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Abstract: Underground space engineering structures are generally subject to extensive damages and
significant deformation. Given that composite rocks are prone to shear failure, which cannot be
accurately monitored, the piezoelectric active sensing method and wavelet packet analysis method
were employed to conduct a shear failure monitoring test on composite rocks in this study. For the
experiment, specimens were prepared for the simulation of the composite rocks using cement. Two
pairs of piezoelectric smart aggregates (SAs) were embedded in the composite specimens. When the
specimens were tested using the direct shear apparatus, an active sensing-based monitoring test was
conducted using the embedded SAs. Moreover, a wavelet packet analysis was conducted to compute
the energy of the monitoring signal; thus allowing for the determination of the shear damage index
of the composite specimens and the quantitative characterization of the shear failure process. The
results indicated that upon the shear failure of the composite specimens, the amplitudes and peak
values of the monitoring signals decreased significantly, and the shear failure and damage indices
of the composite specimens increased abruptly and approached a value of 1. The feasibility and
reliability of the piezoelectric active sensing method, with respect to the monitoring of the shear
failure of composite rocks, was therefore experimentally demonstrated in this study.

Keywords: piezoelectric active sensing; composite rocks; shear failure; damage detection; damage
index

1. Introduction

There have been significant recent developments in underground space engineering. Accordingly,
the highly complex conditions of geological bodies have been reported, especially at the interfaces where
different rock masses are in contact and are widely distributed in the crust of the Earth. In general, two
or more rock masses are mutually embedded, which is referred to as a composite rocks formation [1,2].
There are significant differences between the physical and mechanical properties of different rock
masses. When a tunnel or a roadway intersects a contact zone, the rock masses in contact undergo
uncoordinated deformation, which generates shear stress, thus resulting in the shear failure of the
rock masses [3–5]. Moreover, the findings of previous researches revealed that the roadway of a
contact zone is subject to extensive shear failure due to uncoordinated deformation, which is a major
safety hazard with respect to the normal operation of underground space engineering structures. The
existing monitoring methods for the measurement of the macroscopic displacement changes cannot be
employed to determine the shear failure process of composite rocks masses, characterize the extent of
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the damage, and issue timely warnings [6,7]. It is therefore necessary to conduct further research on
the shear failure monitoring of composite rocks.

At present, studies have been conducted with respect to the stability evaluation of rocks [8,9] and
rock failure monitoring [10–12]. With respect to rock failure monitoring, there are four main methods:
(1) the monitoring of micro-seismic signals to conduct a preliminary analysis of the rock failure
characteristics [13,14]; (2) the monitoring of acoustic emission signals to investigate the characteristics
and surface degradation of soft rock, in addition to the development of a roughness damage model
based on the acoustic emission time characteristics [15]; (3) the use of acoustic waves for the evaluation
of the rock mass characteristics in the damaged area of the rock slope excavation [16]; and (4) the use of
fiber Bragg grating (FBG) sensors for the monitoring of the surrounding rock stability of tunnels [17].
The above methods allow for the accurate monitoring of rock mass failure in various applications;
however, dynamic monitoring methods with respect to the rock mass failure process require further
investigation, especially the monitoring of the interfacial damage of composite rocks masses.

With similar properties to those of rocks, concrete materials, which are widely used in civil
infrastructure as substitutes, are subject to significant deterioration due to adverse service conditions
such as corrosion [18–20] and vibration [21,22]. To mitigate the deterioration of infrastructure, there
have been significant developments with respect to structural health monitoring (SHM) [23–28] in recent
decades, and piezoceramic materials have been widely applied for the SHM of concrete structures [29–31]
due to their low cost, high sensitivity [32], rapid response [33,34], wide frequency range [35,36], and
energy harvesting capacity [37–39], in addition to actuating and sensing capacities [40–42]. Song et al.
developed a smart aggregate (SA), which was fabricated by the embedment of waterproof piezoceramic
patches in small concrete or marble blocks [43,44], for the SHM of concrete structures. Smart aggregates
can significantly increase the applicability of piezoceramic transducers to concrete structures [45–48].
Moreover, SAs can transmit and detect stress wave signals, and they have received extensive research
attention for concrete structure applications with respect to early age hydration monitoring, impact
detection, and crack monitoring [49,50]. Piezoceramic transducers can realize active sensing and
electromechanical impedance (EMI) monitoring based on SHM [51–54]. Wu et al. successfully applied
the EMI method and wave analysis method to the monitoring of soft interlayer landslides, and obtained
reliable experimental results [55,56]. Based on the wavelet packet analysis method, Xu et al. conducted a
study on piezoelectric active sensing for the detection of the interfacial de-bonding of concrete-filled steel
tubes, and obtained reliable experimental results [57]. In general, piezoelectric active sensing is suitable
for the monitoring of interfacial damage and bond slips [31,45,58].

In this study, the piezoelectric active sensing and wavelet packet analysis methods were used to
conduct the interfacial shear failure monitoring of composite rock specimens, which were fabricated
using two types of concrete materials with different strengths. In the fabricated composite specimens,
two pairs of SAs were mounted symmetrically on both sides of the interface. An SA in each pair was
used as a driver for the transmission of a frequency sweep signal through the interfaces between the
different rocks. During the shear test, upon interfacial damage, signal attenuation occurred. The other
SA was used as a sensor for the reception of signals. Wavelet packet analysis was then conducted for
the computation of the received signal energy, and the failure process of the composite rocks were
analyzed in accordance with a decrease in energy.

