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Abstract: The dynamic response resulting from heavy haul train leads to the deterioration of the
railway subgrade, especially those built in seasonally frozen regions. In this work, a typical heavy
haul railway section in a seasonally frozen region is monitored on-site. The time domain and the
frequency domain analysis of the subgrade vertical vibration acceleration, dynamic speed, and
displacement during the non-frozen period and the frozen period are investigated. The results show
that the vibration response of the subgrade is affected by various factors, including the train type,
locomotive, traveling speed, train formation, heavy load, and the prevalent season. Further, it is
observed that the maximum and average vertical acceleration of the subgrade, the vibration speed,
and the dynamic displacement increase during the frozen period. However, the main frequency of
the natural vibration remains significantly higher than that before freezing. Moreover, the frozen soil
has a significant amplification effect both on the acceleration and the attenuation rate. Similarly, the
subgrade’s vibration mode has a low frequency and high amplitude during the freezing period, and
the dynamic response characteristics become increasingly apparent as the axle load increases.

Keywords: seasonally frozen region; heavy haul railway subgrade; dynamic response; vibration
acceleration; on-site monitoring

1. Introduction

The heavy haul railway, which has seen rapid development over the years, is the
symbol of national railway freight modernization. Countries such as China and USA
are actively promoting the operation of heavy-haul trains. China has been developing
heavy-haul transportation since the 1980s, establishing its position as the industry leader
in heavy-haul railways. China has completed 25% of the world’s railway workload with
6% of the world’s railway mileage. Being the world’s third largest country in the frozen
soil region, China has several heavy haul railways that encompass frozen regions. These
include the Datong-Qinhuangdao Railway, the Shuozhou-Huanghua port (ShuoHuang)
Railway, and the Jungar-Shenmu Railway. The main foundation of the track structure of
the heavy haul railway in China is subgrade (typically above 70%). Previous studies on
heavy haul railway diseases show that the dynamic load amplitude of heavy haul railway
subgrade increases when the axle load and operation speed increase during the operation
of long and large group trains. However, the dynamic strength decreases under these
conditions. The line subgrade in frozen soil regions frequently suffers from haul railway
disease [1,2], thus posing a serious threat to train safety and driving up maintenance and
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operation expenses. As the service life is extended and the operation of the trains continues
in long marshaling and large axle load, the constructed heavy haul railway subgrade
gradually exhibits more severe issues in dynamic stability and service life under repeated
freeze-thaw cycles. This, in turn, severely restricts the development of heavy-haul railways
in frozen regions of China. The larger the carrying capacity of the train, the stronger the
interaction between the train and the railway track structure, thereby leading to more
serious dynamic damage and unevenness of the railway subgrade and track structure [3].
Not only does it have an impact on the safety and stability of train operation on elastic
track structures, but it also reduces the reliability of the pantograph—catenary system [4].
The dynamic response of the subgrade reflects the interaction between the train and the
subgrade. In order to ensure the safety, smoothness, and efficient operation of trains, it
is necessary to comprehensively demonstrate the subgrade dynamic response law and
systematically understand the changes in subgrade performance, which in turn provides
a theoretical basis for weakening the dynamic interaction between heavy haul trains
and tracks.

