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Abstract. Piezoelectric transducers have seen widespread usage in the monitoring of structural
health. It has tremendous potential for monitoring the health of infrastructure, especially
pavement monitoring. In the present study, the impedance characteristics of a piezoelectric plate
embedded in the pavement is utilized to monitor the health status of the pavement. Based on the
piezoelectricity principle, a model of an electromechanical piezoelectric plate embedded in
pavement is established. The damage of the pavement is considered as the thickness decreasing
of the pavement layer. The present proposed model is verified by comparing its degeneration
with the exact solution of a single layer model. Numerical results demonstrated that with the
deceasing of the thickness of the pavement, which is considered as the deterioration of the
pavement, the achievable maximum electromechanical impedance characterization including
impedance, admittance and conductance decreased. This demonstrated that the achievable
maximum impedance, admittance and conductance of an embedded piezoelectric plate could be
used as the indicator of pavement health monitoring. This study primarily presents theoretical
underpinnings for pavement monitoring using electromechanical impedance of piezoelectric
plates.

Keywords: pavement, structural health monitoring, electromechanical impedance, piezoelectric
transducers, theoretical model.

1. Introduction

1.1. Structural health monitoring

The structural health monitoring system is to use sensors permanently installed on the structure to
monitor the mechanical and physical condition of building in real time while undergoing routine
operation, the working status of ancillary facilities, the durability of structural components and the
environmental conditions of the engineering structure [1].

The aim of structural health monitoring is to achieve automatic, real-time, and continuous online
monitoring of structural health status with minimal human intervention. This monitoring technique can
evaluate the operational status of the structure and provide a reliable basis for its maintenance and
management decisions.

Firstly, structures can be monitored by this technique in real-time which means a more effective cost
for damage detection and maintenance. Then, it can record historical data objectively and reduce human
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factors. So subjective errors can be reduced. Meanwhile, downtime is reduced and reliability is increased
by this technique. This can ensure an efficient operation of engineering structure and a significantly
reduction of operating costs [1].

1.2. Smart materials in structural health monitoring

Intelligent materials refer to materials that can perceive changes in environmental conditions or internal
states, automatically make timely, sensitive, and appropriate responses, and have functions including
self-diagnosis, self-regulation, and self-healing [1]. Intelligent material systems can be divided into two
categories based on their functional characteristics [2]. One type is materials that have sensing functions
for external or internal stimuli such as stress, strain, and light, heat, electricity, magnetism, radiation,
etc., commonly known as sensing materials. Another type is materials that can respond or drive changes
in external environmental conditions or internal states. Commonly used piezoelectric materials, shape
memory materials, and magneto strictive materials are both driving and sensing materials.

1.3. Techniques using piezoelectric transducers
At present, Piezoelectric transducers are primarily used in the disciplines of intelligent vibration
management of structures, damage diagnostics, and health monitoring in civil engineering [3-6]. The
working principle is that piezoelectric materials have both positive and negative piezoelectric effects.
When a piezoelectric material is deformed by an external force that is applied in the polarization
direction, opposite polarity charges are created on the lower and upper surfaces of the material, which
is referred to as the positive piezoelectric effect. Conversely, deformation occurs when an electric field
is generated in the direction of polarization, which is known as the inverse piezoelectric effect [7].
Piezoelectric materials have both sensing and driving functions. By utilizing the positive piezoelectric
effect, mechanical energy of piezoelectric materials is converted into electrical energy which can be
made into sensing elements [8]. By utilizing the inverse piezoelectric effect, electrical energy produced
by the external electric field on the surface of piezoelectric materials can be generated to mechanical
energy which can be made into driving components [8]. Piezoelectric materials can be roughly
categorized into piezoelectric crystals, piezoelectric ceramics, organic piezoelectric materials and
piezoelectric composite materials [9]. Among these piezoelectric materials, PZT is widely used due to
its high piezoelectric coefficient and stable piezoelectric performance [10].

