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Matrix test measurements of ground-borne vibration induced by the
heavy-duty trains on embankment and cutting tracks in a loess area
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Abstract: This paper presents a comparative analysis of ground vibration in three directions generated by a heavy-duty
railway with various track sections. The vibration characteristics in the plane area were investigated by using matrix test
measurements. Acceleration peak attenuation was faster within 25 m from the embankment, and the high-frequency vibration
attenuates faster with increased distance. For the cutting section with multi-stage soil slope, decay rate of acceleration was
relatively larger. The acceleration level of the plane region ranged to 82.2-89.1 dB by the single C80 train. Yet the acceleration
level caused by the C80 trains running parallel after meeting showed a distinct increment. The increment of the cutting section
was much larger compared with the embankment section, with the increment ranging from 1.2-2.5 dB. In terms of the cutting
section, Y direction acceleration was dominant closer to the track. Within 10-30 m of the track, the Y direction acceleration
(perpendicular to the rail) decreased rapidly and became comparable to the X direction (parallel to the rail) and Z direction.
Additionally, the cutting case generated a higher level of vibration in all three directions compared to the embankment, but as
the distance from track increased, the deviation between acceleration gradually decreased.

Keywords: heavy-duty railway; different track sections; field measurement; vibration response characteristics; cutting

slope

1 Introduction

Heavy-duty railways are extensively employed
in many countries due to transport capacity, low cost
and high efficiency. The railways inevitably cross
mountains and plains. With the increasing scale of the
railway industry, axle load and the traction weight of
heavy-duty trains continue to increase, which causes
significant vibration increase for a heavy-duty railway.
Due to the long duration, continuous cycles, and large
influence range of heavy-duty railway vibration, the
negative environmental effect is becoming more serious
(Connolly et al., 2016). Railway vibrations can cause
significant negative effects such as personal distress near
building structures and causing soil slope damage. So,
the impact of vibrations caused by heavy-duty trains has
recently received widespread attention. In a loess area
of the north China, there are many heavy-duty railways,
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such as Daqin Railway, Shuohuang Railway, and Tanghu
Railway. These heavy-duty railways cause a serious
impact on the surrounding geological environment.

In the research that has been done on the
environmental vibration caused by the railways, many
scholars have regarded train excitation load to be
equivalent to axles load (Karlstrom, 2006) and random
dynamic loads (Lu et al., 2006), and have considered a
complex calculation procedure system to study vibration
response characteristics (Sheng et al., 2003; Xia et al.,
2010; Wang et al., 2017). Some scholars have established
a calculation procedure model by considering rails,
sleepers, ballast layers and foundations (Sheng et al.,
1999; Cao et al., 2011). A new “periodic configuration
update” (Mezeh et al., 2017) numerical method has been
applied to solve the problem of a vertical harmonic load,
which serves as the basis for the study of track-ground
vibration. In addition, some scholars have studied
vibration displacement (Koroma et al., 2017; Picoux
and Houédec, 2005), vibration acceleration (Auersch,
2006) and vibration velocity (Germonpré et al., 2017,
Degrande and Schillemans, 2001; Lombaert ez al., 2014)
of the ground along railways.

Some scholars have proposed a numerical simulation
model to analyze dynamic response. Based on the
two-dimensional finite element method, the boundary
element method (Galvin and Dominguez, 2007) and
the finite difference method (Zhang et al., 2016), the
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numerical model was established to analyze the dynamic
characteristics of tracks under train loads. Alves Costa
et al. (2012) and Yang ef al. (2003) established a train-
track-foundation 2.5D numerical model to further
investigate the vibration propagation law and vibration
frequency domain characteristics of high-speed trains.
Subsequently, most scholars have studied the variation
characteristics of acceleration (Sun et al., 2016),
vibration velocity (Correia dos Santos ef al., 2017) and
the vibration level (Kouroussis et al., 2014) of a railway
by establishing a three-dimensional numerical model.
An efficient three-dimensional dynamic track-subgrade
interaction model (Gao et al., 2018) was established and
then validated by field investigations.