Various approaches, including indoor/outdoor model tests, theoretical models, on-site
monitoring, and the combined multiple methods, are currently adopted for studying the
characteristics of train-induced vibration responses of subgrade [5]. The indoor large-scale
model experiment method [6] is employed for analyzing the impact of climate, soil con-
ditions, and engineering measures on the dynamic response of subgrade. Gao et al. [7]
and Omer et al. [8] suggested that the Finite element numerical method can help in in-
vestigating the impact of the water content, train speed, and environmental temperature
of subgrade on the safety, comfort, and stability of the railway. Li et al. [9] reported that
the dynamic response of the permafrost subgrade could be evaluated using the exciting
force function composed of static load and a series of sine functions as the train load. They
further suggest that, when the temperature is taken into account, the soil may be considered
as a simplified Mohr—Coulomb model. Bahrekazemi et al. [10] and Ren et al. [11] reported
the development of empirical models based on field data and soil dynamic parameters
for estimating the vibration response of soil at different depths. The analytical method
and empirical prediction models, however, require several restrictions and simplifications
concerning the geometry and material properties of the problem. Therefore, it is very
challenging to find a closed solution or to conduct a thorough analysis of the influencing
factors to address the issue of train vibration under these complex conditions. On-site
monitoring does not only provide the theoretical and experimental models (e.g., finite
element numerical model) with valuable supplementary data for comparison and verifica-
tion [12,13] but also is an effective method for studying train-induced vibration response
of subgrade. Petriaev [14] carried out a fielding monitoring experiment to study the foun-
dation bed’s dynamic response to heavy haul trains. The results showed a significant
reduction in the dynamic response of the foundation bed upon the increase in the train
load and speed. Vibration acceleration of subgrade is the main index for assessing the
damaging effect of vibration on track structure [15]. The results of the research study show
that the acceleration response of ballasted track of the high-speed railway is associated
with the train speed and the distance from the track center. It has also been observed that it
increases as the train speed increases and decreases as the distance from the track center
decreases [16]. Researchers are now focusing on the vibration responses of the subgrade in
the frozen regions due to the ongoing construction and operation of railways in cold regions.
Zhu et al. [17] compared the vibration response characteristics and attenuation laws of
vibration that were transmitted in steel rail, sleeper, and subgrade running at a normal
speed for a thermal probe subgrade and a general subgrade of Qinghai-Tibet Railway in
the permafrost area as well as the subgrade in seasonally frozen regions. Chen et al. [18]
conducted real-time strong vibration tests on the right shoulder, left, and right slope feet of
the typical subgrade of Qinghai-Tibet Railway in the Beiluhe in the warm season. They
obtained the vibration acceleration attenuation laws of the railway subgrade in the per-
mafrost region. The results of the field acceleration tests [19,20] for the Harbin-Dalian
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Railway’s common passenger and freight lines in seasonally frozen regions showed that
the dynamic response increased as train speed, the number of cars, and load increased.
Further, the vertical and longitudinal accelerations exhibit an increase during the freezing
period but a decrease during the melting period. A review of the previous literature shows
few reports of on-site vibration monitoring of heavy haul railway subgrades, particularly
those in frozen regions. Dong et al. [21] monitored the vertical accelerations of different
heavy haul trains from the embankment shoulder surface to the area 70 m beyond the
toe of the Datong—Qinhuangdao heavy haul railway. The vibration accelerations during
winter were found to be 13-26% higher than those during the non-frozen period. The
above study improves our understanding of how the subgrade’s vibration responses varied
depending on the direction and distance from the track and the type of train. However,
the shortcoming was that the ground temperature change data were not measured at the
same time, and therefore the freezing depth during the freezing period was not obtained.
Moreover, the acceleration sensors were usually at a distance from the track structure due
to normal operation. The closest monitoring sites were usually placed in the shoulder
position, which lay at a distance of more than 2 m from the outer rail of the line. Therefore,
the vibration response at the most relevant location under the trains could not be directly
measured. Moreover, the monitoring sites were usually only deployed on one line of the
dual-line subgrade. In the case of heavy haul railways with distinct full- and no-load lines,
the investigation of vibration responses of the subgrades beneath the train with different
axle loads and two lines, particularly the vibration responses of individual subgrades
beneath the rail, would contribute to the systematic understanding of the change in the
subgrade performance.

In this work, a typical section of heavy haul railway subgrade and laid ground tem-
perature and acceleration monitoring sites at various depths of the subgrade are selected
based on observations from the literature. The acceleration test is performed on the sub-
grade surface beneath the rail. This paper has the following structure: Initially, the on-site
monitoring section and site arrangement are introduced. Then, the impact of train type,
traveling speed, and operation status (full-load or no-load) on the vibration response of
double-track subgrade surface during the non-frozen period are investigated. The vibration
responses of subgrade during the non-frozen period and the freezing period are compared.
Thereafter, the frequency-domain and time-domain analyses on vibration responses of the
subgrade are performed. Finally, the vibration response characteristics, such as speed and
dynamic displacement caused due to the subgrade vibration, are analyzed. This work
helps to fully demonstrate the subgrade dynamic response law, and the results can provide
a theoretical base for the detection of subgrade frost heave disease in cold regions and offer
monitoring data support for related theoretical calculation models.

2. Monitoring Sites and Site Arrangements
2.1. Monitoring Sites

The ShuoHuang Railway is the largest double-track electrified joint venture railway
in China. It is also the second largest route for transporting coal from west to east in
China. It accelerates local economic development along the route and guarantees energy
supply to east and southeast coastal areas. Further, it is of great strategic significance in
terms of China’s coal export capacity expansion. The ShuoHuang Railway is located in
the hilly area from West Ningwu to South Shenchi. Generally, winter begins in October
every year and ends in April the next year. Uneven frost heave deformation along the
subgrade and uneven heave compression deformation in the spring thaw period leads
to frequent freezing damage. Although plenty of time and effort is put into detection,
maintenance, and rehabilitation, the results are still not satisfactory. Thus, it restricts the
normal operation of the railway. Therefore, in this work, the ShuoHuang Railway in
Shenchi County, Xinzhou city, Shanxi Province, was selected for on-site monitoring for the
dual-line section. This site is located in a typical seasonally frozen region. The subgrade
surface width is 11.1 m, and the no-load line is a cutting. Further, the full-load line is
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an embankment, the national railway line is under the slope, and the shoulder width is
1.5 m. The average temperature of the coldest month is —7.7 °C, and the maximum freezing
depth is 1.1 m. The area is vulnerable to significant frost damage, according to inspection
data collected throughout the operation time, and is also thought to have a high prevalence
of several diseases. Figure 1 shows the geographical locations of ShuoHuang Railway and
the monitored section.
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Figure 1. (a) Geographical locations of the ShuoHuang Railway and (b) the monitored section.