The structural monitoring technology using piezoelectric materials can be separated into two
methods: active monitoring, including piezoresistive impedance method and fluctuation analysis method,
and passive monitoring.

1.3.1. Impedance analysis method. When a structure is in a certain condition, its mechanical impedance
remains constant. If the state of the structure changes (such as damage), its mechanical impedance will
also change accordingly. Therefore, the monitoring of structural health status can be achieved by
measuring the mechanical impedance value of the structure to investigate whether there is damage to
the structure [11]. However, it is challenging to accurately quantify the structure's mechanical impedance
value. Hence, the structure's mechanical impedance might be measured indirectly by measuring the
impedance of the piezoelectric sheet connected to the structure surface. Applying an AC electric field to
the piezoelectric sheet pasted on the surface of the structure will generate mechanical vibration and drive
the main structure to vibrate because of inverse piezoelectric effect. The mechanical vibration of the
body structure reacts on the piezoelectric sheet then an electrical response can be generated because of
the positive piezoelectric effect, manifested as changes in electrical impedance. Information concerning
the status of structural damage is contained in the piezoelectric material's electrical impedance signal.
The condition of the structure's damage may be determined by comparing the electrical impedance
signal to that of the structure without faults [12].

This method has many advantages. Firstly, the operating frequency used is relatively high, usually
between 30kHz and 500kHz. Thus, the range of its sensitivity is constrained to the vicinity of the
piezoelectric element. This may isolate the impact of far-field factors like load, stiffness, and boundary
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conditions. The high-frequency characteristics also make the impedance method more sensitive to small
damages. Besides, a piezoelectric chip is both a driver and a sensor. The idea of self-sensing and self-
driving is applied to decrease the amount of instruments and equipment used in structural health
monitoring. Meanwhile, by utilizing the characteristic that the distance between the damage and the
piezoelectric element has a significant impact on the electrical admittance value of the piezoelectric
element, arranging a sensor network on the surface of a large structure can effectively identify the
location of the damage.

However, the effective response range of sensors is small, and for damage monitoring of large
volume structures, many sensors need to be arranged. When using the piezoelectric impedance method
for structural damage detection, piezoelectric sheets are often affixed to the surface of the structure. If
the detected structure is a large volume structure, it is difficult for piezoelectric sheets to detect damage
inside the structure. In addition, the adhesion of piezoelectric ceramic sheets to the surface of the
structure is easily affected by the environment, resulting in significant errors in the measurement results.

1.3.2. Stress wave analysis method. By attaching piezoelectric sensors to the surface of the structure or
embedding them inside the structure, a piezoelectric intelligent structural system is formed between the
piezoelectric sensor and the monitored structure. One piezoelectric sensor emits stress waves and the
other receives them. Identify damage and defects in the structure by analyzing the differences in signals
received by sensors before and after the structure [13].

Compared with impedance analysis method, Stress wave analysis method has some advantages. One
of the advantages of this method is that the detection area is large. For the structural health monitoring
method based on the piezoelectric wave method, the piezoelectric sensor is usually embedded inside the
structure, and the frequency of the external excitation is lower than that of the impedance method, so
the stress wave can travel farther in the structure. In addition, Multiple types of excitation signals can
be selected for health monitoring, such as pulse waves, sweep waves, etc. There are also many
characteristic parameters used for analyzing damage, such as signal amplitude, phase. Especially, this
method is suitable for health monitoring of concrete structures. Because piezoelectric ceramic sheets
can be embedded inside concrete, this can to some extent reduce the interference of the sensor from the
external environment and ensure the service life of the sensor [1]. But the noise interference should be
considered when applying the method as the signal is susceptible it which may cause a great error in
monitoring.