Field measurement research can objectively reflect
vibration level and provide effective verification for a
numerical simulation. Based on high-speed railway field
tests, Connolly et al. (2014) explored the influence of
different subgrade structures on the vibration velocity of
surrounding ground. Combined with field measurement
and numerical simulation, Gao et al. (2017) studied
railway track dynamic behavior near critical speed. Taga
et al. (2015) investigated the cut slope stability problems
while considering dynamic loading. Zhai et al. (2015)
analyzed ground acceleration and vibration frequency
characteristics by using field measurements. Feng et
al. (2017) conducted field tests on different subgrade
forms to explore the variation law of three-direction
acceleration regarding surrounding ground. By use of
a large-scale field test, ground vibrations (Correia dos
Santos et al., 2016), due to different passing trains and
the characteristics and uncertainties of railway ground-
borne vibration prediction (Connolly et al., 2015),
were further explored. Li et al. (2018) investigated
the dynamic response of the mountainous high-speed
railway subgrade. Based on the field-measured data,
some scholars conducted additional research on
dynamic characteristics, such as vibration acceleration
and velocity over a distance along a railway (Ling ef al.,
2009; Xia et al., 2009; Zhai et al., 2010; Dong et al.,
2019).

The existing research on train-induced vibration
has mainly concentrated on high-speed railways and
general freight railway in plain areas. In the present
studies, some investigations have studied vibrations of
heavy-duty embankment tracks with increasing height
(Li et al., 2017). Some researchers have focused on
the dynamic stress in subgrade under larger axle loads.
In mountainous areas, studies on ground vibration
characteristics at the slope surface are scarce.

A review of the research literature with regard to
the vibration induced by heavy-duty trains shows that
a comparative analysis of ground vibration under heavy
train loads between an embankment section and a cutting
section with multiple-steps slopes has not done, in
particular, any deviation analysis of acceleration levels
in three directions. In addition, much more attention has
been paid to the vibration attenuation law, perpendicular

to the track, based on linear test points. The research
relating to vibration characteristics in the plane region
near the heavy-duty railway line is insufficient. It is
necessary to study the vibration response of the plane
region by matrix test measurements near heavy-haul
railways. Additionally, the vibration rules of different
railway sections should be further investigated. Based on
the research done about heavy-duty railway surroundings
vibration in the loess area, it is expected to provide a
reference for the construction and planning of villages
and along heavy-duty railways in plains areas. This also
can provide guidance for the design of the railway line
and the safety of soil slopes in mountainous areas.

With the increase of heavy-duty freight railways,
train-induced vibrations will cause a significant
negative impact on the geological environment and the
development of urbanization. Therefore, research on
vibration characteristics along heavy-duty railways is
essential. The present study selected the Daqin Railway
and Shuohuang Railway in the north China plain loess
area. Figure 1 presents the geological conditions and
the location of the study area. The paper presents a field
experiment done on different track sections, combining
a train-track-ground model to analyze the influence of
a heavy-duty railway on near ground vibration. First,
the matrix test measurements were arranged to collect
vibration acceleration. Then the acceleration attenuation
character with distance, the main vibration-affected area,
the vibration amplitude and the vibration level of the near
plane region were primarily investigated. Additionally,
taking the embankment section and the cutting section in
mountainous area as objects, we further researched the
deviation characteristics of vibration in three directions
with heavy-duty train loads.

2 Field test

2.1 Measuring point arrangement

2.1.1 Site 1 Embankment track

Site 1 is located in Yuanping City, which is located
on a plains area. The loess distribution is uniform. The
railway test section primarily consists of an embankment,
as shown in Fig. 2(a). The embankment is composed of a
0.6-m-thick gravel ballast layer, a 0.5-m-thick subgrade
and a 3.0-m-thick embankment body with sand clay. The
embankment has a slope of 1:1.5. The plane matrix test
measurements are set up in the near-field area within
25 m to the embankment, a total of 12 measuring points.
The linear test points A1-A6 are arranged with distances
of 5m, 15 m, 25 m, 35 m, 45 m, and 55 m from the
embankment foot. Among them, the three direction
sensors are arranged for A1 — A4; the others are the
vertical direction sensors, as shown in Fig. 3(a).

