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The application of explosive blasting for rock breaking works was not possible in densely
populated areas, which caused problems in urban tunnel construction. In the application of
dry ice powder thermal shock breaking in tunnel excavation, a vibration monitoring system
was employed to monitor the vibration response of the tunnel structure during the breaking
process, and it was used to extract the signal characteristics by Hilbert-Huang transformation.
Experimental results are as follows: 1) The peak vibration speed was below 50 mm/s for
concrete structures safe as long as it was farther than 10 m from the burst hole in the support
concrete. 2) Aggregate decay of vibration velocities caused by thermal shock breaking of rock
with dry ice powder corresponded to the decay law of the power function. The range of
influence of the vibration was considerably smaller compared to that of drilling and blasting
the rock; 3) The new rock-breaking technology induced damage can be divided into three
regions, with radial fractures generated by high-energy fluids dominating. 4) Hilbert Huang
transform extracted signal features more objectively and accurately, with excellent reference

for the safety monitoring of tunnel structures.

1. Introduction

With the development of the economy, an increasing number of
tunnel projects require construction, and a large amount of rock
breaking work needs to be carried out (Wu et al., 2021). The
drilling and blasting method can be used for large-scale, high-
efficiency rock breaking, but its application in tunnel construction
was increasingly restricted due to the shortcomings of strong
vibration, excessive noise and dust (Xia et al., 2018). In sensitive
areas where public transport and people were densely packed,
the drilling and blasting method was not available, while the
mechanical rock-breaking method could not resolve the construction
problems of safe and effective tunnelling due to its loud noise
and low efficiency (Li, 2021). It was therefore urgent to find a
new rock-breaking technique to replace the drill and blast
method. Presently Carbon dioxide phase change fracturing was
considered to be a promising new excavation technique with
many advantages over drilling and blasting (Chen et al., 2017,
Yang et al., 2020). Exploitation of gas phase changes to fracture
rock emerged in the 1850s and was first tested in the field by

British engineers (Wang and Konietzky, 2009). The primary
process was to fracture rock by heating liquid carbon dioxide by a
heater, causing it to warm up and expand, and releasing a
supercritical state of high-energy carbon dioxide fluid by rupture of
the carbon dioxide fracturing tube. A number of scholars studied
this technique extensively as it is currently used to fracture and
increase the permeability of coal in order to improve the efficiency
of coal seam methane extraction (Goodarzi et al., 2015; Wen et al.,
2019; Chen et al., 2020; Li, 2020a; Li et al., 2020b; Chang et al.,
2023). Conventional CO, phase change cracking tubes were
prohibited due to splash and burst accidents, and high-pressure
vessels were not allowed access to construction sites (Wang et al.,
2023). Hu et al. (2019) designed a new dry ice powder pneumatic
fracturing rock breaking process by inventing a CO, energizer with
independent intellectual property rights.With a large amount of
heat supplied, dry ice powder phase change fractured rock was
intrinsically safe.

Destruction of rock in drilling and blasting, mechanical rock
breaking and dry ice thermal shock breaking unavoidably caused
vibrations on the opposite side of the rock, and surrounding
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residences and infrastructure were damaged by the vibration
disturbance (Xia et al., 2018; Huang et al., 2019; Kumar and
Mishra, 2020). A number of scholars investigated the effects of
blasting vibration in tanks on tunnel structures. Research indicated
that maximum vibration was an important parameter for measuring
vibration damage, but considering only the maximum vibration
velocity was one-sided (Lee et al., 2016; Wang et al., 2022a). The
further analysis of vibration data allowed for a more comprehensive
analysis of the damage caused by vibration (Umit, 2008; Huang
et al, 2019; Xia and Jiang, 2019). The Fourier transform
required the signal to be periodic and stable. The vibration signal
was dynamic, and the Fast Fourier Transform could not achieve
the desired result (Tao et al., 2008). Wavelet transform was limited
by Heisenberg's inaccuracy principle and the signal features
could not be extracted objectively (Babu, 2008). Hilbert Huang
transform composed mainly of a pre-decomposition and a post-
transformation, which allows a more objective and accurate
analysis of the signal as no artificial choice of window function
was required (Wu and Huang, 2004). The HHT signal analysis
technique was highly valuable for non-linear signals and can further
improve the accuracy of the application. Applications of HHT were
already reported by scholars in medicine, finance and geology
(Skeberis et al., 2015; Wang et al., 2022b).