This manuscript is organized as follows. Section 1 introduces the research background. Section 2
presents the monitoring principle of the piezoceramic active sensing method, followed by a description
of the experimental setup and procedures in Section 3. In Section 4, an analysis of the test results is
presented; followed by the conclusions in Section 5, in addition to the scope of future research.

2. Aims of Research and Principle of Detection

2.1. Aims of Research

There are three aims of this study. Firstly, in view of the lack of monitoring methods for composite
rocks failure, the feasibility of piezoelectric active sensing method applied to composite rocks failure
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monitoring is studied. Secondly, the damage index of composite rocks are quantitatively characterized
by wavelet packet energy method. Finally, the feasibility and reliability of the method are further
verified by repeated tests.

2.2. The Piezoceramic Transducers

As a unique type of piezoelectric ceramic material, lead zirconate titanate (PZT) is widely
employed in the SMH field due to its significant piezoelectric effect. The fragility of PZT materials is
usually encapsulated without changing its function in engineering testing to meet different operating
conditions. Song et al. proposed an SA that was packaged by embedding PZT patches into marble
or concrete blocks; and can be further embedded into a concrete structure for multiple-purpose
monitoring [43,44,58]. Given that the piezoceramic patch demonstrates direct and inverse piezoelectric
effects, the packaged SA can realize dual functions of the transmission and reception of stress wave
signals. The SA used in this study was a multifunctional sensor based on piezoceramics, which
is shown in Figure 1. The SA was packaged by sandwiching two PZT patches between a pair of
cylindrical marble blocks with epoxy resin. Moreover, it had a diameter of 25 mm and height of 20 mm,
as shown in Figure 2. The diameter and thickness of the PZT disk are 15 mm, and 0.3 mm, respectively,
while the elastic modulus and density are 56 Gpa and 7500 kg/m3, respectively. A BNC connector with
a cable provides the electric connection to the smart aggregate.
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Figure 2. Structure of an SA.

2.3. Principle of Piezoelectric Active Sensing Method

In this study, an active sensing method based on piezoelectric SAs was employed for the monitoring
of the shear failure of composite rocks. Figure 3 presents the schematic for the monitoring of the
shear failure of the composite rock based on the active sensing method. In this method, two pairs of
piezoelectric SAs are installed on both sides of the interface of the composite rocks. One SA is used as
an actuator under a swept sine wave excitation, and the induced stress wave is propagated through
the interface. Moreover, the other SA serves as a sensor for the detection of the stress wave signals.
Upon the occurrence of shear failure, the propagation medium of the wave is discontinuous due to
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the unevenness of the interface. Thereafter, the amplitude, peak value, and energy of the received
signal are attenuated. The energy of the monitoring signal is then computed according to the wavelet
packet analysis method, and the shear failure of the composite rocks are determined in accordance
with a decrease in energy. The amplitude, peak value, and energy of the monitoring signal, among
other characteristics, are analyzed to monitor the failure of the composite rocks.
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2.4. The Shear Failure Damage Index of Rock

The wavelet packet analysis method, as a signal processing tool, was employed in this study to
process and analyze the detected signal. The wavelet packet analysis facilitates the decomposition of
the signal into different frequency bands with respect to the any time-frequency resolution, which has
the characteristics of accurate subdivision and strong time-frequency localization [57]. Based on the
wavelet packet analysis, an equation was established for the computation of the shear failure damage
index of rock, to quantitatively represent the relative loss value of the transmitted signal energy during
the shear failure development of the rock.

Under the assumption that the signal detected by the sensor is denoted by V; the n-level
wavelet decomposition is used to decompose the signal into a 2n signal, which can be denoted as
v1, v2, . . . , v j, . . . , vn

2 . Moreover, v j represents the monitoring signals after decomposition, which can be
expressed as follows:

v j =
[
v j,1, v j,2, . . . , v j,m

]
(1)

In this equation, m is the number of the specimen data-points, and j is the number of frequency
bands ( j = 1, 2, . . . , 2n).

The energy of each decomposition signal M j is defined as:

M j = v j,12 + v j,22 + · · ·+ v j,m2 (2)

The energy vector of the signal vi during the i-th monitoring is obtained by the following equation:

Mi,i = [Mi,1, Mi,2, . . . , Mi,2n ] (3)

The root mean square deviation (RMSD) is used to compute the shear damage index of rock, i.e.,
the degree of rock shear damage at different instances in time. The indicator is defined by computing
the RMSD between the initial state during the test and the energy vector of the signal detected during
the subsequent state during the test. Based on the wavelet packet analysis method, the shear failure
damage index of rock is computed at the i-th instance as follows:
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Y =

√√√√√√√∑ 2n

j=1

(
Mi, j −Mh, j

)2

∑ 2n

j=1

(
Mh, j

)2 (4)

In the equation, Mh, j is the energy value of the j-th frequency band in the initial state or the healthy
state ( j = 1, 2, . . . , 2n), and Mi, j is energy value of the monitoring signal at the i-th instance.

The shear damage index of rock can be used to characterize the degree of rock shear failure
development and determine whether the rock is completely damaged based on the energy loss trend,
thus providing a timely warning.

3. Experimental Setup and Methodology

3.1. Specimen Preparation and SA Installation

Given the difficulty of obtaining composite specimens in the contact zone, in addition to the
good repeatability and mechanical stability of physically similar specimens; P325 Portland cement,
river sand, gypsum powder with particle sizes of 0.9–1.2 mm, and water were selected to produce the
similar composite specimens [59,60]. Given that the proportions of the materials were different, the
physical and mechanical parameters of the specimens were different; thus, different proportions of
cement mortar can be used to produce different composite specimens. The dimensions of the designed
composite rock specimens were 100 mm × 100 mm × 100 mm, as shown in Figure 4. Composite
specimens were poured into the upper and lower layers with two different proportions of single
materials. The proportions of the two materials accounted for 50% of the volume, and the contact
angle was 0◦. The proportions of the two materials and corresponding mechanical parameters are
shown in Table 1. Three composite specimens were poured into a mold with dimensions of 100 mm
× 100 mm × 100 mm. The mold was fixed on the vibration table, and the specimens were cured for
28 days, as shown in Figure 5.

