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1. Introduction 
 

The development and application of structural health 

monitoring (SHM) techniques in civil engineering have 

attracted great attention in recent years (Li et al. 2016). The 

use of the piezoelectric materials such as lead zirconate 

titanate (PZT) provides a much more efficient and 

convenient method of SHM owing to their dual functions of 

sensing and actuating (Li et al. 2014). Piezoelectric ceramic 

materials, which are characterized by their low cost, good 

electromechanical coupling properties and easy 

combination with structures by embedding or pasting, are 

appropriate for manufacturing as transducers with multiple 

functions (Song et al. 2007, 2008). 

Piezoceramic is especially suited for strain sensing 

owing to its direct piezoelectric, which can convert stress or 

strain energy into electrical energy (Wang et al. 2016). The 

piezoelectric nanogenerator fabricated from zinc oxide 

(ZnO) nanowires inspired wide interest in piezoelectric 

nanomaterials and enabled new applications of strain 

sensing (Jenkins et al. 2015). Applications for strain sensing 

based on piezoelectric nanomaterials are numerous, 

including structural health monitoring, MEMS/NEMS 

devices, and human-computer interaction (Yang et al. 2009,  
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Zhang et al. 2014). 

Based on PZT, various kind of transducers were 

developed in recent years. Smart aggregates (SAs), which 

are fabricated by connecting a lead zirconate titanate (PZT) 

patch with wire, a waterproof covering and a protective 

layer, can monitor the inner stress and emit and receive the 

elastic wave that propagates in structures (Feng et al. 2016, 

Kong et al. 2014). Smart aggregates have been used to 

detect damage in reinforced-concrete beams (Song et al. 

2007), columns (Gu et al. 2010), shear walls (Yan et al. 

2009), frame structures (Laskar et al. 2009), fiber 

reinforced polymer (FRP) concrete columns (Howser et al. 

2011) and bridges (An et al. 2014), the concrete freeze–

thaw process (Kong et al. 2014), very-early-age concrete 

hydration (Kong et al. 2013) and debonding between the 

steel tube and confined concrete core of concrete-filled steel 

tubes (CFSTs) (Xu et al. 2013). An another PZT based 

sensor, smart washer, which combine with active sensing 

approach (Huo et al. 2017) and impedance method (Huo et 

al. 2017) can effective detect the bolt looseness. With the 

use of the Time Frequency Autoregressive Moving Average 

(TFARMA) model, a time domain impedance damage index 

based on Singular Value Decomposition (SVD) is defined to 

identify the damage in truss bridges (Fan et al. 2016). 

Damage and deterioration in concrete can cause poor 

performance of structures under service loading. Hence, it is 

very important to understand the phenomena associated 

with cracking in order to give early warning and maintain 

the structure for both safety and economic considerations 

(Prem and Murthy 2017). The non-destructive evaluation of 

concrete structures has long been an engineering challenge 
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and a popular research topic. Among various non-

destructive evaluation techniques, acoustic emission (AE) 

has been attracting increasing attention because it is a 

promising tool for the long-term monitoring and evaluation 

of the damage evolution in concrete structures (Li et al. 

2016). The AE technique has been used to monitoring the 

cracking, fatigue and damage of concrete structures (Li and 

Cao 2012, Li et al. 2012, Shahidan et al. 2017, Zhou et al. 

2016). The advantages of the AE technique are that the 

locations of developing cracks can be determined, and the 

whole structure can be tested at once without intruding into 

any process associated with the structure (Colombo et al. 

2003, Li et al. 2015). Conventionally, AE sensors are 

surface-mounted on the host structure. However, the AE 

signals attenuate quickly because of the high attenuation 

properties of concrete structures. To avoid the 

disadvantages of externally-mounted AE sensors, Li et al. 

(2016) proposed the method of using smart aggregates 

(SAs) as embedded AE sensors for the health monitoring of 

concrete structures. 

