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ABSTRACT
Structural health monitoring (SHM) is a process for determination of presence, location, severity of damages and
remaining life of the infrastructures. SHM is widely applied in aerospace, mechanical and civil engineering systems to assess the conditions of structures to improve the operation, safety, serviceability and reliability, respectively. There are various SHM techniques for monitoring the health of structures such as global response based
and local techniques. Damages occur in the structures due to its inability to withstand intended design loadings,
physical environment and chemical environment. Therefore, damage identiﬁcation is necessary to improve the
durability of the structures for protection against catastrophic failure. The research paper is focused on electro-mechanical impedance (EMI) technique which is one of the techniques based on smart materials. The smart
materials are utilized for monitoring the health of the structures. These are used for damage determination and its
quantiﬁcation for the interrogated structures. Variation in admittance or impedance signature shows the existence
of damage in the structures. Furthermore, the different statistical methods viz., root mean square deviation
(RMSD), mean absolute percentage deviation (MAPD), covariance (Cov), and correlation coefﬁcient (CC) are
used for the quantiﬁcation of damage. Smart material such as piezoelectric materials, its properties and applications are also considered. In this paper, the implementation of EMI technique based on different recent advances
in smart materials and their appropriateness have been described. Subsequently, the reviewed investigations are
signiﬁcant for the monitoring of real-life infrastructures. The presented paper is the compact state-of-the-art for
EMI technique which is used for SHM. This examination will be valuable to infrastructural health monitoring and
engineering applications in respect to innovative research directions.
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1 Introduction
Construction of the civil infrastructures is continuously going on not only in India but also in other parts of
the world from decades. Now, aging of the infrastructures is facing a maintenance problem for which engineers
are not logistically prepared. It has been observed that many such recent incidents, like the abrupt failure of
bridges, collapse of aircraft and shuttles are causing loss of prosperity and life. Therefore, to protect against
the catastrophic failure, the concept of health monitoring of infrastructures was developed. Furthermore,
there is need to monitor the health of infrastructures in various aspects viz., studying the behavior of
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structures, the economy of the nation, online monitoring of structures, the safety of occupants, proper
functioning of structures and determining the actual residual strength of structures [1–3], etc.
Structural health monitoring (SHM) is one of the best signiﬁcant industrialised technique for
determining the structural integrity. The purpose of SHM techniques is not essentially to recognize
structural failures, then moreover to support an early indication of physical damage. Considering the early
indication of damage developed by an SHM framework the corrective measures may be started since the
structural damage leads to collapse. The advancement in SHM techniques provides a mode to advance
the safety, reliability, reducing operation cost and reducing maintenance cost of structures. The SHM
techniques cover the four-levels of damages viz., to establish that damage has appeared or to recognize
damage or presence of damage, to identify damage and to determine its location, to identify, trace and to
investigate its severity, and to recognize, trace and quantify damage and to ﬁnd out residual valuable life
of structures for proper monitoring the health of structures. In the present scenario, SHM techniques are
used for monitoring the civil infrastructures viz., bridge, dams, water lined structures, buildings, offshore
platforms, pipelines and historical monuments [1–6].
Further, SHM techniques can be categorized as global response based techniques and local damage
identiﬁcation techniques to investigate the health conditions of engineering structures. The global
response based technique includes global dynamic and global static response based techniques,
correspondingly. Global static response technique depends on the displacement parameter [7]. In static
response technique, displacement is measured corresponding to force applied to the structures. Later,