1.3.3. Passive monitoring. This method uses sensors directly to monitor structure’s real-time status and
determine the structure’s health status based on the monitoring parameter characteristics, combined with
mechanical modeling analysis, prior knowledge, and relevant instruments such as acoustic emission
meters. This technique is used frequently in structural deformation monitoring under environmental load
and impact load monitoring. It is not suitable for measuring physical quantities with low frequencies
and measuring static quantities.

1.4. What we did in this study

Through the above introduction, it is obvious that piezoelectric transducers have great potential in
infrastructure health monitoring, especially pavement monitoring. In the present study, the impedance
characteristics of a piezoelectric plate embedded in the pavement is utilized to monitor the health status
of the pavement. An electromechanical model of a piezoelectric plate embedded in the pavement is
established using the piezoelectricity theory. The damage of the pavement is considered as the thickness
decreasing of the pavement layer. This study primarily presents the theoretical basis of pavement
monitoring using electromechanical impedance of piezoelectric plates. The remainder of the paper is
organized as follows. In section 2, a piezoelectric plate embedded in the pavement is established as an
electromechanical model based on the piezoelectricity theory. Electrical and mechanical component
expressions in every layer are generated. The electrical and mechanical boundary and continuous
conditions are utilized to summarize and solve the unknown constants included in the formulas. In
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section 3, the electrical and mechanical boundary conditions of a single layer piezoelectric actuator are
summarized. The degenerated numerical result is compared with exact theoretical result. In section 4,
numerical discussions are created to illustrate how decreasing pavement thickness affects admittance,
conductance, and impedance of the embedded piezoelectric plate. Section 6 concludes the study.

2. Theoretical modeling
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Figure 1. Schematic of a piezoelectric plate embedded in the pavement.

Figure 1 illustrates the electromechanical model of a piezoelectric plate embedded in pavement [14].
The piezoelectric layer in layer 2 is thought to be sandwiched between two elastic layers, i.e., layer 1
and layer 3, which are considered as the pavement. Note that polarization of layer 2 is in the +z direction.
The thickness of layer 1-3 are t;-t3, respectively. The coordinate of the interfaces are h, and hs, and the
surface coordinate are 0 and h;. Additionally, the system's cross-sectional area is thought of as a. As
illustrated in Figure 1, the upper surface of the piezoelectric layer is exposed to an external voltage of
V(t), while the piezoelectric layer's bottom surface is grounded. Using the external voltage and the
calculated input electric current, the input impedance of the model could be obtained.

2.1 Derivation based on E-type constitutive equations
The piezoelectric layer’s constitutive equations might be expressed as follows without taking body force
and body charge into account [15].

T; = C?]::3SZ —e33kz (1)
D, = €335, + €33E, (2)

where T, and S, presents the piezoelectric layer's stress and strain components in the z direction,
respectively. Electric displacement and electric field intensity along the z direction are shown,
respectively, by the letters D, and E,. cZ; is elastic constant. es; is the piezoelectric constant while &35
is the dielectric constant. A parameter at constant electric field and strain, respectively, are denoted by
the superscripts E and S. The superscripts are removed for convenience in the following.

The piezoelectric layer's geometric relationship equations might be expressed as [16].

_ow

Sy = oz (3)
0
E,=-5, )
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where w is the piezoelectric layer's displacement in the z direction while ¢ presents the electric potential.
The piezoelectric layer's dynamic and electric displacement equilibrium equations might be
expressed as

» o'w _ aT,
ot? oz (5)
D,
oz (6)

where p is the piezoelectric layer's density.
If the input voltage V(t) is of the following harmonic form

V(1) =V, o

where V;, is the voltage amplitude, j = v —1, f is the input signal frequency and w = 2rf is the
circular frequency. The formulae for the stress, electric displacement, electric potential, and
displacement of the piezoelectric layer in steady state might be expressed as

(T,.D,.4,w)=[T,(2).D,(z).4(z),w(z)]e""