Table 1. Material ratio and mechanical parameters.

No. Elastic
Modulus

Cohesive
Forces/MPa

The Angle
of Internal
Friction/θ

Tensile
Strength
/MPa

Plaster-
Gray
Ratio

Sand-
Rubber
Ratio

Water-
Cement

Ratio

a 3.62 4.36 45.65 1.80 0.30 0.65 0.39
b 4.58 5.40 49.85 2.79 0.15 0.50 0.36
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Based on the schematic diagram and drawings (see Figure 4), the three specimens were processed
with two pairs of symmetrical holes for each specimen. The diameters and depths of the holes were
26 mm and 22 mm, respectively, as shown in Figure 6. Thereafter, SAs were installed symmetrically in
the holes of the three specimens, and cement was used as binder for curing for 7 days, as shown in
Figure 7.
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3.2. Test Device and Parameter Setting

The test device consisted of a direct shear apparatus, a control system, a direct shear box,
piezoelectric monitoring equipment, a control system for the monitoring equipment, and composite
specimens with SAs, as shown in Figure 8. We used the SC-HY-PZT-2.0 multifunction piezoelectric
signal monitoring equipment, manufactured by Jiang Susan Chuan Intelligent Technology Co., Ltd.,
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China, that includes a host and piezoelectric signal measurement and control software. The control
software controls the host for signal excitation and acquisition. It should be noted that the direct shear
apparatus control system and monitoring equipment control system can collect corresponding data
independently. During the test, the piezoelectric monitoring equipment emitted a sweep sine wave
through the transmitting channel. The frequency range of the sweep sine wave was 0.1–150 kHz. The
frequency increment was 10 KHZ, and the step time was 0.2 ms. The amplitude and period of the
signal were 10 V and 3.2 ms, respectively. The sampling frequency, sampling length, and sampling
time of the data acquisition system were 2 MHZ, 16 K, and 8.192 ms, respectively. During the test,
Actuators SA 1 and SA 2 transmit their signals to Sensors SA 3, and SA 4, respectively. No interference
was observed between the two signals.
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3.3. Test Steps

As shown in Figure 8, a YAW-1000A microcomputer-controlled electro-hydraulic servo shear
apparatus was used to conduct the shear test on the composite specimens. The normal load was 25 KN,
and the specimens were sheared at a rate of 0.002 mm/s. In intervals of 2 min, each driver successively
generated sweep sine waves. Moreover, the corresponding sensor monitored the propagation of waves
through the interface of the composite specimen within the acquisition system until the completion of
each shear test.

4. Experimental Results and Discussions

4.1. Analysis of the Shear Test Results of Composite Specimens

The shear stress-displacement curve and shear stress-time curve of Composite specimens I, II,
and III are shown in Figures 9–11, respectively. The shear failure process of the composite specimen
was divided into two stages. In Stage 1, the shear stress increased linearly and reached the peak value.
In Stage 2, the shear stress of the curve abruptly decreased, and the interface of the composite specimen
underwent shear failure. The shear failure of Composite specimen I occurred after 22 min, the shear
failure of Composite specimen II occurred after 19.8 min, and the shear failure of Composite specimen
III occurred after 20.4 min. Although all specimens are made from similar materials, the failure time
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of interfaces will be slightly different due to test error and individual difference. Figures 9–11 reveal
that the three composite specimens underwent shear failure after approximately 20 min at shear
displacements of approximately 2.5 mm; thus, the results for the three composite specimens were
in good agreement. The composite specimens after shear failure are shown in Figure 12. As can be
seen from the figure, the three composite specimens exhibited uneven damages along the interface.
Generally, the composite rocks will be damaged along or near the interface. Due to the bonding degree
of the interface and individual differences, the specimen will be damaged unevenly along the interface.
Although the composite specimen materials, pouring methods and curing time are the same, the failure
interface of the specimen will be slightly different and they are all near the interface.
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4.2. Time-Domain Analysis of Monitoring Signals

