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Abstract: The vibration caused by railways is an environmental constraint in the development of
over-track buildings. To study the influence of environmental vibration from the high-speed railway
on over-track buildings, a finite element model including track, soil, and buildings was set up. Based
on the vertical vibration acceleration sampled on the rail, the equivalent line load acting on rails
vertically was obtained by a simplified model. On the basis of verifying the simulation model by
measurement results, the vertical vibration induced by high-speed railways in over-track buildings
was studied quantitatively. Through introducing correction terms relating to the thickness and height
of the over-track platform, the story number, and the structure of the over-track building, an existing
model released by the railway industry of China was improved. Compared with the existing model
only being suitable for predicting vertical vibration of the first floor, the improved model can predict
vertical vibration of different floors.

Keywords: railway; over-track building; finite element method; environmental vibration; predic-
tion model

1. Introduction

By 2020, China’s railway mileage in operation has reached 146,300 km, including
38,000 km of high-speed railways [1]. In this sense, developing over-track buildings in
the region of the urban railway can utilize land resources economically and intensively,
which can alleviate the contradiction of urban land resource scarcity. However, railway
vibration can be transmitted to over-track buildings through tracks and soil layers and
produce indoor vibration pollution. Therefore, vibration impact from the railway is an
environmental constraint in the development of over-track buildings [2—4]. Many studies
on railway vibration source strength and its environmental impact have been conducted.
Train speed, track type, etc. are the main factors that affect railway vibration source
strength [5]. The degradation of railway sleepers due to dynamic loading action will also
influence railway vibration source strength [6]. In the field of railway vibration impact
on the surrounding environment, many pieces of research have focused on predicting the
vibration impact of railways on neighboring and over-track buildings.

It is worth mentioning that the existing models for predicting the railway vibration
effects on neighboring buildings can be divided into two categories. One category is only
suitable for predicting the influence of vibration on the first floor of neighboring buildings,
the other category is suitable for predicting the influence of vibration on different floors.

China’s railway industry presented an empirical model (See Equations (1) and (2)) [7]
for the prediction of railway vibration based on vibration data from high-speed railway
acquired by field test in 2010. The model applies only to the prediction of environmental
vibration impact from railways on the first floor of neighboring buildings.
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where V Ly is the environmental vibration caused by railways; V Lz ; is the vibration source
strength; C; is the vibration correction term of train i; n is the number of pass-by trains;
Cv, Cw, Cr, Cgr, Cq, Cg, Cp, Cp are the correction terms of speed, axle weight, line type,
track type, bridge height, geology, distance, and building type, respectively. To predict
the influence of railway vibration on the first floor of adjacent buildings, Silva et al. [8]
proposed a multiple linear regression model whose parameters include train speed, track
type, geological condition, building type, and the distance between building and track.
Similarly, Colaco et al. [9] studied the entire propagation path from vibration source (vehicle
and track) to the receiver (building) and established a 2.5D finite element prediction model
concerning the track, soil, and buildings. The model is simple in calculation but it can only
predict the vibration response at the first floor of neighboring buildings.

In order to predict the vibration effect caused by trains on different floors of buildings
near the railway, Madshus et al. [10] proposed a semi-empirical prediction model predicting
vibration propagation. This model includes many parameters, train type, train speed,
line quality, embankment design, and the distance from track to a building, as well as
foundation, building structure, and the story number of the building. The Federal Railroad
Administration of the U.S. Department of Transportation [5] published an empirical model
predicting the influence of railway vibration on different floors of buildings near the
railway. In this model, many correction terms relating to train speed, type of track structure,
propagation distance, geologic conditions, building foundation, and the number of the
story were considered, but its prediction accuracy is low relatively [11]. Using springs
and viscous dampers to simulate a soil body, Auersch [12] built a simplified soil-wall-floor
model to predict environmental vibration at each floor of buildings near railway based
on an empirical transfer function. In China, Wang et al. [13] took the Wuhan-Guangzhou
high-speed railway (265 km/h) as a research object and established a 3D finite element
model of train-track-foundation-building to analyze the vibration response at the different
floors of buildings based on measured data.

