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Urban rail transit is an effective way to deal with the problem of traffic congestion in major cities. Trains travel through dense
residential and commercial areas, providing convenient transportation while also result in vibration problems in the surrounding
environment. Long-lasting vibrations result in disturbance to people’s sleep, malfunction of sensitive equipment, and even
damage to heritage buildings. Compared with elevated and tunnel sections, ground surface urban railway generates vibrations and
propagates to the surroundings via a more direct path in the form of surface waves, whichmakes the environmental problemmore
prominent. Due to the complexity of the train-track-ground system, the characteristics of the vibration propagation and at-
tenuation are yet to be revealed. In this paper, we investigate the vibration of the ground and the subgrade next to the Beijing
Urban Rail Line 13 by a field measurement combined with amathematical model.)e duration of ground vibration is divided into
two parts: the train passing time and the Doppler effect-related tailing part.)rough a regression analysis of the duration, the train
passing time is identified and the train traveling speed is estimated. )e attenuation relationship of ground vibration intensity is
expressed by a piecewise function. In the subgrade, the vibration intensity of particle decays with increasing depth and the stress
decay rate is faster than that of the acceleration. )e dynamic wheel/rail interaction behaves stationary and periodic, and the
magnitude fluctuates up and down with the quasi-static axle weight. )e intensity attenuation relationship fitted in this paper
provides a basis for designing new lines and renewing old lines and can be used as a reference for the development of vibration-
reduction technology. )e simulated time history of the wheel-rail force provides an excitation sample for further model ex-
periments and numerical simulation. )e proposed train speed identification method may be useful for parameter identification
of moving sources such as ships, automobiles, and airplanes.

1. Introduction

)e urban rail transit has the characteristics of large passenger
capacity, fast speed, and excellent punctuality. It, therefore, has
become one of the most effective means to cope with the traffic
dilemma in big cities. Trains travel through dense residential
and commercial areas, providing a kind of convenient trans-
portation, causing environmental vibration problems. During
operation, the train-induced vibration propagates in the form
of waves through the track, the subgrade, and the foundation
soil, causing a long-term vibration in the ground and the
buildings nearby. )is environmental problem has become
increasingly prominent, and the need for vibration reduction is

quite urgent. )e development of effective vibration-reduction
techniques relies on a good understanding of the behaviors of
the vibration propagation.

It is undoubtedly necessary to conduct in situ mea-
surements, theoretical analyses, and numerical simulations
to investigate the dominant frequency bands and spatial
distribution characteristics of the ground vibration. )e
results may provide an essential basis for the prediction of
the vibration when planning new lines and also provide a
necessary reference for developing the vibration isolation
when updating existing lines.

Studies on the vibration of rock and soil next to railway
lines are mostly devoted to high-speed, heavy-haul, or
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Intercity railways. Among them, Xia et al. [1] measured the
Shenyang-Shanhaiguan Railway in China and found that the
ground vibration level may approach as high as 107.5 dB
near a pier foot. Excessive vibration was also recorded by an
in situ test [2] near the Beijing-Guangzhou railway, where
the vertical vibration levels have exceeded the allowance of
Chinese code for the environmental vibration. Gao et al. [3]
examined the acceleration characteristics of the surrounding
areas of the Qin-Shen Railway in China and discussed the
effect of driving speed on the vibration. Based on the nu-
merical results of an elevated railway, Mao et al. [4] pointed
out that the vibration significantly increases either the ve-
hicle speed increases or the shear wave velocity of soil de-
creases. )e response of a sandy subgrade under the
groundwater table was reported by Chang et al. [5], who
found that the low-frequency response is of the dominant
range of the vertical vibration. Auersch [6] investigated the
Berlin-Hanover high-speed rail and indicated that the
ground vibration is mainly caused by dynamic loads due to
irregularities of the wheels and the track. In contrast, the
gravity-induced quasi-static load is not essential except for
the very-low-frequency band of the vibration in the vicinity
of the track. Feng et al. [7] established a three-dimensional
time-domain finite element model for a high-speed railway
subgrade. )ey discussed the distribution of the displace-
ment amplitude under the high-speed moving load, indi-
cating that high-frequency contents have a stronger
influence on the subgrade and less impact on the far-field
vibration.)e seasonal frozen effect on the ground vibration
of the Harbin-Daqing Railway in China was studied by Tian
et al. [8]. )ey pointed out that the seasonally frozen soil
layer has a magnifying effect on the vertical vibration of the
subgrade. Similar results were reported by Dong andWu [9]
according to an experiment for the China Da-Qin heavy-
haul railway, where they indicated that this effect occurs at
far-field as well. Recently, a field measurement, as well as a
finite/infinite element simulation for the Shanghai-Hang-
zhou high-speed rail, was reported by Tang et al. [10]. )ey
identified the characteristic frequency of the subgrade vi-
bration and summarized the spectrum distribution char-
acteristics, the attenuation behavior, and the train speed
effect. Hu et al. [11] measured the China Shuo–Huang
heavy-haul railway and presented a numerical model to
study the attenuation of the vibration velocity.

