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The ground vibration wave induced by the viaduct section of the heavy freight wagons is transformed into the ground vibration
problem under the condition of point source excitation after it is transmitted to soil through pier. When the speed and axle load
of wagon become larger and larger, the impact on the surrounding buildings will also increase. In this paper, the ground vibration
around Shenshan Village in section of Shuo-Huang railway line is monitored and numerical analyzed; the 3D numerical model of
the Bridge-Pier-Field-House system is established. The relationship between peak vibration velocity (PPV) and the distance to the
pier caused by heavy freight wagons at different speeds and different type of wagons is analyzed. The power function relationship
between the two whenmeasuring line perpendicular to the centerlineof railway is verified. Based on themodified Sodev’s equation,
the relationship between PPV of ground points and wagon speed, axle load, and soil properties is proposed, and the value of every
parameter in the formula is discussed in detail. The concept of energy index is put forward for the first time in the formula, and
the relationship between energy index and wagon speed and wagon weight is analyzed by regression analysis. The accuracy of the
calculationmodel and prediction formula is verified by comparing field test results; an analytical method is proposed to predict the
ground vibration induced by viaduct.

1. Introduction

Railway is one of the most efficient transport systems in
recent years; railway transportation develops very fast in
China and abroad. With the development of transportation,
the vibration caused by railways has an increasing impact
on the environment. The environmental vibration caused
by traffic load has the characteristics of repeatability and
long-term. When it exceeds a certain level, it will affect the
daily life and work of people in nearby buildings. When the
vibration reaches a larger level, it may also cause damage
to the structure of the building, thus affecting the normal
function of the building [1–3].

On the other hand, due to the influence of terrain, more
and more sections are designed as railway viaducts to ensure
the smoothness of the line [4]. For example, the total length
of the Seoul-Busan high-speed railway in Korea is 412km,
the highest running speed is 300km/h, and the viaduct
proportion is 27.1%. The Madrid-Seville high-speed railway

in Spain has 31 viaducts with a total length of 15 km; the
bridge ratio is 3.2%. The Beijing-Shanghai railway line has
a total length of 1318 km, with 244 main bridges and a total
length of 1060km. The bridge length accounts for 80.7% of
the total line. However, the study of railway viaduct mostly
focuses on the deformation and stability of bridges, which is
quite complex due to the vehicle-coupled-guideway vibration
[5–7]. Due to the different ways of excitation, the ground
vibration caused by viaducts should also be concerned [8, 9].

On the other hand, with heavy load, long marshalling,
and fast running speed, the dynamic effect of heavy freight
wagons is stronger than that of ordinary trains, and the
dynamic influence of wagons on the railway structure and
its surrounding structures is more serious [10, 11]. The envi-
ronmental vibration problem caused by the railway viaduct
system involves many complicated dynamic systems such
as wagons, bridges, piers, and sites and buildings, involving
a large number of nonlinear problems [1, 12, 13]. Usually
the system is decomposed into several subsystems to study
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separately. The current theoretical research has not yet
reached a high degree of precision or obtained a simplified
analytical solution. Field measurements are the most com-
mon means of studying such problems [14–16].

However, railway line is usually long and the complex-
ity of the problem is high, given the dynamic interaction
between distinct domains, namely, the train, the viaduct,
the ground, and the building. It is not realistic to detect
each area nearby the line. As response to these needs,
it is necessary to put forward the general law of ground
vibration attenuation and to provide a method for evaluating
the magnitude of train vibration in a viaduct area to be
built.

Vibration assessment is a key element of the environ-
mental impact assessment process for railway projects. For
the propagation and attenuation law of ground vibration,
many scholars have put forward different prediction for-
mulas. They can be broadly classified into two categories:
one is the amplitude representation and the other is the
vibration level representation [17–19]. Among them, Bornitz
[20] put forward the attenuation formula of ground vibration
amplitude when disturbance force acts on the surface of
half space of soil, considering the geometric attenuation
of the vibration propagation and the medium absorption
attenuation and the influence of propagation distance of the
vibration. G. Volberg [21] based on tests at three different
sites regressed the relationship between the vibration level
and train speed. Chen Jianguo et al. [22] established an envi-
ronmental vibration prediction formula based on the results
of finite element vibration analysis. The formula reflects the
logarithmic relationship between vibration acceleration level
and distance and also considers the vibration level correction
values of train speed, bridge span, and unit length and
quality of the bridge by the additional function method.
However, most of the above formulas can only reflect the
attenuation relationship of vibration with distance or wagon
speed and cannot clearly reflect the influence of geological
conditions. More accurate prediction formulas should be put
forward.