2.2. Site Arrangements

The test section in the site arrangement is a dual line. Full-load trains bound for
the Huanghua Port through C1 and no-load trains back to Shuozhou through C2 are
monitored. Ground temperatures at various depths and positions of the subgrade, as well
as the acceleration of the subgrade surface soil beneath the track, are among the monitored
indices of ground temperature and dynamics characteristics of the heavy haul railway
subgrade in the seasonally frozen regions.

Figure 2 shows the monitoring sites on the subgrade. The monitoring sites for ground
temperature are placed at 0.2, 1.0, 2.0, 3.0, and 4.0 m below the no-load line shoulder, as
well as 0.2, 0.5, 1.0, and 2.5 m below the line center and full-load line subgrade. Therefore,
there are 13 monitoring sites in total, with two monitoring sites observed for vibration
acceleration of the subgrade. They are arranged 0.2 m below the top surface of the subgrade,
where C1 is right below the track rail of the full-load line, and C2 is right below the track
rail of the no-load line. The distance between the two lines is 4.0 m, and the distance
between the two acceleration sensors is about 5.5 m.
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Figure 2. Sensor arrangement: (a) longitudinal sensor arrangement; (b) transverse sensor arrangement.
By analyzing the local climate, freezing depth, filling and digging forms of subgrade,
groundwater level depth, and subgrade monitoring indicators in Shenchi County, the

sensor model, measurement range, and accuracy were determined, as shown in Table 1.
The sensors used in this work are shown in Figure 3.

Table 1. List of Sensors used.

Monitoring
Index Sensor Type Measurement Range Accuracy
round temperature PT100 temperature sensor —40 °C~+60 °C +0.03 °C within —20 °C~+20 °C
acceleration MSA1000-02 variable capacitance acceleration sensor +2g 0.001 g

(b)

Figure 3. Images of (a) temperature sensor and (b) acceleration sensor.

By considering the equipment protection requirement and field conditions, the shoul-
der outside the full-load line fence was selected to build the base of the on-site monitoring
station. The sensor on the side of the no-load line is led to the collection box of the monitor-
ing base station using a pipe under the ballast. A trench with a length of 15 m, a depth of
0.3 m, and a width of 0.5 m was excavated for the transmission line and was protected
using a high-strength PVC pipe. From Figure 4a, the acceleration sensor was embedded at
a depth of 0.2 m under the surface of the subgrade, directly beneath the outer rail of the
two lines. Further, the sensors were packed in advance. When considering the acceleration
sensor’s location, the ballast under the steel rail should be removed. The acceleration
sensors were therefore installed during the trench excavation.

(b)

Figure 4. Field installation of the monitoring system: (a) excavation of a trench to lay a pipe;

(b) sensor placement; (c) sensor calibration.
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The filling materials and filling process are required to follow the static matching
principle during the embedding process of various sensors. The subgrade soil is mainly
composed of yellow silt and reddish-brown clay. The clay is removed layer by layer while
digging the holes. The sensors are subsequently installed, and the soil is filled again at the
original site.

3. Results

The monitored ground temperature and the characteristics of the vibration response
of subgrade induced by different heavy haul trains are discussed below.

3.1. Ground Temperature

The subgrade monitoring system was completed in August 2019, and the commission-
ing was carried out at the site and the remote end. It was formally put into operation in
October 2019, and the system started running normally. The data that were monitored from
17 October 2019 to 14 April 2020 were selected from the temperature monitoring system.
Figure 5 shows the time-history curves of the ground temperature at different positions.
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Figure 5. Time-history curves of ground temperature on the monitored section: (a) full-load line
shoulder; (b) no-load line shoulder; (c) centerline between two lines.

From Figure 5, it can be observed that the temperature changes near the surface are
larger and have certain volatility, which is affected by the atmospheric temperature. The
subgrade starts to freeze from the beginning of December 2019, reaching the maximum
freezing depth until about mid-January. The lowest temperature of the soil in the subgrade
shoulders on both sides is found to be below zero, and the soil is frozen within 0-0.5 m
of the subgrade shoulder. Further, the ground temperature amplitude and the freezing
depth of the shoulder at the full-load line are observed to be the greatest, while the ground
temperature remains the same until mid-February. The atmospheric temperature rises
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to positive in spring in late February or early March, and the subgrade melts from top
to bottom and completes by mid-March. Furthermore, the lowest temperatures of the
subgrade soil between the two lines do not reach negative temperatures and are well
above 0 °C.

The starting date of the remote collection using the acceleration monitoring system
is 11 November 2019. The acceleration collection frequency interval randomly exceeds
10 days, and 10 sets of data are collected each time. Moreover, different trains are also
counted. The vibration acceleration collected in November 2019 is selected as the typical
data representing the non-frozen period. The vibration acceleration collected in January
2020 is taken as the typical data of the freezing period.