There were more studies on the vibration safety analysis of
tunnel excavation drilling and blasting method, but the literature
examining the structural safety of the new technology was rarely
reported. The new dry ice powder thermal shock rock breaking
had a good prospect of application in tunnel construction. It was
urgent to study the damage of vibration on tunnel structure. For
tunneling in the densely populated areas of the Nanjing Jiangbei
New District, dry ice powder was used to break the rock. Vibration
and noise on the support ridges were monitored. The safety of the
tunnel structure was assessed by HHT analysis of the vibration
model characteristics.

2. Experiment

2.1 Field Trials

As illustrated in Fig. 1, the test site is Yanshan Avenue tunnel in
Pukou District, Nanjing City, Jiangsu Province. The main lithology
of the rocks in the vicinity of the tunnel is sandy mudstone and
the main mechanical parameters are shown in Table 1. The
tunnel construction area was adjacent to the village of Puchang
and was densely populated. The nearest residential houses were
only 30 meters away from the tunnel construction section. As a
result, the tunnel construction team mainly relied on pickaxes to
break the rock, causing serious noise pollution. Complaints had
been received from the neighboring residents and hotels and the

Fig. 1. Test Site

Table 1. Physical and Mechanical Properties of the Specimens

Density ~ Uniaxial compressive Mean shear wave  Shear strength
(g/em’) strength (MPa) velocity (m/s) (MPa)
2.56 22.81 21.55 2.90
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Fig. 2. Structure Diagram of L-1000 Dry Ice Powder Cracker (a: dry
ice powder cabin b: heating rod c¢: CO2-EA d: detonator e:
heating wire f: detonating wire g: safety conduit)

construction progress was slow.

2.2 Stone Crushing Equipment and Technology

Figure 2 showed the internal structure of the dry ice fracturing
cylinder. The dry ice cracking cylinder has a diameter of 90 mm
and a length of 1,000 mm. The main structure includes a dry ice
powder compartment, heating rod, CO, energiser, detonating agent,
heating rod, wires and safety flaps. Excitation of the agent exotherm
caused by the use of an initiator to cause a phase change in the
dry ice powder to occur.The safety conduit can be connected to
an external sensor to monitor internal pressure and can be deflated in
the event of unsuccessful excitation. The CO, energizer used is the
core technology and has completely independent intellectual
property rights. Different from the traditional CO, phase change
cracking technology, it is completely non-explosive and the reaction
generates a high temperature of over 3,000°C. The specific
physical and chemical parameters are shown in Table 2.

Table 2. Basic Physical and Chemical Parameters of the CO,-EA (Hu et al., 2019)

Apparent density

Material
(g/mL)

Porosity (m*/e)

Specific surface area

Heat of combustion
(kJ/g)

Thermal conductivity
(W/mKk)

CO-EA 0.12 0.92 240

21.33 0.016
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(b)
Fig. 3. Experimental Steps Diagram: (a) Assemble the Fracturing Tube, (b) Drilling, (c) Seal the Hole, (d) Arrange the Sensors

When the rock braking pressure was reached, a large amount
of high energy gas was released to impact and compress the
surrounding rock, creating an impact. The damage created an
initial fracture and then the high energy gas expands the fracture
and breaks the rock. The experimental process is shown in Fig. 3,
including four steps of dry ice cracking cylinder assembly, drilling,
sealing and sensor arrangement.

2.3 Inspection Network Layout

2.3.7 Instrument Description

The vibration monitoring equipment used in the test was the
KJ521 vibration monitoring system manufactured by Foan
Technology Ltd. It's hardware consisted of a data acquisition
instrument, signal amplifier, junction box, piezoelectric vibration
sensor and computer. The system could collect 16 measurement
points at the same time with a sampling frequency of 1,000 Hz and
an AD conversion of 24 bits. The system software comprised a
vibration signal acquisition system, a vibration data processing
system and a vibration data analysis system, which are responsible
for acquiring, processing and analyzing vibration data respectively,
and can automatically pick up vibration trigger time and end time,
vibration source location and energy calculation. The AR-824 noise
meter was used to collect the noise and the MAX mode can be set
to obtain the peak noise level during rock breaking.