A large number of studies have shown that the vibration
velocity and vibration frequency of the particle are closely
related to the damage of the building [23–25]. It can directly
reflect the vibration energy and play an important role in the
evaluation of the vibration of building. Accurate prediction
of the peak vibration velocity (PPV) of ground points under
different site conditions is of great significance. In the field
of traffic environment vibration, especially for the ground
vibration caused by the heavy freight wagons, there are few
studies using PPV as the evaluation index. Regarding the
organization of the paper, firstly, a finite element model of
track, box girder, pier, field, and building is established on
the basis of field test. Numerical result of vibration response
of ground and structure is studied by analyzing vibration
velocity and spectra induced by trains of different weight and
speed on a railway viaduct. Based on modified Sodev’s for-
mula, the relationship between PPV andwagon speed, wagon
weight, distance, and site is established. Finally, regression
analysis is used to discuss the procedures of determining each
parameter in the forecast formula.

2. Field Test of Railway Viaduct in
Shenshan Village

Shuo-Huang railway is an important part of the second largest
channel of the “West-EastCoal Transportation” inChina.The
total length of the railway is nearly 600 km, the transportation
capacity exceeds 255 million tons, and the freight volume
increases by tens of millions of tons every year. It is located
in the connecting area between mountainous area and plain.
The relative height difference is 200m-700m. The length of
the bridge section accounts for more than 10% of the total
length. In the northeast of Yuanping City, Shanxi Province,
Shuo-Huang Heavy-Haul Line crosses Shenshan Village in
the form of viaducts. The area is densely populated and there
are a large number of residential buildings within 30 meters
of the railway line, as shown in Figure 1.

Shuo-Huang railway is a first-class electrified railwaywith
double track, ballast track, jointless track, and the rail of 60
kg/m.The commonly used types of trucks are C64k, C70, and
C80. The axle weights of heavy freight wagons are about 21t,
23t, and 25t, and the axle weights of empty wagons are about
5.8t, 6.0t, and 5.0t. The unspring mass of the wagon is about
1500 kg per wheel set.

Monitoring points in the field test can be divided into
3 parts: pier measuring points, site measuring points, and
house measuring points, as shown in Figure 2. Among them,
the site measuring points are mainly arranged on two differ-
ent routes perpendicular to the viaduct axis (Rout MR and
Rout PL). Limited by the conditions of the site, there are four
measuring points on each of the two lines, and the distance
between adjacent points is not completely equal. Based on
measured data, the basic law of site vibration attenuation
on two measuring routs is put forward. In order to further
analyze and verify the proposed rules, a numerical model is
set up below.

3. Numerical Analysis of Ground Vibration
Induced by Viaduct

A 3D numerical model is established to analyze the vibration
attenuation rule of site points under various wagon speed and
axle load more deeply. Due to the complexity of rail system,
the tracks and the ballast were considered to be contact
directly; the field was considered as homogeneous sand soil.

3.1. Calculation Model and Parameter Setting. According to
the actual site conditions of Shenshan railway viaduct, a
numerical model of Bridge-Pier-Field-House system is estab-
lished using ANSYS/LS-DYNA, as can be seen in Figure 3,
which shows the finite elements (FE) mesh of the cross
section. The size of the field model is 125m length perpen-
dicular to the tracks direction and 132.5m in the direction
of the tracks, including 5 piers, with each span of 26.5m.
The thickness of the soil layer is 8.0m, under which there is
bed rock; the nodes at the bottom boundary are fixed in all
directions to simulate the bedrock. Pier foundation adopts
independent foundation. The maximum element size is 2.25
m; the minimum element size is 0.2m, satisfying the require-
ments of an element dimension in finite element analysis. The
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Figure 1: The field site of Shenshan railway viaduct.
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Figure 2: Layout of measuring points in the field test (unit: m).
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3D model mesh contains 226,912 eight-node brick elements.
The type of elements which are being used is solid simulating
all the part in system. As the structure of the symmetry,
in order to reduce the computation, the establishment of a
half model simulation. A symmetric boundary condition is
introduced into the model at the center of the pier.

The longitudinal direction of the rail and the ballast is
restricted to simulate their continuity. As the vibration wave
passes through the pier to the soil, it becomes a problem of
ground vibration. The whole viaduct system is simplified into
two subsystems: the vibration source system (track-cushion-
box girder) and the vibration transmission system (pier-
residence-soil). The schematic diagram of each part is shown
in Figure 4. The elastic parameters of the system material
are listed in Table 1. Material damping is modeled using the
Rayleigh damping model.The damping ratio is assumed to be
5% in the frequency range of interest.

The propagation of vibration in soil is infinite, and the
vibration simulated by FEmodel is propagated in the bound-
ary of the model. Nonreflecting boundaries are implemented
to prevent wave reflections at the edges. The basic principle
is to apply viscous normal stress and shear stress on the
boundary, which are opposite to the direction of boundary
stress, to absorb the energy propagating to the boundary. A
study has been done in order to determine the accuracy of
nonreflective boundary, comparing the PPV on the test line
in Figure 3(a), parallel to the track. Considering the influence
of different piers, the center of each pier is taken as the origin,
and 17 test points are evenly placed within 20 meters around
the pier. The PPV of points around Piers 1#, 2#, and 3# were
compared in Figure 5 and the variances of points on the three
curves are calculated, respectively. It can be found that the
PPV variance of the particles around Pier 1# (which is closer
to the boundary) is larger than that of pier 3# (which is farther
away from the boundary), the PPV variance of the particles
around Pier 3# is 3.613e-9 m/s, and the value is very small. In
this paper, the locations of the measured points are all near
Pier 3# (Figure 7), which are less affected by the boundary.
The analysis results do not depend on the size of the model.

