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Abstract: Compaction quality of railroad subgrade relates directly to the stability and safety of train
operation, and the core problem of the Intelligent Compaction of railroads is the transmission and
evolution characteristics of vibration wave. Aiming at the shortages in exploring the transmission and
evolution characteristics of the vibration signal, the typical subgrade compaction project of Jingxiong
Intercity Railway Gu’an Station was selected to carry out the field prototypes tests, and the dynamic
response from the vibratory roller to filling materials was monitored in the whole compaction process,
and some efficient field tests data will be obtained. Based on this, the transmission and evolution
characteristics of the vibration wave from the vibratory roller to filling materials in the compaction
process are studied from the time domain, frequency domain, jointed time–frequency domain and
energy domain by using one new signal analysis technology—Hilbert–Huang Transform. Some
conclusions are shown as follows: first, the vibration acceleration peak gradually decreases with the
increase of buried depth, and when the buried depth reaches 1.8 m, the vibration acceleration peak is
closed to zero. At the same time, when the vibration wave propagates from the wheel to the surface of
filling, the attenuation rate of acceleration gradually increases with the increase of rolling compaction
times, while the attenuation rate of other layers in different buried depths gradually decreases.
Second, the vibration wave contains fundamental wave and multiple harmonics, and the dominant
frequency of the fundamental wave is nearly 21 Hz. With the increase of buried depth, the amplitude
of fundamental, primary, secondary, until fifth harmonics decreases exponentially and the concrete
functional relationship among different amplitudes of harmonics can be summarized as y = Ae−BX.
Third, the vibration energy focuses on the fundamental wave and primary wave, which can increase
with the increase of rolling compaction times, and when the rolling compaction time reaches five,
their energy reaches maximum. However, when the filling reaches a dense situation, the energy of
the primary wave gradually decreases. Therefore, the maximum rolling compaction time is five in
the practical engineering applications, which will be helpful for optimizing the compaction quality
control models and providing some support for the development of the Intelligent Compaction theory
of railway subgrade.
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time–frequency characteristics

Appl. Sci. 2020, 10, 2008; doi:10.3390/app10062008 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-3161-9618
http://www.mdpi.com/2076-3417/10/6/2008?type=check_update&version=1
http://dx.doi.org/10.3390/app10062008
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 2008 2 of 16

1. Introduction

As the foundation of bearing track structure and train, the performance of subgrade is critical to
the stability and safety of train operation. With increasing train speeds and axle loads of high-speed
trains in China, railroad subgrade is required to have higher strength, stiffness, stability and uniformity.
In order to meet these requirements, the main technical measure is that the compaction of railroad
subgrade has successful quality control and quality assurance [1–3].

In recent years, researchers have done a lot to control the compaction quality of railroad subgrade.
The method of quality control has developed from conventional methods to the Intelligent Compaction
(IC) [4–6]. The IC method can monitor the compaction process through a vibratory roller equipped with
accelerometers, and feedback compaction information to the control system in real-time. By analyzing
the vibration characteristics of vibratory roller and filling materials, several compaction values that can
reflect the compaction quality were proposed [7]. For instance, Compaction Meter Value (CMV) [8,9],
which is the amplitude ratio of the first harmonic wave to the fundamental wave obtained through
spectral analysis of the measured vertical acceleration, was applied to control the compaction quality of
subgrade and dam. On the basis of CMV, Compaction Control Value (CCV) [10], which further considers
the influence of half-order harmonics and higher-order harmonics, was proposed. Total Harmonic
Distortion (THD) [11] and Resonant Meter Value (RMV) [6] are similar to CCV. In addition, Machine
Drive Power (MDP) [12] is calculated by analyzing the energy needed to overcome the resistance of the
vibratory roller when it moves, and it is often used in combination with CMV in some projects [4,13].
The application of these compaction measurement values avoided over- or under-compaction of filling
materials, and improved the efficiency of subgrade compaction [6,14,15]. However, the vibration
wave is very complicated and its transmission and evolution mechanism is not clear enough [16,17],
especially in the construction field, which leads to that CMV can only be used to roughly estimate
the compaction quality of subgrade and the above-mentioned other (CCV, THD, RMV and MDP)
compaction measurement values also had some problems in practical applications [18–21]. Therefore,
it is very necessary to study the transmission and evolution characteristics of the vibration signal from
the vibratory roller to filling materials in the compaction process.