3.2. Characteristics of Vibration Response of Subgrade Induced by Different Heavy Haul Trains

In order to study the vertical vibrations of the subgrade surface soil in the cases of
different trains with different axle loads, data are collected from the trains in the ShuoHuang
Railway monitored section K5 + 780 for two consecutive days within a range of 100 m
(5.730~5.830 km). The results show that this section of the ShuoHuang Railway’s daily
operation vehicles includes C64, C70, and C80, grouped as ordinary, 10,000 ton, and
20,000 ton. Table 2 lists the main performance parameters of the three trains. Therefore,
the no-load train weight is considered to be the self-weight, and the full-load train weight
is considered to be the sum of the self-weight and the carrying capacity. Moreover, the
axle load in the table is the average axle load of the total full-load train weight, with the
calculation rounded according to four pairs of axles. Therefore, the axle load of full-load
and no-load trains are found to follow the orders of C80 > C70 > C64 and C70 > C64 > C80,
respectively. Further, the freight cars in the test section are hauled by Shenhua and 554
locomotives, as shown in Figure 6. Figure 7 shows the monitored vibration acceleration
when the Shenhua locomotive crosses the full-load line at low speed. C1 and C2 in Figure 7
represent the two acceleration monitoring points, which are located directly below the
full-load line and the no-load line tracks.

Table 2. Main performance parameters of common trains.

. . Carrying .

Train Type Formation Capacitylt Self-Weight/t Axle Load/t Car Length/m
Ce4 ordinary 61 <23 21 134.30
C70 10,000 ton 70 <23.8 23 139.76
C80 20,000 ton 80 <20 25 120.00

Figure 6. Heavy haul locomotive of ShuoHuang Railway.

Figure 8 is a schematic diagram of the coach of the C80 heavy haul train traveling
on the ShuoHuang Railway. According to the geometric profile of the trains, the heavy
haul railway subgrade is subjected to a periodic excitation. Table 3 lists the corresponding
fundamental frequency generated according to the geometry and train speed of C80. v in
this table means velocity.
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Figure 8. Coach of the C80 train.

Table 3. Characteristic frequencies of heavy haul train (C80) load.

Frequencies (Hz)

Characteristic Length (m)

v 55 km/h
L. 12 fc 1.27
Lub 1.83 fop 8.35
Ly, 8.2 fo 1.86

Note: f. =v /L, fy, = v/Lyp, and fg, = v/Lg,.

From Figure 7, the subgrade in the full-load line experiences a maximum vertical
acceleration of 0.50 m/s? that is directly caused by the locomotive, while the subgrade expe-
riences a maximum vertical acceleration of 0.05 m/s? that is also caused by the locomotive.

The acceleration is attenuated by 90%.

The train speed is a major factor influencing maximum and average vibration accel-
eration. Figure 9 shows the acceleration of the induced subgrade vibration as the train
passes at a variable speed. It is evident from Figure 9 that the change in train speed has a
significant impact on acceleration, showing a greater uncertainty. In order to reduce the
impact of train speed in the analysis of acceleration vibration characteristics, the vibration
responses of the subgrade of different trains are selected during different periods with train

speeds in the range of 50~60 km/h for analysis.
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Figure 9. Acceleration time-history variation at C1 when train speed changes.

The vibration response of the railway subgrade is a random composite vibration with
complex frequency and amplitude. The on-site acceleration monitoring results reveal the
vibration acceleration signal obtained at the site when the train passes each time. Presently,
the analysis of monitoring signals is mainly classified into two types, namely, the time
domain analysis and the frequency domain analysis. Both types are discussed as follows:

1.  Time-domain analysis: Curves that change with time are frequently obtained during
the observation of natural or social phenomena, and they are known as time-domain
signals. The common time-domain analysis methods include statistical analysis,
correlation analysis, and historical trend analysis, with main indexes of maximum,
average, and effective values. This study focused on conducting filtration of the
acceleration signals collected during the monitoring of the system to obtain the
acceleration time-history curve. Thereafter, statistical analysis and correlation analysis
were used for the analysis of maximum, average, and effective acceleration.

2. Frequency-domain analysis: Complex signals primarily comprise multiple sinusoidal
waves with different frequencies. The composition of the amplitude and phase
of the sinusoidal wave is called the spectrum of the signal. The commonly used
frequency-domain analysis method is the power spectrum analysis, which includes
the self-power spectrum analysis and the cross-power spectrum analysis. These
analyses can clearly show the acceleration characteristics of the subgrade. This study
also focused on carrying out the Fast Fourier Transform (FFT) of time-domain data of
acceleration to obtain the spectrum, i.e., to conduct FFT of acceleration time-history
curve to obtain the acceleration spectrum curve.

In order to study the changing laws and attenuation characteristics of the vibration
acceleration, this study defines the maximum vertical vibration acceleration, average accel-
eration, and effective acceleration as the eigenvalue of the vibration response acceleration.
This enables the analysis of the vibration intensity caused due to the train load.