3.2. Simplification of Train Load. According to [26, 27], since
the straight railway lines account for a large proportion, only
the vertical bearing forces are applied to the Train-Track-
Bridge system to solve the ground vibration. For the purpose
of comparing the vibration characteristics of computational
model and field model, the wheelbase of four-axle wagons
and load distribution are stimulated, as shown in Figure 6.
Four car bodies are considered, while the actual number
can reach more than 100. Using a series of moving loads to
represent the effects of the moving train is an alternative for
Train-Structure Interaction. The load amplitude takes into
account the static wheel load and dynamic load coefficient,
and the track irregularity is also taken into account. It has
been proved effective in many researches [28, 29]. The train
load, which is represented by a series of axles load Pn
located in the wheel-track contact points, is formulated with
a constant moving speed v. The train load on the track is a
one-way pulse stress wave.

In Figure 6, 𝑙c is the wheelbase of the wagon, 𝑙w is the
wheelbase of the bogie, 𝑙b is thewheelbase between the bogies,
and 𝑙v is the length of a single wagon.

The C64, C70, and C80 track, which are commonly
used in China for heavy haul transport, are selected in this
numerical model. During the regular arrangement of axle
load, vertical loading frequency of wagon mainly depends on
wagon speed V (km/h) and wheelbase d (m). When loading
frequency is f = v/(3.6⋅d) and train speed is 80-160 km/ h, the
loading frequency of the freight wagon is calculated, as shown
in Table 2. It can be seen that the vertical loading frequency of
the train is within 26 Hz, and the influence of the wheelbase
between bogies andwheelbase inside the bogie on the loading
frequency is greater. In the model, the rail is divided into a
uniform grid with a side length of 0.2 m. In the calculation,
the load time history curve is applied to each unit of the rail.
The load curve on each unit is the same but the action time
is different. The running speed of the wagon is controlled by
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Table 1: Elastic material parameters of the system.

Position Thickness/ (m) Density/(kg/m3) Modulus of elasticity /(Mpa) Poisson ratio
Track 7800 6.0E+05 0.22
Cushion 1.0 2200 1.6E+04 0.20
Steel beam 3.0 7800 2.0E+05 0.22
Pier 21.0 2200 2.5E+04 0.20
Layer 8.0 2000 46.62 0.26
Bedrock ∞ 2200 2.85E+04 0.20

Table 2: Vertical loading frequency of wagons.

Type of wagon 𝑙𝑏/m 𝑙𝑤/m 𝑙𝑐/m Wheelbase between wagons/m
C64k 2.988 1.75 6.95 15.19
C70 2.69 1.83 7.38 15.56
C80 1.97 1.83 6.37 13.56
Loading frequency range /Hz 7.44-22.56 12.14-25.39 3.01-6.98 1.46-3.28

the peak rise time and duration time of wheel-rail load curve,
and the different axle load is simulated by changing the load
amplitude.

3.3. Monitoring Point Arrangement. More measuring points
are arranged in the numerical model compared with the field
test, which are shown in Figure 7. BP1, BP2, and BP3 are the
measuring points of the top of pier, the measuring point at 2
m on the pier from the ground, and the measuring point of
pier foundation, respectively. Two vertical lines are placed on
the field, Route PL starts from a pier, with eight MPs (No.1
to 8) in horizontal distance of 1.0m, 7.5 m, 15 m, 22.5 m, 30
m, 40m, 50 m, and 60m perpendicular to viaduct axis. MR1-
MR7 are located at the RouteMR.MP1-MP3 are placed on the
foundation of the residential building, the center of a roomon
the ground floor, and the roof, respectively.

3.4. Ground Vibration Analysis. In order to verify the validity
of the numericalmodel, Figure 8 compares the calculated and
measured velocity time history and Fourier spectrum of PL3
under C80 running at a speed of 80km/h. The amplitude
and trend of velocity time histories are very close between
the calculated and measured value, as demonstrated in the
figure. Comparison of frequency spectrum shows that the
main frequency range of vibration is the same; there is a good
correspondence between the calculated andmeasured results,
so the results of numerical simulation are reliable.

Because the horizontal distance between Route PL and
the center line is smallest and the horizontal distance between
Route MR and the center line is largest, different points on
Route PL and Route MR with same distance perpendicular
to viaduct axis are selected to observe the attenuation law of
vibration on the ground. One case is studied, with available
data for C80 with a speed of 80km/h, the change law of root
mean square (RMS) velocity vibration level on the two routes
is compared. The RMS of a signal is the average of its squared
amplitude and is typically calculated over one second interval
[30]. The average vibration level and maximum vibration
level of different points are shown in Table 3.