In most cases of structural health monitoring, 

piezoceramic transducers are used as sensors either to 

measure strain or receive stress waves. This paper proposes 

a method of using piezoceramic transducers as strain gauges 

and AE sensors simultaneously, which is achieved by 

decomposing the signals they receive into various 

frequency components based on a wavelet algorithm. The 

low-frequency components are used to measure strain, 

whereas the high-frequency components are processed by 

the AE technique to evaluate the damage to the structure. 

The feasibility of the proposed method was verified in 

bending failure experiments on reinforced concrete beams. 

 

 

2. Wavelet decomposition of signals based on the 
mallat algorithm 
 

Piezoceramic transducers have a wide range of 
frequency responses, as a result the signals received by 
them in SHM are usually a combination of low-frequency 
signals related to structural response and high-frequency 
signals related to AEs caused by internal damage. The 
wavelet analysis technique provides an effective tool for the 
separation of signals in piezoceramic transducers for 
various functions. Compared with Fourier transform, the 
phase of reconstructed signal which decomposed by 
wavelet can be effective reduced. The information on phase 
is lost in the Fourier transform reconstructed signal. Hence, 
more real phase information is kept by wavelet 
decomposition. The Mallat algorithm for wavelet analysis is 
a fast algorithm with tower-type multi-resolution analysis 
and reconstruction (Mallat 1989), which can be described as 
follows: An important analytical scaling function ϕ(t) is 
introduced; The family functions {ϕ j,n(t)}n∈Z are acquired 
by stretching and translating the scaling function, which 
formed the orthogonal norm of the scale space Vj; The 
approximate signal fAj(t), which is the orthogonal projection 
of signal f(t) on Vj, can be expressed as an orthogonal 
expanded formula in {ψj,n(t)}n∈Z, and the expansion 
coefficient a j(n) is the wavelet coefficient of the 
approximate part. Similarly,  the functional group 
{ψj,n(t)}n∈Z, which consisted of the orthogonal basis of the  

 

Fig. 1 The Mallat decomposition algorithm 
 
 

wavelet space Wj, can be obtained by stretching and 
translating the orthogonal wavelet function ψ(t) (Ng 2014, 
Rizzo et al. 2004). The detail signal fDj(t), which is the 
orthogonal projection f(t) on Wj, can also be expressed as a 
form of orthogonal expansion, and the expansion coefficient 
dj(n) is the wavelet coefficient of the detail part. In the 
Mallat algorithm, the scale function and wavelet function 
are replaced by the digital filters h(n) and g(n). The g(n) and 
h(n) are shown as Eqs. (1) and (2) 

( ) 2 ( ) (2 )h n t t n dt 



   (1) 

( ) 2 ( ) (2 )g n t t n dt 



   (2) 

The Mallat decomposition algorithm expressions are 

shown in Eqs. (3) and (4) 

1( ) ( 2 ) ( )j j

k

a n h k n a k    (3) 

1( ) ( 2 ) ( )j j

k

d n g k n a k    (4) 

where h and g represent convolution manipulations, 

k=1,2,3,4…K, n is translation parameter in time axis 

respectively. In Eqs. (3) and (4), the wavelet coefficient aj+1 

of the approximate portion for the signal f(t) at a scale of 

2j+1 (j+1th layer) is obtained in two steps: (1) Convolute the 

wavelet coefficient aj of the approximate portion for the 

signal f(t) at a scale of 2j (jth layer) with the decomposition 

filter h; (2) Get the convolution results from a down-

sampling that keeps one out of two. While the wavelet 

coefficient dj+1 of the detail portion for signal f(t) at a scale 

of 2j+1, which is also the high-frequency portion, is 

convoluted by the discrete approximation coefficient aj at a 

scale of 2j (jth layer) and decomposition filter g, then the 

convolution results are sampled point by point. The process 

of the Mallat decomposition algorithm is shown in Fig. 1. 

Where h and g represent convolution manipulations; ↓2 

means a down-sampling that keeps one out of two.  