After removing the outlier, the maximum vertical vibration acceleration (|a|,mx) refers
to the average value of the five maximum absolute values of the recorded accelerations at a
different time in one site. It describes the maximum amplitude of the vibration acceleration
induced by each heavy haul train and is represented as shown in Equation (1).

1 N )
|a|max = N Zi:l\ai|mm (i=1,2,3---N) 1)

The average vertical vibration acceleration (|aps,) refers to the average absolute value
of recorded accelerations at a different time in one site. It describes the average vibration
acceleration at the sites induced by each heavy haul train and is represented as shown
in Equation (2).

1 N .
|”|pﬂr:N2i:1|”i|(121/2/3"'1\7) (2)
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The effective vertical vibration acceleration (|a|,,) refers to the effective acceleration
at a different time in one site. It describes the changing laws and attenuation characteristics
of vibration acceleration and is represented as shown in Equation (3).

1 N .
‘a’volzﬁ Zizl\ﬂﬂz (i=1,2,3---N) 3)

In the above equations, a; refers to the recorded i th vertical acceleration when the
train passes; N refers to the number of recorded accelerations when the train passes, which
is 10 at most in Equation (1) [22].

In this work, C64, C70, and C80 were selected with a speed of 58 km/h, 54 km/h, and
55 km/h, respectively. It is observed that during the non-frozen period, the three trains pass
by C1 in a full-load status, and the directly caused vibration acceleration is measured, while
C2 measures the indirectly caused vibration acceleration when the acceleration time-history
is varied, as shown in Figure 10.
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Figure 10. Acceleration time-history curves of full-load train at the sites: (a) ordinary C64; (b) 10,000 ton C70;
(c) 20,000 ton C80.

From Figure 10, it can be observed that the subgrade surface vibration acceleration
reflects the situations corresponding to different trains and formations, and it has quite
evident peaks with periodic changes. Because the speed of the locomotive is greater than
that of the coach, a larger value of vertical acceleration is caused by the locomotive. The
locomotive-induced vibrations are significant, while coach-induced vibrations are relatively
insignificant, and the time for the train to pass by the sites is different due to the difference in
train length. Therefore, the maximum locomotive acceleration, average coach acceleration,
and train vibration period are used to estimate train type and formation. Further, the
induced vibration accelerations of the subgrade measured at C1 and C2 are also increased
with the increase in the axle load.

Table 4 lists the train speed and induced maximum (|a|max), average (|a|par), and
effective (|a|]) acceleration of different trains at the sites during the non-frozen period.
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The test section is a dual-line section, and the trains left Shenchi Station through C1 in
a full-load status. During this duration, it is observed that C1 measures the subgrade
vibration acceleration that is directly caused by the full-load trains, while C2 measures
the vibration acceleration of the subgrade that is indirectly caused by the trains on the
no-load side. On the other side, no-load trains go back to Shenchi Station through C2.
Therefore, C2 measures the vibration acceleration of the subgrade that is directly caused
by the no-load trains, while C1 measures the vibration acceleration of the subgrade that is
indirectly caused by the trains on the full-load side.

Table 4. Vibration accelerations of heavy haul train traveling on the subgrade (m/ s2).

Load Train Type Speed/ C1 (the Full-Load Side) C2 (the No-Load Side)

oa yp (km-h-1) | 2| max 1a par lalyor | 2] max lal par lal g
Ce64 56 0.993 0.094 1.794 0.182 0.018 0.318

Full-load C70 55 1.050 0.087 1.198 0.187 0.020 0.267
C80 52 1.534 0.103 2.536 0.210 0.020 0.219

Ce4 50 0.102 0.034 0.321 0.870 0.070 0.824

No-load C70 58 0.133 0.026 0.302 1.290 0.078 0.951
C80 60 0.101 0.019 0.269 1.180 0.080 0.656

From Table 4, it is clear that different acceleration eigenvalues generally demonstrate
growing trends with the increase in axle load; however, not all of them have the same
performance. This can be possibly attributed to the different lengths and speeds of different
models themselves. Moreover, it can also be observed that when the full-load heavy haul
trains pass by, the maximum and average accelerations of C1 are both larger than those
of C2, and the variation is five times larger. Further, the maximum vertical acceleration
(1.534 m/s?) is observed when a full-load C80 (with the maximum axle load) passes by C1.
Additionally, it is observed that when no-load trains pass by, the measured acceleration
eigenvalues of C2 are significantly greater than those measured at C1 on the full-load line.
In this case, the average and eigenvalues of the acceleration measured at C2 are usually
2-4 times larger than those of C1, whereas the maximum acceleration at C2 is 10 times
larger than that at C1. Furthermore, when C70 (with maximum axle load) passes, C2
exhibits the maximum vertical acceleration (1.290 m/ s2).