)e research on the ground vibration of the urban rail
transit is mostly concentrated in underground tunnel seg-
ments [12, 13]. Obviously, because of the different propa-
gation paths of vibration, the urban railway on the ground
surface is quite different from the underground or viaduct
sections. Compared with those of the intercity railway, the
trains of the surface urban railway has smaller axle loads
with a lower travel speed but is closer to the living and
working areas of cities. At present, there are relatively few
studies on the vibration caused by the ground surface urban
train. Cui et al. [14] and Wang et al. [15] reported an ex-
perimental investigation to the surface traveling section of
the Beijing Urban Rail Line 13. Based on the observed data,
they identified a dominant frequency range and proposed an
attenuation relationship for the ground-borne vibration.

However, the number of observation points are limited and
are not able to cover the entire wavefield intensively. For
surface urban rail transit, the ground vibration, as well as
that propagating deep in the foundation soil, still needs to be
studied extensively.

)e purpose of this paper is to extend the works in
[14, 15], further exploring the vibration and propagation
characteristics of the subgrade and ground of the Beijing
Urban Rail Line 13.We focus on the combination of the field
measurement and numerical simulation to reveal the fea-
tures of the vibration duration and intensity. First, we briefly
introduce the test location, the type of the train, the ob-
servation configure, and the profile of the soil. )en, we
outline the mathematical modeling approach and verify the
performance of the model by the experimental records.
Later, we identify the train speeds from the durations of
acceleration records, and based on the results of the ex-
periment and the simulation, we evaluate and revise the
attenuation equation of Cui et al. [14]. Finally, the variation
of vibration amplitude with depth is revealed deep in the
foundation soil. Furthermore, a stochastic sample of the
wheel/rail interactive force is put forward for future studies.

2. Methodology

2.1. Outline of the In Situ Test. )e test field was selected in a
close-track area of Line 13 of Beijing Urban Rail. According
to the GPS data, the latitude and longitude of the site are
40.4118°N and 116.2096°E, which indicates that the test
location is between the Huilongguan Station and the
Huoying Station. )e train is produced by CRRC Chang-
chun Railway Co., Ltd., and is composed of 4 DKZ5 vehicles.
)e basic dimensions are shown in Figure 1. Each vehicle is
supported by two bogies, each with two axles. )e test
section has a classic ballast embankment. )e statistical
characteristics of the wheel/rail random irregularity were
obtained by an inverse analysis [16]. One vertical irregularity
sample is shown in Figure 2, where x represents the coor-
dinate along the track direction.

In order to reveal the geotechnical conditions of the test
site, a geotechnical engineering survey was carried out.
Figure 3 illustrates the profile of the soil. According to
borehole samples, the surface layer is a thin layer of artificial
fill, beneath which is a thick silt layer with the bottom buried
15m deep. Next to the silt are a fine sand layer and a deep
soil of silty clay. Besides, the shear wave velocity structure of
the site was measured by the suspended wave velocity
logging method, and the obtained results are shown in
Figure 3 as well.

Five observation points were arranged on the free
ground beside the track, aligned with a line perpendicular to
the track. )eir position in the y-direction is also shown in
Figure 3. )e distances from the midline of the track to the
observation points are 10m, 20m, 40m, 50m, and 60m,
respectively. A three-component accelerometer was placed
at each point to form an observing array. When a train was
passing, the array recorded the acceleration time histories at
a sampling frequency of 200Hz. Altogether, sixteen passes
were recorded during the test.
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Observed signals inevitably contain background noise,
especially at measurement points that are far from the track.
To increase the signal-to-noise ratio, we use the auto-cross
PSD method [17] to remove the background vibration. )e
basis of this method is that the signal and the background
vibration have the cross-correlation because they propagate
in the same site. It has been found that the auto-cross PSD
method is more suitable for the traffic-induced environ-
mental vibration problem than other methods such as fil-
tering, PSD correction [18], and Fourier spectrum correction
[19].