(8)
Substituting Equation (3) and (4) into Equation (1) yields
oT,(2)  cy,0'w(z) . e,0°¢(2)
oz o oz° 9)
Substituting Equation (4) and (6) into Equation (2) yields
£,0°0(2)  e,0°w(z)
ot o (10)
Combine Equation (9) and (10), we have
(1) _ (o 0ut) 2%6(2)
0z €3, oz° (11)
Substituting Equation (11) into Equation (5) yields
BRVRRCICALT
€33 oz (12)
Substituting Equation (10) into Equation (12) yields
o*w(z
E ) +a*w(z)=0
oz (13)

2

where 42 = _Enpow
2

€33 +Cy3833

Solve Equation (13), we have
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w(z) = Asin(az)+Bcos(az)

(14)
where 4 and B are unknown coefficients.
Combine Equation (14) with Equation (10), we have
¢(z)= B[ Asin(az)+Bcos(az)+C,z+C, | (15)
e
where f=-2,C; and C, are unknown coefficients.
&y
Consequently, the piezoelectric layer's stress component can be represented as
T,(2) = an[ Acos(az)-Bsin(az)]+4C, (16)
where 7= —6332 Tty 0= ﬁ
€3 33
The piezoelectric layer's electric displacement can be represented as
D, (z)=-¢,C, (17)

Till now, the expressions of the stress, the electric displacement, the electric potential and the
displacement of the piezoelectric layer have been determined with the unknown constants are 4, B, Co,
and Ci.

For the elastic layer, matching stress and displacement formulas for the elastic layer may be created
by replacing e33=0. A and B represent the two unknown constants.

A subscript is introduced to the current research to separate material properties and unknown
coefficients in various layers. Figure 1 depicts a piezoelectric layer and two elastic layers. The eight
unknown constants are denoted as

[A'AzaA%'Bsz'Ba’Coz'Clz] (18)

where the layer number is indicated by the last subscript number. The boundary and continuous
conditions can be used to determine all the unknown coefficients.

2.2 Boundary and continuous conditions for a piezoelectric plate sandwiched by two elastic layers
The following lists, in order, outline the mechanical continuous conditions, the mechanical boundary
conditions, and the electrical boundary conditions. Note that the layer number is represented by the last
digit of the component subscript.
The piezoelectric layer's electrical boundary conditions (layer 2) are as follows:

[ (Z)Z=h2 = Vin

(2, =0 (19)
Mechanical boundary conditions:

w,(z), , =0

TZl ( z )|thl =

(20)
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Mechanical continuous conditions

w (@), w2,
T, =T,
w (), =w ().,
()., ~Ta (2, o

The eight algebra equations generated by the boundary and continuous conditions could be
summarized as

By | A;sin(azh,)+ B, cos(a,h, ) +Cpoh, +Cy, | =V,

By [ Asin(ayhy)+ B, cos(ayhy) +Cuh, +Cy, | =0

B,=0

[ A cos(ayhy ) - Bysin(eyh) | =0

A sin(a;h, )+ B, cos(ayh, ) = A, sin(a,h, )+ B, cos(a,h,)

ayn, | A cos(ayh,) - By sin(ash, ) | = apm, [ A, cos(a,h,) - B,sin(a,h,) |+ 6,C,
A, sin(a,h, ) + B, cos(a,hy ) = A, sin (a3hy ) + B, cos(a;hy )

a,m, | A, cos(ayhy)— B, sin(a,hy) |+ 6,C,, = oy, | A cos(aghy ) — Bysin(ah,) |

(22)
Which could be transferred to coefficient matrix form as
0 B,sin(a,h,) 0 0 B, cos(ah,) 0 B BhI[AT [V,]
0 B, sin(a,hy) 0 0 B, cos(a,hy) 0 B Bl A 0
0 0 0 0 0 1 0 0 A, 0
oy, cos(aghy) 0 0 —aym, sin (aghy) 0 0 0 0 || B 0
sin(ah,) —sin(a,h,) 0 cos(ayh,) —cos(a,h,) 0 0 0 |B, "o
aycos(ah,)  —a,n, cos(ah,) 0 —ayy sin(agh, ) ayn,sin(ah,) 0 0 -6, || B, 0
0 sin(a,hy) —sin(a;h;) 0 cos(a,hy) —cos(azhy) 0 0 |ICy 0
0 a1, 008 (a,hy)  —ag, cos(aghy) 0 —aym, sin(aphy) agpsin(aghy) 0 6, |[C,] | O] (23)

