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ABSTRACT

Rail transit and highway transportation have flourished in the process of urbanization by virtue of their
respective advantages, facilitating people’s travel but also producing harmful environmental vibrations. For an
accurate analysis of source characteristics and propagation laws of train-induced vibrations, a field measurement
was carried out in Shenzhen, China, where a double-line subway passes directly under the main urban road. The
rail acceleration at the straight track and the point of fixed frog in the tunnel as well as ground vibrations caused
by double-line subway and road traffic under different operating conditions were measured. A special attention
was paid to the vibration response of each measurement point on the ground when the subway train and road
vehicles passed through simultaneously. Measurement shows that horizontal acceleration cannot be ignored in
the area close to the subway line, and vibration amplification phenomenon exists in the free field, due to the
difference of the local geological conditions that leads to different vibration levels. Compared with the ground
vibration caused by only the near-line train passage, when a near-line train passes the test section with a far-line
train is about to arrive, the ground vibration intensifies in the frequency band of 50-63 Hz. When a far-line train
passes the test section with a near-line train just left, the vibration level of each measuring point shows different
degrees of reduction in various frequency bands, and reduction amount of horizontal acceleration in the fre-
quency 10-16 Hz reaches 12 dB. Ground vibration aggravates significantly when the near-line train and bus pass
simultaneously, the horizontal vibration is more sensitive to the superposition influence of road traffic. The
measured data can not only guide the work of vibration environment assessment in the stage of subway design
and planning but also can validate possible numerical models for predicting train-induced vibrations.

Introduction

Along with the advancement of urbanization, rail transit network is

element method (2.5D FEM) [3], finite element-boundary element
method (2.5D FEM-BEM) [28], finite element-infinite element method
(2.5D FEM-IEM) [17], finite element- perfectly matched layers (2.5D

becoming increasingly large and complex. The resulting vibrations pose
a considerable threat to people’s daily production and life, the structural
safety of buildings, and routine use of sensitive equipment, which is of
increasing concern for transportation communities. In order to specif-
ically design vibration reduction and isolation solutions, it is necessary
to figure out the source characteristics and propagation laws of train-
induced vibrations [6,11,22,29,31,35,36].

As for the vibration induced by subway trains, research focuses on
the modeling of tunnel structure and surrounding soil. Some classical
theoretical prediction models and methods have been proposed, such as
PIP model [19], periodic structure method [8], 2.5-dimensional finite
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FEM-PML) [27], finite element-method of fundamental solutions (2.5D
FEM-MFS) [1]. In addition, the surrounding soil can be simplified into
single-phase elastic half-space [14], layered half-space [18], saturated
or unsaturated half-space model [13]. Further, the dynamic theory of
vehicle-track system has also been introduced into the tunnel-soil dy-
namic system, and a series of accurate and efficient hybrid prediction
models have been developed on this basis [2,4,39].

However, any theoretical analysis and numerical simulation cannot
take all objective factors into consideration. The simplification of
models and uncertainty of parameters will affect the calculation accu-
racy of prediction models [20,24]. The field vibration test is the most
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intuitive and accurate means to understand the vibration source exci-
tation and the response of sensitive targets when the train passes, and it
is also the only rigorous way that can check and evaluate analytical and
numerical solutions. A large number of field experiments have been
carried out in academic and engineering fields to provide accurate
model parameters and test data to validate theoretical models
[12,15,21,30,34,37,38,40,41].

The train-induced environmental vibration problems in the entry
and exit section of subway stations often get less attention because of
low operating speed. To facilitate the dispatching and maintenance of
trains, turnouts are often laid in this area, which is called the three weak
links of track along with curves and joints. When trains pass through
these locations, large vibrations will be generated [4]. Further, the vi-
bration problems caused by double-line subway trains are different from
the vibration induced by only a single line has trains passing through.
Therefore, it is necessary to measure and analyze this particular oper-
ating condition.

Despite the rapid development of rail transit in many countries and
regions in the past decades, highway transportation also plays a leading
role in urban transportation system due to huge advantages in route
selection and private customization. In addition to polluting the air and
causing traffic congestion, vehicles on the road will also cause notice-
able ground vibration and noise problems, significantly affecting the
vibration environment and sound environment in people’s work and
life. Hunaidi et al. [16], Crispino and D’apuzzo [7], and Watts and
Krylov [32] conducted field experiments to analyze the ground vibration
and building vibration induced by urban road traffic under different
vehicle weights, running speeds, tire stiffnesses, and road smoothness.
Watts [33] established a series of empirical rules based on experiments,
using transfer functions to estimate ground vibration level caused by
road traffic. Numerical methods have also been developed to simulate
the effects of vehicle-hump interaction [10,23,26]. Compared with
railway trains, the running speed and wheelbase of urban road vehicles
are relatively small, and the induced ground vibration level under
general conditions is limited [5,25]. However, for some special vehicles
(such as heavy goods vehicles, fully loaded buses) or under particular
circumstances (railway crossings, potholes, speed bumps and other
areas, or pass simultaneously with railway trains), the environmental
vibration caused by road traffic should not be ignored [10].