2.2. Semianalytical Model of Coupled Train-Track-Ground
Vibration. A train-induced wavefield is generally quite
large, whereas any in situ test has a limit number of ob-
servation points, such that the intensiveness and the cov-
erage of the measurement are not sufficient to reflect the
whole picture of the wavefield. )e in situ test above set up
five observation points with spacing of 10 meters or 20
meters. All the vibration sensors were installed on the
ground surface so that the responses inside the soil cannot be
reflected simply by the experimental data. )e advantage of
numerical simulation is that it can produce some necessary
supplement to an observation, providing values that are not
directly available by the actual measurement. For the
problem of the coupled train-track-ground system, the first
author of the present paper established a semianalytical
model based on the work of Sheng et al. [20]. Because of the
extensive verifications [21–28], the model has been perfect
for the simulation of train-induce vibration. )e basic idea

and fundamental formulation are outlined below. More
details should be found in [21].

2.2.1. Mathematical Modeling. )e train’s model is a mass-
spring-damper system consisting of multiple rigid blocks and
spring dampers. A total ofM axles is considered in the whole
train, whose transfer function matrix Hw [20] is obtained by
applying a vertical harmonic excitation at each axle.)e rail is
represented by a Euler-Bernoulli beam with the bending
stiffness of EI. Rail pads are simplified as a continuous dis-
tribution spring with the stiffness of kp. Sleepers and ballast
are simplified to a flat beam with zero-bending stiffness, with
the mass per unit length ms. )e consistent mass approxi-
mation is applied to the embankment, with the mass per unit
length of mB and the vertical stiffness of kB.

According to the Fourier series theory, the wheel/rail
irregularity in Figure 2 can be decomposed into a series of
harmonic unevenness. For the i-th uneven component with
the amplitude of zi, the wavenumber of 2πβ, and the
wavelength of 1/(2πβ)� λi, the up and down vibration
frequencies of the train is Ωi � 2πc/λi when it moves at the
speed of c. )e up and down movements of the wheels result
in a series of moving time-harmonic forces at wheel/rail
contacts. Considering the compatibility at the wheel/rail
contacts, we obtain a vector collecting all the amplitudes of
the wheel/rail forces as follows:

P � − HR + Hw + K− 1
h 

− 1
Z, (1)

where the element Pj of the vector P is the j-th wheel/rail
force amplitude; the vector Z� eiΩia1/c, eiΩia2/c, . . . ,

eiΩiaM/c}T, i�
���
− 1

√
, and a1 to aM are the initial coordinates of

theM axles; the diagonal matrix Kh � diag(kh1, kh2, . . ., khM),
khj denoting the linearized Hertz stiffness of the j-th wheel/
rail contact; and HR stands for the transfer function matrix
of the track-ground subsystem. )e element at the l-th row
and m-th column of HR is

H
R
lm � w al − am( , l, m � 1, M, (2)

where w(x∗) denotes a function defined on the abscissa x∗ �

x − ct moving with the train. )e spatial Fourier transform
of w(x∗) can be obtained by

w(β) �
Δ1Δ2 − Δ24H

Δ1Δ2Δ3 − Δ3Δ24H − Δ1k2
p

, (3)

where Δ1 � 1 + kBH − ω2mBH/3, Δ2 � kp+ kB − ω2(ms+mB/3),
Δ3� EIβ4 − ω2mR+ kp, and Δ4 � kB+ω2mB/6; ω are the an-
gular frequencies of a particle in the track-ground subsys-
tem, and

ω � Ωi − βc. (4)

)e function H in equation (3) is the receptance of the
subgrade and is calculated by

H � −
1
2π


+∞

− ∞
δ(β, c)

sin cb

cb
dc, (5)

where δ(β, c) denotes the transferred Green’s function of
multilayered half-space [22], c is the angular wavenumber in
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Figure 3: Cross section of the field test.
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Figure 1: Schematic diagram of the urban train in the test (unit: m).
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Figure 2: A stochastic sample of wheel/rail irregularities of the
Beijing Urban Rail Line 13.
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the y-direction (i.e., the horizontal direction perpendicular
to the track), and b is the half-width of the embankment
bottom.