However, these models above predicting the influence of railway vibration on build-
ings near railway are not suitable for over-track buildings. In view of this point, Sanayei
and other researchers [14,15] presented an impedance-based model to predict environmen-
tal vibration caused by trains and verified the reasonability of the model by analyzing the
response of over-track buildings to railway vibration. Zheng et al. [16] established a finite
element model of a multifunctional railway hub and analyzed the vibration impact of the
Shanghai-Hangzhou high-speed railway passing the hub at the speed of 130 km/h on
over-track buildings.

The vibration response at each floor of an over-track building increases with the
rise of trains speed [17,18]. Accordingly, to reduce the investment of vibration pollution
prevention in the development of over-track buildings in the region of urban railway,
it is better that over-track buildings are constructed above railways with a low pass-by
speed of trains. In this study, on the basis of the planning project of over-track buildings
development in the region of high-speed railways with a pass-by speed of 105 km/h in
Hangzhou, a finite element model was established. The reasonability of the model was
verified by measurement results. Furthermore, this study quantitatively explored the influ-
ence of the thickness of the concrete floor of the over-track platform (as a transformation
layer), the height of the over-track platform away from the ground, the structural type,
and the number of stories of buildings on an over-track platform on indoor environmental
vibration. Finally, a model predicting the vibration impact from railways on each floor of
over-track buildings was proposed by improving an existing model released by the railway
industry of China. Compared with the existing model only being suitable for predicting
environmental vibration on the first floor of buildings, the improved model can predict the
vertical maximum Z-weighted vibration acceleration level at different floors of over-track
buildings. Research results can provide a theoretical and technical basis for the prediction
and prevention of environmental vibration effects from the railway on over-track buildings.
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2. A Simulation of the Vertical Vibration Load from a Train

To obtain the vertical vibration line load (a force per meter acting on rails through the
wheels of the train), the vertical vibration acceleration on rails were sampled during the
passage of a high-speed train (CRH380) of 105 km/h in the region of the railway, where a
project of over-track buildings is planned in Hangzhou. Furthermore, the vertical vibration
line load induced by a train was calculated by using an equivalent load method based on a
simplified model of the vertical vibration below.

2.1. A Simplified Model of Vertical Vibration of a Train

Two bogies are located at the front and rear of each carriage of a high-speed train,
respectively. Each bogie has two wheelsets. The mass of a train body distributes symmet-
rically from front to back and from left to right, and its center of gravity is located at the
central axis. According to the symmetry, it is reasonable to select one wheelset for analysis.
As shown in Figure 1, a simplified model of a train with a single degree of freedom is com-
posed of mass, spring, and damping elements. In Figure 1, m; is the mass of one wheelset;
my is a quarter of the total mass of a carriage and its accessory; z; and z, are the vertical
vibration displacements of the wheelset and the carriage, respectively; k and c are the
suspension stiffness and the suspension damping, respectively. Specifically, the parameters
of the train CRH380 are set below. m; = 2000 kg, m, = 9500 kg, k = 2,352,000 N/m, and
¢ =196,000 N-s/m.

m, Z

¢ L k

° !

P(t)

Figure 1. A simplified model of vertical vibration of a train.

2.2. Fourier Transformation of Vertical Vibration Acceleration of Rails

A time-domain signal, a(t) of the vertical vibration acceleration on a rail can be
regarded as a smooth Gaussian process with a mean of zero. In this way, the discrete
vibration acceleration signal a(t) in the time domain can be expressed as

N1
2
a(t) = Y (Cncosnwt + Dy sinnwt) (3)
n=0
N-1 o
Co=F L a(te)cos 2, n=0,1,2..., 5 -1 @)
6=0
N-1
Dy= 2% a(ty)sin 2, n—0,1,2..., % 1 5)
0=0
where N is the number of sampling points; w is the fundamental frequency (w = %) ; At

is the sampling interval; and ¢y is the time of sampling points.
The expression of a(t) in Equation (3) can be used to calculate the vertical vibration
load caused by a train.
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2.3. Equivalent Load of Vertical Vibration of a Train