Reviewing the body of research on ground vibration induced by
subway trains and road traffic, there are only a minimal number of
studies analyzing the vibration effect of simultaneous operation [12].
Besides, there is also a lack of field tests on ground vibration caused by
double-line subway trains. This paper relies on the Shenzhen Metro Line
11 to carry out field tests in the sections adjacent to the subway station.
According to the different measuring point positions, the test can be
divided into vibration source test in the tunnel and free field test. Special
attention is paid to the ground vibration at the vertical and horizontal
direction due to single-line train passing, double-line trains passing, and
the rail transit operation superimposed by highway traffic. In order to
have a better understanding of such a complex dynamic system, the in-
tunnel and ground accelerations are analyzed in the time domain and
frequency domain, respectively, and the test results can provide a
reference for the research on environmental vibration caused by subway
trains.

Field test site and experiment arrangement

The Shenzhen Metro Line 11 has a total length of 51.936 km, and it
has the dual tasks of the airport express line and the Guangzhou-
Shenzhen intercity rail line. There are many vibration-sensitive points
along the route of Shenzhen Metro Line 11, including schools, hospitals,
hotels, laboratories, government agencies, and residential buildings.
The vibration and noise generated by train operation will not only
adversely affect the equipment and passengers of the rail transit system
but also affect the vibration environment along subway lines, where the
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routine use of nearby special-function equipment and rest of residents
may be disturbed. The field test was conducted between Bihaiwan Sta-
tion and Airport Station of Shenzhen Metro Line 11, and the test sections
are adjacent to the subway station.

Due to geological sedimentation, the soil generally has prominent
layered characteristics, which significantly impact the vibration and its
propagation process in the soil. The original landform of the test section
is a platform, which has been artificially filled. The exposed stratum
includes artificially filled soil, strongly/slightly weathered rock.
Groundwater mainly includes pores water and bedrock fissure water,
which is generally ordinary in water abundance and permeability. Ac-
cording to geological borehole data, the soils with similar shear wave
velocity are divided into one layer, in this way, the soil around the
tunnel can be divided into three layers: the first layer is plain fill with an
average thickness of 2 m; the second layer is mainly silty clay, the
thickness of which is about 16-18 m, and the average thickness is 17 m;
the third layer is mainly strongly weathered sandstone with a relatively
large thickness. However, because the third layer is located below the
tunnel, its nature has little impact on the transmission of vibration from
the tunnel to the surface, so its thickness is no longer counted. The pa-
rameters of each layer of the soil are shown in Fig. 1.

The subway trains are in the form of 8 China Type-A subway vehicles
(characteristic lengths and basic dynamic parameters of the vehicle are
shown in Fig. 2 and Table 1, respectively), and the running speed of the
trains in the test section is about 52 km/h. The wheelbase of the bus
running in this area is 5.80 m, and the width of the car body is 2.50 m, as
shown in Fig. 3. Axle load is 6500 kg at no load and increases to 11500
kg in the case of full load; the maximum speed of the bus running in this
area is 69 km/h.

Measurement in the tunnel, located in the mining method tunnel at
the subway entry and exit section, are selected at the straight track and
the point of fixed frog, respectively, the test sections and track structure
of the mining method tunnel are shown in Fig. 4. The measurement
point at the straight track is 323.1 m away from the subway station, in
comparison, another measurement point is 15.8 m away from the
straight-track measurement point. The two test sections in the tunnel are
all concrete sleeper monolithic track, and a standard rail with a mass of
60 kg per unit length is used. The turnout area adopts a single turnout of
60 kg/m rail (No. 9 straight pointed rail). The fastener system adopts
DZIII fastener, with vertical stiffness of 40 kN/mm, horizontal stiffness
of 30 kN/mm, and sleeper spacing of 0.6 m. The turnout fastener is a
separate type III elastic strap fastener. The concrete’s modulus of elas-
ticity of the tunnel is 3.15 x 10*N/mm?2.