)e wheel/rail force sequence P� (P1, P2, . . ., PM) results
in the vibration of the train-track-ground system. From the
perspective of an observer staying in the moving reference
frame (x∗ � x − ct, y, z), all responses are harmonically
changing over time with the same frequency Ωi. )e vi-
bration pattern in the wavenumber domain is written as

UP(β, c) � U(β, c) 

M

l�1
Ple

− iβal , (6)

where U(β, c) stands for the displacement pattern excited by
a single time-harmonic load moving on the track [22]. For a
particle in the fixed reference frame (x, y), the Fourier
spectrum of displacement is

S ω;Ωi(  �
− eiβxUp(β, y)

c
, (7)

where the function Up(β, y) is the inverse Fourier transform
of U(β, c) with respect to c.

Under the condition of harmonic unevenness, the
spectrum response can be obtained in terms of (7). By taking
the unevenness amplitudes as weighting factors and su-
perposing all the responses, we have the total spectrum
response as

S(ω) � S0(ω) +
Δβ
2π



+∞

i�− ∞
S ω;Ωi( zi, (8)

where Δβ is the sampling interval of β and S0(ω) denotes
response to the quasi-static axle loads and should be cal-
culated according to (7) by letting Ωi � 0 and Pj equal to the
gravity allocated to the j-th axle.

Corresponding to the spectrum of the displacement (8),
the velocity and acceleration spectra are (iω)S and − ω2S,
respectively. By the inverse Fourier transform of the spectra
with respect to ω, we obtain the stochastic responses in the
time domain.

2.2.2. Model Reliability Verification. To verify the mathe-
matical model above, we simulate the ground vibration at
the five observation points of the in situ test. )e required
values of parameters are listed in Tables 1 and 2, where the
train and the track parameters are based on the design
documents and the soil parameters are from the geotechnical
engineering survey.

Figure 4 shows the simulation results for the train of 7 :
40 am, with a driving speed of 22.72m/s. )e acceleration
time histories of the model output are well consistent with
the observed data, both in terms of amplitude and duration.
)ese results show the reliable performance of the mathe-
matical model of the coupled train-track-ground vibration
in the time domain.

To further compare the frequency domain results, the
time histories are converted to the vibration acceleration
level (VAL) according to the Chinese national standard
Urban Regional Environmental Vibration Measurement

Method [29].)e results are shown in Figure 5. It can be seen
that the calculated results appear to be slightly overestimated
at the low-frequency of 1.6Hz. For the vibration level above
1.6Hz, though, the numerical results are close to the ex-
perimental results at all the measurement points.

3. Envelope Feature of Time Histories at Near-
Field of Track

Figure 6 shows a set of vertical acceleration time histories
measured in the field, where five distinct groups can be seen
in the curve of the nearest point P1. )is was caused by the
passing of the train’s five groups of wheels. As shown in
Figure 1, each vehicle has two bogies located at the front and
rear ends. At the junction of two cars, the bogie at the rear
end of the front vehicle is close to the bogie at the front end
of the rear vehicle, which forms a group of wheels under the
junction. )e four-segment train has three junctions with
three wheel-groups. Together with the front bogie of the first
car and the rear bogie of the last car, there are a total of five
wheel-groups. When the five groups successively pass
through the observation section, the excited ground vi-
brations are recorded by the accelerometer at P1. )erefore,
the group effect is clearly shown in the envelope of the first
time-history in Figure 6. )is effect is easily identified by the
near-field P1 point, but for the far-field points at the distance
of 20m or further, vibrations from the wheel-groups in-
terfere with each other, such that the group effect can hardly
be seen in the time histories.

4. Duration Feature of Ground Vibration

Figure 6 also shows that, as the distance from the track
increases, there is a significant increase in the vibration
duration. For a time history a(t) of an earthquake ground
motion, Trifunac and Brady [30] proposed a method to
calculate the duration:

Td � T2 − T1, (9)

where T1 and T2 are the moments corresponding to the
ground motion energy I(t) reaching 5% and 95%, respec-
tively, and the energy

I(t) �


t

0 a2(t)dt


T

0 a2(t)dt
, (10)

where T is the end of the record. We use this method to
calculate the duration of each curve of Figure 6, and the
results are shown in Figure 7. In the test, the other 9 trains
heading towards Huoying station were also recorded. All the
obtained three-component time histories are calculated
according to equation (9), and the durations Td are listed in
Table 3. Besides, the peak of each record (i.e., PGA) is also
shown in the table.

