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/e equipment scheduling and propagation characteristics of vibration wave from vibratory roller⟶ filling material nonlinear
systems with multistability are the core problems of subgrade intelligent construction technology, and the logistics scheduling of
the equipment is directly related to the construction efficiency. Aiming at the shortages, one typical subgrade located at the Gu’an
station of Beijing-Xiong’an city railway is selected to research and finish the field tests; some findings are shown as follows: first,
some valuable suggestions about the logistics scheduling of intelligent equipment are proposed, which can break the barriers
between the organizations and improve construction efficiency; second, when the vibration wave propagates from the vibratory
roller⟶ surface of filling material⟶ different buried depths of filling material, the peak acceleration of vibration wave
gradually decreases and is hyperbolic distribution approximately. At the same time, the sensitive of attenuation is shown as
follows: Z<X≈Y, and the critical depth of vibration energy propagation is about 1.0m. At the same time, the peak acceleration of
vibration wave at the interface of different filling material layers exists in steps and is “side clock” distribution approximately with
the increase in buried depth. /ird, in the propagation process, with the increase in buried depth, the amplitude of fundamental,
primary, secondary, until fifth harmonics decreases exponentially (R2>0.9), and the concrete functional relationship among
different amplitudes of harmonics can be summarized as y�Ae−BX; fourth, the vibration energy is mainly concentrated near
10–30Hz in the vibratory roller, but when the vibration wave propagates from vibratory roller⟶filling material, the vibration
energy gradually decreases with the increase in depth, and the marginal spectrum gradually changes from one peak to two peaks,
that is, 30–50Hz and 50–100Hz; fifth, the vibration energy in the vibrational wheel is distributed averagely in the compaction
process, and the effective compaction time is two seconds, which will be helpful for revealing the propagation characteristics of
vibration wave, optimizing the compaction quality control models and providing some support for the development of intelligent
compaction theory of railway subgrade.

1. Introduction

China has built the world’s largest high-speed rail network
whose operating mileage reaches 22,000 kilometers and it
will be expected to reach 38,000 kilometers in 2030, which
will form a high-speed railway network with “eight-vertical
and eight-horizontal” as the main channel. /e ratio of
length of subgrade to total mileage of high-speed railway is

more than 30%, which has been an important part of railway
infrastructure and the basis for carrying the track structure
and trains. In recent years, intelligent compaction tech-
nology [1–3] is more and more widely used in practical
projects, such as Jingxiong high-speed railway.

Significant engineering achievements have been made in
terms of intelligent compaction, but its research on the basic
theory has just started; the propagation characteristics of

Hindawi
Complexity
Volume 2020, Article ID 1492340, 13 pages
https://doi.org/10.1155/2020/1492340

mailto:yangchangwei56@163.com
https://orcid.org/0000-0002-8227-4907
https://orcid.org/0000-0002-2227-2934
https://orcid.org/0000-0002-7502-6657
https://orcid.org/0000-0003-0115-3423
https://orcid.org/0000-0003-1832-3396
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/1492340


vibration wave in the compaction process are still not clear
enough, and a lot of research studies mainly focus on nu-
merical simulation, theoretical analysis, and laboratory test
[4–11] [12].

At the same time, the recent research focuses on two
aspects, such as time domain and frequency, but there are
little studies on the joint time-frequency domain. However,
the vibration wave is a complex nonlinear signal; amplitude
and frequency of the vibration gradually change with time,
which will affect the reasonability of analysis results if it is
analyzed from the time domain or the frequency domain
alone./erefore, the propagation characteristics of vibration
wave should be studied from time domain, frequency do-
main, and joint time-frequency domain by some new signal
analysis technology.

Based on this, one typical subgrade section of Beijing-
Xiong’an Railway in Gu’an Station is selected to finish the
field test, and the intelligent compaction and the logistics
scheduling of equipment used in the typical subgrade section
are introduced briefly. And then, some valuable test data are
used to study the propagation characteristics among soil
layers in different depths during the vibration compaction
process from time domain, frequency domain, and joint
time-frequency domain by Hilbert–Huang transform, which
will be helpful for optimizing the compaction quality control
models and providing some support for the development of
intelligent compaction theory of railway subgrade.