Dry ice powder fission cartridges

(d)

2.3.2 Location of Measurement Points

Details on the layout of the sensors as illustrated in Fig.
4,with a total of 8 sensors and 1 noise meter. V2-V8 were
placed on the support ridge and V1 was placed on the
concrete path. V2, V3 and V4 were placed on the support
ridge close to boreholes H1 and H2. V4 was only 2.5 m from
borehole H1 at its closest point. V5-V8 were placed on the
second support ridge to the left of the borehole in that order.
V8 was placed directly above the steel support ridge, which

Schematic diagram|
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Fig. 4. Schematic Diagram of Sensor and Dry Ice Fracturing Tube
Layout

S,

Pressure acquisition systems

Fig. 5. Pressure Test Test System (a: dry ice powder fracturing tube; b: safety valve; c: pressure transducer; d: data acquisition instrument; e:

computer)
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was just above the junction of the beam and vertical beam.
The noise meter was placed together with the V3 sensor, 8.38
m from H1 and 7.55 m from H2. Plaster was used as a
coupling agent to fully couple the transducer to the support
and the noise meter used a sponge head to filter other sound
sources.

2.4 Pressure Test Experiments

Experimentally obtained peak gas pressures for dry ice thermal
shock were obtained by pressure measurement. The pressure
measurement experimental system was illustrated in Fig. 5. We
used a special connector to connect the pressure sensor to the
dry ice powder fracturing tube safety valve and a data acquisition
instrument to collect and record the pressure. The pressure
monitoring system consists of a pressure transducer, an 8-channel
transient pressure collector and a computer to monitor the pressure
inside the dry ice fracturing tube during the test. 8-channel transient
pressure collector model sqcp-USB-8, with a sampling frequency of
0.25 MHz to 2.0 MHz, was selected for the 0.25 MHz mode. The
pressure transducer is a cyg140f (0 — 60) with a range of 0 — 60 MPa
and a response frequency of 20 kHz. the pressure collector is
connected to the computer via a USB connector. the high frequency
pressure transducer signal is susceptible to external signal
interference and unnecessary electrical equipment is avoided
during the experiments. A 6 mm conduit was used to ensure a
smooth air path and to prevent any local loss of fluid to the test.
A total of three experiments were carried out and test curves
were obtained.
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Fig. 6. Vibration Measurement Waveform of First Shot

3. Test Results

3.1 Shock Beam and Sound Level from Crushed Stone
Figure 6 is the vibration waveform diagram of the first burst pipe
rock breaking. With increasing distance, the fluctuation duration
of the vibration waveform gradually decreased to about 0.5 s.
With increasing focal length, the peak time of the vibration
waveform was gradually delayed as the vibration propagated
from near too far. At the same support ridge, the peak value of
the vibration waveform gradually reduced with increasing distance
from the source. However, V8 showed a higher peak value of
vibration than V4 which was closer to the source. The reason for
this was that V8 was at the intersection of the supports and there
was a steel frame directly below the ground, which would have
accelerated the transmission of vibration. The second path on the
left was not connected to the ground, resulting in less vibration
attenuation. The maximum noise values for the two dry ice
cracking cylinders breaking rock were 79.3 dB and 82.5 dB as a
result.

3.2 Fast Fourier Transform Spectrum Analysis

As shown in Fig. 7, the Fourier transform was applied to the V4,
V8, V3 and V2 sensor waveforms from the first rock-breaking
vibration. The Fast Fourier Transform process converted the
value of the signal energy manifested in time to a value at a
different frequency. It was evident from the results that the signal
in each frequency band disappears partially as one gets further
away from the point where the vibration occurs, with the higher
frequency portion of the signal disappearing more quickly.
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Fig. 7. Fourier Spectrum Diagram of First Shot

Numerous frequencies of vibration with the same frequency of
self-oscillation of the rock mass were reduced by resonance.

3.3 Results of Hilbert-Huang Transformation of Signals
The Hilbert Huang transform spectral analysis method was
proposed by Norden E. Huang et al. It consists of two main steps,
decomposition and analysis. Signal decomposition refers to
empirical mode decomposition, which does not require a priori
functions and is more objective than wavelet analysis. Hilbert
spectral analysis first transforms the signal components into a
spectrum and finally merges them to obtain a spectrogram of the
original signal.