Both Figure 7 and Table 3 show that, as the distance
increases, the vibration duration appears to increase linearly.
)erefore, we perform a linear regression on the experi-
mental data in Figure 7 using the following equation:
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Td � ky + T0. (11)

)e obtained parameter T0 equals 3.114 s. )is intercept
corresponds to the distance y� 0, representing the duration
of a particle directly under the midline of the track. In other
words, it is the duration for a train passing through a cross
section of the roadbed, and thus, we herein refer T0 as the
train passing time. As shown in Figure 1, the distance be-
tween the front and the last axle of the urban train L� 76m.
As the train passing time T0 � 3.114 s in this case, it can be
inferred that the speed c of the train at 7 : 27 is L/T0 � 24.4m/s.
We calculate all the vibration data in Table 3 by the regression
analysis and list the obtained train passing times and vehicle
speeds in Table 4.

)e designed operating speed of the train (DKZ5) in the
test is 22.22m/s, but some calculated values in Table 4 are
above the operating speed. As mentioned earlier, the test site
was located between two stations. )e train’s arrival time at
the stations was strictly specified, but during the journey
between the two stations, the train underwent acceleration
and deceleration. At themoment when the observation array
was passed, the speeds of the trains are not of the same value.
)e average of the speeds in Table 4 obtained by the re-
gression analysis is equal to 21.98m/s, which is very close to
the designed operating speed of the train.

)ere is no doubt that the instantaneous speed measured
in the field is the ideal data to test the accuracy of this re-
gression analysis method. Unfortunately, due to equipment
reasons, field tests failed to obtain sufficiently meaningful

data of the instantaneous vehicle speed. Many researchers
(e.g., [4, 6, 10]) pointed out that higher vehicle speed results
in more significant ground vibration intensity. Figure 8
shows the speculated vehicle speeds and the correspond-
ing observed PGAs of P1, where the values have been
normalized with those of the train 7 : 27. It can be seen that
the speed by the regression analysis has a positive correlation
with the observed vibration intensity, which is consistent
with the general knowledge of the literature. )is result may
be deemed as a preliminary validation for the proposed
regression method.

)e tendency of the increase of duration with distance is
related to the Doppler effect caused by the moving excitation
source. Equation (11) indicates that the vibration time
history consists of the vibration directly from the train’s
passing (T0) and the tailing portion caused by the Doppler
effect. Figure 6 shows that the farther away from the track,
the more pronounced the effect of this tailing diffusion. )e
coefficient k in the regression equation (11) reflects the
degree to which the duration increases with increasing
distance. We plot the difference between the measured vi-
bration duration and the train passing time in Table 3 into
the coordinate system (Td − T0, y), as shown in Figure 9. We
can see that the observation data are concentrated in a
narrow band, indicating that the variation of the slope k is
not significant and the average value is 0.082467 s/m.
)erefore, as far as this observation site is concerned, the
time history of the surface vibration caused by the Beijing
Urban Rail Line 13 can be expressed as follows:

Table 2: Soil parameters.

Layer thickness (m)
Lamé constant (MPa)

Mass density (kg/m3) Shear wave velocity (m/s)
μ λ

4.0 45 67 1800 158
4.0 56 84 1950 169
1.0 63 94 2000 177
1.0 65 97 1950 183
1.0 70 105 2000 187
2.0 74 111 1900 197
1.0 84 126 2050 202
1.0 85 128 1950 209
∞ 99 148 1950 225

Table 1: Model parameters of train and track for Beijing Urban Rail Line 13.

Vehicle Track structure
Parameter Value Parameter Value
Car body mass 5.0×104 kg Mass per unit length of rails mR 121 kg/m
Car body pitch inertial 1.5×106 kgm2 Flexural rigidity of rails EI 1.3×104 kN·m2

Bogie mass 3.0×103 kg Hysteric damping ratio of rail ηR 0.005
Bogie pitch inertial 2.1× 103 kgm2 Stiffness per unit length of rail pad layer kp 3.5×105 kN/m2

Wheelset mass 9.0×102 kg Hysteric damping ratio of rail pad layer ηp 0.075
Parallel stiffness of primary suspension 2500 kN/m Mass per unit length of sleeper layer ms 416 kg/m
Series stiffness of primary suspension 1.0×1012 kN/m Mass per unit length of embankment mB 2400 kg/m
Parallel stiffness of secondary suspension 1000 kN/m Stiffness of unit length embankment kB 1.45×104 kN/m2

Series stiffness of secondary suspension 1.0×1012 kN/m Damping ratio of embankment material ηB 0.05
Viscous damping of primary suspension 8.0 kN s/m Width of embankment bottom 2b 4.50m
Viscous damping of secondary suspension 6.0 kN s/m Hertz stiffness for two wheels kh 2.4×106 kN/m

Advances in Civil Engineering 5



Td �
L

c
+ 0.082467y. (12)

5. Attenuation Feature of Vibration Intensity

5.1. Ground Vibration Intensity. Table 3 shows that, com-
pared with the two horizontal components, the vertical
vibration PGA is the largest one, which indicates that the
vertical component dominates the ground vibration.
)erefore, we suggest to use the vertical component as the
predominant index in the study of ground vibration caused
by urban rail transit.