As an amplitude descriptor, velocity level 𝐿V is defined as

𝐿𝑉 = 20 lg( 𝑉0𝑉ref
) , (1)

where 𝑉0 is the amplitude of the velocity time history in
m/s and 𝑉ref is the reference value amplitude 2.54×10−8 m/s.

It can be seen from Table 3 obviously that the average
vibration level of the measuring point on Route PL is larger
than that on Route MR. The attenuation rate of velocity
vibration level on Route PL is faster than that on Route MR
at the measuring point within 30 m (near source MPs). With
the distance from the axle of the viaduct increases from 7.5
m to 30 m, the average vertical vibration level on Route PL
decreases from 80.87 dB to 69.56 dB, which decreased 11.31
dB, while the average vertical vibration level on Route MR
decreases from 77.85 to 73.11 dB, which decreases by 4.74 dB.
The vibration attenuation rate of the Route PL is rapidly first
and then slowly with time, which is basically the same as the
measured law.

The variation of vertical vibration velocity on either route
is analyzed by comparing the RMS velocity level which
calculated from (1), as shown in Figure 9. As can be seen,
the velocity vibration levels of the measuring points on each
route decrease with the increase of distance regularly, but
sudden change (suddenly magnified or suddenly reduced)
also occurs locally, those regions called the local amplification
region (LAR). For example, the average value of vertical
velocity vibration levels at 40 m on Route PL is 2.57 dB larger
than that at 30 m. This phenomenon had been observed in
other field tests [31, 32].The reason is uncertain; one possible
view is that the presence of hard bedrock beneath the soil
layer, the wave velocity of the bedrock, is usually larger than
that of the surface layer.When the incident wave generated by
the vibration source which is reflected and refracted on the
surface of bedrock and the surface wave propagating along
the ground surface reaches a certain point on the ground at
the same time, the superposition of thewaveswill form a local
amplification.
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Table 3: Maximum and average velocity levels at different routes (dB).

Vertical vibration Horizontal vibration
Route PL Route MR Route PL Route MR

Max Average Max Average Max Average Max Average

MPs

7.5 94.99 80.87 85.93 74.85 93.52 80.47 87.49 75.96
15 88.29 74.01 81.0 71.31 84.58 73.78 85.07 72.85
22.5 83.32 72.55 84.48 71.54 85.06 74.36 82.93 70.18
30 80.62 69.56 82.98 70.11 73.98 63.07 84.49 71.78
40 82.17 72.13 78.62 67.22 77.99 66.86 74.72 64.61
50 80.09 68.62 72.87 62.51 78.61 66.72 74.31 62.86
60 74.81 64.95 69.03 59.00 76.17 66.20 73.49 61.69

lＰ

l＝ l＝ l＝ l＝

lＱ lＱ lＱ lＱ lＱ lＱ lＱ lＱ

PＨ

l＜
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Figure 6: The layout and geometrical specification of wagons.
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Figure 7: Layout of measuring points in the numerical model (unit: m).

Figure 10 displays the horizontal and vertical velocity of
all the points on Rout PL introduced previously (Section 3.3)
in the form of one-third center frequency band within the
scope of 1-80Hz. Due to the vibration-absorbing effect of soil,
the vibration usually decreases with the increase of the dis-
tance, but there are exceptions in some frequency bands, like
vertical vibration at 7.5mwhich is obviously larger than that at
1.0m in 25Hz to 35Hz frequency bands. The measuring point
within 30m has an amplification phenomenon at the center
frequency of 8∼16Hz and 20∼25Hz, and the amplification

is only obvious near the center frequency of 10Hz beyond
30m. The frequency less than 8 Hz is rapidly attenuated
from 1 m to 7.5 m and then remains stable. However, the
frequency band above 20 Hz is uniformly attenuated with
distance. It indicates that vibration in frequency between
8 and 16 Hz, where PPV lies, attenuates at a lower rate.
It is an interesting phenomenon that no much attenuation
is observed for distances larger than 30 m; the higher
frequencies of the ground vibration wave attenuate fast, while
the lower frequencies attenuate slowly. Higher frequencies at
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Figure 10: The effective value of 1/3 octave band velocity on Route PL.

distances larger than 30 m have been attenuated more than
half (perhaps 80 percent). On the other hand, Rayleigh wave
will play a leading role in the far field which accounts for 67%
of the total energy. The attenuation speed of Rayleigh wave
is much slower than that of body wave, so the attenuation of
vibration is slower at distances larger than 30 m.

4. Regression Analysis Using Sodev’s
Modified Formula

Propagation characteristics of vibrations generated by various
vibration sources may be dependent on the type of the
generated waves which can be assessed bymeasuring particle
motions. According to the analysis of the literature, the
magnitude of the dynamic load transmitted to the ground
by the pier is mainly affected by the train running speed and
axle weight. After the vibration wave is transmitted to the soil
through the pier, it is converted into the ground vibration
problem purely under the point source excitation condition.
It is similar to the vibration effect induced by blasting in the
middle and far region. In fact, the propagation medium of
blasting vibration and pier vibration caused by wagons are
both rock and soilmass, and the vibration ofmediumnear the
protected object is elastic vibration. The relationship between

the PPVand the distance to vibration source can be described
by the modified Sodev’s formula, as shown in (2) to (4).

