passing when the head arrives at
the monitoring section until the train tail departs. Similarly,
the train is considered to be leaving when the locomotive
head is 10 seconds after the train tail leaving the monitoring
section completely. Tables 5 and 6 show the process and the
conditions of the field measurement.

,e vibration signals recorded on the right track line
(R00528, R00527, and R00526) selected for corroborating
evidence are the lowest due to the good structural quality,
and they have almost a uniform distribution during the train
operation (Figures 14 and 15). Considering that the trains
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having different loads, a variation of the vibration response
amplitude is observed, but still, a uniform resonance is noted
during all the 3 phases. Additionally, significant differences
were found between the vibration signals recorded before
and after the L00526 repair work. ,e vibration signals have
not only reduced but also maintained a uniform distribu-
tion. In the left track line (L00526, L00527, and L00528)
when the train is arriving, the wheels have no action yet on
the monitoring section. ,erefore, the vibrations recorded

Right
track

Left
track

R00526 R00527
R00528

L00526 L00527
L00528

(a) (b)

Figure 8: Monitoring site: (a) Site location; (b) Repair work of the L00526 track plate.
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Table 3: Main technical indicators of the DOVS technology system
(fiber optic sensing analyzer).
Measuring distance 1∼40 km
Positioning accuracy ±8∼20meters
Detection rate >97%
False alarm rate <3%
Communication interface Network interface, RS232, USB
Operating voltage AC100∼40V, 50∼60Hz
Working power <30W
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mainly reflect the amplification of the dynamic response
induced by the faults in the CA mortar (Figures 16 and 17).
When the train is passing, the centrifugal force of wheels
combined with the action of the structural defects increases
mostly the vibration signal. ,e track plate L00526 with the
most visual defect has noticed stronger signals. Similar to the
first phase, the vibration response observed when the train is
leaving reflects mostly the dynamic response induced by the
faults. Also, after the repair work on the track plate L00526
has taken effect, the signals recorded in all 3 phases have
significantly lessened in the left track.

,e response energy distribution is defined as the average
of the absolute value of the response waveform amplitude, also

known as the impulse response intensity. ,e average am-
plitude of all the tracks is added to the position information to
obtain the response energy distribution. ,e response energy
curve is shown in Figures 18 and 19. It can be seen that the
response energy of the tracks before the L00526 repair work is
about 2∼3 times that of the tracks after repair work, and the
energy of the left track line with the most critical rate of faulty
cement asphalt is larger than the response in the right track
which is the defect-free area. It can also be seen that the re-
sponse in the L00526 track plate is the highest before the repair
work. ,e energy gap compared to other track plates is more
apparent when the train is passing. After the repair work was
implemented, the response energy is quasi-linear reaching a

(a) (b)

Figure 11: DOVS technology system.

(a)

Right
track

R00526

R00527

R00528

1

2

3

Optical
fiber

Left
track

L00526

L00527

L00528

6

5

4

Junction
box

(b)

Figure 12: DOVS sensor arrangement. (a) Photo of Hongqiao railway vibration monitoring. (b) Schematic diagram of the optical fiber.

Table 4: Optical fiber rings and sampling points.

Start of the sampling point End of the sampling point Ring number Sampling distance (m)
100 120 1 10
140 160 2 10
180 210 3 10
230 250 Middle of the fiber under test 10
260 300 4 10
320 340 5 10
350 380 6 10
380 400 End of the fiber under test 10

Shock and Vibration 9



steady state where the faults in the CA mortar layer have no
longer influence on the dynamic response.,e right track line
has an excellent response distribution. ,e response is less
compared to the left track line, and similarly, it has signifi-
cantly decreased after the L00526 repair.

5. Conclusion

In this paper, the working principle of phase-sensitive op-
tical time-domain reflectometer (Φ-OTDR) analysis for
high-speed railway underline structure vibrationmonitoring
the vibration has been presented. Furthermore, a 2D

dynamic interaction model of vehicle-track subgrade based
on a two-step simulation using a sequential loading mode
has been developed, and then, based on the OTDR tech-
nology, a vibration monitoring was conducted on a section
of railway near Hongqiao high-speed railway station. ,e
following conclusions can be drawn from the results of this
study:

(1) ,e numerical simulation results show that, in the
elastic field, the track plate defects have a significant
amplification effect on the vibration, and the
magnification can be more than 2 to 3 times. Also, it

Table 5: Right track line on-site measurement conditions.