strain parameter was considered for SHM in global static technique in 1996, which have a higher degree
of precision than the displacement parameter [3]. The global static techniques require massive machinery
for a small amount of displacement and there are a lot of computational problems. Therefore, in the
present scenario application of such technique is too tedious and costly for the real-life structures [8].
Subsequently, the global dynamic response based technique is related towards low-frequency stimulus
either may be impulsive or harmonic and corresponding vibration responses viz., displacement, velocity, and
acceleration are measured. Further, the change in stiffness, change in ﬂexibility and stored energy are also
considered in global dynamic technique to investigate the existence of damage, position and severity of
damage. Any change in the baseline data shows the existence of damage in the structures [3,9,10]. The
global dynamic technique has several limitations in real-life applications, these limitation are as follows:
the technique is not much sensitive for incipient damage and generally relies on ﬁrst few mode shapes
only, the total cost of structure is much more because of expensive hardware and sensors requirement like
accelerometer, inertial shaker and laser velocity meter, besides the electrical and electromagnetic noise the
interference produced by ambient mechanical noise in the measurement system, and functionality of the
techniques fails in several damage situations [11]. Thus, the global dynamic response based technique is
insigniﬁcant in numerous situations [3,5,10].
Now, local SHM technique are another category of damage detection technique, which includes some of
the methods such as X-ray diffraction, magnetic ﬁeld, eddy-current test, dye penetrant inspection, acoustic
emission, ultrasonic pulse velocity test, impact-echo test, and rebound hammer test, etc. The local techniques
have several limitations like the machinery system necessity to be moved manually for recording data around
the host structure, removal of ﬁnishes or covers required before starting the test on the structures and not
suitable for structures which is under service condition such as in the cases of bridge when it is in
function and aircraft during ﬂight etc. The instruments like X-ray and computer topography in the local
technique are limited to very high-performance elements only, because of high range machinery cost [1].
Further, the emergence of smart material and smart structures from past few years are developed the
innovative promises intended for SHM and NDT. Because of the smartness of materials, any change in
the environment exhibit higher sensitivity [2,12]. The EMI technique depends on smart materials concept
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and presently applied in many engineering ﬁelds. The theoretical development of the use of impedance
investigation for SHM was primarily produced by Liang et al. [13] and consecutively established by
Bhalla at al. [14–27]. The piezoelectric-ceramic lead zirconate titanate (PZT) patches are surface glued or
embedded in the interrogated structures using epoxy adhesive and electrically excited by impedance
analyzer/LCR (inductance L, capacitance C and resistance R) meter in EMI technique [2,3,6,28–32].
Moreover, electro-mechanical admittance signature is measured to ﬁnd out existence, position and
severity of damages. These signatures have two components such as conductance signature (real part) and
susceptance signature (imaginary part), respectively. The conductance signature demonstrates a sharp
peak refers to structural modes of vibration. However, in the case of the susceptance signature, the
structural modes of interaction are very weak. Therefore, the real part of admittance signature
‘conductance’ is considered for damage identiﬁcation instead of imaginary part ‘susceptance’ [6,33]. Any
deviation in admittance signature from healthy state condition shows the presence of damage in the
infrastructure. To predict damage in advanced structures, EMI technique is the most signiﬁcant method in
such scenarios [4]. Table 1 shows the sensitivities of standard local NDE techniques. The review paper is
focused on determination the presence of damages and its location, quantiﬁcation of damage using the
EMI technique, which is helpful the monitoring of real-life structures and give new research directions to
industrial development. In the next section damage, types of damage and causes of damage have been
covered.
Table 1: Susceptibilities of conventional local NDE techniques [1–3,12]
Technique