In exploring the transmission and evolution characteristics of the vibration signal, two approaches
have been used: (1) analyses were performed in the time domain, but only vibration time-history
responses were obtained [8,22–24]; (2) analyses were performed in the frequency, but only Fourier
spectrums and energy spectrums are obtained [25–29]. However, the vibration wave is a complicated
nonlinear non-stationary signal and its vibration frequency and amplitude are constantly changing in
the compaction progress. Its order of harmonics cannot be predicted, which will affect the analysis
accuracy if it is calculated from the time domain or the frequency domain alone [30–32]. Therefore,
the jointed time–frequency domain will be a better approach for studying the transmission and
evolution characteristics of the vibration signal from the vibratory roller to filling materials in the
compaction process. Few studies have been done by using the jointed time–frequency domain to study
the transmission and evolution characteristics of the vibration signal. At the same time, a lot of research
mainly relies on numerical simulation, theoretical analysis and laboratory tests [33–35], and few field
prototypes tests have been done because of its high cost, long period and so on. However, usually,
there are some assumed conditions or limiting conditions in the numerical simulation, theoretical
analysis and laboratory tests, which will limit the application of research results [36–39].

Therefore, the typical subgrade compaction project of Jingxiong Intercity Railway Gu’an Station is
selected to carry out the field prototypes tests, and the dynamic response from the vibratory roller to
filling materials was monitored in the whole compaction process, and some efficient field tests data
will be obtained. Based on this, the transmission and evolution characteristics of the vibration signal
from the vibratory roller to filling materials in the compaction process are studied from time domain,
frequency domain, jointed time–frequency domain and energy domain by using one new signal
analysis technology, Hilbert–Huang Transform, which can relatively overall reveal the transmission
and evolution mechanism of vibration wave. The research results will be helpful for optimizing the
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compaction quality control models and providing some support for the development of the Intelligent
Compaction theory of railway subgrade.

2. In Situ Test Overview

2.1. Test Section Information

This paper took the Jingxiong Intercity Railway Gu’an Station with a large number of subgrade
compaction work as the test section, and the planed test site is 200 m in length and 100 m in width,
as shown in Figure 1. The filling part is the embankment part below the subgrade bed surface, which
is divided into 19 layers. The thickness of each layer is controlled at about 30 cm. The coarse breccia of
groups A and B with a dry density of 2.3 g/m3 and an optimal moisture content of 5.2% was used to fill
subgrade, and its particle grading curve is shown in Figure 2.
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2.2. Test Equipment

A San-Yi Heavy Industry single-wheel (Type SSR260C-6) vibratory roller was used for this
research study. The total weight of the compactor is 26.7 t. It can provide circular excitation over a
frequency range of 27–31 Hz and an amplitude range of 1.03–2.05 mm. The vibration characteristics
of wheel and filling materials were monitored using ±5 g and ±16 g accelerometers, which could
record three vibrations (x-axis, y-axis and z-axis) in mutually perpendicular directions, as shown in
Figure 3. The data in the test was captured via a 32-bit data acquisition system (Type DH5922D).
In order to ensure the fit between the collected signal and the original signal, the sampling frequency of
acceleration sensors was set to 2000 Hz. All the data acquisition systems and sensors were calibrated
before the test.
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2.3. Test Design

In order to collect the vibration signals during the compaction process, the measurement points
are, respectively, arranged on the vibratory roller and different filling layers. As shown in Figure 4,
one measurement point was arranged on the vibration wheel, and 12 measurement points were
arranged on filling materials. The measuring points in filling materials were arranged on the upper and
lower surfaces of each layer to monitor the transmission of the vibration signals at the interface. All
filling layers were compacted except for the first layer. Based on a large number of compaction work in
the early stage, the weak vibration mode of vibratory roller was more conducive to the compaction of
this filling material. Consequently, when filling materials of the first layer are flattened and statically
pressed, eight times compaction is carried out by means of weak vibration mode. Lightweight
deflectometer (LWD) is used to measure the properties of filling material after each compaction [40].
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3. Test Results and Analysis