The signals received by piezoelectric ceramic sensors 

consisted of two parts: the structural stress response caused 

by vibration and the acoustic emission signal caused by 

structural damage. The structural stress signals caused by 

structural vibration are generally low-frequency signals that 

range from zero to several hundred hertz, whereas the 

frequency of the acoustic emission signals is distributed in 

the high-frequencies, which range from several kilohertz to 

596



 

Structural health monitoring using piezoceramic transducers… 

several megahertz. Structural stress and acoustic emission 

signals have little overlap in the frequency range, which can 

be distinguished in the frequency domain. The selection of a 

compactly-supported orthogonal wavelet base decomposes 

the piezoelectric sensor signal fpzt(t) in the level j Mallat. 

The signal components SV, which represent the structural 

dynamic characteristics, typically use the reconstruction 

signals of the approximate wavelet coefficients, which are 

decomposed by wavelet. The acoustic emission signal 

component SA is the accumulation of the detail signal, and 

the formulas can be expressed by Eqs. (5) and (6) 

( )V AjS f t  (5) 

1

( )
j

A Di

i

S f t


  (6) 

where fAj represent the signal components that reflect 

structural vibration characteristics, fDj represent the AE 

signal. 

 

 

3. “b-value” analysis of acoustic emission signals 
 

The b-value theory was proposed in the field of 

seismology and gradually applied to the analysis of acoustic 

emissions (Colombo et al. 2003). The theory was based on 

the following facts: the amplitude is usually high for lower 

frequency AE events, whereas the amplitudes of high-

frequency acoustic emission events are very low. Therefore, 

by calculating the slope of the amplitude distribution, the b-

values can be used to determine the amplitude distribution 

of AE events (Colombo et al. 2003). The b-value is given 

by Eq. (7) 

10log ( / 20)dBM a b A   (7) 

where b is b value, AdB is the amplitude of AE signal, M is 

the cumulative number of AE events whose peak amplitude 

(dB) is greater than the AdB, a is a constant and the b-value 

indicates the distribution slope of AE events with different 

amplitudes. 

The essence of the b-value is the amplitude statistics of 

AE, which reflect the cracking status of the structure 

(Carpinteri et al. 2008). The decrease in the b-value 

indicates a process change from microcrack to macrocrack, 

and the change in the b-value captures the process of crack 

formation and development. 

In the b-value theory analysis, a and b are time history 

parameters. Therefore, the damage status of the structure 

can be represented as the growth speed of AE events at a 

certain level. Eq. (7) is re-expressed by A0, whose unit is 

voltage, and an acoustic emission accumulated time 

parameter βt is introduced as follows (Carpinteri et al. 

2008) 

( ) ( )

0 0( , ) 10 ta t b tN A t A t
    (8) 

where A0 is the AE signal amplitude with certain level. N 

(≥A0,t) is the cumulative number of AE events whose 

amplitudes are greater than or equal to A0. βt reflect the  

 

Fig. 2 Illustration of βt with three conditions 

 

 

Fig. 3 Experimental setup 

 

 

Fig. 4 Photo of PZT sensor and strain sensor 

 

 

speed of damage development. As show in Fig. 2 

(Carpinteri et al. 2008), βt=1 is a damage threshold: when 

the βt<1, the development speed of N is very slow. When 

βt>1, N has sharp growth, which means that the structural 

damage is serious and there is a loss of bearing capacity and 

the structure might even be about to collapse. 

 

 

4. Experimental study 
 

4.1 Introduction of the experiment 
 

In this section, taking the dynamic bending failure test 

of reinforced concrete as an example, the multifunctional 

application of piezoelectric ceramic sensors in the 

monitoring of concrete component failure is described. The 

size and reinforcement of a beam are shown in Fig. 3. The 

concrete strength is C30. The longitudinal reinforcements 

are HRB335 steel, reinforced at a diameter of 18 mm. The 

stirrups are HPB235 steel with a diameter of 6.5 mm and a 

spacing of 200 mm throughout the layout.  The 

reinforcement ratio of the longitudinal reinforcements was 

1.4%, and the reinforcement ratio of stirrups was 0.22%. 