Least
measurable
crack length
(mm)

Maximum
possibility
measurable crack
length
(>95%) (mm)

Remarks

Ultrasonic pulse velocity 2.0

5.0–6.0

Eddy currents
(low-frequency)
Eddy currents
(high-frequency)

4.50–8.0

incumbent upon structure geometry and
material
appropriate upto thickness greater than
12 mm only

2.0

X-ray

2.0 (surface) 2.50 (surface)
0.50
1.0
(bore holes) (bore holes)
4.0
10.0

Magnetic particle
Dye penetrant

2.0
2.0

incumbent upon structure orientation.
appropriate upto thickness greater than
12 mm

4.0 surface
10.0 surface

2 Damages in Concrete Structures
If the loads are applied on the structural system, damages are developed. Any variation in the physical
properties of the material, boundary conditions, connections or dimensional parameters of the structures is
termed as damage. If the damages occur in the structural system, performance is adversely affected
[3,12]. Generally, the categories of damage/ﬂaws in concrete infrastructures are ﬁre damage, damage due
to cracking, corrosion damage, concrete spalling, and freeze and thaw damage, respectively [34]. Damage
in concrete structures due to ﬁre is micro-cracking and cracking in the surface zone, alteration of phases
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in aggregate and dehydration of cement paste, respectively. The damages can be classiﬁed based on its
severity such as incipient, moderate and severe damages. The changes in the temperature develop severe
cracks near reinforcement and micro-cracks along the aggregate surface because of the difference
between linear expansion of cement paste and aggregate [35].
Further, the deterioration mechanism in concrete infrastructures is due to cracks growth, therefore
sometimes cracking is the cause of damage in the structures [36]. Cracking in concrete structures are
developed due to several reasons such as alkali-silica reaction, freeze and thaw, faulty design, settlement
in structures, carbonation, sulfate attack and chloride attack, respectively [34,37]. Types of cracks that
developed in the structure are shown in Fig. 1. The cracks develop due to physical changes in concrete
such as aggregate shrinkage, drying shrinkage, crazing, restrained shrinkage and freeze-thaw, respectively.
Types of cracks resulting from chemical changes are the alkali-silica reaction, sulfate attack, corrosion of
reinforcement and carbonation, respectively. The thermal cracks are viz., seasonal temperature changes
and thermal contraction and structural cracks are such as overload, improper design and excessive
movement [34].
Types of cracks

Before hardening

Early freezing

Early movement
Plastic

After hardening

Physical

Thermal

Structural

Chemical

Figure 1: Flow chart of types of cracks [34]
Furthermore, the corrosion of reinforcement is not due to loss of steel but the formation of oxide ﬁlm on
steel which is three to six times more in volume of steel causes damage to the concrete [38]. The entrance of
chloride element in concrete structures is main reason of steel rebar corrosion [39]. The separation
of concrete cover from host structure is termed as spalling of concrete, which occurs due to the corrosion
of reinforcement, causes damage to the structure. Fig. 2 shows that formation of cracking in
corresponding concrete such as initiation of corrosion, whereas if corrosion is high then spalling and
delamination occurs, which results in damage to concrete [36]. Delamination is deﬁned as the separation
of concrete cover parallel to the reinforcement. Freeze and thaw damage is due to the water entrapped in
the pores of moist concrete; freezes and expands results high internal pressure can disrupt the concrete
surface [37].
Hence, the formation of damage results collapse of the structures. Therefore, monitoring the health is to
be done to protect the structures from failure/collapse. The severity of damage must be determined at regular
interval so that rate of increase of damage severity can be identiﬁed. The EMI technique was used for
identiﬁcation of damage in structural system. In this section, causes and classiﬁcation were discussed. In
the next section, the detailed description of EMI technique and related recent literatures has been discussed.
3 EMI Techniques for SHM
EMI technique works on high frequency range 30 kHz to 400 kHz. However, in global dynamic
response techniques the frequency working range is less than 100 Hz. Thus, the EMI technique is highly
sensitive to determine the incipient damage, whereas the global dynamic technique is highly sensitive for
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determination of severe damage. In EMI technique, PZT sensors are attached on the surface of interrogated
specimen using epoxy adhesive. Moreover, PZT sensors are electrically excited using impedance analyzer or
LCR meter. Electro-mechanical admittance signature is extracted, which consists of real part (conductance)
and imaginary part (susceptance). The plot of admittance signature with frequency gives unique signature of
coupled system. The obtained electro-mechanical admittance signature is equated with baseline healthy state
signature of the structure. Any deviation in admittance signature shows existence of damage in
infrastructures [2–4,12,28,29,40–43].

Figure 2: Damage in concrete due to corrosion of reinforcement [37]
3.1 Piezoelectric Materials
In 1880, Curie introduced the theory of piezo-electricity. There are certain speciﬁc materials like LiNbO3
(Lithium Niobate), quartz (SiO2), [(Pb1−xLax)(Zr1−yTiy)O3] (PLZT), and [Pb (Zr1−xTix)O3] (PZT). There are
speciﬁc types of crystals called non-centro-symmetric crystals. If the loads are applied on these crystals, there
is development of piezo-electricity. Also, if these materials are exposed to mechanical deformations, voltage
is generated. The mathematical relations for piezoelectric materials after use of electric ﬁelds are given below
[2–3,12,43].
d
Tm
Di ¼ eTij Ej þ dim