During the shear tests, each actuator successively generated sweep sine wave signals at intervals
of 2 min, and the corresponding sensors monitored the waves transmitted through the interface of the
composite specimens. In the study, 0.001–0.004 s signals with obvious monitoring signal characteristics
were selected for analysis. The peak curve of the amplitude of each received SA signal in Composite
specimen I is shown in Figure 13. The peak value of the amplitude of the monitored signal decreased
abruptly after 22 min, which was consistent with the shear failure that occurred in Composite specimen
I after 22 min. The peak curve of the amplitude of each received SA signal in Composite specimen II is
shown in Figure 14. The peak value of the amplitude of the monitoring signal decreased abruptly after
20 min, which was in good agreement with the shear failure of Composite specimen II after 19.8 min.
Due to the uneven pouring of Composite specimen II and the different density of SAs’ position, the
amplitude of signals received by the two sensors is quite different, but the change trend is similar.
The peak curve of the amplitude of each received SA signal in Composite specimen III is shown in
Figure 15. The peak value of the amplitude of the monitoring signal decreased abruptly after 22 min,
which was in good agreement with the shear failure of Composite specimen III after 20.4 min. Based
on the analysis of the test results, the peak value of the amplitude of each monitoring signal was found
to correspond to the shear failure process of the composite specimen. During the shearing process, the
peak values of the amplitudes of the monitoring signals gradually decreased. When the specimens
underwent complete shear failure, the peak values of the signal amplitudes decreased abruptly.
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Based on the results of the signal analyses before and after the shear failure of the composite
specimens, the signals received by the SAs before and after the shear failure of the Composite specimen
I are shown in Figure 16. The amplitude of the signal detected by the two sensors after 22 min was
significantly lower than that of the signal detected by the two sensors after 20 min. The signals received
by the SAs before and after the shear failure of Composite specimen II are shown in Figure 17. The
amplitude of the signal detected by the two sensors after 20 min was significantly lower than the
amplitude of the signal detected by the two sensors after 18 min. The signals received by the SAs before
and after the shear failure of Composite specimen III are shown in Figure 18. The amplitude of the
signal detected by the two sensors after 22 min was significantly lower than that of the signal detected
by the two sensors after 20 min. The analysis reveals that after the composite specimens underwent
shear failure, the amplitude of the interface wave significantly decreased. The resulting time-domain
signal reveals that this method can be used to monitor the shear failure of composite rocks. Compared
with the traditional strain monitoring method, when the composite sample is damaged, the stress
waves value drops obviously, which can help to send out the warning signal, and also shows that the
method has high sensitivity.
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4.3. Rock Shear Damage Index Based on Wavelet Packet

For the quantitative analysis of the entire rock shear failure process, the energy of each monitoring
signal was computed based on the wavelet packet energy analysis method. Moreover, the rock shear
damage index was computed based on Equations (1)–(4). The shear failure damage index of Composite
specimen 1 monitored by SA 3 is shown in Figure 19a, and the shear failure damage index of Composite
specimen I monitored by SA 4 is shown in Figure 19b. The figures demonstrate that during the entire
shearing process, the shear fracture damage index of Composite specimen I monitored by both sensors
gradually changed, and then increased abruptly when Composite specimen I underwent failure after
22 min. The shear failure damage indices of Composite specimen II monitored by SA 3 and SA 4
are shown in Figure 19c,d, respectively. There was an initial gradual increase in the shear failure
damage index of Composite specimen II, followed by an abrupt increase after the shear failure that
occurred after 19.8 min. The shear failure damage indices of Composite specimen III monitored by SA
3 and SA 4 are shown in Figure 19e,f, respectively. There was an initial gradual increase in the shear
failure damage index of Composite specimen III, followed by an abrupt increase after the shear failure
that occurred after 20.4 min. The variation of the shear failure damage index of the three composite
specimens exhibited high repeatability and consistency. Therefore, the shear failure damage index
of the composite specimens based on the wavelet packet analysis can quantitatively characterize the
shear failure process of the composite specimens; effectively monitor the shear failure of the composite
specimens; and provide a timely warning when the damage index abruptly increases and approaches
a value 1. If this method can be applied to the actual engineering monitoring, it can ensure the safe
operation of the underground space structure engineering. However, due to the limitation of practical
engineering conditions, the research of the application of this method needs to be further conducted.

The general monitoring method cannot quantitatively characterize the damage index. The study
uses the wavelet packet energy method to calculate the stress wave energy value, and uses the root
mean square difference between the energy to characterize the damage index. The experimental results
of this research and the results of applying the method to the degree of debonding of the reinforced
concrete interface and the degree of landslide slip are consistent, which again proves the feasibility of
this method [55,57].
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Figure 19. Shear failure damage index of Composite specimen monitored by SAs: (a) SA 3 in Composite
specimen I; (b) SA 4 in Composite specimen I; (c) SA 3 in Composite specimen II; (d) SA 4 in Composite
specimen II; (e) SA 3 in Composite specimen III; (f) SA 4 in Composite specimen III.

4.4. Further Discussions

When the composite specimens fail, the shear stress drops rapidly, as shown in Figures 9–11. This
indicates that the composite specimens have brittle failure. This also causes the stress wave to drop
rapidly. By analyzing the peak value of stress wave, the damage process of composite specimens
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can be described to some extent, but sometimes the peak value will fluctuate, which will affect the
accuracy of the test results. From Figures 12–14, it can be seen that the time-domain signal of composite
specimens after failure declines significantly, so the failure process of composite specimens can be
monitored from the time-domain signal analysis. However, the failure damage index of composite
specimens cannot be quantitatively characterized. Wavelet packet energy method is used to calculate
the energy value of monitoring signal, and root mean square deviation is used to calculate the shear
damage index of rocks, which can quantitatively represent the failure degree of composite samples.
When the composite specimen is damaged, the damage index is shown in Table 2. In conclusion, the
monitoring of composite rocks shear failure based on piezoelectric active sensing method has potential
engineering application value.

Table 2. Damage index of composite specimen at failure.

The Number of Composite Specimen I II III

The time of Monitoring (min) 22 20 22
Damage index of SA 3 0.9520 0.8445 0.8857
Damage index of SA 4 0.9922 0.9605 0.8818

5. Conclusions and Future Work

The piezoelectric active sensing monitoring method and wavelet packet energy analysis method
were employed for the shear failure monitoring of rock composites fabricated in this study. The
specimens were drilled and embedded with piezoelectric SAs. A shear test was carried out using direct
shear apparatus. Meanwhile, the monitoring test was carried out by transmitting sweep sine wave and
receiving wave. The shear stress-time curves of the composite specimens, in addition to the amplitude
peak curves of the signals detected by the SAs before and after the shear failure of the composite
specimens, were compared and analyzed. Upon the shear failure of the composite specimens, there
were corresponding changes in the amplitude and peak value of the signal. This consistency proves
the feasibility of the piezoelectric active sensing method in the shear failure monitoring of composite
rocks in the laboratory condition. However, the actual engineering conditions are complicated, and the
research of the application of this method needs to be further carried out. The damage index of the rock
shear failure was computed using the wavelet packet analysis method to quantitatively represent the
process of rock shear failure. The variation trends of the damage index and shear stress with respect
to time were consistent. In addition, the good repeatability of the test results of the three composite
specimens further indicates the feasibility and reliability of the method. In future work, the stress
wave propagated across the interface in the composite rocks will be modeled based on the fractal
contact theory, which was recently developed for the modeling of stress waves propagated through
the interfaces of bolted joints [61,62].