𝑉𝑝𝑒𝑎𝑘 = 𝑘 ( 3√𝑄
𝐷 )
𝛼

, (2)

𝑉𝑝𝑒𝑎𝑘 = 𝑘𝐷−𝛼 , (3)

𝑘 = 𝑘 (𝑄𝛼/3) , (4)

where 𝑘 and𝛼 are the coefficients related to local geolog-
ical condition, 𝑄 is a comprehensive indicator considering
various factors which affect the source of energy (hereinafter
referred to as the energy index), and𝐷 is the scaled distance.
For vibration source, two adjustments are applied including
the train type and train speed.

In this section, the following steps are taken to obtain the
PPVof the ground point which is d from the center of the pier
according to (2): (1) Referring to the method of determining
site coefficient in blasting, 𝑘 and 𝛼 are obtained. (2) When
the wagon weight is the same, multiple sets of data are used
for regression analysis based on the (3), and then 𝑘 is got
and it is substituted in (4) to get Q’ at different wagon speeds,
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Figure 11: Power function fitting of PPV under different wagon weights.

and the change law of Q’ with the wagon speed can be fitted
by least square method. (3) In the same way as step (2), the
relationship between Q’ and wagon weight at the same speed
can be fitted. (4) Repeat steps (2) and (3); multiple sets of
change law of Q’ with wagon speed and Q’ with wagon weight
are obtained, so as to fit the calculation equation of Q’ under
any wagon speed and wagon weight. (5) After Q’ is obtained,
substitute it into (2) to obtain the PPV at any point.

4.1. PPV and Wagon Weight. A total of four types of trains
(between C50 and C80) were analyzed in the model, and
the values of 𝑘 and 𝛼 in (3) are discussed when the train
speed is 80km/h. The fitting result between PPV and distance
to the center line (𝐷) of each MPs on Rout PL is shown in
Table 4. Figure 11 shows the relationship curves between PPV
and distance under different wagon weights.

As can be seen from Table 4 and Figure 11, the correlation
coefficients in the fitting equation (3) are all greater than 88%
and the mean square error (MSE) is less than 0.8. The fitting
accuracy of vertical vibration is higher than that of horizontal
vibration. It is verified that the relationship between PPV
and distance under different wagon weights conforms to
power function. The coefficient 𝑘 varies greatly with the
increase of the total weight of the wagon. For the horizontal
vibration, from C50 to C80, 𝑘 gradually increases from
1.901 to 2.887, and 𝛼 maintains at around 0.5. For vertical
vibration, 𝑘 gradually increases from 2.612 to 3.533 and𝛼 maintains around 0.65, indicating that the weight of the
wagon has a great influence on the PPV, especially the near-
source measuring point.

4.2. PPV andWagon Speed. Taking the fully loaded train C80
as an example, a total of five speeds (between 80 and 160
km/h) were analyzed in the section. Table 5 and Figure 12

present the fitting result of PPV and𝐷 on Rout PL at different
wagon speeds according to formula (3).

It can be seen from Table 5 and Figure 12 that the
correlation coefficients in fitting equation (3) are all greater
than 85% and the MSE are less than 0.9754. As wagon speed
increases, the coefficient 𝑘 increases, and 𝑘 in the vertical
vibration is larger than that in horizontal vibration, while 𝛼
is relatively stable. When the wagon speed increases from
80km/h to 160km/h, for horizontal vibration, 𝑘 gradually
increases from 2.887 to 3.666, and for vertical vibration, 𝑘
gradually increases from 3.533 to 8.896. With the increase of
wagon speed, the increasing speed of PPV at the same point
slows down.

4.3. Determination of Site Coefficient. The blasting vibration
simulation was carried out on the site of the model to
determine the value of site coefficient. Piers in the original
model were removed, and the equivalent blasting load was
applied in hole of the pier. A simplified triangular load curve
is adopted, as shown inFigure 13. Among them,𝑃w is the peak
pressure of blasting, 𝑡1 is boost time, and 𝑡2 is total action
time.

The boost time is set to 2 ms, total action time is set to 7
ms, the total calculation time is 300ms, and the peak pressure
of the blasting equivalent load is 6.64 MPa when the charge
is 120 kg. The velocity time histories of particles at different
distances on the site are extracted by calculation, and the
relationship between the PPV of the measuring points and
the distance from blasting center is fitted by Sodev’s formula
(see (5)).

𝑉𝑝𝑒𝑎𝑘 = 𝑘( 3√𝑄
𝐷 )𝛼 , (5)
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Table 4: Fitting of PPV versus distance under different wagons.