(1)

Sk ¼ djkc Ej þ sEkm Tm

(2)

The Eq. (1) indicates as direct effect and subsequently Eq. (2) implies converse effect. Furthermore, the
working principle of sensors is formulated on direct effect; however the uses of actuators are based on
converse effect. The Eqs. (1) and (2) can be represent in tensor system and shown in Eq. (3) [44].
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The most widely considered piezo-ceramic is the PZT. The chemical formula of piezo-ceramics is [Pb
(Zr1−xTix)O3)]. The PZT sensors are manufactured using the high temperature of 800°C to 1000°C of the
mixture of titanium oxide powder and lead zirconate and generated PZT powder are combined with a
binder and sintered into the required size. PZT is the sensitive material for SHM, light in weight, less
cost, small shape, thus its performance is superior in the comparison of various smart materials. The PZT
sensors are used to calculate induced damage in structures. PZT patches are usually bonded on the
interrogated structure and electrically excited using LCR meter. In EMI technique, PZT patches are used
for monitoring of structures. Mostly, the length and width of PZT patches are varied between 5 mm to
15 mm and thickness 0.1 mm to 3 mm that is considered for investigation of structures. The PZT sensors
have limited range of sensing zones such as for RC structures 0.40 m, whereas for metal beams are
2.0 m, respectively [3,12,45–50]. Fig. 3 represents the shape of mostly used PZT patch and Fig. 4
represents three directions of piezo-electric sheet marked as 1, 2 and 3 axes.

Figure 3: PZT patch size

Figure 4: Piezo-electric sheet directions
For the development of infrastructural facilities the piezoelectric materials are broadly considered in
many areas. Conventionally, these materials were applied in manufacturing of various sensors to measure
the displacement, velocity, acceleration of the structures and actuators to generate the force in the
structures. The pressure transduces, strain gauges, vibration sensors are few examples of application of
the PZT patch. Though, the piezoelectric materials applied in turbo-machinery as actuators, vibration
dampers and active vibration control of stationary/moving structures from decades. Apart from these, the
applications of these materials are carried out in the area like absorption of the sound in the water,
robotics, ﬁxing the precision positioning and smart skins for submarines. In the present scenario the
piezoelectric sensors that are similar to skin, can be used to investigate temperature and pressure.
Currently, the piezoelectric materials were used to develop very small scale conﬁgurations and wireless
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inter digital transducers (IDT) using innovative technology of the embedded system, which are applied in
area of SHM, micro-electronics and bio-medical [1,18,51–53].
If the force is applied on the structural system, the mechanical impedance in the direction of the applied
force is deﬁned at speciﬁc point as the ratio of driving harmonic force to the resulting harmonic velocity at
that point. The mechanical impedance of structures, Z can be represented mathematically is given in Eq. (4).
Z¼

F
u_

(4)

To investigate the health of given structural system, the admittance/impedance of the coupled system are
determined and calculated impedance system are expressed in terms of conductance and susceptance. A plot
of conductance and susceptance with the frequency are generated for prediction of the presence, location and
severity of the damages. Impedance of the system having pure mass can be given as, Z = jωm. Likewise, by
the Hook’s law, for a pure spring k, the mechanical impedance is represented as, Z ¼  jkw . Moreover, for pure
damper, the mechanical impedance is equal to the damping, signiﬁed as, Z = c. Now, the resultant mechanical
impedance of the structural system can be determined using Eq. (5).


k
Zep ¼ c þ j mx 
(5)
x
In EMI technique, the PZT patches are bonded to the considered structure using epoxy adhesive for
monitoring the structure. Fig. 5a represents that the PZT transducers primarily performance as thin bar
enduring vibrations in the directions of axis and intract througth host structure. The mechanical model of
the system and PZT transducers are used as coupled system of specimen connected to linearly vibrating
thin bar as shown in Fig. 5b. Application of electric current, E in the direction ‘3’ results expansion and
contraction of transducers in the direction ‘1’ [12,13].
3 (z)

PZT Patch
l

(a)

2 (y)
1 (x) Source of
electric field
(alternative)
l
Host
Structure

3
2
1

PZT patch
Z

Point of
mechanical
fixity

w

(b)