In order to obtain the vibration response of the rail and the ground
induced by subway operation, a total of 7 sets of measurement points
was arranged in the tunnel and the surface free field above the tunnel. As
shown in Table 2, each set of measurement points contains two accel-
eration sensors. “T” and “F” stand for the abbreviations of “Tunnel” and
“Free field” respectively, in which T1# is arranged on the straight track,
and T2+# is arranged at the point of fixed frog, recording the vertical and
horizontal acceleration of rail. Measuring points F1#~F5# are located
in the surface free field above the tunnel. They are evenly distributed
along the normal direction of the tunnel centerline, with an interval of
20 m, each measuring point records measured vertical and horizontal
(perpendicular to the track direction) vibration acceleration of ground.
Due to the limitation of the test site, F1# is fixed in the plain fill by
means of tooling, and F2#~F5# is fixed on the concrete pavement by
plasticine, and the distribution of each measuring point on the ground is
shown in Table 2. The tunnel corresponding to the ground test is a
double-line composite tunnel, as shown in Fig. 5, 453 m from the sub-
way station and the distance between centerlines of the two tunnels is
13.7 m, the design slope is 2/310, and the center of the tunnel is 14.65 m
from the ground.

Several Dytran 3145A2 acceleration sensors (range: 1000 g, sensi-
tivity: 0.6-0.8 mV/m-s~2) connected to a CRONOS-SL-2 dynamic data
acquisition and analysis system (produced by German Integrated
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Fig. 1. Soil dynamic parameters.

| 1570 m

Fig. 2. The characteristic lengths of the subway train.

Table 1

Main parameters of subway vehicles.
Parameters Vehicle Units
Car body mass (M.) 49.08 t
Bogie frame mass (M,) 4.42 t
Wheelset mass (M,,) 1.68 t
Moment of inertia of car body (J.) 1698.4 tem?
Moment of inertia of bogie frame (J;) 4.90 tem?
Primary suspension stiffness (per axle box) (Kp) 1.27 MN/m
Primary suspension damping (per axle box) (Cp,) 26.00 kNs/m
Secondary suspension stiffness (per bogie) (Ks) 0.27 MN/m
Secondary suspension damping (per bogie) (Cs) 16.2 kNs/m

Measurement & Control Company) are used for the rail test. The free-
field test adopts the 991B vertical/horizontal vibration pickups from
the Institute of Engineering Mechanics, China Earthquake Administra-
tion, with a range of 15 m/s and resolution of 5 x 10~® m/s. They are
associated with INV3062A2, a 16-channel dynamic data acquisition and
analysis system, from the China Orient Institute of Noise & Vibration.
The whole set of test equipment is re-calibrated by the national
authoritative testing department before use. The verification results
show that this set of equipment is entirely suitable for micro-vibration
detection, and the system performance is qualified.

~
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Fig. 3. The characteristic length of the bus.

Characteristic analysis of measured train-induced vibration

In this work, the measured vibration signals include the vibration
response of the rail in the tunnel and the vibration response of the
ground free field. Since the subway line consists of two parallel tunnels,
the tunnel close to the ground measuring points is defined as “near-line
tunnel”, and the tunnel that is far from the ground measuring points is
defined as “far-line tunnel”. The corresponding test conditions are
shown in Table 3.
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Fig. 4. Schematic diagram of test sites: (a) straight track; (b) point of fixed frog; (c) data acquisition system; (d) track structure at the point of fixed frog.

Table 2
Location and description of measuring points.
Location Straight Point of Free field
track fixed
frog
Measuring T1# T2# F1#  F2#  F3# F4#  F5#
point number
Distance from - - 20 40 60 80 100
subway m m m m m

centerline

Measurement in the subway tunnel

In order to accurately measure the vibration source characteristics of
train-induced vibration, two sets of cross-sections were tested inside the
tunnel: Section 1 (close to the subway station) located on the straight
track, and Section 2 (away from the subway station) located at the point
of fixed frog. Acceleration sensors are respectively arranged at the bot-
tom and web of the rail of each section to record the vertical and hori-
zontal acceleration of the rail. The vibration signals during the passage
of the seven trains were collected, and the corresponding signal-to-noise
ratio (SNR) is calculated as shown in Table 4, where “VRA” stands for
vertical rail acceleration, and “HRA” stands for horizontal rail acceler-
ation. It can be found that all the signal-to-noise ratios of the test signals
are greater than 10 dB, indicating that the testing effect is good, and
there is no need to modify the original data in the subsequent data
analysis process.

The vibration response induced by train operation can be regarded as
a stable random process that approximately follows the normal distri-
bution. Table 5 lists the mean value of the vertical and horizontal ac-
celeration of the rail induced by each train passing, and the variance of

the vibration amplitude of the test signals is calculated in Table 6. It can
be found that the mean value of each group of data is close to 0; namely,
it follows a normal distribution with a mean of 0. Further, statistical
analysis of variance of each group of data is conducted and calculate the
coefficient of variation of the distribution of the dynamic response signal
variance, as shown in Table 6. The values are all less than 15%, indi-
cating there is no significant impact on the rail vibration acceleration
due to the difference in operating conditions and the number of pas-
sengers during the seven trains passing, that is, the amplitude level of
the vibration source is approximately the same. This also shows that in
the subsequent vibration analysis of ground, the vibration response
caused by different trains can be put together for comparative analysis.