2.1.2 Site 2 Cutting track

Site 2 is located in the town of Huashaoying in a
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Fig. 2 Overview of different site sections

mountainous area, where the distribution of surface loess
is relatively uniform. The track section configuration is
shown in Fig. 2(b). The track configuration consists of
a cutting with a slope rate of 1:1.5. The three direction
sensors are arranged for M1 —M4, where Xis the direction
parallel to the rail, Y is the direction perpendicular to the
rail, and Z is the vertical direction. The vertical direction
sensors are arranged in points M5 — M8, as shown in
Fig. 3(b).

2.2 Test instrument

The acceleration test system used a cDAQ-9174
produced by the NI, which is a multichannel parallel data
acquisition system. The CT1100 LC (vertical direction)
acceleration sensors are adopted, with a voltage
sensitivity of 1000 mv/g, an acquisition range of -5-5 g,
and a frequency of 0.2-1600 Hz. Additionally, CT1100
LS (three directions) acceleration sensors are adopted,
with a voltage sensitivity of 2000 mv/g, an acquisition
range of -2.5 2.5 g, and a frequency of 0.2—1000 Hz.

2.3 Train information

The monitoring trains include the C80, C70 and
C64K full-load models. The axle load of the full-
load C80 train is 25 t with a running speed ranging
from 60-75 km/h; the C70 train is 23 t with a running
speed from 50-71 km/h; and the C64K train is 21 t
with a running speed from 48—61 km/h. Detailed train
information is shown in Table 1.

3 Analysis of field test results

3.1 Attenuation of vibration acceleration

Based on typical heavy-duty trains (C80 trains with
a speed of 70.8 km/h, C70 trains with a speed of
70.9 km/h and C64K trains with a speed of 61.1 km/h), the
vibration attenuation that is perpendicular to the railway
during train running was investigated. Figure 4 shows
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the Z-direction acceleration time-history at Al for full-
load trains about C80, C70 and C64K.

Figure 4(a) shows that the acceleration-time history
curve can clearly reflect the train groupings and the
relative positions of the bogie pairs, which cause
distinct vibration peaks and contain a series of periodic
waveforms. The vibration response caused by a C80
train is intense, and acceleration peaks of Al, which
correspond to the C80, C70, and C64K trains, are 0.013 g,
0.011 g and 0.009 g, respectively. Long-time vibration
increases dynamic response amplitude near the railway,
which increases the harmful impact on surrounding
buildings, as well as the level of human comfort.

Figure 5(a) illustrates the fitting curves of the
Z-direction acceleration peak. The acceleration peak
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rapidly decays within 5-25 m from the embankment,
and the attenuation rates for C80, C70 and C64K trains
are 53.1%, 61.8%, and 48.8%, respectively. In a far field,
25 m away from an embankment, the attenuation trend
of the acceleration peak gradually slows as distance
increases, and acceleration peaks in a region 55 m from
the embankment are attenuated by 69.9%, 68.2% and
64.4%, respectively.

As shown in Fig. 5(b), the curve shows the average
value of the Z-direction acceleration peak for cutting
track in a mountainous area. The acceleration peak
rapidly decays within 30 m for all trains. In an area
30 m away from the track, the attenuation trend of the
acceleration peak gradually slows with distance. At the
top of the first grade slope, the acceleration decay rate
is up to 70% for a C80 train. At the M7 point, the slope
footing of the third grade slope, the acceleration decay
rate is 88%. This may be due to the space height of the
cutting section changes relative to the embankment
section, and that the decay rate of vibration acceleration
is larger.

_0.03

g
g
=
[\

!

!

0.017 b

<

-0.014 7

Acceleration (

o

=

R
I

-0.03 T T
0

Time (s)
(a) C80

Time (s)
(b) C70
0.02 T
© ]
= 0.01 8
9 1
s Om
2
8 -0.01+ .
Q 4
<.0.02 : . :
0 20 40 60
Time (s)
(c) C64K

Fig. 4 Time - histories of the accelerations induced by trains

Table 1 Information on three types of trains

Number Train type L (m) L, (m) Length (m) Axle load (t)
1 C80 3.8 8.2 12 25
2 C70 4.7 9.2 13.9 23
C64K 4.7 8.7 134 21

Note: L - Distance between the bogies on the carriages; L, - Distance between the bogie centers
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3.2 Acceleration response characteristics within a
plane

By comparing and analyzing the acceleration
amplitude of the rectangular test array that is caused
by different heavy-duty trains, the vibration response,
the characteristics of the near-field region around the
railway during train running is investigated.