Zhu et al. [23] carried out on-site monitoring of the vibration response on the Harbin—
Dalian Railway and collected data on maximum and average absolute acceleration when
the train passed. They found that the mean vertical absolute acceleration was 0.108 m/s*
and the maximum vertical vibration acceleration was 1.52 m/s? when the freight train
passed the monitoring site on the shoulder. The corresponding code for vertical vibration
acceleration has a clear assessment limit of 0.18 g [24]. According to Table 4, the comparison
with the Harbin-Dalian Railway monitoring data shows that the maximum vibration
acceleration of the ShuoHuang heavy haul railway is less than the limit value.

3.3. Vibration Responses of Subgrade before and after Freezing

The results for the time-domain analysis and acceleration eigenvalue, frequency-
domain analysis of acceleration, attenuation law of vibration response acceleration of
subgrade, and the response features of dynamic speed and dynamic displacement before
and after freezing are discussed below.

3.3.1. Time-Domain Analysis and Acceleration Eigenvalue

In order to analyze the vibration characteristics of the subgrade during the freezing
period and the non-frozen period accurately, in this study, the collection frequency was
increased to 1000 Hz. According to the monitored ground temperature (as shown in
Figure 5), the vibration acceleration collected in November 2019 is selected as the typical
data for the non-frozen period, whereas the vibration acceleration collected in January
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2020 is taken as the typical data for the freezing period. Based on the shoulder ground
temperature, it is found that the freezing depth of the shoulder on one side of the full-
load line is about 0.36 m. Figure 11 shows the time-history curves of vertical vibration
acceleration of subgrades induced by three types of full-load heavy haul trains passing
by C1.
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Figure 11. Time-history variation in vibration acceleration induced by full-load trains passing by C1
in different periods: (a) non-frozen period; (b) freezing period.

As shown in Figure 11, regardless of the frozen or non-frozen period, the vibration
acceleration caused by the train increases with the increase in axle weight. Compared with
the non-frozen period, the vibration acceleration caused by the same axle weight train
during the freezing period is larger. Due to the frozen part of the subgrade, uneven defor-
mation and track unevenness are found to increase. The interaction and vibration between
the line and the train increase, and the vibration response of the roadbed consequently
increase. The maximum, average, and effective vertical vibration accelerations of subgrade
induced by a full-load heavy haul train passing by C1 during the non-frozen period and the
freezing period are summarized. Table 5 shows the accelerations passing the monitoring
points at similar speeds during the non-frozen period and the freezing period.

Table 5. Vibration acceleration of the ShuoHuang Railway (mm/ s2).

Train Type Speed/ During the Non-Frozen Period Speed/ DurmgPtehriol;reezmg
(km-h-1) (km-h-1)
lal ax lalpar lalyor lal ax lalpar lalyor
Ordinary C64 49.00 470 47 0.289 48.24 554 76 0.423
10,000 ton C70 50.76 539 63 0.300 51.93 581 75 0.356
20,000 ton C80 46.12 558 66 0.192 44.78 745 70 0.219

From Table 5, it is observed that under the influence of the change in atmospheric
temperature, the maximum, average, and effective acceleration during the frozen period
are about 1.2 times larger than those during the non-frozen period. It is also found that
the growth in ordinary C64 is the most significant. Further, the maximum accelerations
during the freezing period and the non-frozen period also tend to increase as the axle
load increases.

3.3.2. Frequency-Domain Analysis of Acceleration

FFT is conducted on the time-domain data of the vibration acceleration of C64, C70,
and C80 to obtain the spectrum when the collection frequency is 1000 Hz and the frequency-
domain analysis frequency is 0-500 Hz. The acceleration frequency spectrum curves are
obtained while heavy haul trains pass by C1 during the frozen period and the non-frozen
period, as shown in Figure 12.
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Figure 12. Spectra of vibration amplitude induced by a full-load train passing by C1: (a) non-frozen
period; (b) freezing period.

From Figure 12, it can be observed that the main vibration frequency of the subgrade
during the non-frozen period and the freezing period are 200 and 115 Hz, respectively.
The main vibration frequency decreases while the vibration frequency range increases
following the subgrade freezing. However, the lower-frequency vibration components
are more abundant, indicating that the presence of the frozen soil layer prevents more
high-frequency vibrations from propagating outward, resulting in a greater proportion of
low-frequency components.

3.3.3. Attenuation Law of Vibration Response Acceleration of the Subgrade

The acceleration monitoring sites are located on the subgrade surface directly beneath
the steel rail, and the acceleration demonstrated significant free attenuation after the train
passed. The natural vibration frequency is determined by interpreting the residual vibration
signals of the subgrade surface layer after the train passes. Figure 13 shows the vibration
attenuation of C1 during the non-frozen period and the frozen period when the full-load
C80 passed.
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Figure 13. Attenuation of natural vibration acceleration of full-load C80 passing by C1: (a) vertical
acceleration pickup signal; (b) vertical acceleration natural vibration signal power spectrum.