An equilibrium equation of vertical motion of a train is established as Equation (6)
according to Figure 1.

mozZy +¢(22 —21) + k(zp —z1) = 0. 6)

If the relative displacement of a carriage and a wheelset, z, is the difference between
zp and z1, the Equation (6) can be rewritten as

771227 + Cir + er = —leil. (7)

Under the circumstance of ignoring the vertical bounce between wheel and rail, the
vertical vibration acceleration of wheelset, z1 is equal to the vertical vibration acceleration
of rail, a(t). Thus, Equation (8) can be rewritten as

iz

1
MoZy + czp + kzp = —mip| Z (Cy cosnwt 4+ Dy, sinnwt)]. (8)
n=0

On the basis of Equation (8), z, can be solved.
According to D’Alembert’s principle, the equivalent vertical vibration load acting on
rails (a wheel-rail force), P(t) can be expressed as

P(t) = mg +myg +mizy +my(2y +2). )

The equivalent vertical vibration line load F(t) acting on rails can be calculated by
Equation (10).
F(t) = }P(t) (10)

where n and L are the number of bogies per carriage and the length of each carriage,
respectively.

The equivalent vertical vibration line load induced by the high-speed train (CRH380)
of 105 km/h is shown in Figure 2.

30

254

20

Line load (kN/m)

0.0 05 10 1.5 20 25 30 3.5
Time (s)

Figure 2. The line load of vertical vibration from the train.

3. An Finite Element Model and Its Verification of Reasonability

A finite element model (see Figure 3) being composed of track and soil was established
on the basis of geological condition, track lines distribution, and parameters of trains in the
urban area where a project of over-track buildings is planned. The relevant parameters in
this model were set as follows. The distance between the center lines of railways is 5 m, the
distance between two rails of a railway is 1.4 m, the sleeper spacing is 0.6 m and the width
at the bottom of the track-bed is 4 m. According to the geological condition of the land, the
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soil was simplified into three layers including an artificial fill layer with a thickness of 5 m,
a cohesive soil layer with a thickness of 25 m, and a mucky soil layer with a thickness of
15 m. In addition, as shown in Figure 3, several viscoelastic solid units with a thickness of
1 m were set as an artificial boundary at the bottom of three layers of soil and around the
soil in the model. The material parameters of rail, sleeper, track-bed, and three layers of
soil are shown in Table 1 [19-21].

The vertical vibration line load caused by the high-speed train of 105 km/h was acted
on one railway track. The step of line load in the time domain is 0.002 s. Verification point
1 and point 2 were set on the sleepers of this railway track and its adjacent railway track,
respectively (see Figure 4). The maximum vertical Z-weighted vibration acceleration level
(VLzmax) at each verification point by simulation and measurement is shown in Table 2.
It can be seen from Table 2 that the difference between the simulated VL., and the
measured V Lzmax at verification point 1 is 4.0 dB and the relative error is 3.54%. The
difference at verification point 2 is 4.0 dB and the relative error is 4.50%. The relative
error between the simulated VLzy,x and the measured V Lzy,x at each verification point
is less than 5%, which indicates that this simulation model is accurate relatively and the
parameter setting in the model is reasonable.

Artifical

Mucky soil layer boundary

Figure 3. The geometrical model simulating railway track and soil.

Railway track acted by
vibration line load ~ Verification point 1 Verification point 2

Figure 4. The locations of two verification points.

Table 1. The material parameters of each component.

Materials Density (kg/m®) Elastic Modulus (MPa) Poisson’s Ratio
Rail 7850 205,900 0.30
Sleeper 2400 30,000 0.20
Track-bed 1800 300 0.35
Artificial fill layer 1980 205 0.31
Cohesive soil layer 1940 175 0.44

Mucky soil layer 1530 120 0.35
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Table 2. A comparison between measured results and simulated results.