In the collected rail vibration responses caused by seven train pas-
sages, the average peak value of the vertical and horizontal rail accel-
eration at the point of fixed frog are 127.619 m/s? and 74.115 m/s?,
which are respectively larger than those measured on the straight track,
113.116 m/s? and 69.763 m/s>. The reason for this phenomenon is that
the wheel-rail vibration excited by the turnout structure is more severe
than the straight track, which leads to the difference in the amplitude of
the vibration acceleration. Time history curves of vertical and horizontal
rail acceleration are shown in Fig. 6. It can be seen that the vibration
signal at the point of fixed frog can clearly distinguish the periodic vi-
bration caused by bogies when the subway train passes. However, the
same phenomenon is not apparent on the straight track. The reason is
that the wheel-rail dynamic load excited by turnout structure will cause
more significant sudden vibration, which will lead to an important
amplitude change. When such excitation is transmitted to the rail, it
appears as a periodic vibration effect. Due to the running speeds during
the two test sections being relatively close, the measured vibration sig-
nals do not produce a considerable difference in amplitude.

To further understand the vibration characteristics of rail, the
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Fig. 5. Schematic diagram of the composite tunnel: (a) real scene; (b) tunnel size parameters.

Table 3
Free field test conditions.

Table 5
Mean value of the rail acceleration.

Serial Condition description Measuring point description Test serial number Mean (m/s?)
b
fumber Straight track Point of fixed frog
1 Near-li i ing. A 1 of f i ints i
ear %ne tra%n pass%ng total of 5 .sets N mea.surlng. points is Vertical Horizontal Vertical Horizontal
2 Near-line train passing, arranged, with measuring points
far-line train is about to numbered F1#~F5#, each measuring 1# —0.00369 0.00367 —0.09276 —0.01640
arrive. point is arranged with an interval of 20 2# —0.00031 0.00125 —0.08791 —0.01892
3 Far-line train passing, m along the normal direction of the 3# —0.00325 0.00472 —0.06225 —0.01025
the near-line train just subway line to test the vibration 4# —0.00052 0.00676 —0.06288 —0.01144
passed. response at 20-100 m respectively. 5# —0.00065 0.00488 —0.09020 —0.01646
4 Near-line train and bus 6# —0.00200 0.00121 —0.05894 —0.00954
pass simultaneously. 7# —0.00415 0.00489 —0.06300 —0.00385
Table 4 Table 6
Signal-to-noise ratio of the measured signals. Variance of the rail acceleration.
Measurement SNR (dB) Measurement SNR (dB) Test serial number Variance (m%/s%)
number number
VRA HRA VRA HRA Straight track Point of fixed frog
Straight track 43.846  37.435  Point of fixed frog 42.314 42914 Vertical Horizontal Vertical Horizontal
—1# —1#
Straight track 42.875 36.143  Pointof fixed frog  43.022  44.529 1# 332.90  91.96 12591 84.17
_o# _o# 2# 243.83 61.66 119.58 73.39
Straight track 43.923 37189  Pointof fixed frog ~ 42.236  43.483 3# 27529 70.62 11060 75.77
3% _3# 4# 302.16 75.15 118.00 75.18
Straight track 43791  37.047 Pointof fixed frog ~ 42.448  43.598 5# 327.86  87.68 138.14  84.98
_a4# a4 6# 338.44 90.34 131.13 81.02
Straight track 44472 37561 Pointof fixed frog  42.516  42.605 7# 306.06  77.63 12017 75.08
_5# _5# Coefficient of variation (%) 11.28 14.18 7.41 6.08
Straight track 44511  37.887  Point of fixed frog 42.779  42.920
_6# —6#
Straight track 43637 37.355 Pointof fixed frog  42.436  43.596 higher frequency bands, which may be caused by short-wave irregu-
—7# —7# larities on the rail surface. For the horizontal rail vibration acceleration,

measured vibration acceleration is converted to the frequency domain
for analysis by discrete Fourier transform. Fig. 7 presents the frequency
spectrum of the rail vibration acceleration measured at the two test
sections. As respect for vertical rail acceleration, the main frequency
components of the two sets of test data are concentrated in the frequency
range of 50-80 Hz and 380-660 Hz. It is worth noting that there is a
significant peak value at 1-8 Hz at the point of fixed frog, which covers
the characteristic frequencies related to train speed (train speed between
the measured sections is approximately 52 km/h) and bogie wheelbase
(2.5 m). At the same time, there are multiple peaks at the straight track
in the frequency range of 210-250 Hz, 280-330 Hz, 880-930 Hz and

the main frequency components of the test signals at both sections
concentrate in the frequency range of 45-115 Hz and 180-445 Hz. The
difference of rail vibration lies mainly in prominent main frequency
components above 1000 Hz at the straight track, which may be caused
by more significant short-wave irregularities on the side of the rail on
the straight track than near the turnout.