3.3.1 Analysis of the EMD Decomposition of the IMF
Component

As shown in Fig. 8, the vibration waveforms of the V4, V3 and

V2 sensors were decomposed by EMD into IMF components,

each with similar characteristics to the original signal. Initial

decomposition was achieved with the highest component energy

and at a high frequency, indicating that the decomposition was

Fig. 8. Imf Components of the Vibration Waveforms: (a) EMD of V4, (b) EMD of V3, (c) EME of V2
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from a high to a low frequency. The decomposition stopped
when it became impossible to continue at very low frequencies,
and all EMD waveforms were obtained. It was seen in Fig. 8 that all
sensor vibration signals are decomposed into 9 IMF components. A
major part as a percentage for the first three components of the
energy of the vibration was distributed above 90%. But as the
distance to the point where the vibration occurs grows, the total
amount of energy becomes smaller, and the number of components
obtained generally decreases. Furthermore, the first three
components can be seen to be higher in frequency than the later
ones, and the reduction of energy at different frequency bands
was known from the percentage of all components.

3.3.2 Signature Mass Spectrometry Waveforms

Figure 9 illustrates the distribution in frequency of the vibration
signal obtained when transforming the components. The vibration
energy is mainly distributed at 0 — 100 Hz and concentrated at 0
— 30 Hz. With the increase of focal distance, the amplitude shows a
downward trend as a whole, from 2.50 m to 11.28 m, and the
peak value of amplitude decreases to 53%. The overall signal
attenuation was very high at 95% close to the point of vibration,
suggesting that structural safety should be more concerned in the area
within 5 m of the point of vibration. As the focal length increases,
high frequency energy gradually dominates. The characteristics of

HHT analysis are more obvious than fast Fourier transform.

3.3.3 Instantaneous Energy Spectrum

As shown in Fig. 10, the x-axis of the instantaneous energy
spectrum represents the sampling points and the y-axis represents
the energy. The sampling frequency of this time is 100 Hz,
there are 1000 sampling points within 1 s. From the figure, the
distribution of energy in time can be observed. At closer
distances, the peak energy decreases rapidly with increasing
focal length. From 2.5 m to 11.28 m, the peak energy decreases
by 63%. On V4 with the smallest focal distance, the energy is
distributed at the sampling point of 0 — 1,600 and distributed in
1.6 s, mainlyin 0 — 0.2 s.

3.3.4 Three Dimensional Hilbert Spectrum

Figure 11 is a three-dimensional Hilbert spectrogram, where the
X, Y, and Z axes represent the sampling point, frequency, and
energy, respectively. The abrupt change in energy represented a
vibration event, with the peak value corresponding to the speed
of vibration and the energy duration to the duration of the blast
vibration. Compared with the Fourier spectrum, the discretization of
HHT reflects that due to the existence of a priori function, there
will be no continuous distribution of spatial spectral values
caused by the increase of window such as Fourier transform.The
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Fig. 12. Pressure Curve Diagram

peak energy corresponds to the amplitude of the vibration signal,
that is, the peak vibration velocity, and the trend of the decay of
the vibration velocity showed that the energy decays rapidly with
increasing distance from the source. The energy is mainly distributed
at 0 — 200 Hz and 0 — 1 s at the time point. With the increase of focal
distance, the energy is dispersed in frequency and concentrated
in time, which is consistent with the results of instantaneous
energy spectrum and marginal spectrum.

3.4 Experimental Pressure Curves

The pressure curves for the three sets of experiments are shown
in Fig. 12. Relief pressure was dependent on the thickness of the
fracture tube weakness, the greater the thickness the higher the
pressure. Observing the curves for the initial pressures of 15 —
22.5 MPa, each curve underwent a slow linear rise, reaching 30
— 45 MPa when the pressure rises gradually became slower,
reaching a peak pressure after there was a slow fluctuating phase
after the instantaneous pressure release. These curves were
helpful in understanding the pressure rise process and the fracturing
mechanism.

3.5 Calculation of TNT Equivalent
The type of fracturing tube used this time is the same, and the

fracturing pressure measured by connecting the pressure sensor
to the safety gas pipe was 60 MPa. In previous related studies
(Huet al., 2018; Yang et al., 2019b; Bai et al., 2020; Wang et al.,
2020), the energy calculation formula is:

K1

PV Py 1)
By {l=(—)]

where

Eg is the total energy of the explosion, kJ; P is the instantaneous
fluid pressure released, MPa; V'is the volume of the iron tube, m*; K
is the adiabatic index of the gas inside the tube, taking 1.295.
Calculated result is 1272.313 KJ.