The largest size of the coarse aggregates is only 10 mm, 

which is very small compared with the one of the beam, so 

the influence of aggregate can be neglected for the proposed  
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(a) Test specimen 1 

 
(b) Test specimen 2 

Fig. 5 Load-displacement curve 

 

 

method. 

Two adhesive PZT sensors are arranged at a distance of 

600 mm from each beam end and 50 mm from the upper 

edge of the specimen. A strain sensor is arranged near each 

of the PZT sensors. These sensors are shown in Fig. 4. The 

thickness of each PZT is 1 mm, and its size is 10 mm10 

mm. The small size of the PZT transducer will be more 

sensitive to accept the AE signal. To get a tradeoff between 

the sensitivity and convenience of PZT pasting, this size of 

PZT sensors are selected as 10 mm10 mm1 mm. The 

location of a pasted PZT is shown in Fig. 3. The PZT signal 

was sampled with a PXI virtual instrument at a sampling 

rate of 200 kHz. A 2500-kN concrete dynamic triaxial 

testing machine with a loading rate of 30 mm/s was 

employed. Two sets of test specimens (1 and 2) were used 

and the load-deflection curve is shown in Fig. 5. There are 

discreteness exits in the concrete experiment. The creaks 

could not happen in the same zone for different specimens 

even in same type. Hence, the loading curves are also 

different with each other. 

 

4.2 Acoustic emission component of PZT sensor 
signal 

 

The collected PZT signal is shown in Fig. 6. This signal 

contains both the strain response component of the concrete 

beam and the fracture-caused acoustic emission component. 

By using the ‘db25’ wavelet base, the sensor signal is 

decomposed and reconstructed into five wavelet levels. As 

shown in Eq. (6), the approximation signal is a low-

frequency structural strain response signal, and the acoustic 

emission signal, which was released by the structural 

failure, was accumulated by the detail signal. 

 
(a) Sensor A of specimen 1 

 
(b) Sensor B of specimen 1 

 
(c) Sensor A of specimen 2 

 
(d) Sensor A of specimen 2 

Fig. 6 PZT sensor signals 

 

 

The waveform comparison between the low-frequency 

voltage signal of the PZT sensor on test specimen 1 and the 

strain signal from test specimen 2 is shown in Figs. 7 and 8, 

respectively. It can be seen that the waveform of PZT sensor 

is similar to the waveform of the resistance strain sensor; 

they are only somewhat different in Fig. 7(a). Fig. 7(a)  
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(a) PZT sensor A and strain sensor 1 

 
(b) PZT sensor B and strain sensor 2 

Fig. 7 Voltage signal from PZT sensor and strain signal 

from strain sensor on specimen 1 

 

 

shows that the amplitude of the strain signal is in the range 

of 0 to 13×10-4, which is much larger than the amplitude 

range of the other strain signals. It should be notice that the 

ordinate range in Fig. 7(a) is different with Fig. 7(b), and 

Figs. 8(a) and 8(b), all those signals are in same noise level. 

The waveform difference between the two sensor signals 

may be caused by an abnormality of the strain sensor in test 

specimen 1(a). The different coordinate scale in these 

figures is to illustrate the coordinate of two plotted signal 

and demonstrate the feasibility of using piezoceramic 

transducers as strain gauges and AE sensors to monitor the 

healthy state of structure. Therefore, the strain response 

component extracted from the piezoelectric ceramic sensor 

can reflect the structural strain change effectively. 