The eight unknown coefficients can be obtained using the eight algebra equations generated from the
electrical and mechanical boundary conditions.

The input electric current amplitude can be defined as

Z2|z:hl .
i, = LTda =—0aey;,Cyj

(24)
The input impedance and admittance may be calculated respectively as
y Y
I
y-1
z (25)
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3. Model validation

3.1. Boundary conditions for single layer actuator model
The electrical and mechanical boundary conditions of a single layer piezoelectric actuator are
summarized as follows, respectively.

Figure 2. Schematic of a single layer piezoelectric actuator.
The piezoelectric transducer's electrical boundary conditions:

{¢(z) vn =Vin
¢(Z)|z:o =0 (26)
Mechanical boundary conditions:

{W(Z =0

T,(z)_, =0 27

To solve the algebra equations obtained, the mechanical and electrical boundary conditions are used
for the unknown coefficients:

Bsin(ah) A+ pcos(ah)B+ phC, + SC, =V,

BB+ BC, =0
B=0
ancos(ah) A—ansin(ah)B+46C, =0 (28)
The four unknown coefficients could be solved as
V.0
A= -
8Bsin(ah)—apnhcos(ah)
B=0
C,=0
—ancos(ah) A
C ="
o (29)

The input electric current amplitude can be defined as
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d D, .
= L —dtLh da = -wae;,C,j

(30)
The input impedance and admittance may be respectively calculated as
, Vo
Iin
y-1
z (31)

3.2. Comparison between degenerated numerical result and exact theoretical result

In this section, to verify the impedance analysis model of the three-layer piezoelectric composites
presented in this study, the three-layer model is degenerated and compared with a single layer model.
Material parameters of the pavement layer are taken from the Youhao South Road in Xinjiang [17]. By
taking t; = 0 mm,t, = 1 mm, t; = 0 mm, a single layer is created by downsizing the present three-
layer model. The parameters of e-type piezoelectric material and elastic material are provided in tables
1 and 2 respectively. The stiffness constant c35 is substituted by c33(1 + Q~1j) when considering the
damping effect, where Q represents the damping factor. Typically, ceramics have a damping between
102 and 103. In the study, Q is considered as 102 for both the piezoelectric and elastic material. To
verify the research, the input impedance’s frequency response obtained in the degeneration of three-
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C
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L 00 ,
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1000 ~ 8% 7
500 - a
0 L —————————— 1 L 1
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Figure 3. Impedance comparation between the degeneration of three-layer piezoelectric composites
and single layer result.

layer piezoelectric composites are compared with that obtained in single layer model respectively in
Figures 3. As illustrated in Figures 3, the results match well.
Table 1. Parameters of the piezoelectric layer's (e-type) materials [14].

. . i i Dielectri tant
Density p Stiffness constant ¢ 3,:;3 Piezoelectric constant ielec 1‘1(; constan
€33 €33
7.5 X 103kgm—3 11.7 x 101°Nm=2 23.3Cm™? 1470¢g,

Note.g, = 8.854 X 10~ 2 farads m™1.
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Table 2. Parameters and geometric dimensions of pavement’s material [9].