E3
Z

h
l

l

Structural
Impedance

Figure 5: Coupled system of PZT patch and host structure [12]. (a) The surface bonded PZT patch and
application of electric ﬁeld (b) The interaction model of the coupled system of PZT patches and host structure
The one dimentional model of the PZT patch with the host structure is expressed by a differential
equation. The represnted defferential equations was derived using the dynamic equilibrium of the
intrograted structure and PZT patch. The derived relation is given in Eq. (6). By analysing the Eq. (6)
using method of variable separable results Eq. (7).
YE

@2u
@2u
¼
r
@x2
@t2

(6)
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u ¼ ðAsinjx þ BcosjxÞe

jxt

sﬃﬃﬃﬃﬃﬃ
r
where k ¼ v
YE

(7)

Appling the boundary conditions as x = 0, u = 0, which results, B = 0. Hence, the velocity and
displacement of the PZT patch can be calculated using Eqs. (8) and (9). Moreover, PZT patch and
mechanical impedance of structure having axial force is shown in Eq. (10).
S1 ðxÞ ¼
_
uðxÞ
¼

@u
¼ Aejxt j cosjx
@x

@u
¼ Ajxejxt sinjx
@t

Fðx¼lÞ ¼ whT1ðx¼lÞ ¼ Z u_ ðx¼lÞ

(8)
(9)
(10)

where, negative sign shows positive displacement or velocity yields force in PZT transducers [13]. Now, after
analysing the values of A and Za are obtained as shown in Eqs. (11) and (12).
A¼

Za Vo d31
hjcosðjlÞðZ þ Za Þ

Za ¼

(11)

jwhY E
ðjxÞtanðjlÞ

(12)

The electric current can be obtained by the expression (13), which is deﬁned as the time rate of change of
charge.
ZZ
ZZ
_D3 dxdy ¼ jx
I ¼
D3 dxdy
(13)
A

A

The electro-mechanical admittance is the inverse of electro-mechanical impedance for one dimensional
system can be determined by the Eq. (14).