VL ;max (dB)
Measured Result Simulated Result Difference Relative Error

Point 1 113.0 109.0 4.0 3.54%
Point 2 88.9 92.9 4.0 4.50%

Verification Point

4. A Single Factor Analysis of Environmental Vibration Influence on
Over-Track Buildings

4.1. A Simulation Model and Its Parameters Setting

To study the vibration impact from railways on over-track buildings, a 3D finite
element model (see Figure 5) composed of the track, soil, and an over-track building was
established on the basis of the geometrical model in Figure 3. According to the design
scheme of an over-track building project in Hangzhou, the parameters in the model were
set as follows. The height of the over-track platform away from the ground is 16.3 m, the
thickness of the concrete floor of the over-track platform is 2.5 m, the distance between
the center of the over-track building and the centerline of the railway track is 16.5 m, the
over-track building is a multi-story building with a frame structure, and the height of each
story is 3 m. The vibration influence from railways on the over-track building was studied
by changing a single factor shown in Table 3, such as the number of stories of the over-track
building, the structural type of over-track building, the thickness of the over-track platform,
and the height of the over-track platform away from the ground [22], etc.

Figure 5. The finite element model of track, soil, and over-track building.

Table 3. The range of different influence factors in simulation.

The Number of Storey of
Over-Track Building

The Structural Type of The Thickness of The Height of Over-Track
Over-Track Building Over-Track Platform (m) Platform Away from Ground (m)

Multi-layer (4 storeys), sub
high-rise (10 storeys),
high-rise (16 storeys)

Frame structure or shear

2,2.5,3 12.3,16.3,20.3
wall structure

4.2. An Analysis of Influence Factors on Environmental Vibration
4.2.1. The Influence of Building Structure Type and Total Storey Number

The central point at each floor of the over-track building was chosen as a predic-
tion point in the simulation. The maximum vertical Z-weighted vibration acceleration
levels (V Lzmax) of prediction points at all floors and corresponding story numbers were
logarithmically fitted. The fitting function is shown as
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(dB)

VLzmax = Klgn + b (11)

where 7 is the story number of the over-track building. As shown in Figure 6, the deter-
mination coefficients (R?) of fitting functions are all higher than 0.8. It can be seen from
Figure 6 that the V Lz «s at the center of different floors in frame buildings and shear wall
buildings both increase with the increase of the story number. The V Lz xS at the center of
different floors in multi-story, sub-high-rise, and high-rise frame buildings are 79.3~84.3 dB,
81.3~86.8 dB, and 83.8~91.8 dB and the average increments of V Lz per unit floor are
1.25 dB, 0.55 dB, and 0.5 dB, respectively. The VLznaxs at the center of different floors
of three types of shear wall buildings are 79.2~79.9 dB, 81.3~83.0 dB, and 83.7~86.7 dB,
and the average increments of V Lzmax per unit floor are 0.18 dB, 0.17 dB, and 0.19 dB,
respectively. It indicates that the V Lzyaxs at the center of different floors in three types of
frame buildings are 0.1~4.4 dB, 0~3.8 dB, and 0.1~5.1 dB higher than that in three types of
shear wall buildings, respectively.

® Frame VL, =79.4+8.20lg(n) R*=0.995 ® Frame VL, =81.5+5.391g(n) R>=0.996

® Shear wall VL,

87
=79.2+1.18lg(n) R>=0.997 ® Shearwall VL, =81.1+1.67lg(n) R*=0.888

yyyyy

86

85

(dB)

84

Zmax

~
=~ 83

821

814

Storey Storey

(a) Multi-storey building (b) Sub high-rise building

VLzmx(dB)

Storey

(c) High-rise building

Figure 6. The V Lz, at each floor of the frame structure or shear wall structure buildings.