p ¢ structural Denth Elastic Poi ,
avemeln structura Material (Cl’lil) modulus 01si0 "5 Density(tm?)
ayer (MPa) ratio
Medium grained
Substrate 4 1300 0.35 2.43
asphalt concrete
Coarse grained
Subsurface 6 1200 0.35 2.45
asphalt concrete
Basic level Cement stabilized 15 1500 0.30
gravel
Subbase layer Natural gravel 245 60 0.40 -

4. Results and discussion

In this section, the numerical studies are produced without taking the bonding effect, thermal effect,
dielectric and piezoelectric losses into account. Damage to pavement's consequences is considered as
the thickness decreasing of layer 1, i.e., t;. The fixed geometric parameters are t, = 1 mm, t3 =
60 mm. Utilizing the material properties mentioned in tables 1 and 2. When considering the damping
effect, substituting the stiffness constant c33 by c33(1 + Q71j), where Q is the damping factor which
is generally between 102 and 103. In the study, Q is considered as 102 for both the piezoelectric and
elastic material.

To investigate the effect of pavement damage on the electromechanical impedance of the embedded
piezoelectric plate, different values of layer 1 thickness t; are applied. With t; respectively being 40,
20, 10 and 0 mm, demonstrating the deterioration of the pavement, frequency response of impedance,
admittance and conductance is conducted. Results are presented as follows.

Figure 4 illustrates the embedded piezoelectric plates’ impedance frequency response for different
layer 1 thickness i.e., different deterioration level. Through figure 4, with the increase of frequency
between 2 X 10° and 2.5 X 10° Hz, all the impedance increase to the peak and then drop. For different
layer 1 thickness, the achievable maximum impedance decreases with the increasing of the pavement
thickness. Meanwhile, with the increase of layer 1 thickness, a smoother curve appears. When t; = 0,
the curve is smooth as well.

Figure 5 shows the frequency response of admittance for various pavement thickness. Through
Figure 5, the achievable maximum admittance is at around 2 X 10° Hz. With the increase of frequency
between 2 X 10° and 2.4 X 10° Hz, all the admittance decreases and then increases after 2.4 x 10°
Hz. For different pavement thickness, the achievable maximum admittance decreases with the increase
of pavement thickness. Meanwhile, with the increase of pavement thickness, a smoother curve appears.
When t; = 0, the curve is smooth as well.

Figure 6 illustrates the frequency response of conductance for different pavement thickness. Through
Figure 6, the achievable maximum conductance is at around 2 X 10° Hz. The graph is symmetrical and
the conductance decreases with the increase of frequency after 2 x 10 Hz For different pavement
thickness, the achievable maximum admittance decreases with the increase of pavement thickness.
Meanwhile, with the increase of pavement thickness, a smoother curve appears. When t; = 0, the
curve is smooth as well.

The results presented above shows that the achievable maximum impedance, admittance and
conductance of the embedded piezoelectric plate could be utilized as the indicator of pavement damage
level.
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Figure 4. Frequency response of the impedance of the embedded piezoelectric plate with respect to the
remaining pavement thickness.
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Figure 5. Frequency response of the admittance of the embedded piezoelectric plate with respect to the
remaining pavement thickness.
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Figure 6. Frequency response of the conductance of the embedded piezoelectric plate with respect to
the remaining pavement thickness.

5. Conclusion

In the present study, the impedance characteristics of a piezoelectric plate embedded in the pavement is
utilized to monitor the health status of the pavement. An electromechanical model of a piezoelectric
plate embedded in the pavement is established on the basis of the theory of piezoelectricity. The damage
of the pavement is considered as the thickness decreasing of the pavement layer. The present proposed
model is verified by comparing its degeneration with a single layer model. Numerical results
demonstrated that with the deceasing of the thickness of layer 1, which is considered as the deterioration
of the pavement, the achievable maximum electromechanical impedance characterization including
impedance, admittance and conductance decreased. This phenomenon demonstrated that the achievable
maximum impedance, admittance and conductance of an embedded piezoelectric plate could be used as
the indicator of pavement health monitoring.
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