Author Contributions: Design of experiment scheme, Y.L. Experiment development and manuscript writing, Y.L.
Development of research ideas and paper guidance, Y.Y. and Q.W. Facilitation of experimental study, W.W. The
latest manuscript has been approved by all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: The work was supported by the National Natural Science Foundation of China (No. 51704213) and
Open Fund of Hubei Key Laboratory of Mechanical Transmission and Manufacturing Engineering of China
(No. 2018A09).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wen, S.; Zhang, C.S.; Chang, Y.L.; Hu, P. Dynamic compression characteristics of layered rock mass of
significant strength changes in adjacent layers. J. Rock Mech. Geotech. Eng. 2019, 9, 1–13. [CrossRef]

http://dx.doi.org/10.1016/j.jrmge.2019.09.003


Sensors 2020, 20, 1376 15 of 17

2. Wang, W.Q.; Ye, Y.C.; Wang, Q.H.; Liu, X.Y.; Yuan, Z.H.; Li, P.C. Effects of Differences in Mechanical
Parameters of Media on Mechanical Properties and Failure Form of Composite Specimens. KSCE J. Civ. Eng.
2020, 24, 424–434. [CrossRef]

3. Yang, S.Q.; Yin, P.F.; Huang, Y.H.; Cheng, J.L. Strength, deformability and X-ray micro-CT observations of
transversely isotropic composite rock under different confining pressures. Eng. Fract. Mech. 2019, 214, 1–20.
[CrossRef]

4. He, J.M.; Afolagboye, L.O. Influence of layer orientation and interlayer bonding force on the mechanical
behavior of shale under Brazilian test conditions. Acta Mech. Sin. 2018, 34, 349–358. [CrossRef]

5. Feng, W.K.; Huang, R.Q.; Li, T.B. Deformation analysis of a soft–hard rock contact zone surrounding a tunnel.
Tunn. Undergr. Space Technol. 2012, 32, 190–197. [CrossRef]

6. Zhou, H.; Qu, C.K.; Hu, D.W.; Zhang, C.Q.; Azhar, M.U.; Shen, Z.; Chen, J. In situmonitoring of tunnel
deformation evolutions fromauxiliary tunnel in deep mine. Eng. Geol. 2017, 221, 10–15. [CrossRef]

7. Bryn, M.Y.; Afonina, D.A.; Bogomolova, N.N.; Nikitchin, A.A. Monitoring of transport tunnel deformation
at the construction stage. Procedia Eng. 2017, 189, 417–420. [CrossRef]

8. Liu, Y.; Ye, Y.C.; Wang, Q.H.; Liu, X.Y. Stability Prediction Model of Roadway Surrounding Rock Based on
Concept Lattice Reduction and a Symmetric Alpha Stable Distribution Probability Neural Network. Appl. Sci.
2018, 8, 2164. [CrossRef]

9. Liu, Y.; Ye, Y.C.; Wang, Q.H.; Liu, X.Y.; Wang, W.Q. Predicting the Loose Zone of Roadway Surrounding Rock
Using Wavelet Relevance Vector Machine. Appl. Sci. 2019, 9, 2064. [CrossRef]

10. Bayer, B.; Simoni, A.; Schmidt, D.; Bertello, L. Using advanced InSAR techniques to monitor landslide
deformations induced by tunneling in the Northern Apennines, Italy. Eng. Geol. 2017, 226, 20–32. [CrossRef]

11. Gage, J.R.; Fratta, D.; Turner, A.L.; MacLaughlin, M.M.; Wang, H.F. Validation and implementation of a new
method for monitoring in situ strain and temperature in rock masses using fiber-optically instrumented rock
strain and temperature strips. Int. J. Rock Mech. min. Sci. 2013, 61, 244–255. [CrossRef]

12. Gage, J.R.; Wang, H.F.; Fratta, D.; Turner, A.L. In situ measurements of rock mass deformability using fiber
Bragg grating strain gauges. Int. J. Rock Mech. min. Sci. 2014, 71, 350–361. [CrossRef]

13. Zhao, Y.; Yang, T.H.; Zhang, P.H.; Zhou, J.G.; Yu, Q.L.; Deng, W.X. The analysis of rock damage process based
on the microseismic monitoring and numerical simulations. Tunn. Undergr. Space Technol. 2017, 69, 1–17.
[CrossRef]

14. Zhao, J.S.; Feng, X.T.; Jiang, Q.; Zhou, Y.Y. Microseismicity monitoring and failure mechanism analysis
of rock masses with weak interlayer zone in underground intersecting chambers: A case study from the
Baihetan Hydropower Station. Eng. Geol. 2018, 245, 44–60. [CrossRef]

15. Meng, F.Z.; Wong, L.N.Y.; Zhou, H.; Wang, Z.Q.; Zhang, L.M. Asperity degradation characteristics of soft
rock-like fractures under shearing based on acoustic emission monitoring. Eng. Geol. 2020, 266, 105392.
[CrossRef]