 

4.3 Structural strain response in PZT sensor signal 
 

The flexural failure process of reinforced the concrete 

beam can be divided into three stages. As shown in Fig. 9, 

the relationship between deflection and load is linear in the 

first phase, and the major acoustic emission source of the 

concrete is microcracks, which gradually formed and 

expanded in the bottom of beam. In the second stage, the  

 
(a) PZT sensor A and strain sensor 1 

 
(b) PZT sensor B and strain sensor 2 

Fig. 8 Voltage signal from PZT sensor and strain signal 

from strain sensor on specimen 2 

 

 

Fig. 9 Three stages of the reinforced concrete beam bending 

failure 

  

 

macroscopic cracks, which were located in the bottom of 

the beam, began to expand and generate AE events. In the 

third phase, the tension reinforcement yield and compressed 

concrete reach the ultimate compressive strength and are 

then damaged. The major acoustic emission source is 

caused by instability between the steel rebar and concrete. 

The reason why there are differences among the acoustic 

emission waveform signal characteristics is that the 

formation mechanisms of the acoustic emission source in 

the three stages of reinforced concrete beam flexural failure 

are not the same. 

The overall waveform acoustic emission signal can 

provide more comprehensive and detailed acoustic emission 

signal characteristic information. The acoustic emission 

signal waveform of piezoelectric sensors in the range 10 to 

100 kHz was shown in Fig. 10, in which (a)-(e) represent  
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Fig. 10 AE signal from PZT sensor 

 

 

several higher energy waveform with active AE than other 

data. Section (1) is the first phase of the acoustic emission 

signal with a length of 10,000 data points. Section (2) is the 

second phase of the acoustic emission signal. Section (3), 

(4) and (5) represented the higher energy acoustic emission 

signal in the third phase with the length of 60,000 data 

points. Compared with other period of signal, the length of 

section (1) is relatively short, so the influence of the length 

of the acoustic emission signal on the spectrum 

characteristic was first analysed. 

The analysis of the signal power spectral density in 

periods of Sections (1)-(5) is shown in Fig. 11. It can be 

seen that the peaks of the signal spectrum diagram are 

mainly concentrated in the range of 20-40 kHz. In the signal 

spectrum diagram of section (2), large amplitude frequency 

points are mainly concentrated at 40 and 51.17 kHz. In 

section (3), the frequency points at 40, 51.17 and 52.27 kHz 

have large amplitudes. In section (4), larger amplitude 

frequency points are located at 40, 52.27, 54, 66.8 and 70 

kHz. In the signal period of (5), spectrum peaks are mainly 

concentrated in the range of 48 to 72 kHz. In the damage 

process, the trend of the acoustic emission signal spectrum 

frequency peaks gradually increases. As the damage 

develops, the peaking frequency points of the acoustic 

emission wave rise as well. Therefore, by analysing the 

spectrum of the acoustic emission signal, the degree of 

damage of the reinforced concrete beam can be further 

estimated.  

The acoustic emission events are extracted from the 

whole-time history, and the amplitude information of each 

AE event is counted. The method of extracting the acoustic 

emission event is as follows: First, set a threshold voltage; 

then, intercept the acoustic emission signal when the 

envelope exceeds the threshold voltage, as shown in Fig. 

12. The threshold voltage should be higher than the 

background noise and lower than the AE signal. In this 

section, the threshold voltage is 5 mV, and the data length 

of the acoustic emission signal is 200 points. 

The amplitude distribution of the acoustic emission 

events extracted from the signal of sensors in test specimens 

1 and 2 are shown in Fig. 13. It can be seen that the 

amplitude distribution of the acoustic emission event 

satisfies the linear relationship described by the b-value 

theory. The amplitude of the acoustic emission signal 

obtained by the PZT sensor can reflect the amplitude of the 

actual acoustic emission stress wave. 

The distribution of the amplitude of the acoustic 

emission event by time is analyzed in the damage process. 

Fig. 14 shows the amplitude distribution of the acoustic  

 
(a) Section (1) 

 
(b) Section (2) 

 
(c) Section (3) 

 
(d) Section (4) 

 
(e) Section (5) 

Fig. 11 AE signal from PZT sensor 
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Fig. 12 Diagram of an AE event signal 

 

 
(a) Specimen 1 

 
(b) Specimen 2 

Fig. 13 AE amplitude distribution 

 

 

emission event by time is analyzed in the damage process. 