Ground vibration under different events

In this section, the ground free field vibrations induced by subway
trains under different operating conditions are discussed in detail. The
subway line locates directly under the highway, and there are five sets of
acceleration sensors arranged at a distance of 20 m to 100 m from the
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Fig. 7. Frequency spectra of rail vibration acceleration: (a) vertical acceleration; (b) horizontal acceleration.

subway centerline, with an interval of 20 m, to collect the vertical and
horizontal (perpendicular to the track direction) acceleration of each
measuring point, as shown in Fig. 8.

Ground vibration induced by single-line train passage

Although train-induced horizontal vibration is considered in some
standards (such as 1S02631-2-1989), however, the regional environ-
mental vibration evaluation and control standards formulated by
various countries more recommend the vertical vibration index to

Acceleration sensors

Al Ak Ak b

©
Concrete pavement

©

Weathered sandstone

evaluate the level of train-induced vibration, such as Chinese standard
(GB 10070-201X), American standards (FRA 2005 and FTA 2006),
British standard (BS6472-1-2008), German standard (DIN4150-2-1999,
DIN 4150-3-1999), Dutch standard (SBR-Deel B 2006), Swedish stan-
dard (BVPO724.001), Norwegian standard (NS 8176E), Spanish Royal
Decree (1367/2007). The field test found that the horizontal vibration in
the area close to the subway line is also not negligible. Fig. 9 shows the
typical time history curves of the measuring points on the ground when
the near-line train passes. Compared with the vertical vibration,

Road traffic

Double-line subway

Fig. 8. Schematic diagram of test site.
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(e) 100 m.

horizontal vibration caused by the passing of a train is apparent, espe-
cially at the position of 20 m and 40 m away from the subway centerline,
the amplitude of the horizontal acceleration is significantly greater than
that of the vertical direction, and it is gradually smaller than vertical
vibration after 60 m. Besides, it is worth noting that the periodic effect
caused by the passing of the train can still be observed at a distance of
100 m from the centerline of the subway; meanwhile, the horizontal
vibration is attenuated up to the level close to the background noise.
The maximum vibration level (VLyax) is used as the evaluation index
to analyze the variation law of ground vibration acceleration caused by
train operation with distance, as shown in Fig. 10. It can be found that
the vertical and lateral acceleration overall show a decreasing trend with

the distance, mainly due to the radiation damping and material damping
of the soil on the vibration wave. Besides, it can be observed that a vi-
bration amplification phenomenon appears at 40 m and 100 m for the
vertical direction, and at 40 m for the horizontal direction, similar
phenomena have also been mentioned many times in previous studies
[12,9].

At present, there is no widely accepted explanation for the causes of
the vibration amplification zone. Some scholars believe that the
repeated emission and refraction of elastic waves when propagating in
the soft soil between the ground and the rock layer causes the vibration
amplification. Some scholars believe that it is related to the underlying
conditions and the buried depth of the tunnel. Others believe that this



S. Qu et al.

I Vertical
[ Horizontal

(=N}
<

N
(]

15

Vibration level (dB, re 10°¢ m/s?)

20 40 60 80 100
Distance from the subway centerline (m)

Fig. 10. VL. varying with the distance from subway centerline induced by
the passage of near-line train.

phenomenon is related to the peaks and troughs of the vibration wave in
the propagation process, and the local geological conditions of the
measuring points. In order to further explore the cause of the vibration
amplification phenomenon in this test, the vibration response of each
measuring point is converted into the frequency domain through Fourier
transform for analysis, as shown in Fig. 11.

The black dotted line in Fig. 11 depicts the frequency components of
the vertical acceleration. It can be found that at a position 20 m away
from the centerline of the subway, the main frequency components of
the vertical acceleration concentrate in 11-17 Hz, 28-30 Hz and 55-80
Hz, these frequency bands cover the characteristic frequencies related to
train speed, sleeper spacing, and track irregularities. In detail, the train
running speed between the test sections is about 52 km/h, the sleeper
spacing is 0.6 m, and the vibration in the remaining frequency bands is
mainly related to the short-wave irregularities of the rail surface (Lya-
velength = 0.18-0.26 m). As the distance increases, the vibration in the
11-17 Hz and 28-30 Hz frequency bands attenuates rapidly. The vi-
bration in the frequency range of 48-68 Hz increases first and then at-
tenuates, and reaches the maximum at the 40 m measuring point. The
solid line in Fig. 11 represents the frequency components of the hori-
zontal acceleration at different locations. The vibration attenuation law
is the same as that of the vertical.