3.1. Analysis of Peak Attenuation Law of Vibration Acceleration

The peak acceleration in the vibration signal reflects the vibration response between the vibratory
roller and filling materials. Under the action of the vibratory roller, the vibration response time of the
filling materials is about 10s and the peak acceleration of the wheel is about eight times that of the
first layer, as shown in Figure 5. Figure 6 shows the variation curve of the peak acceleration with the
number of rolling compaction times for each measuring point. It can be found the peak acceleration
of the vibration signal was gradually decreased during the propagation of the vibration signal from
the vibratory roller to the deep filling layer, which is approximately inversely proportional to the
depth. However, the peak acceleration does not decrease linearly, nor does it increase at the interface of
different filling layers. The reason may be that the difference in the physical and mechanical parameters
of filling materials on both sides of the interface results in the reflection of the vibration signal at the
interface [41]. In addition, the peak acceleration of each measuring point increases with the increase
of the number of rolling compaction times and reaches the maximum value in the fifth compaction.
At this time, the peak acceleration of the wheel keeps around 6.06 g, and the peak acceleration of the
first layer keeps around 2.06 g. The LWD detection value of the filling materials also tends to be stable
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after the fifth compaction, indicating that the peak attenuation law of the vibration signal is related to
the soil compactness.
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In order to further quantify and analyze the attenuation law of the vibration signal from the
vibration wheel to the deep filler, this paper divides the peak acceleration difference between the filling
materials and the wheel by the peak acceleration of the wheel as the attenuation rate, as shown in
Figure 7.

According to Figure 7, it can be found that the peak attenuation rate of acceleration is the largest
when the vibration signal is transmitted from the wheel to the surface of filling materials. With the
increase of compaction times, the attenuation rate increases from 51% to 66%. As the stiffness of the
filling materials increases, the vibration signal has to consume more energy for transmission to the
filling layer. The transmission mechanism of the vibration signal from the shallow filling layer to the
deep filling layer is the opposite. As the filler enters the dense state from the loose state, the stiffness
between different layers gradually decreases so that the peak attenuation rate of the vibration signal
also gradually decreases. The attenuation rate of the vibration signal transmitted to the fourth layer
(1.2 m) is more than 90%. It can be seen that the critical depth of the vibration acceleration in the filling
layer is about 1.2 m.

3.2. Acceleration Spectrum Analysis

The variation of the vibration signal spectrum is related to the stiffness of the filling materials
under compaction [42,43]. Thus, the Fast Fourier Transform (FFT) was used to decompose the vibration
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signal into the frequency domain in order to analyze the frequency information, as shown in Figure 8.
It can be seen that the frequency and amplitude of the fundamental wave and multiple harmonic waves
appear in the acceleration of each measuring point. The fundamental wave frequency of the vibration
acceleration is basically stable near 21 Hz during the compaction process, and the fundamental wave
frequency increases slightly from the vibration wheel to the filler surface, maintaining stability in each
filling layer.Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 16 
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Figure 9 shows the variation of fundamental and multiple harmonic amplitudes of each measuring
point in the compaction process. When the vibration signal propagates from the vibration wheel to
the deep layer, the ratio of fundamental amplitude to total amplitude decreases with the increase of
buried depth. With the increase of buried depth, the amplitude of fundamental, primary, secondary,
until fifth harmonics decreases exponentially, and the attenuation models are shown in Figure 9.
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The concrete functional relationship among different amplitudes of harmonics can be summarized
as shown: y = Ae−BX. In the formula, A and B represent the coefficient, X represents the order of
harmonic and Y represents the amplitude of harmonic when its order is X.
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Figure 10 shows the relationship between the amplitude of harmonic and rolling compaction
times, which shows that with the increase of compactions passes, the amplitudes of the fundamental
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analysis method suitable for nonlinear and unstable signal processing proposed by Huang [44,45],
which mainly includes two parts: EMD empirical mode decomposition and Hilbert spectrum analysis.

The EMD method assumes that any signal is a composite signal composed of different Intrinsic
Modal Functions (IMFs), and each IMF component must meet two conditions: (1) the number of
extreme points and zero-crossing points were the same or at most one difference; (2) the mean of the
upper and lower envelope of the signal was zero. In this way, any signal can be decomposed into
multiple IMFs [44].

Then, for vibration signal F(T), which was decomposed into multiple IMFs, its Hilbert
transformation is as follows:

G(t) =
1
π

K
∫
∞

−∞

F(δ)
t− δ

dδ

where K is a Cauchy principal value. Established analytic signal P(t):

P(t) = F(t) + jG(t) = a(t)e jΦ(t)

where a(t) is the amplitude function and Φ(t) is the phase function.

a(t) =
√

F2(t) + G2(t)

Φ(t) = arctan
G(t)
F(t)

The instantaneous frequency of the signal could be obtained by differentiating the phase [45].
Therefore, the Hilbert transform of the decomposed IMF component can obtain the distribution law of
the signal on the time–frequency energy scale, which is the form of the Hilbert spectrum:

H(ω, t) = Re
n+1∑
i=1

ai(t)·e j
∫
ω−i(t)dt

By integrating the time in the expression formula of the Hilbert spectrum, the distribution law of
the signal on the frequency–amplitude scale can be obtained, which is the form of the corresponding
marginal spectrum:

h(ω, t) =
∫
∞

−∞

H(ω, t)dt

Taking the acceleration of the first compaction vibrating wheel (Measuring Point 1) as an example,
the original vibration signal is decomposed by EMD to obtain each IMF component, as shown in
Figure 10. Fourier transform is used to obtain the spectrum curve of each IMF component, as shown in
Figure 11. From Figures 10 and 11, the original vibration signal of the wheel is decomposed into 13
IMF components and one residual component, and each IMF component has a different amplitude and
frequency component. Among each IMF component, the waveform of IMF6 is consistent with that of
original signal, and its dominant frequency and amplitude are substantially consistent with that of the
original signal; IMF5 mainly contains the same frequency as the fundamental wave, first a harmonic
wave and second harmonic wave, but its dominant frequency and amplitude are the closest to the first
harmonic. The three frequencies with the largest amplitude of IMF4 are basically consistent with the
frequencies and amplitudes of second, third and fourth harmonic waves of the original vibration signal,
and the remaining components are high-frequency or low-frequency interference signals. Therefore,
the waveform of the wheel is composed of IMF6, IMF5 and IMF4. To some extent, EMD can identify
the fundamental and harmonic components of vibration signals, and remove the mechanical and
environmental noise interference.
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Based on the results of EMD, the energy spectrum is obtained by Hilbert transform, and the 
evolution characteristics of the vibration signal energy in the time–frequency domain are 
represented by a two-dimensional plane contour map, and Figure 12 is the Hilbert energy spectrum 
of each measuring point in the first pass and the eighth pass. According to the comprehensive 
analysis of Figure 12, it can be found that the evolution characteristics of the vibration signal can be
better described by the Hilbert–Huang transform, and the vibration energy carried by the vibration 
wave from top to bottom is gradually reduced. During the first pass compaction process, the 
vibration energy of the wheel varies little from T=0s to T=10.0s, mainly distributed between the 
fundamental wave frequency of 20 and 30Hz, and a small amount is distributed between 40 and 50 
Hz of the first harmonic wave frequency. The energy carried by each measuring point of the filling 
layer is concentrated between T = 2s and T = 3s when filling materials are loose, and also distributed 
near the frequency corresponding to the fundamental wave and the first harmonic in the frequency 
domain. With the increase of compaction times, the density of filling material increases, the vibration 
energy of the wheel and each measuring point of filling material increases obviously, and the action 
time increases from 1s to 2s, but the distribution in the frequency domain does not change much,
which shows that the effective rolling time of the vibrating roller increases gradually during the 
compaction process of the filling material. 

Figure 11. Intrinsic Modal Function (IMF) components and their Fourier spectrums.

Based on the results of EMD, the energy spectrum is obtained by Hilbert transform, and the
evolution characteristics of the vibration signal energy in the time–frequency domain are represented by
a two-dimensional plane contour map, and Figure 12 is the Hilbert energy spectrum of each measuring
point in the first pass and the eighth pass. According to the comprehensive analysis of Figure 12,
it can be found that the evolution characteristics of the vibration signal can be better described by the
Hilbert–Huang transform, and the vibration energy carried by the vibration wave from top to bottom is
gradually reduced. During the first pass compaction process, the vibration energy of the wheel varies
little from T = 0 s to T = 10.0 s, mainly distributed between the fundamental wave frequency of 20 and
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30 Hz, and a small amount is distributed between 40 and 50 Hz of the first harmonic wave frequency.
The energy carried by each measuring point of the filling layer is concentrated between T = 2 s and
T = 3 s when filling materials are loose, and also distributed near the frequency corresponding to the
fundamental wave and the first harmonic in the frequency domain. With the increase of compaction
times, the density of filling material increases, the vibration energy of the wheel and each measuring
point of filling material increases obviously, and the action time increases from 1s to 2 s, but the
distribution in the frequency domain does not change much, which shows that the effective rolling
time of the vibrating roller increases gradually during the compaction process of the filling material.