Fig. 14 shows the amplitude distribution of the acoustic 

emission event for sensor B in test specimen 2, and the 

frequency of acoustic emission event in Fig. 14(a) is in the 

range of 10 to 100 kHz. It can be seen that the energy of the 

acoustic emission event in phase I is much smaller, but the 

quality and amplitude of acoustic emission events are 

significantly improved in stages II and III. Fig. 14(b) is the 

acoustic emission event distribution below 10 kHz, 

typically in the range of 1 to 5 kHz. It can be seen that the 

amplitude of the acoustic emission event is much larger and 

most of them concentrated in the second stage, which 

means that this is a macroscopic cracking stage. To a certain 

extent, the acoustic emission signal in this frequency range 

reflects the macroscopic cracking of concrete.  

 
(a) Distribution of AE amplitudes between 10-100 

 
(b) Distribution of AE amplitudes below 10 kHz 

Fig. 14 AE amplitude distribution 

 

 
(a) Specimen 1 

 
(b) Specimen 2 

Fig. 15 B-values and loading curves 

  

 

Seventy acoustic emission events were taken as a group 

and the b-value of the acoustic emission events in each 

group was calculated. Fig. 15 shows the load deflection 

curves for the test specimens of 6-1 and 6-2, and the 

corresponding change in b-value calculated by the sensor A 

varies with deflection. When the deflection is up to 2.58 

mm (marked by circles), the b-value begins to decrease. 

Because the first low b-value peak can be used to estimate 
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the occurrence of macro creaks and the plastic stage 

develop. It shows that the cracking status of the concrete 

beam has developed from micro to macrocracks. Moreover, 

it can be seen from the load-deflection curve that when the 

deflection is increased to 2.58 mm, the bearing capacity of 

the structure begins to gradually decrease because of the 

macroscopic cracking in the concrete, and the beam enters 

into the elastic-plastic stage. When the deflection increases 

to 10 mm (marked by boxes), the b-values are lowest, 

which indicates that the larger amplitude of the acoustic 

emission events takes the largest proportion, and the 

macroscopic fracture phenomenon of concrete at this point 

is the worst. The load-deflection curve can also indicate that 

the fracture surface of the beam is gradually formed and the 

beam begins to enter the yield stage. Therefore, the decline 

in the b-value indicates the beginning of macroscopic 

fracture, and the b-value analysis can be a warning 

approach for local damage to the concrete structure. 

Therefore, by emitting the acoustic emission signal through 

PZT sensors, an effective warning of local damage to the 

concrete beam can be provided. 

Therefore, the low-frequency response signal of sensors 

can be applied to analyse the strain status of structures. In 

addition, the acoustic emission components of the sensor 

signal can be used to monitor the local damage of structures 

by applying the broadband response of the piezoelectric 

ceramic sensor, the strain response and local damage of the 

structure can be monitored simultaneously. 
 

 

5. Conclusions 
 

In this paper, a method of using piezoceramic 
transducers as strain gauges and AE sensors simultaneously 
was proposed and experimentally investigated. The Mallat 
wavelet algorithm was used to decompose the signals in 
piezoceramic transducers into different frequency ranges. 
The low-frequency signal was used to measure strain, and 
the high-frequency signal was used to process the b-value 
analysis of the AE. The results showed that the extracted 
low-frequency signals from piezoceramic transducers had 
good agreement with those from strain gauges, and the 
processed high-frequency signals from piezoceramic 
transducers as AE could indicate the local damage in 
concrete. The results confirmed the feasibility of using 
piezoceramic transducers as strain gauges and AE sensors 
for the health monitoring of concrete structures. Although 
the results from the laboratory tests are encouraging, the 
efficacy of the proposed method has never been tested in 
practical applications. In the future, a further feasibility 
study on practical applications of the proposed method will 
be conducted. 
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