It can be found in Figure 6 that as the distance from the
track increases, the vibration intensity gradually becomes
smaller. )e equation describing this gradual decrease is
often referred to as the attenuation relationship. In rail
transit planning, the attenuation relationship is one of the
essential basis for environmental vibration prediction and
vibration reduction design.

A reliable vibration attenuation relationship is based on
a large number of observational tests and obtained through
statistical analysis. At present, there is no generally accepted
statistical attenuation relationship for ground-running ur-
ban rail transit. By taking account of the geometric damping
and the material damping effect, Cui et al. [14] performed a
regression analysis on the attenuation of vertical PGA. )ey
put forward an attenuation formula as follows:

A � 0.0564y
− 0.3126

e
− 0.0285y

, (13)

where A is the PGA (m/s2) of the ground vibration and y is
the distance (m) from the observation point to themidline of
the track.
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Table 3: Durations and PGAs of vibrations recorded at all 5 points.

Record time Distance to track (m)
PGA (m/s2)

Duration (s)
x-component y-component z-component

7 : 27

10 1.55E − 02 9.03E − 03 3.08E − 02 3.865
20 1.08E − 02 7.13E − 03 1.72E − 02 4.920
40 2.34E − 03 2.68E − 03 5.33E − 03 6.055
50 2.09E − 03 1.64E − 03 2.52E − 03 7.560
60 2.12E − 03 2.54E − 03 3.89E − 03 7.920

7 : 34

10 1.20E − 02 8.92E − 03 2.34E − 02 4.160
20 8.64E − 03 7.84E − 03 1.68E − 02 5.285
40 2.56E − 03 2.55E − 03 4.27E − 03 7.055
50 1.75E − 03 1.62E − 03 2.28E − 03 7.975
60 1.27E − 03 1.80E − 03 2.06E − 03 8.730

7 : 40

10 1.21E − 02 1.00E − 02 2.59E − 02 4.105
20 9.41E − 03 8.46E − 03 1.38E − 02 5.200
40 2.67E − 03 2.41E − 03 4.79E − 03 6.645
50 1.59E − 03 1.36E − 03 2.12E − 03 7.620
60 1.30E − 03 2.07E − 03 2.25E − 03 8.450
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Figure 10(a) shows the decaying curve of equation (13)
and a set of measured data of PGA as well as the calculation
results from the present train-track-ground model. At the
five observation points, equation (13) is in good agreement
with the measured data. Especially at the 10m point, where

the mathematical model appears relative conservative, the
result of the attenuation equation (13) is even closer to the
data than the value calculated by the model.

)e numerical results of the model are more abundant
than those from the experiment, showing the overall trend of

Table 3: Continued.

Record time Distance to track (m)
PGA (m/s2)

Duration (s)
x-component y-component z-component

7 : 46

10 1.24E − 02 6.28E − 03 2.16E − 02 4.700
20 8.06E − 03 5.23E − 03 1.19E − 02 5.945
40 2.41E − 03 2.57E − 03 4.39E − 03 7.745
50 1.70E − 03 1.33E − 03 2.01E − 03 8.930
60 1.40E − 03 1.78E − 03 2.80E − 03 9.350

7 : 53

10 1.41E − 02 9.95E − 03 2.71E − 02 3.885
20 8.44E − 03 6.03E − 03 1.42E − 02 4.955
40 2.43E − 03 2.15E − 03 4.84E − 03 6.895
50 1.77E − 03 1.65E − 03 2.41E − 03 8.270
60 1.62E − 03 2.14E − 03 2.13E − 03 8.770

10 : 32

10 1.34E − 02 8.52E − 03 2.32E − 02 4.130
20 1.16E − 02 6.92E − 03 1.65E − 02 5.665
40 — — — —
50 2.51E − 03 1.60E − 03 3.04E − 03 8.420
60 3.46E − 03 3.20E − 03 3.13E − 03