wl T
Za
2 E
2 E tanjl

d Y
ðe33  d31 Y Þ þ
(14)
Y ¼ 2xj
h
jl
Z þ Za 31
Following notations are used in this article: c = damping constant; D = electric displacement;
d = piezoelectric strain coefﬁcient; E = electric ﬁeld; F = force; h = thickness of PZT patch; I = electric
pﬃﬃﬃﬃﬃﬃﬃ
current; j = 1; k = spring constant; l = half-length of PZT patch; m = mass; T = mechanical stress;
u_ = velocity; w = width of PZT patch; Y = complex electromechanical admittance; Y E = complex Young’s
modulus of elasticity at constant electric ﬁeld; Z = mechanical impedance; ω = angular velocity; eT =
complex electric permittivity at constant stress.
Investigating structural impedance directly is not possible however the admittance signature can be
determined easily using LCR meter. The electro-mechanical admittance signature consist conductance (G)
and susceptance (B) signatures, which is the real and imaginary part, respectively. The susceptance
signature is less susceptible to crack damage detection instead of conductance signature because the
conductance signature has sharp peaks corresponds to vibration mode of structures [33]. Next section
consists of latest literatures description associated to the application of EMI technique for SHM.
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3.2 Recent Literatures on EMI Technique
Chang et al. [29] reviewed the techniques to monitor the health of interrogated structures. The authors
discussed about global health monitoring concept, recent health monitoring technique considered for
monitoring the health of infrastructures in USA and various sensors used for SHM such as acoustic
approach, X-ray approach, radar technology and ﬁber optics, respectively. The review article is signiﬁcant
for new research in the area of SHM, however quantiﬁcation of the damages was not included [54].
Bhalla et al. (2004), developed the concept of the PZT-structure electrostatic interaction model which was
depended on effective impedance. The test was performed on an aluminium block of 48 mm  48 mm 
10 mm size. The authors discussed and formulated the mechanical impedance of structures, piezoelectricity and 2-D electromechanical coupling, PZT-structure interaction, mechanical impedance based
on effective impedance and limitations of modeling approaches. The proposed approach is advantageous
for the damage investigations at miniature precision of the machinery, aerospace systems and civil
infrastructures. Further, the developed approach can be used in several areas like energy conversion
efﬁciency, investigating system response and system power consumption. However, application of the
developed technique was not tested on the real structure.
Further, Bhalla et al. [28] applied effective impedance concept for identiﬁcation of damage using the
surface bonded PZT transducers. An RC bridge was the prototype of the RC bridge and aerospace
structure were used for validation of the technique. Hence, it was seen that the developed method
effectively detect the damages in the structures. Bhalla et al. [40] investigated the model of adhesively
bonded PZT transducers. The PZT sensors were bonded to the considered specimen using adhesive which
formed a ﬁnitely thick layer between considered specimen and PZT patches. The developed force was
transferred by shear mechanism producing shear lag. The aluminium block was used for performing the
experiment. It was observed that bond layer inﬂuence the admittance signature, therefore the developed
concept is useful for prediction of the health of structure more accurately. Bhalla et al. [55] discussed
about determination of the damages in RC structures due to vibration by the seismic and underground
blast. The PZT patches were used for monitoring the RC structure exposed to vibration loadings. For the
experiment, the skeleton RC frame was used. RMSD indices were considered for quantiﬁcation of
induced damages. Hence, the signiﬁcance of the article is that the PZT sensors can be used to investigate
structural damages in static as well as dynamic loading conditions.
After that, Lim et al. [56] used PZT patches to diagnosis structural damage and recognition. Three
specimens were used, concrete cube, aluminium beam and aluminium truss, respectively for the
experimental analysis. RMSD index was used for the quantiﬁcation of damage. The presented new
concept was based on effective impedance which is very useful to determine structural damages for all
kinds of structures. Park et al. [57] considered a reinforced concrete beam for experimental study and the
same beam was modeled using FEM based software. The RC beam was monitored using EMI technique
using the PZT sensors which were bonded on the surface. The progressive damage of size 5 mm  5 mm
was created on beam length of 550 mm at the interval of 50 mm and RMSD was calculated for the
quantiﬁcation of damage of beam specimen. The main advantage of the study is the application of RMSD
index to quantify the structural damages. Song et al. [58] reviewed smart aggregate for concrete
structures as a multi-functional sensor. The PZT patches were glued on the considered infrastructures for
determination of damage. The presented work is helpful for investigations of structural damage, however
the method is expensive for SHM. Bhalla et al. [59] considered ultra-low-cost adaption of EMI technique
for SHM. The researcher proposed to use instruments such as function generator and digital multimeter
instead of cost-intensive impedance analyzer/LCR meter for application of EMI technique. Therefore, it
was found that low-cost adoption in EMI technique can be used for industrial application.
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Moreover, Shin et al. [60] used EMI technique for online investigation of strength gain in concrete