2. Intelligent Compaction and Equipment
Deployment Technology

Subgrade intelligent compaction technology mainly inte-
grates automatic monitoring and control, satellite posi-
tioning, and informationmanagement, as shown in Figure 1.

2.1. Intelligent Compaction Technology. During the con-
struction process, the vibration characteristics of compac-
tion machinery and the compressed filling material are
collected in real time by control system, and the main pa-
rameters of vibratory roller are continuously adjusted based
on the collected information which can reflect the com-
paction quality in order to optimize compaction and meet
the required conditions, such as vibration amplitude, fre-
quency, excitation force, and walking speed. At the same
time, the satellite positioning system can accurately deter-
mine the position of vibratory roller and feedback the pa-
rameters such as modulus, stiffness, and resistance, which is
directly related to the compaction quality of filling material
to the control system in real time, so as to identify weak areas
of subgrade compaction, and then take targeted remedial
measures.

2.2. Logistics Scheduling of Intelligent Equipment. In actual
operations, the logistics scheduling of intelligent equip-
ment by relevant departments is still in a backward stage.
In the construction, because of the lack of modern lo-
gistics management knowledge, the integration level in
the current construction departments is low, and the

management implementation is weak so that the relevant
departments often have low utilization rates of resources
such as distribution of idle equipment, operations of smart
rollers, and dispatch of materials such as machinery and
equipment. Aiming at this practical operation problem,
this article proposes a scientific logistics scheduling
management method. /e key to effective scheduling and
configuration of intelligent vibratory rollers and other
equipment is the establishment of tacit cooperation be-
tween all parties, including numerous suppliers, different
contractors, and information supporters, connected with
the construction project. Due to the particularity of
project construction, a temporary and high-efficient
material scheduling center should be established, and the
collaboration of different organizations is supported by a
cross-organizational information platform, as shown in
Figure 2.

In the organizational logistics scheduling network, the
coordination mechanism is similar to the supply chain
network, that is, “To be flexible and rigidly both” [13].
First, each organization node should establish a trusting
and harmonious organizational environment. Second, the
authority of each organization should be appropriately
decentralized; meanwhile, the penetration and connection
between different organization subjects should be
strengthened via various levels of communication, in-
cluding information platforms and social network. /ird,
cross-organizational contracts and agreements in the or-
ganizational logistics scheduling network should be fin-
ished. Fourth, establishing a sophisticated talent selection
system and completing the assessment system are ex-
tremely necessary, where both valuing practical skills and
academic qualifications, rather than considering merely
one.

Based on this, the barriers between the organizations
can be broken, completely changing the state of “a pool of
standing water” of important materials. Relying on a fast
and efficient organizational logistics scheduling network,
materials and information flows can quickly transmit and
respond between nodes, becoming “live water” where
there is demand, and other nodes respond quickly.
Whether it is the contradiction between subjective orga-
nizations or the contradiction that too many sudden
factors cause the failure of resource allocation, it can be
solved fundamentally.

3. Test Design

/e test site is located in the subgrade section about 200m by
100m near the Gu’an Station of the Beijing-Xiong’an In-
tercity Railway as the test section, as shown in Figure 3. /e
whole height compacted filling is 1.5m, which is divided into
five layers. /e subgrade filling material is the AB group
coarse breccia, which is the mixture of A group material and
B group material, and the concrete parameters are regulated
in detail in the 《high-speed railway design specification》
(TB10621-2014). Its particle grading curves of five test re-
sults are shown in Figure 4. Figure 4 shows the test data have
good consistency.
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3.1. Test Equipment. /e vibratory compaction equipment
adopts Sany Heavy Industry Vibratory Roller (No. SSR260C-
6), the whole machine quality is 26.7 t, and its rated power is
180 kW. /e weak vibration parameters: vibration frequency
is 31Hz, and vibration amplitude is 1.03mm; the strong
vibration parameters: vibration frequency is 27Hz, and vi-
bration amplitude is 2.05mm. Based on a large number of
actual projects in the early stage, it is found that the weak

vibration is more conducive to the subgrade compaction after
its filler is loosely laid and statically pressed. Consequently, the
test adopts weak vibration conditions for research. At the
same time, the data acquisition adopts 64-channel Donghua
dynamic data acquisition equipment DH3823 and the ac-
celeration sensor adopts Donghua three-way acceleration
sensor 1C302 with a range of ±5.0 g. In order to ensure the fit
between the collected signal and the original signal, the
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Figure 1: Schematic diagram of the intelligent road roller in the Gu’an section of Beijing-Xiong’an Railway.
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sampling frequency of acceleration sensors was set to
2000Hz. And all the data acquisition system and sensors were
calibrated before the test.