10 : 38

10 1.30E − 02 6.92E − 03 2.67E − 02 3.945
20 1.06E − 02 5.20E − 03 1.91E − 02 5.010
40 — — — —
50 1.61E − 03 1.45E − 03 2.20E − 03 7.260
60 — — — —

11 : 00

10 1.13E − 02 6.12E − 03 2.22E − 02 4.335
20 1.30E − 02 4.87E − 03 1.72E − 02 5.520
40 2.37E − 03 2.96E − 03 4.81E − 03 7.075
50 2.17E − 03 1.05E − 03 2.03E − 03 8.095
60 1.61E − 03 1.80E − 03 2.11E − 03 8.220

11 :15

10 — — — —
20 1.31E − 02 6.53E − 03 1.82E − 02 5.045
40 2.78E − 03 2.20E − 03 4.84E − 03 6.575
50 1.58E − 03 1.20E − 03 2.60E − 03 7.240
60 1.77E − 03 1.85E − 03 2.98E − 03 7.230

11 : 25

10 — — — —
20 1.32E − 02 5.79E − 03 2.07E − 02 5.050
40 2.63E − 03 2.55E − 03 5.28E − 03 6.435
50 1.77E − 03 1.37E − 03 2.58E − 03 7.360
60 1.84E − 03 2.05E − 03 2.78E − 03 7.340

Table 4: Train passing time and train speed obtained by regression.

Record time Train passing time T0 (s) Slope k R2 Train speed (m/s)
7 : 27 3.114 0.0819 0.9684 24.40
7 : 34 3.362 0.0911 0.9964 22.61
7 : 40 3.345 0.0850 0.9954 22.72
7 : 46 3.921 0.0948 0.9842 19.38
7 : 53 2.923 0.1009 0.9894 26.00
10 : 32 3.307 0.1037 0.9721 22.98
10 : 38 3.243 0.0811 0.9880 23.43
11 : 00 3.763 0.0802 0.9629 20.20
11 :15 4.051 0.0581 0.8861 18.76
11 : 25 3.926 0.0616 0.9075 19.36
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attenuation and some local details. As the distance increases,
the vibration decays as a whole, whereas two local ampli-
fications occur at 20m and 38m away, respectively.

It should be mentioned that because the local amplifi-
cation phenomenon is related to the superposition of re-
flected waves and refracted waves at soil layer interfaces
[26, 27], the amplification and its location are significantly
different for grounds with different soil structures. An at-
tenuation relationship is an average result from a large
number of grounds and usually cannot express the local
amplification effect of a specific site. )erefore, it is inevi-
table that the curve of equation (13) deviates from the
simulation result in the range of 20–40m in the figure.

Within the range of 0–10m, however, the value of
equation (13) is far lower than that of the numerical sim-
ulation, which suggests that this attenuation relationship
may give an over-optimistic prediction of the vibration.

Besides, when reaching the midline of the track, y is
approaching zero, whichmakes the result of equation (13) go
to infinity. )is is also not realistic. )e figure shows that,
after entering the subgrade just below the embankment, the
numerical simulation reaches a maximum and no longer
grows. Based on the simulation, we propose herein an ad-
ditional correction to equation (13) as follows:

A �

A0, y< b,

(y − 10) A0 − 0.0206( 

b − 10
+ 0.0206, b≤y< 10m,

0.0564y− 0.3126e− 0.0285y, y≥ 10m,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

where the defined distance b is the half-width of the em-
bankment bottom and A0 is the average PGA of the sub-
grade. Figure 10(b) shows the curve of the piecewise
function (14). One can see that within the range of 0–10m,
the value of the modified attenuation relationship is higher
than that of the original equation (13). At the midline of the
subgrade, equation (14) has a maximum limit to eliminate
the singularity of equation (13).

5.2. Vibration Intensity of Subgrade. For the sake of opera-
tional safety, it is usually not allowed to deploy sensors in the
subgrade of the track in service. Numerical simulation is an
acceptable supplement to explore the subgrade vibration
varying with the depth. Figure 11 shows the numerical results
of vertical stress. )e abscissa denotes the maximum value of
the vertical stress time history, while the ordinate is the depth
from the bottom of the embankment, with the downward
direction being positive. To emphasize generality, we normalize
the stress with the value at the origin x� y� z� 0 (i.e., the
midline of the embankment bottom). We can see that, as the
depth increases, the dynamic stress level decays exponentially:

σ
σ0

� c1 + c2e
− c3z

, (15)

where c1, c2, and c3 are three fitting parameters. For the site
of this in situ test, c1 � 0.11756, c2 � 0.87414, and c3 � 0.58640.