From Figure 13, it can be observed that an obvious natural vibration attenuation
process is generated after the C80 train passes by the site, and it is also seen that the
amplitude of acceleration decreases. Further, the main frequency of natural vibration
caused due to the influence of the train after the subgrade freezing is found to be lower
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than that before subgrade freezing. Table 6 lists the main frequencies of natural vibrations
induced by the three heavy haul trains passing by C1 in a full-load status during the
non-frozen and frozen periods.

Table 6. Vibration accelerations and main frequency of natural vibrations of different trains at C1 (Hz).

Speed Main Frequency of Natural Main Frequency of Natural
Train Type (km-h-1) Vibration during the Vibration during the
Non-Frozen Period (Hz) Freezing Period (Hz)
Ordinary C64 48 23.6 117.4
10,000 ton C70 51 28.1 122.3
20,000 ton C80 45 26.2 122.3

As shown in Table 6, the subgrade has a larger rigidity after freezing, and the main
frequency of natural vibration is significantly larger than that before freezing. Further, the
non-frozen period vertical acceleration shows fast attenuation, and the freezing period has
a significant impact on vertical acceleration. Moreover, the acceleration amplification effect
due to frozen soil is evident [25]. This may be due to the migration of moisture in the lower
part of the subgrade. They are constantly migrating upwards and are collected as ice near
the freezing front [26]. This frozen part increases the strength and rigidity of the subgrade,
thus resulting in an enlarged vertical acceleration amplitude. This is in good agreement
with the results concluded from the time-domain analysis.

3.3.4. Response Features of Dynamic Speed and Dynamic Displacement before and after Freezing

The feasibility of employing the vibration response monitoring method to identify the
subgrade frost heave disease is discussed to further analyze the impact of the subgrade
frost heave on the subgrade vibration. In this paper, the dynamic speed and the dynamic
displacement of the subgrade before and after freezing are summarized. Thereafter, the
acceleration time-history data are filtered and then integrated to obtain the vibration speed
time-history curve. Similarly, the time history of speed is filtered and integrated to obtain
the dynamic displacement time-history curve [25].

(1) Dynamic speed before and after freezing.

Figure 14 shows the dynamic speed responses of full-load and no-load of C80 before
and after freezing.
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Figure 14. Time-history curves of vibration speeds of subgrade when (a) full-load C80 passing by C2
and (b) no-load C80 passing by C1.

As shown in Figure 14, the locomotive is responsible for the locomotive-induced
maximum vibration speed before freezing, and the locomotive-induced vibration speed
when the locomotive passes ranges from 1.51.5 to 2.2 mm/s. The vibration speed caused
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by the coach is found to be less than 1.0 mm/s, and the vibration speed after freezing is
significantly larger as the low-frequency noise component of the original acceleration signal
is small. Moreover, the low-frequency part of the amplitude-spectrum of the acceleration
signal significantly reduces, and there would be signal loss after filtering [27]. Furthermore,
the vibration speed response does not present the same curve features as that of the
acceleration. After freezing, the measured dynamic speed induced by a full-load train
shows an increasing trend; however, the dynamic speeds of the locomotive and coach do
not differ very much. The locomotive-induced vibration speed could not be reflected.

The calculation methods for calculating the maximum and average vibration speeds
of different trains are similar to those for vertical vibration acceleration. Figure 15 shows
the maximum and average vibration speeds of different trains. Herein, the values mea-
sured when full-load trains were passing by C1 and no-load trains were passing by C2
were employed.
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Figure 15. Dynamic speeds of different trains before and after freezing: (a) maximum vibration speed;
(b) average vibration speed.

From Figure 15, it can be seen that the maximum and average vibration speeds after the
freezing of the subgrade soil are both larger than those before freezing, where the maximum
vibration speed induced by the full-load trains has a significant growth compared to those
induced by no-load trains. The average vibration speed induced by no-load trains has a
significant growth compared to those induced by full-load trains. Further, the maximum
and average dynamic speeds induced by the full-load trains show an increasing trend as
the axle load grows, while the maximum and average dynamic speeds induced by the
no-load trains show a decreasing trend as the axle load declines.

(2) Dynamic displacement before and after freezing.

Figure 16 shows the dynamic displacement responses of the full-load and no-load C80
before and after freezing.
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Figure 16. Time-history curves of dynamic displacements of (a) full-load C80 passing by C1 and
(b) no-load C80 passing by C2.
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The dynamic displacements induced by the locomotive during the non-frozen period
significantly increase, as shown in Figure 16, while the dynamic displacements induced by
the locomotive during the frozen period increase, which is not evident and only increases
when the coach passes. Further, the maximum dynamic displacement induced by the no-
load trains during the non-frozen period is almost 0.1 mm, while the maximum dynamic
displacement induced by the no-load trains during the frozen period is 0.2~0.6 mm. This
suggests that the dynamic displacement before freezing is 20% of the value observed
after freezing. Moreover, the dynamic displacements induced by the full-load trains
after freezing increase slightly, while dynamic displacements induced by no-load trains
after freezing increase significantly when compared to those induced by full-load trains
after freezing.