3.2. Distribution of AccelerationMeasuring Points in the Filler
Material. /e correct installation and embedment of sen-
sors is decisive for the accuracy of test data. Before the
sensors are buried, some work should be finished, as shown
in Figure 5. At the same time, in order to study the vibration
characteristics in different depths in the compaction process,
the sensors are set on the vibratory wheel and its following
five layers. /e concrete distribution of acceleration mea-
suring points in the filler material and the overall coordinate
system in the field test are shown in Figures 6 and 7.

4. Test Results

In order to systematically analyse the propagation charac-
teristics of vibration wave in the vertical direction, this paper
will carry out the research from four aspects: time domain,
frequency domain, joint time-frequency domain, and energy
domain.

4.1. Propagation Characteristics of Peak Acceleration in the
Vertical Direction. /e duration of measured vibrational
signal is nearly 10 seconds, so 10 second time-history curve
is selected for analysis. /e peak acceleration of vibration
wave at each measuring point in the compaction process is
shown in Figure 8.

Figure 8 shows that when vibration wave propagates
from vibratory roller⟶ filler surface⟶ deep filler, the
shape of peak acceleration is hyperbolic with the increase
in buried depth and is also inversely proportional to buried
depth. When the vibration wave propagates from fra-
me⟶ filler surface, the peak acceleration in the Z, Y, and
X directions is, respectively, attenuated by 56.7%, 83.7%,
and 85.1% and, respectively, attenuated by 94.5%, 98.6%,
and 98.4% at a buried depth of 0.9m, which is basically
stable after that, and then, the vibration energy is nearly
zero at a buried depth of 1.50m in which the vibrational
energy is, respectively, attenuated by 96.1%, 99.3%, and
98.7%. /e above phenomenon may be caused by the
dissipation of energy by the damping of the filler itself, and
it can be seen that the critical depth of vibration energy
propagation during the vibration compaction process is
about 1.0m. At the same time, at the interface of the filler,
the vibration accelerations in different directions are
stepped, which is mainly caused by the differences in
physical and mechanical parameters between adjacent

Figure 3: Field test environment.
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Figure 4: Particle grading curves of five tests.
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filling material, especially the difference in wave imped-
ance between the two sides of interface, which causes a
large amount of reflection, transmission, and other scat-
tering phenomenon at the interface, which weakens the
downward propagation of vibration energy. Based on this,
in order to analyze the influence of the filler interface on
the vibration acceleration quantitatively, this paper as-
sumes that the measurement point on the upper surface of
each interface is used as the benchmark and uses the ratio

of the acceleration amplitude of the lower surface to the
benchmark as acceleration peak attenuation percentage,
and the result is shown in Figure 9.

(a) (b)

Figure 5: (a) Installation and embedment of sensors and (b) data acquisition in the field test.
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Figure 7: Schematic diagram of overall coordinate system in the
field test.
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Figure 9 shows that the attenuation characteristics of
vibration acceleration in different directions with the in-
crease in buried depth is basically consistent, showing a “side
clock” shape, the attenuation in the X direction is more
serious than the Y direction, and the Z direction is the
smallest. At the same time, due to the increase in buried
depth, the attenuation percentage at different interfaces
decreases firstly, reaching minimum when the buried depth
is 0.9m, about 55%, and then gradually increases./e reason
of the above phenomenon may be that the propagation
depth of vibration energy is about 1.0m, which can cause the
secondary compaction within 1m filling material in the
compaction process, whose density and rigidity can grad-
ually increase, and the compaction parts more than 1.0m
mainly depend on the inertial force generated by the vi-
bration of upper filler and the upper heaped load. Conse-
quently, the soil buried depth (0.6m–0.9m) realizes
secondary compaction by vibration and that more than
0.9m is compacted by inertia force and heaped load, and
then, the acceleration attenuation is the largest, which is
mainly due to the larger differences in the degree of com-
paction, and the density and stiffness of soil on both sides
cause a large wave impedance and reflection of vibration
energy, so the acceleration peak attenuation is small at the
interface of 1.2m buried depth (the soil within the range of
0.9m–1.2m/more than 1.2m), which is for the reason that
the soil density and stiffness on both sides of interface are
basically consistent, so the reflection for vibration wave is
small.