In this study, the V Lz, at the center of each floor of multi-story (four stories) and
sub-high-rise (10 stories) frame buildings both increase with the rise of story, and the
increments of V Lzmax per unit floor are 1.25 dB and 0.55 dB, respectively. Wang et al. [13]
and Xia et al. [23] measured the V Lz« at each floor of the three-story frame building
and the six-story frame building near railways, respectively, and found that the V Lzn,xs
at different floors of two buildings increase with the rise of story and the increments of
V Lzmax per unit floor are 1.35 dB and 0.85 dB, respectively. The results of the present study
are similar to those of the study above.
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4.2.2. The Influence of Over-Track Platform Thickness

When the thickness of the over-track platform (T) was set as 2 m, 2.5 m, and 3 m,
respectively, the VLznax at the center of different floors of the frame buildings and cor-
responding story numbers were fitted logarithmically. The results are shown in Figure 7.
It indicates that the V' Lzn,«s at the center of different floors in multi-story, su- high-rise,
and high-rise frame buildings are 82.3~87.3 dB, 84.6~88.1 dB, and 84.9~91.9 dB, respec-
tively when the T is 2 m. When the T is 2.5 m, the V Lzny,«s at different floors of three
types of buildings are 79.3~84.3 dB, 81.3~86.8 dB, and 83.8~91.8 dB, respectively. When
the T is 3 m, the V Lzyaxs at different floors of three types of buildings are 78.6~83.9 dB,
79.2~85.2 dB, and 80.4~90.0 dB, respectively. The results show that increasing the thick-
ness of the over-track platform can reduce indoor environmental vibration from railways
effectively. Furthermore, when the thickness of the over-track platform increases 0.5 m, the
V Lzmax at the center of different floor of multi-storey, sub high-rise, and high-rise frame
buildings will decrease 0.4~3.0 dB, 1.3~3.3 dB, and 0.1~3.4 dB, respectively. Similarly, the
study from Sanayei et al. [14,15] shows the vibration transmitting to upper floors will
decrease with the increase of the thickness of the ground floor, and the vibration of floors
will decrease about 4~5.6 dB when the thickness of the ground floor increases 0.5 m.

87 & 793m 1L

‘Zmax

86 4

84

VLy e (dB)

824

80

= 7=2m VL, =82.2+7.78lg(n) R*=0.950
® 7=25m VL, =79.4+8.20lg(n) R>=0.995 | ® 7=25m 1, =81.5+5.391g(n) R*=0.996
=78.7+8.26lg(n) R*=0.932

92

® 7=2m VL, =84.7+3.46lg(n) R*=0.994

90
A 7=3m VL, =79.4+5.86lg(n) R>=0.994

88 -
~
8 86
S

%

H]
g 84
~

\

82

80 1

78 T

(a) Multi-storey building

T T 8 T T T T T T T T T T

Storey Storey

(b) Sub high-rise building

B 7=2m VL, =84.3+6.091g(n) R*=0.986
1 ® 7=25m VL, =83.2+7.04lg(n) R*=0.990
A 7=3m VL, =79.6+8.441g(n) R*=0.989

8 9 10 11 12 13 14 15 16
Storey

ﬁ_
.
- 4
<

(c) High-rise building

Figure 7. The V Lz« at each floor with different thickness of over-track platform.

4.2.3. The Influence of Over-Track Platform Height Away from Ground

When the height of the over-track platform away from the ground (H) set as 12.3 m,
16.3 m, and 20.3 m, respectively, the logarithmic fitting (See Figure 8) was performed
between the V Lz at the center of the different floors of the frame buildings and cor-
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responding story numbers. Results in Figure 8 indicate that the V Lznxs at the center of
different floors in multi-story, sub-high-rise, and high-rise frame buildings are 79.2~83.9 dB,
81.1~86.7 dB, and 83.1~91.2 dB, respectively when the H is 12.3 m. When the H is 16.3 m,
the VLzmaxs at different floors of three types of buildings are 79.3~84.3 dB, 81.3~86.8 dB,
and 83.8~91.8 dB, respectively. When the H is 20.3 m, the V Lzaxs at different floors of
three types of buildings are 79.6~84.8 dB, 82.0~87.3 dB, and 84.5~92.3 dB, respectively.
Obviously, VLzmaxs at the center of different floors will increase 0.1~0.5 dB, 0.1~0.9 dB,
and 0.3~0.9 dB in multi-story, sub-high-rise, and high-rise frame buildings, respectively
when the height of over-track platform away from ground increases 4 m.