Particular attention should be paid to the main frequency compo-
nents at the 40-100 m position (48-64 Hz), which has shifted from the
20 m position (46-50 Hz). This frequency band is also the main fre-
quency band of vertical vibration. The explanation for this phenomenon
is that in the actual test process, due to the limitation of the test site, the
sensor at the position of 20 m is arranged on the plain fill through the
tooling, while other sensors are arranged on the concrete pavement. The
local geological conditions of the measuring points have been influenced
by road hardening effect, which leads to the shift of main frequency
components and vibration amplification.

Ground vibration induced by double-line trains successive passage

The vibration source intensity and characteristics of ground vibra-
tion induced by near-line train passage are analyzed in detail in the
above sections. However, the environmental vibration problem will be
more complicated when double-line subway trains pass successively.
The reason is that when the near-line train passes the test section, the
coming far-line train could have a certain effect on the propagation of
ground vibration, as shown in Fig. 12(a). This effect also exists in the
case that when the far-line train passes the test section, the near-line
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train has just left, as shown in Fig. 12(b). This kind of influence can
lead to the amplification or reduction of ground vibration.

In order to distinguish the influence of nearby passing trains, the
time-domain data of the near-line train passage (working condition as
shown in Fig. 12(a)) and the far-line train passage (working condition as
shown in Fig. 12(b)) are respectively calculated to obtain the vibration
level in the one-third octave spectrum by Fourier transform. Fig. 13
shows the distribution of the vibration acceleration levels (VAL) of each
measuring point in the vertical direction under three operating condi-
tions, where the dotted line represents the vibration level when only the
near-line train passes. According to VAL curve in Fig. 13(a), the main
frequencies of ground vibration when the near-line train passes are 12.5
Hz, 31.5 Hz and 63 Hz, and the corresponding characteristic lengths are
1.12 m, 0.46 m and 0.23 m, respectively. With the increase of distance
from the subway centerline, the vibration of the first two center fre-
quencies attenuates rapidly; the vibration at 63 Hz attenuate slowly and
gradually becomes the dominant component, indicating that the vibra-
tion wave in this frequency band is not easy to be attenuated by the soil
in the process of propagation.

When the near-line train passes the test section, and the far-line train
is about to arrive, it can be found from Fig. 13(a) that the vibration at
12.5 Hz and 31.5 Hz attenuates after superimposing the vibration effect
of the far-line train, with the maximum attenuation degree of 10 dB at
the measuring point of 20 m away from subway centerline. The VAL of
other measuring points has also been reduced to a certain degree.
However, the vibration level at the frequency of 63 Hz slightly increases
after superimposing the influence of the far-line train. The maximum
increment of VAL in the vertical direction is up to 10 dB at the measuring
point of 80 m away from the subway centerline, and the increments of
VAL of other measuring points all increase by 3 dB. This phenomenon
indicates the vibration amplification effect under this operation condi-
tion only occurs around 63 Hz, with little effect on the vibration of other
frequency bands, and even reducing the vibration in some frequency
bands. This may be explained by the fact that the amplitudes of vibration
waves excited by the two vibration sources decreases after super-
imposing due to the phase difference during the transmission process.

Different from the former condition, when the far-line train passes
the test section and the near-line train just left, it can be found from
Fig. 13(b) that except for the slight increase of VAL in the vertical di-
rection at the position of 80 m away from subway centerline, the vi-
bration levels of remaining measurement points in almost all frequency
bands are smaller than that caused by only the near-line train passage.
This phenomenon may be attributed to the fact that the distance be-
tween the vibration source and measurement points plays a more
prominent role in the transmission of vibration waves.

Similar to the vertical vibration acceleration level, Fig. 14 shows the
distribution of the horizontal vibration acceleration level in the one-
third octave spectrum of each measuring point. When only the near-
line train passes, the VAL of ground in the horizontal direction at the
measuring point of 20 m mainly concentrates at 10-16 Hz and 31.5-63
Hz, the corresponding characteristic lengths of which are 1.44-0.90 m,
0.46-0.23 m, respectively. The horizontal vibration in the subsequent
measurement points decays rapidly within the frequency of 10-16 Hz,
and the VAL in the horizontal direction mainly concentrates in the range
of 40-80 Hz, with corresponding characteristic length ranging from 0.36
to 0.18 m. Like the above analysis, the potential reason for this phe-
nomenon is that the pavement hardening phenomenon exists in the
installation foundation of subsequent measuring points compared to the
20 m one, which results in the change of the main frequency components
of vibration.