4.2. Propagation Characteristics of Acceleration Spectrum in
the Vertical Direction. In order to research the propagation
characteristics of acceleration spectrum in the vertical di-
rection, the vertical acceleration data of #1, #3, #5, #7, #9,
and #11 measuring points are selected for analysis. /e
results are shown in Figure 10.

Figure 10 shows that the frequency of fundamental wave
in the #1 measuring point is near 21Hz. When the vibration
wave propagates in the filling material, the first harmonic is
near 42Hz, the second harmonic is near 63Hz, the third
harmonic is near 84Hz, the fourth harmonic is near 105Hz,
and the fifth harmonic is stable at 130Hz. At the same time,
the dominant frequency of first harmonic is basic consistent,
but that of the other harmonics gradually increase, as shown
in Figure 11.

/e above phenomenon may be for the reason that the
density and stiffness of the filler gradually increase with the
increase in the buried depth, which causes the high-fre-
quency component of the vibration wave to gradually in-
crease and the low-frequency component to appropriately
lower, thereby causing the main frequency of the harmonic
to gradually change to a high frequency, and the ratio of the
amplitude of the harmonic wave to the fundamental wave is
also gradually increasing.

4.3. Propagation Characteristics of Vibration Wave Energy in
the Vertical Direction. In order to accurately describe the
propagation characteristics of vibration wave energy in the

vertical direction as shown in Figure 12, the measured ac-
celeration time-history curves at the monitoring points
#1–#11 are selected to calculate the acceleration marginal
spectrum at different depths, and the calculation results are
shown in Figures 13 and 14.

Figures 13 and 14 show that the vibration wave energy is
mainly concentrated near 10–30Hz in the vibratory roller,
which is basically consistent with the fundamental wave
frequency. However, the peak values of marginal spectrum
gradually change from one to two. /e vibration wave
energy is mainly concentrated near 30–50Hz and
50–100Hz, and the energy of signal gradually decreases with
the increase in buried depth. /e test phenomenon fully
shows that the vibration energy in the frequency appears as
large change with the increase in buried depth, and the
percentage of higher harmonic energy in the total energy
gradually increases. When the vibration energy is trans-
mitted from the roller to the surface of the filler, the vi-
bration energy is dissipated, and the transmission efficiency
is low; therefore, how to improve the energy transfer effi-
ciency is essential for energy saving and efficiency
improvement.

4.4. 5ree-Dimensional Propagation Characteristics of Vi-
brationWave inVerticalDirection. In order to fully describe
the propagation characteristics of vibration wave in the
vertical direction, the Hilbert–Huang spectrum at different
buried depths is calculated by using Hilbert–Huang
transform.

4.4.1. Introduction to Hilbert–Huang Transform. /e HHT
transform is an autoadaptive time-frequency analysis
method proposed by Norden E. Huang in 1998 for nonlinear
and unstable signal processing, which mainly includes
empirical mode decomposition and Hilbert spectrum
analysis [14]. /e EMD algorithm (Formula (1)) can de-
compose the complex vibration wave signal into multiple
intrinsic mode functions IMF, and the distribution law of
time-frequency-energy of each IMF signal can be obtained
by HHT transform (Formula (2)), that is, Hilbert spectrum,
and it is worth noting that the relevant parameters in
equations (1) and (2) are found in [15]:

cj(t) �
1
N



N

i�1
cij(t). (1)

H(w, t) � Re 
n+1

i�1
ai(t) · e

j
 wi(t)dt. (2)