= H=123m VL,
861 ® H=163m VL

‘Zmax

84

82

V/‘Zmax (dB)

80

78

=793+7.76lgm) R2=0986 | m g=123m VL,
=79.4+8.201g(n) R?=0.995
A H=203m VL, =79.5+8.42lg(n) R*=0.990

= H=123m VL, =81.2+5.48lg(n) R>=0.997
® [H=163m VL, =81.5+5391g(n) R*=0.996

ss | A H=203m VL, ~82.3+526lg(n) R*=0.975

VL)ax (dB)

o /‘ 5/;//

(a) Multi-storey building

w
-~
o
w
i

5 6 7 8 9 10

Storey Storey

(b) Sub high-rise building

" H=123m VL, ~82.3+7.25lg(n) R>=0.981
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::::://=V m BB
2 /4//'i1/
=] /./(l/
E
N ®
2 /a2
= Y YL
el
Y &
/
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¥/ A
844 o/
[/
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Storey

(c) High-rise building

Figure 8. The V Lzy,x at the center of each floor of frame buildings on an over-track platform.

For the same story of buildings on the over-track platform, its actual height away
from the ground increases with the increase of the height of the over-track platform away
from the ground. If the absolute height of the story away from the ground in an over-track
building, / is taken as a horizontal coordinate and the V Lzn,x at the center of the floor is
taken as a longitudinal coordinate, the logarithmic fitting as shown in Equation (11) was
performed between h and V Lz (See Figure 9). It can be seen in Figure 9 that V Lz«
will increase with the increase of the absolute height (/) of story away from the ground
when an over-track building is on the over-track platform with a different height H. The
studies conducted by Wang et al. [13] and Xia et al. [24] also show that the environmental
vibration impact induced by high-speed railways on buildings near railways increases
with the increase of the height of the story away from the ground.
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Figure 9. The V Lz, at each floor of frame building with different absolute heights away from the

ground.

5. A Prediction Model of the Environment Vibration Impact from High-Speed
Railway on Over-Track Buildings

A model predicting environmental vibration influence on the first floor of buildings
adjacent to railways has been given by the Ministry of Railways of the People’s Republic
of China (MRPRC) in 2010 [7] and the main calculation formulas in this model are given
as Equation (1) and Equation (2) in the part of the Introduction. To establish a prediction
model of vibration influence induced by railways on different floors of over-track buildings,
the model above will be improved on the basis of simulation results in this study. Through
introducing three correction terms, Cp, Cr and Cg, which are relating to the thickness of
the over-track platform and its height away from the ground, the story of the over-track
building, and the structural type of the over-track building, respectively. The improved
model is shown as

VLZmax, n = VLZmax, G+ Cp+Cr+ CS (12)

where V Lzmayx, » is the maximum vertical Z-weighted vibration acceleration level at the
center of the nth floor of the over-track building during the passage of a high-speed train,
VLzmax, G is the V Lzmax on the ground below over-track building, which can be calculated
by Equations (1) and (2).

5.1. The Correction Term of the Thickness of Over-Track Platform and Its Height Away from
Ground, Cp

When the thickness of the over-track platform (T) and its height away from the ground
(H) is different, the vibration influence induced by railways on the first floor of the over-
track building will be different. Thus, to consider the influence of T and H on vibration
prediction results, a correction term, Cp is introduced to correct the VLzmax, g predicted
by the existing model of MRPRC. According to the simulation results given in Figures 7
and 8, Cp can be determined through Equation (13). In Equation (13), the values of several
parameters are shown in Table 4. According to the correction term given in Equation (13),
VLzmax, 1 can be obtained on the basis of VLzmax, g

Cp = a+kr(T —2.5) +ky(H — 16.3) (13)

where the constant term 4 is the difference between the VL7 1 and the VLzmay g when
the Tis 2.5 m and H is 16.3 m. k1 and kg are the variance of VLzn,y 1 of frame building
when T and H increase one meter separately.
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Table 4. The value of each coefficient in the correction term Cp.

k1 (dB/m) kg (dB/m)
Building Types  a(dB)  T_50.205 T=25-30 H=123~163 H=16.3~203
(m) (m) (m) (m)
Multi-storey 25 —6.0 14 0.025 0.075
Sub high-rise -0.5 —6.6 —4.2 0.05 0.15
High-rise 2.0 —6.8 22 0.15 0.2