Figure 12 is the distribution of the vertical acceleration
peak of the subgrade with the depth, where the abscissa
represents the normalized value A/A0 and A0 is the peak
acceleration of the particle at the origin. )e graph shows a
monotonic attenuation that is very fast and exhibits expo-
nential behavior as follows:

A

A0
� e

− cz
. (16)

For this site, the fitting parameter c� 1.1662.

6. Characteristic of Wheel/Rail
Interactive Force

At the moving wheel/rail contact, there is a wheel/rail in-
teractive force that dynamically changes in magnitude over
time. )erefore, the wheel/rail force is a moving and
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dynamic load. Figure 13(a) shows a time history of the
wheel/rail force calculated by the present train-track-ground
model. One can see that unlike the time histories of the soil
particles in Figure 4, the wheel/rail force shows stationary
feature and a certain periodicity. Wheel/rail forces move
with a train and are quantities observed from the perspective
of an observer on the train. As long as the train moves, the
dynamic wheel/rail force always exists. On the contrary, the
mass point of track or soil exists on the earth. )erefore, its
vibration first increases when a train coming and then
decreases when the train is leaving, showing a typical
nonstationary feature. )e results of Figure 13(a) reflect the
stationarity nature of the wheel/rail interaction, with the
values fluctuating around the quasi-static axle weight of
146 kN.

Figure 13(b) shows the power spectrum of the wheel/
rail interaction. Overall, as the frequency increases, the
dynamic wheel/rail force decreases. )e predominant
frequency range is 12–14Hz, indicating that the content in
this band plays a significant role in the time history of
Figure 13(a).

)e dynamic wheel/rail force is related to three factors.
)e first one is the train. As the vertical excitation frequency
increases, the vertical vibration amplitude of the wheel
decreases and therefore the contribution to the wheel/rail
force decreases. )e second factor is the wheel/rail uneven
contact.When a trainmoves along a track, the unevenness of
various wavelengths stimulates wheel/rail forces at the
corresponding frequencies. )e shorter the wavelength, the
higher the frequency. For rail transit, the shorter the uneven
wavelength, the smaller the amplitude, and thus the smaller
the exciting wheel/rail force. )erefore, the overall de-
creasing tendency of Figure 13(b) reflects both the effects of
wheel/rail unevenness and trains. )e third factor is the
track-ground system. Figure 14 is the dynamic receptance of
the track-ground, with a single peak showing around 14Hz.
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By comparing it with Figure 13(b), we find that the pre-
dominant frequency band in Figure 13(b) is the effect of the
track-ground system.

7. Conclusion

)e urban rail transit system includes a train in a moving
reference system and a track-subgrade-surrounding soil in
the fixed reference system of the earth. )e vibration
problem involves the soil-structure dynamic interaction in
the two reference frames. )e system is so complicated that
the induced vibration needs to be further studied. In this
research, by employing the field measurement and nu-
merical simulation, we reveal the duration and intensity
characteristics of the ground and subgrade vibrations. A
regression analysis method is proposed for identifying train
passing time and running speed from data of ground vi-
bration. An attenuation relationship of peak ground ac-
celeration is verified and improved, and the attenuation in
the depth direction is revealed as well.

)e analysis of the measured data shows that the
ground vibration duration is composed of two parts. One
part is the train passing time that is irrelevant with the
position of the observation point, while the other is the
tailing duration that increases with the distance from the
track. As far as a specific site is concerned, the rate of
increase of tailing duration with distance varies little. A
linear function can describe the relationship between
duration and distance, and the intercept is equal to the
train passing time. )e method may provide a reference
for parameter identification problems of moving sources
such as ships, automobiles, and airplanes.

Among the three directions of the ground vibration, the
vertical vibration intensity is the largest. For the study of the
surface environmental vibration caused by urban rail transit,
we recommend using the vertical component as the pre-
dominant index. )e intensity of ground vibration decays

with the distance from the track. We propose a piecewise
function to express the attenuation relationship.

)e vertical dynamic stress intensity of the subgrade
gradually decreases downward, and the attenuation is ex-
ponential. )e peak acceleration also decreases exponen-
tially, and the attenuation is more rapid than that of stress.

)e wheel/rail interaction behaves as a stationary ran-
dom process that has a certain periodicity. )e value dy-
namically varies around the gravity distributed by the axles.
Further physical model tests and numerical simulations may
use the time history of the wheel/rail force as a sample of
random excitation.
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