Figure 17 shows the maximum and average dynamic displacements induced by
different trains. Herein, the values measured while the full-load trains passed by C1 and
no-load trains passed by C2 were employed.
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Figure 17. Dynamic displacements of different trains before and after freezing: (a) maximum dynamic
displacement; (b) average dynamic displacement.

As shown in Figure 17, the dynamic displacements of different trains before and
after freezing demonstrate a trend consistent with that of dynamic speed, and the values
increase after freezing. The maximum dynamic displacement and the average vibration
of the subgrade soil after freezing are larger than those before freezing. Furthermore, the
maximum dynamic displacements induced by full-load trains increase significantly as
compared to those induced by no-load trains, while the average dynamic displacements
induced by the no-load trains increase significantly as compared to those induced by the
full-load trains.

4. Discussions

The analysis of the subgrade dynamic response reveals that, except for the locomotive,
train speed, and axle load directly affect the subgrade vibration acceleration amplitude.
Moreover, the season is another major factor. Amplitude and frequency of vibration ac-
celeration of the subgrade demonstrate significant variations after freezing, along with
an enlarged vibration amplitude, reduced main vibration frequency caused by the train,
and increased natural vibration frequency of soil. According to the monitored vertical
acceleration, dynamic speed, and dynamic displacement before and after freezing, the max-
imum and average vertical acceleration, dynamic speed, and dynamic displacement exhibit
growth after freezing in both full-load trains and no-load trains. As the subgrade froze from
the subgrade surface downwards during the freezing period, the strength and stiffness of
the subgrade increased. In the meantime, the uneven deformation along the subgrade is
aggravated, thus causing an increase in vibration response, such as acceleration. This is in
good agreement with the findings from other studies on the impact of seasonally frozen
layers on the vibration responses of the subgrade [19-21]. However, another study [28]



Sustainability 2022, 14, 15954

17 of 19

concludes the opposite while investigating high-speed railway subgrade in seasonally
frozen regions. In their work, the high-speed railway had strict requirements on ride
comfort, and the difference in ride comfort between winter and summer was not significant.
Moreover, during the freezing period, due to the existence of the frozen subgrade soil, the
soil stiffness was improved. The overall stability of the subgrade is thus improved, which
further leads to a decrease in the subgrade vertical vibration response, thus reducing the
vibration response.

According to the vibration response characteristics of the subgrade before and after
freezing, after frost heave generated by the subgrade freezing, the spectrum range of the
acceleration vibration becomes larger, and the main vibration frequency becomes more
pronounced as the spectrum distribution tends to move towards the lower frequency band.
The existence of the frozen soil facilitates low-frequency and high-amplitude vibration. If a
certain section of the subgrade is overly deformed due to severe frost heave, the interaction
and vibration between line and train are aggravated when heavy haul trains pass during
the freezing period. This affects the stability and safety of the train. Therefore, the vibration
response monitoring method can be used to detect subgrade diseases in the section with
frost heave, thereby improving the theory of frost heave. This provides a method to prevent
and control freezing damage and also offers a reference for similar railway construction in
the seasonally frozen region.

During the two monitoring periods considered in this paper, the ambient temperature
does not drop to the average of the lowest temperature in previous years, and the freezing
depth is shallow; thus, it has a certain impact on the dynamic response analysis. Further,
the multiple freeze-thaw cycles should be monitored to understand the subgrade vibration
response mechanism efficiently. The acceleration monitoring data can provide the basis for
evaluating the stability and dynamic response of the subgrade under the action of trains
and also provide theoretical support for experimental studies and numerical simulations in
seasonally frozen regions.

5. Conclusions

From this work, the following conclusions can be drawn.

1. The train speed is a major factor affecting the maximum and average vibration accel-
eration, where the maximum vibration acceleration is commonly generated when the
locomotive pass, and the vibration acceleration of coaches are usually smaller than
that of the locomotive.

2. During the non-frozen period, when both full- and no-load heavy haul trains pass by,
they possibly exert a certain impact on the surrounding environment of the dual lines.
Moreover, the maximum and average acceleration measured when full-load heavy
haul trains passed by C1 are much larger than those measured when no-load heavy
haul trains passed by C2. Moreover, the maximum vertical acceleration induced by
C80 is 1.534 m/s?, which is lower than the limit value.

3. The maximum and average vertical acceleration, dynamic speed, and dynamic dis-
placement are significantly increased after freezing. The frozen subgrade soil has
an amplification effect on the vibration responses of the subgrade. The non-frozen
period vertical acceleration, dynamic speed, and dynamic displacement are found to
attenuate relatively fast, whereas the attenuation of the vertical acceleration, dynamic
speed, and dynamic displacement during the frozen period is relatively slow. This
implies that the frozen subgrade soil has an amplification effect on the vibration re-
sponse and exerts a significant impact on the attenuation rate of the vibration response.
Furthermore, the main frequency of the natural vibration is significantly higher than
that before freezing.
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