Locomotive Date Track condition Train passing time Direction

1st train 2015.9.23 Good quality 18:28:19 Right track (downward)
2015.9.24 Good quality 18:28:35 Right track (downward)

2nd train 2015.9.23 Good quality 18:51:03 Right track (downward)
2015.9.24 Good quality 18:52:25 Right track (downward)

3rd train 2015.9.23 Good quality 19:08:10 Right track (downward)
2015.9.24 Good quality 19:09:23 Right track (downward)

4th train 2015.9.23 Good quality 19:22:24 Right track (downward)
2015.9.24 Good quality 19:22:10 Right track (downward)
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Figure 13: Vibration signal over sampling distance.

Table 6: Left track line on-site measurement conditions.

Locomotive Date Track condition Train passing time Direction

1st train 2015.9.23 Before repair 18:04:20 Left track (upward)
2015.9.24 After repair 18:04:09 Left track (upward)

2nd train 2015.9.23 Before repair 18:19:00 Left track (upward)
2015.9.24 After repair 18:15:45 Left track (upward)

3rd train 2015.9.23 Before repair 19:03:51 Left track (upward)
2015.9.24 After repair 18:05:45 Left track (upward)

4th train 2015.9.23 Before repair 19:15:30 Left track (upward)
2015.9.24 After repair 19:14:36 Left track (upward)
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Figure 14: Vibration signal of the right track line before L00526 repair: (a) 1st train; (b) 2nd train; (c) 3rd train; (d) 4th train.
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Figure 15: Continued.
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Figure 15: Vibration signal of the right track line after L00526 repair: (a) 1st train; (b) 2nd train; (c) 3rd train; (d) 4th train.
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Figure 16: Vibration signal of the left track line before L00526 repair: (a) 1st Train; (b) 2nd Train; (c) 3rd Train; (d) 4th Train.
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is noted that the dynamic response intensi es
sharply from a CA mortar rate of 0% to 10% which
is its peak value. �e peak average value of the
dynamic response occurs due to extreme resonance
caused by the faults in the CAM. �e in�uence
starts decreasing slowly at a faulty rate over 10% and
reaches a steady state similar to that of the �awless
CA mortar layer. Also, the vibration response at all
six observation points is maximal at a faulty rate of
40%.

(2) Φ-OTDR depends mainly on the monitoring of the
Rayleigh backscattering to determine the trans-
mission loss in the  ber under test. It is applied on a
section of high-speed railway near Hongqiao station,
through a continuous real-time vibration monitor-
ing of two opposite track lines with di�erent
structural quality. From the monitoring results, it
can be seen that the faults in the CA mortar cause an
ampli cation of the dynamic response when the

train is arriving and leaving the monitoring section
and also cause an extreme resonance when the train
is passing through and subsequently increase largely
the vibration signal.

(3) Comparison between the computed results from
numerical simulation and the measured results by
distributed vibration sensing (DOVS) also demon-
strated that the DOVS can adequately re�ect the
vibration signal propagation inside underline
structure; the measured values and the calculated
values both approve the in�uence of the faults in the
CA mortar layer on the track line vibration during
train operation.

(4) �e paper provides a feasible and e�ective vibration
monitoring method and idea for railway researchers
to inspect long-term vibration response and the
potential risks to the operation safety of the high-
speed train. �is method can also be extended to
fault detection in pavement road and loading
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Figure 17: Vibration signal of the left track line after L00526 repair: (a) 1st train; (b) 2nd train; (c) 3rd train; (d) 4th train.
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conditions and other civil vibration-based sensing
projects.
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ulation of light wave propagated in optical fiber using ul-
trasonic wave,” Physics Procedia, vol. 3, no. 1, pp. 1075–1080,
2010.

[11] G. Klysz, J.-P. Balayssac, and S. Laurens, “Spectral analysis of
radar surface waves for non-destructive evaluation of cover
concrete,” NDT & E International, vol. 37, no. 3, pp. 221–227,
2004.

[12] K.-I. Song and G.-C. Cho, “Numerical study on the evaluation
of tunnel shotcrete using the Impact-Echo method coupled
with Fourier transform and short-time Fourier transform,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 47, no. 8, pp. 1274–1288, 2010.

[13] X. Lu, Q. Sun, W. Feng, and J. Tian, “Evaluation of dynamic
modulus of elasticity of concrete using Impact-Echo method,”

160 PassingArriving Leaving

140

120

100

80

60

40

Re
sp

on
se

 en
er

gy
 (e

V
)

20

0

R0
05

26

R0
05

27

R0
05

28

R0
05

26

R0
05

27

R0
05

28

R0
05

26

R0
05

27

R0
05

28

1st train before repair
2nd train before repair
3rd train before repair
4th train before repair

1st train after repair
2nd train after repair
3rd train after repair
4th train after repair

Figure 18: Response energy of the right track.