Figure 6 shows the results of the plane matrix test in
the near-field region. The C80 train caused the strongest
vibration response in the near-field region. Within 5-25 m
from the embankment, the acceleration caused by the
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C80 train ranges from 0.13-0.055 m/s?, the acceleration
caused by C70 ranges from 0.12-0.045 m/s? and the
acceleration caused by C64K ranges from 0.085—
0.030 m/s*. Furthermore, the acceleration amplitude of
the same row in the same distance from the embankment
is inconsistent, which may be caused by a heterogeneous
body due to the specific structural nature of the site soil
layer.

Figure 7 shows the frequency domain characteristics
of the acceleration from different trains. As the
propagating distance increases, the high-frequency
portion attenuates faster compared with the low-
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Fig. 7 The acceleration spectra from different trains

frequency portion. Similarly, the vibrational energy of
the frequencies continues to decay as distance increases.
At an area close to the track, the vibrational energy
contains abundant high-frequency components, and
fewer high-frequency vibrations occur at distances more
than 25 m from the track. Due to the dissipation of high-
frequency energy in the soil medium, high-frequency
vibrations disappear faster, so the vibration energy with
high frequency will not propagate outward.

In addition, the dominant frequency of the vibration
contains the most vibration energy, in the 5m area from
the track. The frequency band of the vibration caused
by the C80 is mainly distributed between 10-88 Hz,
and the frequency bands are 18-98 Hz and 20-81 Hz,
corresponding to the C70 and C64k. Moreover, in the
15m area from the track, the frequency bands are mainly
distributed between 1084 Hz, 17-72 Hz and 12-69 Hz
for different trains. In the 15m area from the track, the
frequency bands are mainly distributed between
10-79 Hz, 14-55 Hz, 12-59 Hz, respectively. As the
distance between the measuring points and the track
increases, the high frequency vibration will attenuate

significantly, affected by the surrounding soil condition,
and the high frequency part of the dominant frequencies
vibration will decrease correspondingly.

3.3 Vibration level within plane

The vibration acceleration level is used as the
evaluation index for the vibration intensities in different
areas. Figure 8 shows the vibration level characteristics
in the near field that are caused by one-way trains and
the C80 trains that are parallel running after meeting.

As shown in Fig. 8, the acceleration level obviously
attenuates with the increase in distance in plains area.
When a single C80 train runs, the acceleration level in
the near-field region ranges from 82.2-89.1 dB, and
the acceleration levels range from 81.2-86.9 dB and
80.3-84.4 dB, induced by the C70 and C64K trains. The
vibration level caused by the C80 train running parallel
after meeting exhibits a distinct increase in amplitude,
due to the larger impact load on the track. The analysis
indicates there is a serious vibration problem in the
near-field region, caused by different heavy-duty trains
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running. This is especially true when the railway passes
through sensitive areas, such as a buildings region, and

3.5 Comparison analysis of dynamic response
therefore some vibration isolation measures must be

taken to mitigate the vibration effects.

3.4 Vibration effect area induced by trains

Figure 9 reflects the main vibration-affected areas
caused by the C80, C70 and C64K. The Z direction
vibration amplitude is larger and the vibration response
is intense in the range of a 25-30 m area beside the
railway. The running C80 train caused a larger vibration
response on the surrounding environment within 85 m
in front of the running train. The C64K and C70 trains
have a smaller impact on the surrounding environment
in front of the running trains, approximately within
70 m and 60 m. With an increase in axle weight, the
vibration intensity and propagation range in the vicinity
of the railway substantially increase. Therefore, some
corresponding vibration isolation measures and relevant
vibration control standards can be adopted to improve

the living quality of life for workers and residents
situated along the railway.