Vibration Component Wagon 𝑘 𝛼 Correlation coefficient MSE

Horizontal

C50 1.901 0.5219 0.885 0.3154
C64 2.036 0.5914 0.9504 0.1512
C70 2.48 0.5318 0.9046 0.4369
C80 2.887 0.5181 0.8783 0.7745

Vertical

C50 2.612 0.6494 0.9708 0.1472
C64 3.021 0.6576 0.9743 0.1477
C70 3.267 0.6474 0.9736 0.2071
C80 3.533 0.6163 0.965 0.3188

Table 5: Fitting of PPV versus distance under different speeds.

Vibration Component Speed/(km/h) 𝑘 𝛼 Correlation coefficient MSE

Horizontal

80 2.887 0.5181 0.8783 0.7745
100 3.109 0.4915 0.8581 0.8791
120 3.434 0.4191 0.8742 0.9754
140 3.580 0.4452 0.8825 0.8615
160 3.666 0.4097 0.9252 0.5892

Vertical

80 3.533 0.6163 0.9650 0.3188
100 3.644 0.5465 0.9745 0.2282
120 4.082 0.4987 0.9607 0.4268
140 4.275 0.4691 0.9856 0.1549
160 4.896 0.4642 0.9775 0.3131

where 𝑘 and 𝛼 are site coefficients; 𝑄 is the mass of
the blasting single-shot explosive (kg). Formula (5) takes
logarithms on both sides simultaneously

ln𝑉𝑝𝑒𝑎𝑘 = ln 𝑘 + 𝛼 ln( 3√𝑄
𝐷 ) , (6)

where 𝑦 = ln𝑉𝑝𝑒𝑎𝑘, 𝑥 = ln( 3√𝑄/𝐷) = (1/3) ln𝑄 − ln𝐷,
and 𝑏 = ln 𝑘.

Equation (6) becomes the following linear form:

𝑦 = 𝛼𝑥 + 𝑏. (7)

By means of linear regression with the above method,
when the MSE of calculated value and fitted value are the
smallest, the coefficients 𝛼 and b are obtained. Results are
as follows, in horizontal direction, 𝛼=1.447, b=4.056, k=57.74
and in vertical direction, 𝛼=1.479=1.479, b=3.351, k=28.53.

The site coefficients are substituted into Equation (3), 𝑘𝑥
represents horizontal direction, and 𝑘𝑧 represents vertical
direction

𝑘𝑥 = 57.74 ∗ (Q0.482)
𝑘𝑧 = 28.53 ∗ (Q0.493)

(8)

4.4. Prediction Formula of PPV. If to predict PPV by (2),
after site coefficients are calculated, the energy index Q’ is
also needed. The following two regression methods are used
to analyze the relationship between energy index and wagon
speed and wagon weight.

(a) Linear Regression. According to the corresponding value
of 𝑘 at the same speed and different weight in Table 4, Q’
corresponding to each weight can be obtained by substituting
them in (8); results are shown in Table 6.Making linear fitting
between energy index and total weight of wagon, the fitting
formula is shown in (9)

𝑄 (𝑔) = 𝑎1𝑔 + 𝑏1, (9)

where 𝑔 is total weight of wagon in t; 𝑎1 and 𝑏1 are linear
fitting coefficient.

Fitting results show that fitting correlation coefficient in
fitting equation (9) is greater than 90%and themax difference
value (D-value) percentage between the fitting value and the
calculated value is 6.36%, D-value in vertical direction are
all less than 1%. Among them, the linear fitting coefficients
of horizontal direction are a1=5.47×10−7 and b1=-2.689×10−5,
while those of vertical direction are a1=1.768×10−6 and b1=-
5.022×10−5. According to (9), the𝑄’ values of different wagon
weights can be estimated under the same site condition and
wagon speed.

According to similar method above, using the value
of 𝑘 at same weight and different speeds in Table 5, Q’
corresponding to each speed can be obtained in Table 7.
Making linear fitting between energy index and wagon speed,
the fitting formula is shown in (10)

𝑄 (V) = 𝑐1V + 𝑑1, (10)

where V is wagon speed in km/h; 𝑐1 and𝑑1 are linear fitting
coefficient.
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Figure 12: Power function fitting of PPV under different speeds.
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Figure 13: Applied blasting load.

Table 6: Energy index values under different wagon weight.

Type of wagon Total weight /(t) Horizontal Vertical
𝑄 (10-5) D-value 𝑄 (10-4) D-value

C50 70 1.363 6.36% 0.734 0.19%
C64 84 1.572 6.23% 0.926 0.31%
C70 94 2.366 3.67% 1.126 0.32%
C80 105 3.242 5.78% 1.355 0.059%

Table 7: Energy index values under different wagon speed.

Type of wagon Speed /(km/h) Horizontal Vertical
𝑄 (10-5) D-value 𝑄 (10-4) D-value

C80 80 3.242 2.47% 1.355 6.33%
C80 100 3.78 2.48% 1.443 3.6%
C80 120 4.645 4.56% 1.817 1.69%
C80 140 5.064 2.17% 1.995 5.14%
C80 160 5.32 3.35% 2.626 3.06%
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The fitting results show that energy index increases lin-
early with the train speed between 80 km/h and 160km/h; the
D-value percentage betweenfitting value and calculated value
is all less than 8%. Among them, the linear fitting coefficients
of horizontal direction are c1=2.72×10−7 and d1=1.146×10−5,
while those of vertical direction are c1=1.158×10−6 and d1=-
0.981×10−6. The Q’ value in vertical is larger than horizontal,
which indicates that the increase of train speed has a greater
impact on vertical vibration. According to (10), the Q’ values
of different wagon speeds can be estimated.