specimen using PZT sensors. The concrete cylinder specimen of height 200 mm and diameter of 100 mm
was taken for experimentation and PZT patches have been bonded on the considered concrete specimen.
RMSD index was used to predict the strength gain. The advantage of the study is that the strength gain at
early age of the civil structure can be evaluated. Yan et al. [42] studied the application of EMI technique
using high-frequency. The researcher also discussed EMI technique based on high-frequency excitation
for determination of incipient damage. The review article is signiﬁcant to determine the incipient damages
in the structure. Yang et al. [61] used EMI technique to monitor the health of concrete specimen using
sub frequency interval approach. The researcher proposed new technique for the determination of severity
and location of damage using sub frequency interval 30–400 kHz by calculating their respective RMSD
values. For the determination of admittance signature, PZT patches were used. The proposed
investigation is useful for the investigation of damage location and severity of damage in concrete
infrastructures. Tawie et al. [62] performed experiment on concrete structures to determine the strength
gain using EMI technique. The aim of the study was to improve application of EMI technique on real
structure using PZT patches. The damages were quantiﬁed using RMSD, MAPD and CC indices. From
the results, it was observed that the MAPD method was more suitable than RMSD and CC for the
determination of strength for all mixes from 3 days to 28 days. The proposed investigation improves the
EMI technique for determination of damages, which is useful for monitoring of the real-life structures.
Furthermore, Fan et al. [63] investigated the vibration-based damage characterization technique. It was
observed that the vibration-based technique of SHM is more effective to determine the location of the
damages. Shanker et al. [3] used EMI technique and global dynamic response technique for the health
monitoring of RC structures by dual application of PZT patches as transducers. The researcher proposed
new technique for identiﬁcation of damage present in infrastructures by combining of global dynamic
response technique and electro-mechanical impedance technique. Two specimens were considered, one
was steel beam of 4 m long and the second one was the steel plate for the experimentation. All type of
the damages can be determined using the developed technique. Yan et al. [30] investigated the model of
the cracked composite beam using EMI technique and surface bonded PZT sensors. The crack was
determined using EMI technique of laminated composite beam. The proposed concept is useful to
determine the damage in the composite structures. Na et al. [64] considered EMI technique for
monitoring of two epoxy glass ﬁber composite plates of size 101 mm  25.4 mm  2.5 mm made by lap
joint with a commercial adhesive using reusable PZT transducers. The RMSD method was used for the
damage quantiﬁcation. It was observed that RMSD value less than 2%, indicate that no damage present
in the ﬁber composite plate. The main advantage of the article is that the application of RMSD index
to determine damages using reusable sensors and these reusable sensors minimize the overall expenditure
of SHM.
Na et al. [65] investigated the damage recognition method using EMI technique on concrete specimen.
The concrete sample of length 500 mm, width 300 mm and depth 50 mm has been taken for experimentation
and notches of 300 mm length, 5 mm wide and 5 mm deep were created, which was monitored by series of
PZT patches bonded to the host structure. This experimentation proved that the EMI technique can also be
used for detection of severe damages in the structure. Verma et al. [66] studied EMI technique for SHM to
monitor the concrete structures. The concrete specimen of size 150 mm cube has been used for
experimentation and strength gain in curing was monitored. RMSD index was used for the quantiﬁcation
of strength gain. Hence, it was observed that EMI technique to be best suited for curing progress
monitoring of concrete structures. Visalakshi et al. [67] reviewed the EMI technique and their recent
advances in SHM. The researcher discussed the recent advancement in the ﬁeld of corrosion of
reinforcement, modeling of coupled piezo structures interaction through the bond layer, integrated SHM
and energy harvesting and biomechanics, respectively. Kaur et al. [68] investigated the embedded piezo
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concrete vibration sensor (CVS). The combined energy harvesting and SHM potential have been evaluated.
The 4.0 m RC beam was used for experimental analysis. CVS sensors and surface-bonded sensors were used
in RC structure for health investigation. Hence, application of CVS sensors for energy harvesting and SHM
of RC structures proved new contribution.
T et al., examined strength gain in the concrete using EMI technique and smart aggregate. The embedded
sensors were used for determination of strength gain in concrete. The changes in impedance signatures
indicate strength gain in the concrete which was monitored by smart aggregates. The various statistical
indices were used for quantiﬁcation of the strength gain viz., RMSD, MAPD and CC, respectively. For
the veriﬁcation of the results, 1.5 m concrete beam was considered for experimentation. Sensors were
used in series/parallel combination which results reduced data collection. The quantiﬁcation of the
induced damages was evaluated. It was observed that experimental results agreed with the actual severity
of the damage [69]. Talakokula et al. [70] observed chloride-induced corrosion assessment of
reinforcement using surface-bonded PZT sensors and inserted PZT patches of reinforced concrete
structures. PZT sensors have been bonded to the rebar surface and embedded in the concrete area near to