When the near-line train passes the test section, and the far-line train
is about to arrive, it can be seen from Fig. 14(a) that the horizontal vi-
bration acceleration level of each measuring point in the 10-16 Hz re-
duces significantly, and the maximum attenuation degree of the
vibration level reaches 15 dB at the measuring point of 20 m. After
superimposing the vibration effects of the far-line train, it can be found
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Fig. 11. Frequency spectra of ground acceleration induced by single-line train passage at different distance from subway centerline: (a) 20 m; (b) 40 m; (¢) 60 m; (d)

80 m; (e) 100 m.

that the vibration level of each measuring point in the 50-63 Hz fre-
quency band all increases, with a maximum increase of 8 dB at the
position of 80 m.

When the far-line train passes the test section, and the near-line train
just left, it can be seen from Fig. 14(b) that the main frequency com-
ponents of the horizontal vibration acceleration levels are the same
compared to the aforementioned test condition. The difference lies in
the horizontal vibration level of each measuring point decreases in
various frequency bands to different degrees after superimposing the
influence of the near-line train vibration. The vibration reductions all
reach 12 dB in the 10-16 Hz frequency band at the measuring points of
20 m, 60 m, and 80 m away from the subway centerline. Therefore, it

can be concluded that the horizontal vibration level induced by the far-
line train superimposed with the effect of a nearby near-line train is
lower than that when only the near-line train passes.

Ground vibration induced by simultaneous passage of subway train and road
traffic

The vibration characteristics of the ground under single-line train
and double-line trains passage are analyzed in detail in the above sec-
tions. However, when subway trains and road traffic pass simulta-
neously, changes will happen to the vibration law. Some scholars have
used traffic lights to control traffic flow to study the environmental vi-
bration caused by road traffic and subway operation [12]. However, due
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to the limitation of test requirements, the vibration transmission law
induced by the simultaneous passage of subway train and road traffic
has not been studied in detail. The work in this section detects that there
is just one bus passing on the nearby road when the near-line train

passes. Fig. 12 shows the vibration response of each measuring point
when the near-line train and the ground bus pass the test section
simultaneously, where the blue dotted line selects the time (9.5-11.2's)
bus is passing through. From the comparative analysis of Fig. 9(a) and

10
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Fig. 15(a), it can be found that the vibration acceleration level at a
measuring point 20 m from the subway centerline significantly increases
after the impact of bus vibration is superimposed. The maximum vertical
acceleration on the ground is 1.27 x 1072 m/s?% the increase is up to
47.16% compared with when only near-line train passes. The peak value
of horizontal vibration acceleration is 2.62 x 102 rn/sz, the increase is
up to 181.80%. This indicates that when the subway train and road
traffic pass at the same time, the ground vibration in the adjacent area
will increase significantly, and the horizontal ground acceleration is
more sensitive to road traffic.

At the subsequent measurement points, as the distance from the
centerline increases, the ground vibration acceleration decays rapidly,
and the horizontal acceleration attenuates more severely. From the

11

measuring point at 40 m, horizontal vibration attenuates to a level close
to when only the near-line train passes. At this position, the peak vertical
acceleration is 1.72 x 1072 m/s?, with an increase of 114.86%. Subse-
quently, the vertical vibration restores to the same level as when only
the near-line train passes. This phenomenon shows that the ground vi-
bration caused by road traffic decays rapidly with the increase of dis-
tance, and horizontal vibration decays faster than the vertical vibration.

Similarly, the vibration data of each measurement point in the time
domain is converted into one-third octave spectrum through Fourier
transform to analyze the frequency characteristics of the ground vibra-
tion when the subway and bus pass simultaneously, as shown in Fig. 16.
According to the previous analysis, when only near-line trains pass by,
the main frequencies of vertical ground vibration are 12.5 Hz, 31.5 Hz,
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Fig. 16. The vibration levels in the one-third octave spectrum when the subway and bus pass simultaneously: (a) vertical vibration; (b) horizontal vibration.

and 63 Hz, and the corresponding characteristic lengths are 1.12 m,
0.46 m and 0.23 m, respectively. The dominant frequencies of horizontal
vibration concentrate at 10-16 Hz and 31.5-63 Hz, and the corre-
sponding characteristic lengths are 1.44-0.90 m and 0.46-0.23 m,
respectively. After superimposing the vibration impact of road traffic,
the vertical and horizontal vibration levels increase significantly at 20
m, and the horizontal vibration amplifies more severely. As the distance
from the centerline increases, the ground vibration attenuates rapidly,
and the vertical vibration attenuates more slowly than the horizontal
vibration.