16. Yang, J.H.; Dai, J.H.; Yao, C.; Jiang, S.H.; Zhou, C.B.; Jiang, Q.H. Estimation of rock mass properties in
excavation damage zones of rock slopes based on the Hoek-Brown criterion and acoustic testing. Int. J. Rock
Mech. Min. Sci. 2020, 126, 104192. [CrossRef]

17. Li, Y.; Wang, H.P.; Cai, W.B.; Li, S.C.; Zhang, Q.Y. Stability monitoring of surrounding rock mass on a forked
tunnel using both strain gauges and FBG sensors. Measurement 2020, 153, 107449. [CrossRef]

18. Peng, J.; Hu, S.; Zhang, J.; Cai, C.S.; Li, L.Y. Influence of cracks on chloride diffusivity in concrete: A five-phase
mesoscale model approach. Constr. Build. Mater. 2019, 197, 587–596. [CrossRef]

19. Li, W.; Xu, C.; Ho, S.C.M.; Wang, B.; Song, G. Monitoring concrete deterioration due to reinforcement
corrosion by integrating acoustic emission and FBG strain measurements. Sensors 2017, 17, 657. [CrossRef]

20. Peng, J.; Xiao, L.; Zhang, J.; Cai, C.S.; Wang, L. Flexural behavior of corroded HPS beams. Eng. Struct. 2019,
195, 274–287. [CrossRef]

21. Wang, W.; Hua, X.; Wang, X.; Wu, J.; Sun, H.; Song, G. Mechanical behavior of magnetorheological dampers
after long-term operation in a cable vibration control system. Struct. Control Health Monit. 2019, 26, 2280.
[CrossRef]

22. Yin, X.; Song, G.; Liu, Y. Vibration suppression of wind/traffic/bridge coupled system using multiple pounding
tuned mass dampers (MPTMD). Sensors 2019, 19, 1133. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12205-020-1021-2
http://dx.doi.org/10.1016/j.engfracmech.2019.04.030
http://dx.doi.org/10.1007/s10409-017-0666-7
http://dx.doi.org/10.1016/j.tust.2012.06.011
http://dx.doi.org/10.1016/j.enggeo.2017.02.011
http://dx.doi.org/10.1016/j.proeng.2017.05.066
http://dx.doi.org/10.3390/app8112164
http://dx.doi.org/10.3390/app9102064
http://dx.doi.org/10.1016/j.enggeo.2017.03.026
http://dx.doi.org/10.1016/j.ijrmms.2013.03.007
http://dx.doi.org/10.1016/j.ijrmms.2014.07.021
http://dx.doi.org/10.1016/j.tust.2017.06.002
http://dx.doi.org/10.1016/j.enggeo.2018.08.006
http://dx.doi.org/10.1016/j.enggeo.2019.105392
http://dx.doi.org/10.1016/j.ijrmms.2019.104192
http://dx.doi.org/10.1016/j.measurement.2019.107449
http://dx.doi.org/10.1016/j.conbuildmat.2018.11.208
http://dx.doi.org/10.3390/s17030657
http://dx.doi.org/10.1016/j.engstruct.2019.06.006
http://dx.doi.org/10.1002/stc.2280
http://dx.doi.org/10.3390/s19051133
http://www.ncbi.nlm.nih.gov/pubmed/30845685


Sensors 2020, 20, 1376 16 of 17

23. Zhou, L.; Zheng, Y.; Song, G.; Chen, D.; Ye, Y. Identification of the structural damage mechanism of BFRP
bars reinforced concrete beams using smart transducers based on time reversal method. Constr. Build. Mater.
2019, 220, 615–627. [CrossRef]

24. Di, B.; Wang, J.; Li, H.; Zheng, J. Investigation of bonding behavior of FRP and steel bars in self-compacting
concrete structures using acoustic emission method. Sensors 2019, 19, 159. [CrossRef]

25. Zhao, S.; Al-Qadi, I.L.; Wang, S. Prediction of thin asphalt concrete overlay thickness and density using
nonlinear optimization of GPR data. NDT E Int. 2018, 100, 20–30. [CrossRef]

26. Zhao, S.; Imad, L.; Al-Qadi, I.L. Algorithm development for real-time thin asphalt concrete overlay compaction
monitoring using ground-penetrating radar. NDT E Int. 2019, 104, 114–123. [CrossRef]

27. Ciampoli, L.B.; Tosti, F.; Brancadoro, M.G.; D’Amico, F.; Alani, A.M.; Benedetto, A. A spectral analysis of
ground-penetrating radar data for the assessment of the railway ballast geometric properties. NDT E Int.
2017, 90, 39–47. [CrossRef]

28. Benedetto, A.; Tosti, F.; Ciampoli, L.B.; Calvi, A.; Brancadoro, M.G.; Alani, A.M. Railway ballast condition
assessment using ground-penetrating radar –An experimental, numerical simulation and modelling
development. Constr. Build. Mater. 2017, 140, 508–520. [CrossRef]

29. Kong, Q.; Robert, R.H.; Silva, P.; Mo, Y.L. Cyclic crack monitoring of a reinforced concrete column under
simulated pseudo-dynamic loading using piezoceramic-based smart aggregates. Appl. Sci. 2016, 6, 341.
[CrossRef]

30. Luo, M.; Li, W.; Hei, C.; Song, G. Concrete infill monitoring in concrete-filled FRP tubes using a PZT-based
ultrasonic time-of-flight method. Sensors 2016, 16, 2083. [CrossRef]