The approximate TNT equivalent Wryr can be calculated
using Eq. (2):

W, = @)

INT

Qmris 1 kg TNT explosion energy, taking 4,250 kJ/kg. After
calculation, the TNT equivalent of 1,000 mm cracking tube is
299.37 g.
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Table 3. Vibration Velocity of Safe Particle on Newly Poured Large-
Volume Porch Foundation Surface

0-3

Age of cauldron(d) 3-7 7-28

Safe particle vibration velocity

() 15-20

20-50 50-70

4. Discussion

4.1 Analysis of Vibration Velocity Attenuation Law
Figure 13 illustrates the fitted curve of the peak decay of the
vibration velocity resulting from the two vibration events. When the
source distance reaches 3.91 m, the vibration velocity is 50.391 mm/s,
which meets the vibration velocity requirements of safe particles in
Table 3. Signal decay could be fitted to a multiplicative power
function curve, the vibration decay rate decreases with increasing
distance and the fitting accuracy is 0.82. Therefore, both can be used
to predict the peak vibration velocity at different distances by the
power function to determine whether it is dangerous or not.
According to Fig. 13, damage can be divided into two areas based
on fracture distribution characteristics, namely the zone of rapid
reduction of vibration velocity (2.5 — 10 m) and the stable
zone (>10 m). Vibrations increased the closer the distance, and the
greater the rate of increase in vibration, making it more dangerous.
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4.2 Comparison between Thermal Shock Rock
Breaking with Dry Ice Powder and Dirilling and
Blasting Method

Figure 14 shows the typical vibration waveform and spectrum

diagram of rock breaking by drilling and blasting method. The

vibration attenuates to 0 in a short time, which represents the

instantaneous release of energy by explosives (Xu et al., 2022).

According to this rock-breaking mechanism, the blast-induced

stress wave action acts first on the rock mass and the high strain

rate compressional-tensile action is applied first. The action of
blasting gas is considered to have a lower strain rate and it acts to
extend the fracture along the initial fracture created by the stress
wave. This extension includes fracture extension and an increase
in fracture width (Jayasinghe et al., 2019). This blast mechanism is
accepted by most researchers and the study of fracture mechanisms
can be advanced by considering the important factors together and
distinguishing the role of important factors and their contribution
to rock damage (Wang et al., 2021). Thermal shock with dry ice
powder was a physical change, with the blasting products containing
only non-toxic carbon dioxide gas, while blasting with conventional
rock emulsion explosives was a chemical change, generating
large amounts of toxic and harmful gases such as CO, NO, NO,,
N,O, and Sulphur-oxygen compounds during the explosion.
From the energy calculations and vibration measurements, the
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Fig. 14. Explosive Blasting Waveform and Spectrum: (a) Typical Vibration Waveforms of Explosive Blasting; (b) Frequency Distribution of Vibration

Energy in Explosive Blasting

Fig. 15. On-Site Rock Breaking Pictures
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low energy density and weak vibration of dry ice powder thermal
shock rock breaking was suitable for use in construction in
sensitive areas such as urban public works.

Therefore the process of rock destruction cannot be explained
by the traditional theory of the combined action of blasting stress
waves and blasting gas. As can be seen from Fig. 15, the damage
at the orifice location of the rock-breaking hole was not obvious
after the dry ice thermal shock broke the rock, with only a few
small size fissures, but obvious macro cracks are formed around
the borehole. Observation of the experimental specimen fracture
pattern, as shown in Fig. 16, revealed that in addition to the high
energy gas leakage producing a radial main fracture, fracture
bifurcation, and surface detachment an annular fracture was also
present on one face of the specimen. Fig. 17 demonstrated the
fracturing principle and the fracturing effect of thermal shock
breaking of the rock by dry ice powder. Three zones with different
damage characteristics were identified, the fracture zone where
the rock was broken and essentially separated, the fracture zone
where radial fractures were evident, and the vibration-affected

- 1'1
; »
[ Tl !
Fissure ziﬂm:n'ion |
An - d
% |oh t v ¥
Main fissure ﬂ*l P Surface 1:»1:elmgI
D