Based on the vibration characteristics of road traffic, the two mea-
surement points (20 m, 40 m) close to the centerline are mainly
analyzed. It can be seen from Fig. 16(a) that the vibration peaks of the
vertical ground vibration at the center frequency of 12.5 Hz and 31.5 Hz
both reduce at the 20 m measurement point. The vibration level of 12.5
Hz reduces by 6.4 dB, and the vibration level of 31.5 Hz reduces by 11.1
dB. However, vibration amplification appears in the 63-80 Hz frequency
band, increasing by 4.8 dB at most. Similar vibration rules also appeared
at the measuring point at 40 m, but the changes in vibration levels are
slightly smaller than that at 20 m.

The primary frequencies of horizontal vibration concentrate at
10-16 Hz and 31.5-63 Hz, as shown in Fig. 16(b), the vibration around
10-16 Hz significantly reduced after superimposing the influence of
road traffic. The maximum vibration reduction occurs at the 10 Hz
frequency by 11.7 dB at the measuring point of 20 m, and the vibration
reduction at the measuring point of 40 m also reaches 9.5 dB. Mean-
while, it can be observed that when the near-line train and the bus pass
simultaneously, the ground vibration in the 40-80 Hz frequency band
amplified, and the maximum vibration amplification reaches 6.6 dB at
the center frequency of 50 Hz, the law of which is also the same as the
above analysis.

Through the analysis of the frequency response characteristics of
measurement points, it can be seen that the vibration amplification ef-
fect generated by the simultaneous passage mainly reflects in the 40-80
Hz frequency band, while vibration attenuation occurs in other fre-
quency bands. Furthermore, the vibration impact of bus attenuates
rapidly as the distance from the centerline increases, and the vertical
vibration attenuates more slowly compared to the horizontal vibration.

Conclusion

A field test was carried out in Shenzhen, China, to study the train-
induced vibration characteristics in the entry and exit section of a sub-
way station. The test equipment is divided into two groups. One group is
arranged in the tunnel to measure the vibration response of rail when
the train passes through the straight track and the point of fixed frog; the
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other group is arranged on the ground at different distances from the
subway centerline to collect the acceleration signals under different
traffic conditions. The test results are analyzed in the time domain and
frequency domain. Relevant data and conclusions can not only guide the
design of vibration reduction and isolation schemes for rail transit
environmental vibration, but also validate possible numerical prediction
models of train-induced vibration. The main conclusions are listed as
follows:

(1) The vibration signals measured at the point of fixed frog can
clearly distinguish the periodic vibration caused by bogies when
the train passes, however, the same phenomenon is not apparent
on the straight track, which is due to the fact that the wheel-rail
dynamic load excited by a localized rail defect generated sudden
dynamic responses. Through statistical analysis of multiple
groups of test data, it is found that subway trains in different
operating conditions do not have significant different influence
on the rail vibration, that is, the vibration levels of the vibration
sources are approximately the same.
Compared with the vertical vibration, the horizontal vibration of
the ground caused by the passing train is particularly apparent,
especially at the position of 20 m and 40 m away from the subway
centerline. The amplitude of the horizontal acceleration is
significantly greater than the vertical one, and the horizontal
vibration is gradually smaller than the latter after 60 m. With the
increase of the distance from the centerline, both vertical vibra-
tion and horizontal vibration of the ground have a vibration
amplification area.

(3) When the near-line train passes the test section, and the far-line
train is about to arrive, the vibration amplification mainly oc-
curs within the center frequency of 50-63 Hz compared to when
only the near-line train passes; however, it has little effect on the
vibration of other frequency bands and even reduces the vibra-
tion in some frequency bands.

(4) When the far-line train passes the test section, and the near-line
train has just left, the vibration level of each measurement
point decreases in various frequency bands to different degrees
compared to when only the near-line train passes. The maximum
reduction of horizontal acceleration could reach up to 12 dB
around 16 Hz.

(5) The simultaneous passage of the near-line train and bus will
significantly increase the ground vibration level close to the
subway centerline, and the horizontal vibration is more sensitive
to the superimposed influence of road traffic. The peak value of
the horizontal acceleration at the measuring point 20 m away
from the centerline is the largest in the time domain, reaching

(2
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2.62 x 1072 m/s?, 181.80% higher compared to when only the
near-line train passes.

The vertical ground vibration amplification concentrates at
63-80 Hz with an increase of 4.8 dB, and the horizontal vibration
amplification occurs at 40-80 Hz with an increase of 6.6 dB.
However, the ground vibration levels decrease in other frequency
bands. As the distance from the subway centerline increases, the
ground vibration level decays rapidly, and the vertical vibration
caused by road traffic attenuates more slowly than the horizontal
vibration.

(6)
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