31. Xu, K.; Ren, C.; Deng, Q.; Jin, Q.; Chen, X. Real-time monitoring of bond slip between GFRP bar and concrete
structure using piezoceramic transducer-enabled active sensing. Sensors 2018, 18, 2653. [CrossRef] [PubMed]

32. Huynh, T.C.; Ho, D.D.; Dang, N.L.; Kim, J.T. Sensitivity of Piezoelectric-Based Smart Interfaces to Structural
Damage in Bolted Connections. Sensors 2019, 19, 3670. [CrossRef] [PubMed]

33. Wu, A.; He, S.; Ren, Y.; Wang, N. Design of a new stress wave-based pulse position modulation (PPM)
communication system with piezoceramic transducers. Sensors 2019, 19, 558. [CrossRef] [PubMed]

34. Ji, Q.; Ho, M.; Zheng, R.; Ding, Z. An exploratory study of stress wave communication in concrete structures.
Smart Struct. Syst. 2015, 15, 135–150. [CrossRef]

35. Raaja, B.P.; Daniel, R.J.; Sumangala, K. A simple analytical model for mems cantilever beam piezoelectric
accelerometer and high sensitivity design for shm (structural health monitoring) applications. Trans. Electr.
Electron. Mater. 2017, 18, 78–88. [CrossRef]

36. Annamdas, V.G.M.; Soh, C.K. Load monitoring using a calibrated piezo diaphragm based impedance strain
sensor and wireless sensor network in real time. Smart Mater. Struct. 2017, 26, 045036. [CrossRef]

37. Peddigari, M.; Kim, G.Y.; Park, C.H.; min, Y.; Kim, J.W.; Ahn, C.W.; Choi, J.J.; Hahn, B.D.; Choi, J.H.; Park, D.S.;
et al. A comparison study of fatigue behavior of hard and soft piezoelectric single crystal macro-fiber
composites for vibration energy harvesting. Sensors 2019, 19, 2196. [CrossRef]

38. Ma, Y.; Ji, Q.; Chen, S.; Song, G. An experimental study of ultra-low power wireless sensor-based autonomous
energy harvesting system. J. Renew. Sustain. Energy 2017, 9, 054702. [CrossRef]

39. Ji, Q.; Parvasi, S.M.; Ho, S.C.M.; Franchek, M.; Song, G. Wireless energy harvesting using time reversal
technique: An experimental study with numerical verification. J. Intell. Mater. Syst. Struct. 2017, 28,
2705–2716. [CrossRef]

40. Shi, Z.; Zhang, T. Bending analysis of a piezoelectric curved actuator with a generally graded property for
the piezoelectric parameter. Smart Mater. Struct. 2008, 17, 045018. [CrossRef]

41. Dziendzikowski, M.; Kurnyta, A.; Dragan, K.; Klysz, S.; Leski, A. In situ Barely Visible Impact Damage
detection and localization for composite structures using surface mounted and embedded PZT transducers:
A comparative study. Mech. Syst. Signal Process. 2016, 78, 91–106. [CrossRef]

42. Sethi, V.; Song, G. Optimal vibration control of a model frame structure using piezoceramic sensors and
actuators. J. Vib. Control 2005, 11, 671–684. [CrossRef]

43. Song, G.; Gu, H.; Mo, Y.; Hsu, T.; Dhonde, H. Concrete structural health monitoring using embedded
piezoceramic transducers. Smart Mater. Struct. 2007, 16, 959. [CrossRef]

44. Song, G.; Mo, Y.; Otero, K.; Gu, H. Health monitoring and rehabilitation of a concrete structure using
intelligent materials. Smart Mater. Struct. 2006, 15, 309. [CrossRef]

http://dx.doi.org/10.1016/j.conbuildmat.2019.06.056
http://dx.doi.org/10.3390/s19010159
http://dx.doi.org/10.1016/j.ndteint.2018.08.001
http://dx.doi.org/10.1016/j.ndteint.2019.04.008
http://dx.doi.org/10.1016/j.ndteint.2017.05.005
http://dx.doi.org/10.1016/j.conbuildmat.2017.02.110
http://dx.doi.org/10.3390/app6110341
http://dx.doi.org/10.3390/s16122083
http://dx.doi.org/10.3390/s18082653
http://www.ncbi.nlm.nih.gov/pubmed/30104507
http://dx.doi.org/10.3390/s19173670
http://www.ncbi.nlm.nih.gov/pubmed/31450813
http://dx.doi.org/10.3390/s19030558
http://www.ncbi.nlm.nih.gov/pubmed/30700001
http://dx.doi.org/10.12989/sss.2015.15.1.135
http://dx.doi.org/10.4313/TEEM.2017.18.2.78
http://dx.doi.org/10.1088/1361-665X/aa5f40
http://dx.doi.org/10.3390/s19092196
http://dx.doi.org/10.1063/1.4997274
http://dx.doi.org/10.1177/1045389X17698242
http://dx.doi.org/10.1088/0964-1726/17/4/045018
http://dx.doi.org/10.1016/j.ymssp.2015.09.021
http://dx.doi.org/10.1177/1077546305053396
http://dx.doi.org/10.1088/0964-1726/16/4/003
http://dx.doi.org/10.1088/0964-1726/15/2/010


Sensors 2020, 20, 1376 17 of 17

45. Huo, L.; Cheng, H.; Kong, Q.; Chen, X. Bond-slip monitoring of concrete structures using smart sensors—A
review. Sensors 2019, 19, 1231. [CrossRef]

46. Liao, W.I.; Chiu, C.K. Seismic health monitoring of a space reinforced concrete frame structure using
piezoceramic-based sensors. J. Aerosp. Eng. 2019, 32, 04019015. [CrossRef]