5.2. The Correction Term of Storey, Cr

In order to predict the vibration influence on different stories of over-track buildings,
it is necessary to introduce a correction term, Cr relating to the story number. Cr is the
difference between the V Lz, at the center of the nth floor (VLzmax, n) and the VLzmax 1
of the over-track building with a frame structure. It can be seen from Figures 6-8 that the
VLzmax, n and the VLzpay 1 of a frame building can be expressed as klgn + b and klgl + b,
respectively. Cr can be calculated by Equation (14), in which the values of coefficient k are
shown in Table 5.

Cr = (klgn + ) — (klgl + b) = klg(n) (14)

Table 5. The values of coefficient k in the correction term Cr.

Building Types K
Multi-story 7.76~8.42
Sub high-rise 3.46~5.86
High-rise 6.09~8.44

5.3. The Correction Term of Building Structure, Cg

The correction term relating to story, Cr of frame buildings was given in Section 4.2.
In order to predict the vibration response at each floor of a building with a shear wall
structure, it is necessary to further introduce a correction term, Cg of the building structure.
Cs is the difference between the VLznay, » at the center of the nth floor of a shear wall
building and the VLznay, » at the center of the nth floor of a frame building. Figure 6
shows that the VLzmax,  of a frame building and a shear wall building can be expressed
as Kframelg" + Drame and kghear wanlg? + Dshear wall, respectively. Thus, Cs can be calculated
by Equation (15), where the values of kg and bg are presented in Table 6.

CS = (kshear walllgn + bshear wall) - (kframelgn + bframe) = kslgn + bS (15)

Table 6. The value of each coefficient in the correction term Cg.

s ks bs
Building Types
Frame Shear Wall Frame Shear Wall
Multi-storey 0 —7.02 0 —0.2
Sub high-rise 0 —3.72 0 —0.4
High-rise 0 —4.44 0 0.3

6. Conclusions

To study the influence of environmental vibration from a high-speed railway on over-
track buildings, a finite element model including track, soil, and buildings was set up.
Based on the vertical vibration accelerations sampled on the rail, the equivalent line load
acting on rails vertically is obtained by a simplified model. On the basis of the verification
of the simulation model, the vertical vibration induced by high-speed railway in over-track
buildings was studied quantitatively through a computer simulation. The main conclusions
are as follows.



Sustainability 2021, 13, 3218 12 of 13

(1) The VLzmaxs at the center of different floors in frame buildings and shear wall
buildings both increase with the increase of story number. The V Lzy,«s at the center of
different floors in multi-story, sub-high-rise, and high-rise frame buildings are 0.1~4.4 dB,
0~3.8 dB, and 0.1~5.1 dB higher than that in three types of shear wall buildings, respectively.

(2) Increasing the thickness of the over-track platform can reduce the indoor environ-
mental vibration from railways effectively. When the thickness of the over-track platform
increases 0.5 m, the V Lz, at the center of different floor of multi-storey, sub high-rise, and
high-rise frame buildings will decrease 0.4~3.0 dB, 1.3~3.3 dB, and 0.1~3.4 dB, respectively.

(3) The V Lznaxs at the center of different floors will increase 0.1~0.5 dB, 0.1~0.9 dB,
and 0.3~0.9 dB in multi-story, sub-high-rise, and high-rise frame buildings, respectively,
when the height of over-track platform away from ground increases 4 m.

(4) By introducing correction terms relating to the thickness of the over-track platform
and its height away from the ground, the story of the over-track building and the structure
of the over-track building, the existing model of railway vibration prediction released by
the Ministry of Railways of the People’s Republic of China was improved. The improved
model can predict the vertical maximum Z-weighted vibration acceleration level at different
floors of over-track buildings.

Based on the model improved by this study, researchers can determine the amount of
indoor environment vibration exceeding relative standards in over-track buildings. The
corresponding prevention measures of environmental vibration effects from the railway
on over-track buildings can be selected, which can provide a guideline for the design of
over-track buildings.
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