3.5.1 Three direction vibration accelerations

Figure 10 shows the vibration acceleration in three
directions of the cutting slope in a mountainous area,
with regard to a running C80 train. It is noted that at
locations near the track, Y direction vibrations are
dominant, particularly for the M1 point. Despite this,
as the distance from the track increases, the Y direction
acceleration decreases rapidly and becomes comparable
with the X direction and Z direction accelerations. Within

a field 10-30 m from the track, the vibration wave near
the slope surface will be reflected and superimposed
multiple times, which indicates that the acceleration
amplitudes of the three directions are relatively
close. At M4, approximate 30 m from the track, the ¥
direction vibration attenuates by more than 80%, and the
attenuation rates are 60% and 76%, corresponding to the

X direction and Z direction.

3.5.2 Comparison of the vibration level increment

Compared with the vibration level induced by the
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C80 full-load train, it exhibits a distinctly increased
amplitude of vibration level, with C80 trains running
parallel after meeting. Figure 11 shows the acceleration
level increment in the near-field between the embankment
and the cutting sections. It can be discerned that the
acceleration level increment of the cutting section is
relatively larger when the C80 trains run parallel after
meeting, due to the multiple diffraction and reflection of
the vibration wave in the cutting slope. The difference in
acceleration level increments between the embankment

and montanic cutting sections are much larger closer
to the track, while the difference gradually becomes
small as distance increases, especially 20 m away from
the track. Additionally, compared to the acceleration
level increment in X direction, the acceleration level
increments of the Y direction and Z direction are larger,
with the increase amplitude varying from 1.2-2.5 dB.

3.5.3 Comparison of three direction accelerations

Figure 12 shows the effect of the earthwork profile
configuration on different direction vibrations. The curves
show the average value of the acceleration peak for both
the embankment and cutting cases. The montanic cutting
case generates higher amplitude vibrations in all three
directions compared to the embankment case, especially
in the area close to the track. But as distance increases,
the deviation gradually decreases. Around the 20 m area
from the track, the Y direction acceleration increases 81%
compared to the embankment, and the X direction and Y
direction are 21% and 75%. The vibration acceleration
in three directions decays with increased distance to the
track, but for the cutting slope, the acceleration decays
faster in the near-track area. This is possibly due to the
presence of a retaining wall located near the track; the
vibration acceleration decays faster in the near field.
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4 Train-track-subgrade system model

4.1 Track load model

The load model allows a fully three-dimensional
analysis that involves vibrations induced by a heavy-duty
railway, taking into account static load and moving load
generated by heavy-duty trains, plus the superpositional
effects of axles loading. The presented model is based
on the vibration source array along the ballast surface,
which will propagate in the embankment and foundation
soil to generate a vibration incentive effect. This is a
particular case that affords the opportunity to study
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the vibration induced by a heavy-duty railway and to
consider the dynamic interaction between sleepers and
ballast, using an efficient calculation procedure.

Taking the C80 heavy-duty train as an object, the
wheel-rail force that acts on the track is described by the
dynamic load equation (Jenkins et al., 1974; Liang et al.,
1999; Li et al., 2005; Xu et al., 2011):

F(ty=mn, (R + Rsin6+ Pysin6,¢ + P sinbyt) (1)
where 7, = superposition coefficient, the value is 1.54;

n, = dispersion coefficient, the value is 0.75; B, = static
load, the value is 125 kN;
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Here, g, is 1.83 m, a, is 8.2 m, a; is 10.03 m,
and a, is 12 m, as shown in Fig. 13(b). Therefore, the
vertical deflection caused by the remaining axle load at
the point S is described as follows:

F= MOaiHiz g = va/l’i )

where M = unsprung mass; a, = vector height of the
track irregularity; 6, = vibration circle frequency; v =
constant train velocity; L, = typical wavelength of the
track irregularity. This is shown in Table 2.

The heavy-duty train is assumed to have n pairs 8 EI ﬂ
of wheels and a vertical load column F,F,,...,F, V.vi—a —x
generated by each wheel pair. If the load F action 2 !
position represents the track movement coordinate
origin, the vertical deflection @, (V,) of the point S on
the track caused by F] can be expressed as:

@,(V,) = paﬂvz{COS(CMVZ)+§sin(aﬂ|vz|)},

@, (V3)= exp_aﬁw |:COS(CM,V3) + gsin(ai Vs |)} ,

8E1 ﬁ
Vi=vt—a, —x

_aﬁvl|: ﬂ : :|
=————¢X cos(aAV,) + —sin(al|V,]|) |5
ARy (aAV,) +sin(a |V, ) i ;
V,=vt —x w,(V,)=—"—ex “ﬂv”[cos alV,)+ v, },
1 3) V,) SElcp p (@iv,)+~ )
V,=vt—a,  —x
where a=(k, [4EI ) , k_= spring stiffness of the track, 4)

with the value 141.7 MN/m2 the bending stiffness E7

is 7.567x10° N-m?. The model consists of an infinite
rectilinear rail-beam characterized by E, I , representing
Young's modulus, the second moment of inertia (Mezeh

The vertical deflection caused by the entire train
load to the point S represents the superposition effects
of each wheel pair action, namely,

et al., 2019). Since the speed of the heavy-duty train is
very small compared with the minimum wave speed

-1
of the track-free vibration, the values of f and A are z p v [cos(a/lvn)+§ i v, }
equal to 1. = EI ,B
vn =Vt — n—l -X (5)
1—» X v
z | X K ooa, | F,
: .
\4
(a) Analytical model of axle load-track ~ r ‘ ‘ r‘
|
X § ‘f
IZ S 100} |
g j |
AP ) P R £
2
I I N a
,gd o) N0 0 ) | . L\A | W U
a 0 2 4 6 8
& ) Time (s)
(b) Mechanical model of the train load-track Fig. 14 Force on the ballast layer caused by the C80 heavy-
Fig. 13 Mechanical analysis model duty train
Table 2 Calculation parameters
Axle load (t) M, (1) v (km/h) L a,
25 1.2 70 10 m 3.5 mm
2.0m 0.4 mm

0.5m 0.08 mm
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Considering the dynamic load function F(¢), the
force N, (t) on the ballast layer can be expressed as:

_4F()

a)smax

n—1
A [ Ay }
Z SEIef exp cos(aAV,) + p sm(a/1|Vn |) (d/&)

n=1
(6)

N, (@)

where d = sleeper spacing, the value is 0.6 m, é=n/a
is the effective range of track static deflection. @, ,,

indicates that the maximum static deflection is expressed
as:

F

" REILB @

a)smax

where F = axle load.

Thus, the dynamic load N, () on the ballast layer can
be calculated through Egs. (1) to (7). Figure 14 shows a
schematic of an exciting force on the ballast layer caused
by the C80 heavy-duty train running at 70 km/h. This
load time-history clearly reflects the influence of each
axle load on the track. The action caused by the moving
axle load is distinct. In the process of numerical model
calculation, the vibration force on the ballast layer or
the subgrade can act as the excitation vibration source
input (Koroma et al., 2017; Auersch, 2005; Wu et al.,
2018; Huang and Chrismer, 2013) in order to study the
environmental vibration problem caused by the heavy-
duty train.

4.2 Numerical analysis model

The dynamic calculation module in FLAC3D can
be used to analyze traffic-induced ground vibration
(Mhanna et al., 2012; Mezeh et al., 2018). Based on the
calculated dynamic load N, (7) of the heavy-duty train
acting on the ballast layer, a three-dimensional dynamic
model is established by FLAC3D according to the test
section of the Shuozhou-Huanghuagang railway line.
The height of the embankment is 4.1 m, and the width
of the ballast is 11 m. The track model is composed of a
0.6 m-thick gravel ballast layer, a 0.5 m-thick sub-grade,
and a 3 m-thick embankment body. The foundation
thickness is 20 m, which extends 50 m on both sides of
the embankment and 60 m along the track, as shown in
Fig. 15.

The finite difference mesh for each element was
selected by considering the criterion of numerical
accuracy of wave transmission to avoid wave distortion
(Dong et al., 2018). Based on this criterion, the element
size should be smaller than one-eighth to one-tenth of
the wavelength of the highest frequency component of
the input acceleration wave. In the dynamic calculation
process, Rayleigh damping is selected to damp the
oscillationandnoise due to the low-frequency component.
Based on the FLAC3D manual and the natural frequency
of dynamic model, the critical damping ratio of 0.5%
and the predominant frequency of 2.5 Hz were selected
for the dynamic analysis. In addition, the free-field
boundary condition was applied on the sides of the model
to absorb waves and avoid unwanted wave reflection
into the model. Similarly, the absorbing boundary also
was needed for the bottom edge of the model to absorb