47. Chiu, C.K.; Sugianto, S.; Liao, W.I.; Ho, C.E. Crack-based damage quantification for shear-critical HSRC
column members using piezoceramic transducers. Eng. Struct. 2019, 201, 109777. [CrossRef]

48. Song, G.; Gu, H.; Mo, Y.L. SAs: Multi-functional sensors for concrete structures—A tutorial and a review.
Smart Mater. Struct. 2008, 17, 033001. [CrossRef]

49. Moslehy, Y.; Gu, H.; Belarbi, A.; Mo, Y.; Song, G. SA based damage detection of circular RC columns under
cyclic combined loading. Smart Mater. Struct. 2010, 19, 065021. [CrossRef]

50. Gu, H.; Moslehy, Y.; Sanders, D.; Song, G.; Mo, Y.L. Multi-functional SA-based structural health monitoring
of circular reinforced concrete columns subjected to seismic excitations. Smart Mater. Struct. 2010, 19, 065026.
[CrossRef]

51. Na, W.S.; Baek, J. A review of the piezoelectric electromechanical impedance based structural health
monitoring technique for engineering structures. Sensors 2018, 18, 1307. [CrossRef] [PubMed]

52. Wang, F.; Song, G. Bolt early looseness monitoring using modified vibro-acoustic modulation by time-reversal.
Mech. Syst. Signal Process. 2019, 130, 349–360. [CrossRef]

53. Li, N.; Wang, F.; Song, G. New entropy-based vibro-acoustic modulation method for metal fatigue crack
detection: An exploratory study. Measurement 2020, 150, 107075. [CrossRef]

54. Huynh, T.C.; Lee, S.Y.; Dang, N.L.; Kim, J.T. Sensing region characteristics of smart piezoelectric interface for
damage monitoring in plate-like structures. Sensors 2019, 19, 1377. [CrossRef]

55. Wu, J.C.; Kong, Q.Z.; Lim, I.; Song, G. Feasibility Study of Interlayer Slide Monitoring Using Postembedded
Piezoceramic SAs. J. Sens. 2018, 2018, 1953528. [CrossRef]

56. Wu, J.C.; Li, W.J.; Feng, Q. Electro-Mechanical Impedance (EMI) Based Interlayer Slide Detection Using
Piezoceramic SAs—A Feasibility Study. Sensors 2018, 18, 3524. [CrossRef] [PubMed]

57. Xu, B.; Zhang, T.; Song, G.; Gu, H.C. Active interface debonding detection of a concrete-filled steel tube
with piezoelectric technologies using wavelet packet analysis. Mech. Syst. Signal Process. 2013, 36, 7–17.
[CrossRef]

58. Wu, J.; Kong, Q.; Li, W.; Lim, I.; Song, G. Interlayer slide detection using piezoceramic SAs based on active
sensing approach. IEEE Sens. J. 2017, 17, 6160–6166. [CrossRef]

59. Usol’tseva, O.; Tsoi, P.; Semenov, V. The Influence of Anisotropy Angle on the Strength and Deformation
Properties of Artificial Geomaterials and Rock. Procedia Eng. 2017, 191, 512–519. [CrossRef]

60. Hu, B.; Yang, S.Q.; Xu, P.; Cheng, J.L. Cyclic loading–unloading creep behavior of composite layered
specimens. Acta Geophys. 2019, 67. [CrossRef]

61. Wang, F.; Huo, L.; Song, G. A piezoelectric active sensing method for quantitative monitoring of bolt
loosening using energy dissipation caused by tangential damping based on the fractal contact theory. Smart
Mater. Struct. 2017, 27, 015023. [CrossRef]

62. Wang, F.; Ho, S.C.M.; Huo, L.; Song, G. A novel fractal contact-electromechanical impedance model for
quantitative monitoring of bolted joint looseness. IEEE Access 2018, 6, 40212–40220. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/s19051231
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0000999
http://dx.doi.org/10.1016/j.engstruct.2019.109777
http://dx.doi.org/10.1088/0964-1726/17/3/033001
http://dx.doi.org/10.1088/0964-1726/19/6/065021
http://dx.doi.org/10.1088/0964-1726/19/6/065026
http://dx.doi.org/10.3390/s18051307
http://www.ncbi.nlm.nih.gov/pubmed/29695067
http://dx.doi.org/10.1016/j.ymssp.2019.04.036
http://dx.doi.org/10.1016/j.measurement.2019.107075
http://dx.doi.org/10.3390/s19061377
http://dx.doi.org/10.1155/2018/1953528
http://dx.doi.org/10.3390/s18103524
http://www.ncbi.nlm.nih.gov/pubmed/30340424
http://dx.doi.org/10.1016/j.ymssp.2011.07.029
http://dx.doi.org/10.1109/JSEN.2017.2740291
http://dx.doi.org/10.1016/j.proeng.2017.05.211
http://dx.doi.org/10.1007/s11600-019-00261-x
http://dx.doi.org/10.1088/1361-665X/aa9a65
http://dx.doi.org/10.1109/ACCESS.2018.2855693
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Aims of Research and Principle of Detection 
	Aims of Research 
	The Piezoceramic Transducers 
	Principle of Piezoelectric Active Sensing Method 
	The Shear Failure Damage Index of Rock 

	Experimental Setup and Methodology 
	Specimen Preparation and SA Installation 
	Test Device and Parameter Setting 
	Test Steps 

	Experimental Results and Discussions 
	Analysis of the Shear Test Results of Composite Specimens 
	Time-Domain Analysis of Monitoring Signals 
	Rock Shear Damage Index Based on Wavelet Packet 
	Further Discussions 

	Conclusions and Future Work 
	References