4.4.2. Empirical Mode Decomposition of Vibration Wave.
/e measured acceleration time-history is selected to in-
troduce. First, EMD is performed on the original wave, and
several IMF signals and one residual moisture are obtained.
IMF4, IMF5, and IMF6 are selected to illustrate the fre-
quency component of measured acceleration time-history,
as shown in Figures 15–17.
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Among the abovementioned IMF components, the peak
value of IMF6 is biggest. Its waveform and dominant fre-
quency are consistent with that of original signal; IMF5
dominant frequency is the closest to the first harmonic. /e
frequencies with the largest amplitude of IMF4 are basically
consistent with that of second and third harmonic waves of

original vibration signal, and the remaining components are
high-frequency or low-frequency interference signals. /ere-
fore, the waveform of 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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Figure 18: Continued.
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4.4.3. Hilbert–Huang Spectrum of Vibrational Wave. In
order to systematically analyze the propagation character-
istics of Hilbert spectrum in the different buried depths, this
paper selects the Hilbert–Huang spectrums of #1, #3, #5, #7,
#9, and #11 measuring points, as shown in Figure 18.

Figure 18 shows that the vibration energy in the vi-
bratory roller is distributed averagely in the compaction
process, and the corresponding frequency is between 10Hz

and 30Hz. /e vibration energy in the subgrade filling
mainly concentrates between T� 2.0 s and T� 4.0 s, and the
corresponding frequency is between 30Hz and 100Hz.
/erefore, the effective compaction time is two seconds.
Consequently, the Hilbert spectrum of vibration wave signal
can comprehensively and systematically reflect the spectral
characteristics and time-domain characteristics of the signal
at any time.
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4.5. Propagation Characteristics of VibrationHarmonicWave
in the Vertical Direction. In order to comprehensively study
the propagation characteristics of vibration harmonic wave
in the vertical direction, the frequency and amplitude of first,
second, third, fourth, and fifth harmonic waves in the
vertical direction are selected, as shown in Figures 19 and 20.

Figure 19 shows that, with the increase in buried depth,
the amplitude of every harmonic gradually decreases. At the
same time, the amplitude of fundamental, primary, sec-
ondary, until fifth harmonics decreases exponentially with
the order of harmonic (R2>0.9), and the attenuation models
are shown in Figure 20. /e concrete functional relationship
among different amplitudes of harmonics can be summa-
rized, as shown in y�Ae−BX; in 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.

5. Conclusion

Aiming at the shortages, one typical subgrade located at the
Gu’an station of Beijing-Xiong’an city railway is selected to
research and finish the field tests, and some research results
are shown as follows.

First, when the vibration wave propagates from the vi-
bratory roller⟶ surface of filling material⟶different
buried depths of filling material, the peak acceleration of
vibration wave gradually decreases and is hyperbolic dis-
tribution approximately. At the same time, the sensitive of
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attenuation is shown as follows: Z<X≈Y, and the critical
depth of vibration energy propagation is about 1.0m. At the
same time, the peak acceleration of vibration wave at the
interface of different filling material layers exists in steps and
is “side clock” distribution approximately with the increase
in buried depth.

Second, in the propagation process, with the increase in
buried depth, the amplitude of fundamental, primary, sec-
ondary, until fifth harmonics decreases exponentially
(R2>0.9), and the concrete functional relationship among
different amplitudes of harmonics can be summarized as
y�Ae−BX.

/ird, the vibration energy is mainly concentrated near
10–30Hz in the vibratory roller, but when the vibration
wave propagates from vibratory roller⟶ filling material,
the vibration energy gradually decreases with the increase in
depth, and the marginal spectrum gradually changes from
one peak to two peaks that 30–50Hz and 50–100Hz; fourth,
the waveform of vibratory roller is composed of IMF6, IMF5,
and IMF4. At the same time, EMD can identify the fun-
damental and harmonic components of vibration signals
and remove the mechanical and environmental noise in-
terference. /e vibration energy in the vibrational wheel is
distributed averagely in the compaction process, and the
effective compaction time is two seconds, which will be
helpful for optimizing the compaction quality control
models of railway subgrade.
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