According to (9) and (10), Q’ is both the function of
wagon weight and wagon speed. Therefore, Q’ is assumed to
have the following forms for it has a linear relationship both
with wagon weight and wagon speed.

𝑄 (V, 𝑔) = (𝐴1V + 𝐵1) 𝑔 + (𝐴2V + 𝐵2)
= (𝐴1𝑔 + 𝐴2) V + (𝐵1𝑔 + 𝐵2) ,

(11)

where 𝐴1, 𝐵1 and 𝐴2, 𝐵2 are fitting coefficients. At a
specific speed, the form of Q’ is as follows:

𝑄 (80, 𝑔) = 𝑎1𝑔 + 𝑏1
𝑄 (100, 𝑔) = 𝑎2𝑔 + 𝑏2

...
𝑄 (V, 𝑔) = 𝑎V𝑛𝑔 + 𝑏V𝑛,

(12)

The values of a1 and b1 have been solved above, and
the same method can be used to find out the value of𝑎2, 𝑏2 . . . 𝑎V𝑛, 𝑏V𝑛. According to (11), regression coefficient𝑎1, 𝑎2 ⋅ ⋅ ⋅ 𝑎V𝑛 and 𝑏1, 𝑏2 ⋅ ⋅ ⋅ 𝑏V𝑛 have linear relationship with
wagon speed respectively, it is expressed in the form as

𝑎V𝑛 = 𝐴1V + 𝐵1𝑏V𝑛 = 𝐴2V + 𝐵2, (13)

The coefficients of A1, B1 and A2, B2 were calculated by
fitting 𝑎1, 𝑎2 ⋅ ⋅ ⋅ 𝑎V𝑛, 𝑏1, 𝑏2 ⋅ ⋅ ⋅ 𝑏V𝑛 and speed, respectively, and
then the change law of 𝑄 with wagon speed and wagon
weight can be found by substituting them in (11).

(b) Nonlinear Regression. Volberg’s [21] study has shown the
logarithmic relationship between ground vibration velocity
level caused by trains and train speed in a certain frequency
range in 1983.

𝐿V = 64 + 20 lg ( V
40) , (14)

where V is the wagon speed in km/h, 𝐿V is vibration
velocity level in dB. From (14), it can be seen that the velocity
vibration level is logarithmic with the wagon speed, while
from (1), it can be seen that the velocity vibration level is
logarithmic with PPV, then it can be deduced that there is a
linear relationship between PPVandwagon speed. According
to (2), the relationship between Q’ and PPV can be deduced.

𝑄 = (𝑉𝑝𝑒𝑎𝑘
𝑘 )3/𝛼



⋅ 𝐷3, (15)

Assuming the linear relationship between PPV and
wagon speed, the relationship between Q’ and wagon speed
can be assumed as follows:

𝑄 = (𝑝1 ⋅ V + 𝑝2)3/𝛼 , (16)

where p1 and p2 are linear fitting coefficient; 𝛼’ is coeffi-
cient for site condition. Wagon speed and corresponding Q’
values in Table 7 are regression analyzed according to (16).
The results are compared with linear regression, as shown in
Figure 14.

The nonlinear fitting coefficients in horizontal direc-
tion are obtained like p1=2.463×10−5 and p2=0.0049, while
the nonlinear fitting coefficients in vertical direction are
p1=5.668×10−5 and p2=0.0075. As can be seen fromFigure 14,
results of 𝑄’ under different wagon speed calculated by the
two methods are very close, the RMS in vertical direction of
the two fitting methods are compared with numerical value,
the nonlinear fitting is 1.206×10−6, and the linear fitting is
1.232 ×10−6.

A similarmethod is used to fit the relationship betweenQ’
and wagon weight, assuming the relationship between them
is as follows:

𝑄 = (𝑞1 ⋅ 𝑔 + 𝑞2)3/𝛼 . (17)

Thewagon weight and corresponding Q’ values in Table 6
are regression analyzed according to (17). Results are com-
pared with the linear regression, as shown in Figure 15.

The nonlinear fitting coefficients in horizontal direc-
tion are obtained like q1=6.414×10−5 and q2=-1.64×10−4,
while nonlinear fitting coefficient in vertical direction are
q1=9.23×10−5 and q2=0.0027. As shown in Figure 15, the
nonlinear fitting is more accurate, for the RMS in the vertical
direction by the nonlinear fitting is 6.427×10−6, and is smaller
that of the linear fitting which is 6.515 ×10−6.