20 m
60 m
Fig. 15 Numerical calculation model
Table 3 Calculation parameters of the numerical model

Components E (MPa) % p (kg/m?) C (m/s) d (m)
Ballast 200 0.25 2300 187 0.6
Sub-grade 180 0.25 2200 181 0.5
Embankment 120 0.30 2000 152 3.0
Foundation 100 0.35 1800 143 20
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reflecting waves to improve the accuracy of the model
analysis. A technique for FLAC3D was developed to
perform free field computation analysis parallel to the
main grid. The lateral boundaries of the main grid were
coupled to the free-field grid by viscous dashpots, and
the unbalanced forces from the free-field grid were
applied to the main-grid boundary. Thus the free-field
boundary could absorb energy to improve the accuracy
of the dynamic analysis.

4.2.1 The parameters for the numerical model

The model assumes that the properties of the
embankment and the foundation material are uniform
along the track. Due to the multiyear operations of heavy-
duty trains, the embankment has completely settled.
Under the dynamic load of the train, the embankment
and foundation in the model will be in their elastic
states. With respect to the numerical model, the material
constitutive relationships select a linear elastic model;
the specific calculation parameters are shown in Table 3.

4.2.2 Validation of the numerical model with field tests

During the calculation of the model, the vibration
acceleration response of the surrounding area is
monitored, and the peak of the vibration acceleration
collected during the C80 train operation is compared to

0.151
0.101

0.051

Acceleration (m/s?)
S

-0.15 R 1 . I L 1 R I A I
0 1 2 3 4 5

Time (s)
(a) Time-history of vibration acceleration

[ —e— Simulation

0.12 —#—Measurement
0.10
0.08

0.06

0.04

1 1 1 1 J
0'020 10 20 30 40 50

Distance (m)
(b) Comparison of vibration acceleration
Fig. 16 Results of numerical simulation

further verify the validity of the calculation performance
of the model.

Figure 16(a) shows the acceleration time history
of a monitoring point 5 m from the embankment.
The peaks of the vertical vibration acceleration are
compared to further verify the validity of the calculation
performance. Figure 16(b) reflects the variation in the
measured and calculated vibration acceleration peaks at
different locations from the embankment. As the distance
increases, the attenuation law of the acceleration peak
curve is similar, and the acceleration peaks of each
measurement point show a small amount of difference.

Figure 17(b) shows that the vibration attenuation
rules are similar between the simulated and measured
results, and that the maximum amplitude difference is
2.8%. Figure 17(a) reflects the acceleration level time-
history comparison between the measured and calculated
value at 15 m from the embankment. The analysis shows
that the measured vibration level ranges from 77-84 dB,
and the vibration level of this area is calculated to range
from 78-85 dB. The comparison analysis indicates
that the difference between the measured value and the
calculated value is small, and the results show agreement.
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Fig. 17 Comparison of vibration acceleration level
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4.3 Numerical results

To investigate the propagation features of vibration
acceleration in the foundation at different depths (-2 m,
-7 m, and -12 m), the matrix monitoring points in the
vertical section are established specifically to study the
acceleration, and the Y-direction (perpendicular to the
track direction) and Z-direction vibration accelerations
are specifically examined. The specific monitoring
points are shown in Fig. 18.

A/K‘ /— Ballast

Subgrade
..... Do ===

M Py L1
i ‘ 2m 12
i Foundation : (SR Sm:

. L3
! S5m
I . L4 20m
! — - - +
B 5m10m 10m 7 10m
I
s |
i 10m et 250 m
]

Fig. 18 The monitoring points of vibration acceleration
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Fig. 19 The attenuation property of the vibration acceleration
in the foundation

The attenuation law of acceleration in the foundation
is shown in Fig. 19. At greater horizontal distances from
the embankment, the acceleration amplitude decreases
gradually. As can be seen from Fig. 19(a), in the layer
2(L2), the acceleration close to the embankment is
0.106 m/s?, and the accelerations of the rest monitoring
points are reduced to 0.063 m/s?, 0.049 m/s?, and
0.043 m/s?, respectively, which suggests that the
attenuation amplitudes of acceleration are 40.6%,
53.7%, and 59.4%, respectively.