260
240
220
200
180

PassingArriving Leaving

Re
sp

on
se

 en
er

gy
 (e

V
)

160
140
120
100

80
60
40
20

0

L0
05

26

L0
05

27

L0
05

28

L0
05

26

L0
05

27

L0
05

28

L0
05

26

L0
05

27

L0
05

28

1st train before repair
2nd train before repair
3rd train before repair
4th train before repair

1st train after repair
2nd train after repair
3rd train after repair
4th train after repair

Figure 19: Response energy of the left track.

14 Shock and Vibration



Construction and Building Materials, vol. 47, pp. 231–239,
2013.

[14] A. P. Adewuyi, Z. Wu, and N. H. M. K. Serker, “Assessment of
vibration-based damage identification methods using dis-
placement and distributed strain measurements,” Structural
Health Monitoring, vol. 8, no. 6, pp. 443–461, 2009.

[15] H. Zhao, D. Wu, M. Zeng, and S. Zhong, “A vibration-based
vehicle classification system using distributed optical sensing
technology,” Transportation Research Record: Journal of the
Transportation Research Board, vol. 2672, no. 43, pp. 12–23,
2018.

[16] P. Rajeev, J. Kodikara, W. K. Chiu, and T. Kuen, “Distributed
optical fibre sensors and their applications in pipeline
monitoring,” Key Engineering Materials, vol. 558, pp. 424–
434, 2013.

[17] P. Healey, “Statistics of Rayleigh backscatter from a single-
mode fiber,” IEEE Transactions on Communications, vol. 35,
no. 2, pp. 210–214, 1987.

[18] I. Lujo, P. Klokok, T. Komljenovic, M. Bosiljevac, and
Z. Sipus, “Fiber-Optic vibration sensor based on multimode
fiber,” Radioengineering, vol. 17, no. 2, pp. 93–97, 2008.

[19] B. Hunttner, B. Gisin, and N. Gisin, “Distributed PMD
measurement with a Polarization-OTDR in optical fibers,”
Journal of Lightwave Technology, vol. 17, no. 10, pp. 1843–
1848, 1999.

[20] Z. Zhang and X. Bao, “Distributed optical fiber vibration
sensor based on spectrum analysis of Polarization-OTDR
system,”Optics Express, vol. 16, no. 14, pp. 10240–10247, 2008.

[21] H. F. Taylor and C. E. Lee, “Apparatus and method for fiber
optic intrusion sensing,” U.S. Patent, 5194847, 1993.

[22] Y. Wang, B. Jin, Y. Wang, D. Wang, X. Liu, and Q. Bai, “Real-
time distributed vibration monitoring system using $\Phi$-
OTDR,” IEEE Sensors Journal, vol. 17, no. 5, pp. 1333–1341,
2017.

[23] A. Che, H. Yang, B. Wang, and X. Ge, “Wave propagations
through jointed rock masses and their effects on the stability
of slopes,” Engineering Geology, vol. 201, pp. 45–56, 2016.

[24] I. M. Longman, “,e calculation of Ricker seismic wavelet
functions,” Geophysics, vol. 45, no. 6, pp. 1055–1060, 1980.

[25] Y. Wang, “Frequencies of the ricker wavelet,” Geophysics,
vol. 80, no. 2, pp. A31–A37, 2015.

[26] B. An, P. Wang, J. Xu, R. Chen, and D. Cui, “Observation and
simulation of axle box acceleration in the presence of rail weld
in high-speed railway,” Applied Sciences, vol. 7, no. 12, p. 1259,
2017.

[27] R. Chen, X. Zhao, Z. Wang, H. Jiang, and X. Bian, “Exper-
imental study on dynamic load magnification factor for
ballastless track-subgrade of high-speed railway,” Journal of
Rock Mechanics and Geotechnical Engineering, vol. 5, no. 4,
pp. 306–311, 2013.

[28] G. Kouroussis, B. Olivier, A. Romero, P. Galvı́n, and
D. P. Connolly, “A fast numerical assessment of railway-
induced ground vibration in urban conditions,” in Pro-
ceedings of the 25th International Congress on Sound and
Vibration, Hiroshima, Japan, July 2018.

[29] G. Degrande, L. Schillemans, and D. P. Connolly, “Free field
vibrations during the passage of a ,alys high-speed train at
variable speed,” Journal of Sound and Vibration, vol. 247,
no. 1, pp. 131–144, 2001.

[30] X. Bian, H. Jiang, Y. Chen, and D. P. Connolly, “Preliminary
testing on high-speed railway substructure due to water level
changes,” Procedia Engineering, vol. 143, pp. 769–781, 2016.

[31] C. Liu, A.-l. Che, and S.-k. Feng, “Propagation characteristics
of elastic wave in layered medium and applications of impact

imaging method,” Journal of Shanghai Jiaotong University
(Science), vol. 18, no. 4, pp. 479–485, 2013.

Shock and Vibration 15



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