When wagon speed and wagon weight are both variables,
the expression ofQ’ which satisfied (16) and (17) is as follows:

𝑄 (𝑔, V) = [(𝑃1𝑔 + 𝑄1) V + (𝑃2𝑔 + 𝑄2)]3/𝛼

= [(𝑃1V + 𝑃2) 𝑔 + (𝑄1V + 𝑄2)]3/𝛼
(18)

where P1, Q1, and P2, Q2 are fitting coefficients. When
wagon speed is the same, the forms of Q’ under different
wagon weights are as follows:

𝑄 (80, 𝑔) = (𝑞1𝑔 + 𝑞2)𝛼/3
𝑄 (100, 𝑔) = (𝑞21𝑔 + 𝑞22)𝛼/3

...
𝑄 (V𝑛, 𝑔) = (𝑞𝑛1𝑔 + 𝑞𝑛2)𝛼/3 .

(19)

The value of 𝑞1 and 𝑞2 have been solved above, and
the same method can be used to find out the value of𝑞21, 𝑞22 . . . 𝑞𝑛1, 𝑞𝑛2. The regression coefficients 𝑞1, 𝑞21 ⋅ ⋅ ⋅ 𝑞𝑛1
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Figure 15: Regression analysis of energy index 𝑄’ and wagon weight.

and 𝑞2, 𝑞22 ⋅ ⋅ ⋅ 𝑞𝑛2 both have linear relationship with wagon
speed, respectively; according to (18), it is expressed in the
form as follows:

𝑞𝑛1 = 𝑃1V + 𝑃2
𝑞𝑛2 = 𝑄1V + 𝑄2. (20)

The coefficients 𝑃1, 𝑃2, and 𝑄1, 𝑄2 were calculated by
fitting 𝑞1, 𝑞21 ⋅ ⋅ ⋅ 𝑞𝑛1, 𝑞2, 𝑞22 ⋅ ⋅ ⋅ 𝑞𝑛2 and wagon speed, respec-
tively, and then we can obtain the functional expression of
Q’ by substituting them in (18). Setting Q’ into (2), PPV of
any surface point at different speed and wagon weight can be
obtained.
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Table 8: Comparison of PPV of measuring points (mm/s).

Location of MPs /m Measured value Numerical value Linear fitting Value Nonlinear fitting value
Horizontal Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical

1 1.762 2.732 1.803 2.7296 2.01 3.01 1.96 2.97
7.5 0.869 1.212 0.8269 1.2654 0.798 1.118 0.789 1.08
15 0.304 0.402 0.3287 0.4113 0.377 0.418 0.352 0.412
22.5 0.2639 0.3326 0.281 0.368 0.285 0.355

4.5. Comparison of Fitting Result and Monitoring Result.
When full C64 is running at 100km/h on the viaduct, the
monitoring results, numerical results, and fitting results of the
PPV of four MPs with the distance between MPs and center
line are 1, 7.5, 15, and 22.5m which are shown in Table 8.

It is found that the PPV at 15m is less than 0.5mm/s;
the ground vibration caused by wagons running on viaducts
decreases rapidly with the increase of distance. Compared
with PPV of MPs, the numerical value is close to the mea-
sured value, which verifies the correctness of the numerical
model. Comparing the numerical value with the predicted
value by two regressionmethods, it is obvious that the nonlin-
ear fitting value is closer to the numerical value. Although the
fitting value at 7.5m is smaller and the value at 15m is slightly
larger, the deviation is less than 8%, which can predict the
attenuation trend of ground point vibration basically.

5. Conclusion

In this paper, the ground vibration attenuation rule and
propagation law are systematically discussed by establishing
the numericalmodel of Shenshan viaduct and its surrounding
site. Based on the modified Sadev’s formula, the prediction
formulas of PPV under different wagon speeds and axle loads
are proposed by linear regression and nonlinear regression
respectively. Method to determine each parameter in the
prediction formula is discussed; on the basis of the simulation
results, the principal conclusions (may be confined to the
similar configurations as this paper) are as follows:

(1) The comparison between numerical and measured
results revealed a good agreement, which confirms the
integrated Bridge-Pier-Field-House model established in this
paper is consistent with the actual project and can reflect the
vibration propagation chain caused by train passing through
viaduct.

(2) In the site, the attenuation of velocity vibration level
of the MPs on Route PL is faster than MPs on Route MR;
moreover, the velocity vibration level of the MPs on Route PL
shows a power function attenuation trend with the increase
of distance. However, there will also have the amplification
regions (LAR); the positions and quantities of LAR are
different in different directions.

(3) The prediction formula proposed in the paper can
predict the PPV of ground vibration under different train
speeds, axle loads, and site conditions effectively. Comparing
the fitting valuewith numerical calculation values, except that
the result at 7.5m is smaller, other results are close, which
verifies the correctness of the prediction method.

(4) The concept of energy index Q’ is proposed in
prediction formula firstly; the relationship between energy
index, axle load, and speed is regressed by linear fitting and
nonlinear fitting. The results show that the values obtained by
nonlinear fitting are more accurate.

The prediction formula presented in this paper does
not consider the mutation phenomenon in the attenuation
process, and the more accurate formula needs to be studied
further under more cases.
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