Within 15 m of the embankment, the decay rate of
Z-acceleration is apparently faster. When the horizontal
distance exceeds 15 m, the attenuation rate slowly
decreases. A contrast analysis in the vertical direction,
when the monitoring point is 5 m from the embankment,
shows that acceleration at L4 attenuates by 55.2% more
than that monitored at L1. At a horizontal distance 35 m
from the embankment, the acceleration of L4 attenuates
by 37.7% more than that monitored at L1. Apparently,
in the region close to the track, the acceleration decays
faster with an increase in depth.

Moreover, when the monitoring point is 5 m
closer to the embankment, the Y-acceleration at the L4
attenuates by 58.7% more than that monitored at L1.
At a horizontal distance of 35 m from the embankment,
the Y-acceleration of L4 attenuates by 47.5% more than
that monitored at L1. Similarly, in the region close to
the track, the acceleration decays faster with an increase
in depth.

5 Conclusions

Based on the vibration acceleration measurement
done on a heavy-duty railway with different track
sections situated within a loess area, while combining
the train-track-ground dynamic model, the vibration
characteristics of the plane region and the multi-stage
slope in the mountainous area were contrastively
analyzed. The main conclusions are presented as
follows:

(1) In the near-field area within 25 m from the
embankment, the acceleration peak attenuation was
fast, and the vibration amplitude attenuation rates
for C80, C70 and C64K trains were 53.1%, 61.8%,
48.8%, respectively. In the far field, 25 m away from
the embankment, the acceleration peak attenuation trend
gradually decreased. Compared with the embankment
section, due to the multi-stage slope of the cutting
section, the decay rate of vibration acceleration was
faster. At the footing of the third grade soil slope, the
acceleration decay rate was 88%.

(2) According to the analysis of the acceleration by
the plane matrix test, the C80 train caused the strongest
vibration response in the near-field area, and the ground
vibration acceleration ranged from 0.13-0.055 m/s%
The amplitude of the vibration acceleration at the same
distance from the embankment was not consistent due to
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the inhomogeneity of loess soil. The matrix monitoring
points were established in the foundation at different
depths. It was found that in the region close to the track,
the acceleration decayed faster with an increase in depth.

(3) As the propagating distance increased, the high-
frequency portion attenuated faster compared to the
low-frequency portion, due to the dissipation of high-
frequency energy in the soil medium. In the 5 m area
from the track, the frequency band of the vibration by
the C80 was mainly distributed between 10-88 Hz, and
the frequency bands were 18-98 Hz and 20-81 Hz,
corresponding to the C70 and C64K. Moreover, in the
15m area away from the track, the frequency bands were
mainly distributed between 10-79 Hz, 14-55 Hz, 12—
59 Hz, respectively.

(4) The magnitude of the acceleration level in the
plane area decreased as the distance increased from
the embankment. When a single C80 train ran, the
acceleration level of the near-field plane area ranged
from approximately 82.2-89.1 dB. Compared with
the embankment section, it can be observed that the
acceleration level increment of the cutting section in a
mountainous area was much larger when the C80 trains
ran parallel after meeting. Additionally, compared to
the acceleration level increment in the X direction, the
acceleration level increments of the Y direction and
Z direction were larger, with the increase amplitude
ranging from 1.2-2.5 dB.

(5) As axle weight increased, the intensity and
range of the wave propagation around the railway also
increased. The C80 train operation caused a larger
vibration response on the surrounding environment. The
vibration in the area within 85 m in front of the running
train was strong. Thus, corresponding measures to
reduce vibration and relevant vibration control standards
should be undertaken to improve the quality of life for
residents and workers along the railway.

(6) With regard to the cutting section in mountainous
area, the Y direction vibration acceleration was dominant,
especially close to the track. As the distance to the track
increased, the Y direction acceleration rapidly decreased
and became comparable with the X direction and the Z
direction acceleration. Within 10-30 m from the track,
the acceleration amplitudes of the three directions were
relatively close. Additionally, the cutting case generated
higher amplitude vibrations in all three different
directions compared to the embankment section, but
as the distance from the track increased, the deviation
between acceleration gradually decreased.
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