Ring microcracks

(a)

zone where no damage was evident, but vibration waves were
distributed internally. Based on the pressure profile and fracture
distribution combined with fracture mechanics, it was obtained
that, unlike explosives, the new technique produces a small fracture
zone, the extent of the fracture zone is related to the pressure and
mass of the high-energy gas, and the vibration-affected zone is
much smaller than that of explosive blasting (Yan et al., 2021).
There is no obvious crushing area around the borehole, and the
main failure form is the macro cracks around the borehole.
Based on the form of rock damage in the field, a small amount of
fractured free-surface rock throw at the orifice with gas venting,
the dry ice powder thermal impact rock breaking is divided into
three stages: the first stage corresponds to a high strain rate stress
wave acting on the center of the blast, the reflection of the stress
wave on the free-surface, is also a dynamic rock breaking process.
The third stage corresponds to the expansion of the radial cracking
process caused by the high-energy CO, fluid, i.e. the air wedge
effect. In this stage, the rock is thrown after the initial fracture
extension of the rock mass is complete, while the gas is released.

e/

S e

(b)

Fig. 16. Specimen Fracture Distribution Diagram: (a) Expanded View of Damaged Specimen, (b) Circumferential Fracture Diagram
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Fig. 17. Schematic Diagram of the Principle of CO, Phase Change Fracturing Technology: (a) High-Energy Fluids Extend Initial Fissure, (b) High-

Energy Fluids Create Sub-fissures
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Compared with mechanical rock breaking, it can improve the
rock breaking efficiency of tunnel construction; Compared with
rock breaking by drilling and blasting, the vibration has less
influence on the tunnel structure and is safer.

4.3 Dynamic Parameters and Safety Assessment

The characteristics of the vibration signals obtained from the
HHT analysis were evident, with the degree of three-dimensional
concentration of energy observed in Fig. 11. The densely distributed
volume of energy was the main source of vibration damage, and
it is of great interest how to eliminate this energy and assess the
damage caused by this energy.The EMD decomposition was
very objective, and the results were more credible, which was
very significant for the safety evaluation.

The observation of energy density searched for the most energy
dense areas, mainly in the first 100 sampling points, with
dominant frequencies in the low frequency range not exceeding
200 Hz. As the distance from the source increases, the energy
becomes more dispersed in frequency and more concentrated in
time. The lower the frequency of vibration (5 — 10 Hz) the better
the breaking effect can be for rock breaking, as the resonance
effect is more likely to produce internal damage. For structural
safety low frequency signals would be very dangerous, but low
frequency signals decay quickly which is beneficial for structural
protection (Li et al., 2020c). Low frequency energy can cause
more serious damage to buildings due to resonance effects. It
would be insufficient to use only the peak vibration velocity as
the evaluation indicator for the protection of a structure, the
influence of the main frequency and duration of vibration cannot
be ignored. Frequency of vibration also provides an important
factor in the assessment of damage. Since fatigue damage reduces
the strength of a structure, a higher breaking efficiency means a
lower number of vibrations.When the focal distance is small, the
vibration energy is more dispersed in time, because the action
time of air wedge is longer than that of traditional drilling and
blasting method, the energy release time is long and the peak value is
low, which is safer than drilling and blasting method. The maximum
vibration tested on the support concrete was 101.395 mm/s, which
is sufficient to meet the protection requirements, but the frequency
distribution also needs attention. On the support ridge, the safety
distance of dry ice powder thermal shock rock breaking technology
is less than 11 m.

5. Conclusions

1. The peak vibration speed was below 50 mm/s for concrete
structures safe as long as it was farther than 10 m from the burst
hole in the support concrete. The noise was only 83 dB at 4 m,
which had little impact on the life of the surrounding residents;

2. The thermal shock breaking with dry ice powder increased the
efficiency of rock breaking in tunnel construction compared to
mechanical rock breaking. The vibrations had a smaller impact
range and have a smaller and safer impact on the tunnel
construction structure than drilling and blasting methods;

3. The new rock-breaking technology induced damage can be
divided into three regions, with radial fractures generated by
high-energy fluids dominating.Compared with rock breaking
by drilling and blasting, the vibration has less influence on the
tunnel structure and is safer;

4. In contrast to Fourier transform analysis, HHT was more
suitable for processing vibration signals and its energy
distribution in time and frequency was a promising reference
for safety evaluation
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