Based on the Hilbert spectrum, the marginal spectrum of each measurement point is obtained
in order to further analyze the distribution of vibration energy on the frequency-amplitude scale.
Figure 13 shows the variation of the Hilbert marginal spectrum of each point of wheel and filling
materials during the compaction process. It can be found that the vibration energy of each measuring
point is mainly concentrated between 10 and 100 Hz, of which the vibration energy of wheel is mainly
distributed at the frequency corresponding to the fundamental wave and partially distributed at the
frequency corresponding to the first harmonic wave, while the vibration energy has little difference
in the distribution of the fundamental wave of the filler and the frequency corresponding to the first
harmonic wave. A small amount is distributed in the frequency corresponding to the third harmonic
wave. As the number of rolling compaction times increases, the vibration energy carried by the
fundamental wave and the first harmonic wave of the wheel increases continuously, similar to the
acceleration peak, and tends to be stable after the fifth pass compaction reaches the maximum value.
In the filling, the energy carried by the vibration signal began to decrease after the fifth compaction,
especially the peak value of the amplitude of the first measuring point, which decreased by about 0.1.
It shows that the energy carried by vibration signal gradually transfers from fundamental wave to
higher harmonic wave with the increase of filling materials stiffness. When the number of compaction
times is increased, the compaction energy increases gradually, but the difference is small with the fifth
compaction. It shows that the vibration energy of the receiving wheel in the first layer is less than
that in the loose state after compaction, and the transmission loss of the vibration energy in this layer
is also reduced. The change of the rigidity and damping of the filling materials mainly affects the
transmission of the energy carried by the first harmonic.
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Based on the results of EMD, the energy spectrum is obtained by Hilbert transform, and the 
evolution characteristics of the vibration signal energy in the time–frequency domain are 
represented by a two-dimensional plane contour map, and Figure 12 is the Hilbert energy spectrum 
of each measuring point in the first pass and the eighth pass. According to the comprehensive 
analysis of Figure 12, it can be found that the evolution characteristics of the vibration signal can be 
better described by the Hilbert–Huang transform, and the vibration energy carried by the vibration 
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Figure 13. Hilbert marginal spectrum of each measuring point of wheel and filling materials. 
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4. Discussions

This paper selects one typical subgrade compaction project of Jingxiong Intercity Railway Gu’an
Station to finish the research, some research results have been applied to the actual projects, such as
the maximum rolling compaction times. However, the subgrade compaction is a very complicated,
nonlinear dynamic progress, which involves the particle distributions and moisture content of filling
materials, construction environment and so on. The results can provide some references for other
similar engineering projects, but it needs to finish more research for its application.

5. Conclusions

Aiming at the shortages in exploring the transmission and evolution characteristics of the vibration
signal, such as a few studies by using the jointed time–frequency domain and field prototypes tests,
the typical subgrade compaction project of Jingxiong Intercity Railway Gu’an Station is selected to
carry out the field prototypes tests, and the dynamic response from the vibratory roller to filling
materials was monitored in the whole compaction process. Some efficient field tests data will be
obtained. Based on this, the transmission and evolution characteristics of the vibration signal from
the vibratory roller to filling materials in the compaction process are studied from time domain,
frequency domain, jointed time–frequency domain and energy domain by using one new signal
analysis technology, Hilbert–Huang Transform, which can relatively overall reveal the transmission
and evolution mechanism of vibration wave. Some conclusions can be obtained as follows:

First, during the propagation of the vibration signal from wheel to filling materials, the vibration
acceleration peak gradually decreases with the increase of buried depth, and when the buried depth
reaches 1.8m, the vibration acceleration peak is closed to zero. At the same time, when the vibration
wave propagates from wheel to the surface of the filling, the attenuation rate of acceleration gradually
increases with the increase of rolling compaction times, while the attenuation rate of other layers in
different buried depth gradually decreases.

Second, the vibration wave contains fundamental wave and multiple harmonics, and the dominant
frequency of fundamental wave is nearly 21 Hz. With the increase of buried depth, the amplitude
of fundamental, primary, secondary, until fifth harmonics decreases exponentially, and the concrete
functional relationship among different amplitude of harmonics can be summarized as y = Ae−BX. In
the formula, A and B represent the coefficient, X represents the order of harmonic and Y represents the
amplitude of harmonic when its order is X.

Third, the vibration energy focuses on the fundamental wave and primary wave, which can
increase with the increase of rolling compaction times, and when the rolling compaction time reaches
five, their energy reaches maximum. However, when the filling reaches a dense situation, the energy
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of the primary wave gradually decreases. Therefore, the maximum rolling compaction time is five in
the practical engineering applications.
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