rebar. Embedded transducers CVS measured the changes in the parameters due to ingress of chloride in
the concrete. However, corrosion-induced damage due to chloride was measured by the surface bonded
PZT sensors. Hence, it was found from the experimental results that both sensors were compliment to
each other for the assessment of rebar corrosion. The concrete specimen of sized 150 mm cube was
considered for experimental veriﬁcation.
Subsequently, Guo et al. [71] used EMI technique to monitor the health of concrete structure using
embedded PZT sensors and discussed practical issued related to the technique. The impedance spectra
were evaluated by RMSD technique. The mortar specimen of depth 40 mm, width 40 mm and length
160 mm was cast for the experimentation. Further, from the results, it was observed that increasing
distance between PZT patches and mass loadings, the sensitivity to the damage detection decreases in the
RMSD chart. Basic advantage of the research was that sensing range of the PZT patch was evaluated
which can be useful for the determination of number of sensors required in the monitoring of structure.
Liang et al. [32] studied bond-slip evaluation using EMI technique of concrete-encased composite
structure. The PZT sensors were glued on the surface of concrete sample. The researcher has considered
an I-shaped steel section and two concrete blocks as a composite specimen in the structural member in a
building. RMSD index was used for quantiﬁcation of damage due to bond-slip between concrete and
steel. Numerical and experimental investigations were done using EMI technique to investigate the health
of the composite structures, which is signiﬁcant research in the ﬁeld of SHM.
After that, Talakokula et al. [72] investigated corrosion origination and carbonation in the concrete
structure using EMI technique. The concrete specimen was considered and it was exposed to carbon
dioxide under the controlled condition for the period of 230 days. PZT transducers were bonded on the
reinforcement to determine the carbonation induced corrosion which was indicated by admittance
signature. As corrosion started in the concrete specimen, the equivalent stiffness was determined and it
was observed that its value was less compared to the healthy state which indicates corrosion of
reinforcement. Corrosion in the RCC structures is the core concern throughout the world, hence the
proposed method can be used for the determination of corrosion in the industrial structures. Tzoura et al.
[73] compared equivalent strengthening system of concrete element retroﬁtted with textile-reinforced
mortar (TRM) or ﬁber-reinforced polymer (FRP) using EMI technique. RMSD and Ry/Rx index were
used and observed that the RMSD index was more suitable for damage detection. The quantiﬁcation of
the damages can be carried out more accurately using proposed method.
Additionally, Feng et al. [74] discussed a method for monitoring of structures using EMI technique. The
researcher was used concrete beam width 150 mm, depth 150 mm and length 500 mm and PZT sensors were
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bonded to concrete beam at different locations for determination of damage. Admittance signature was used
for determining the presence of damage; variations in admittance signature indicated the existence of
damage. Kaur et al. [75] used multiple piezo conﬁgurations to evaluate the reinforced concrete structure
for optimal health monitoring using EMI technique. The researcher used different types of sensors
conﬁguration, namely, modiﬁed dual piezo conﬁguration, embedded single piezo arrangement, surfacebonded single piezo arrangement and metal wire single piezo arrangement in EMI technique for SHM of
RC specimen exposed to NDT evaluation. For quantifying damage severity, the surface-bonded single
piezo conﬁguration was found more suited in terms of equivalent stiffness parameter. Whereas, embedded
single piezo conﬁguration and metal wire single piezo conﬁguration were used to correlate the global
dynamic stiffness of the structures. Therefore, the researcher observed that overall proposed integration
more suitable for early detection of damage.
In continuation, Haq et al. [76] considered a reinforced concrete column for fatigue damage evaluation
using EMI technique. The two RC columns of size 1.4 m length, 150 mm width and 150 mm depth were cast
and vibration was applied by shake table till failure of the column. PZT sensors were used as CVS for the
assessment of the fatigue damage. The natural frequency was a direct measure of stiffness which was
considered for the assessment of damage, as damage increases the stiffness of the RC column decreases.
A formula was derived for the RC column under the shake table vibration for fatigue damage assessment,
which is useful to determine the damage in the structure due to fatigue. Yan et al. [77] examined
enhancement in structural health monitoring using wireless smart aggregate. The wireless smart aggregate
was used for concrete crack detection (CCD) and it was validated the effectiveness of proposed
methodology by experimentally. Moreover, the investigated system was wireless and power-efﬁcient,
hence, suitable for complex environment constructions sites.
Fan et al. [78] carried out experiment on RC column for determination of the damage which was induced
due to impact loading. The EMI technique was used and PZT sensors were bonded on the host structure.
RMSD was calculated for the quantiﬁcation of damage; however it did not truly provide quantitative
information regarding the structures. For better information related to damage, the damage volume ratio
was used, which was obtained by simulation. Impact loading was applied to the host structure by free fall
of steel balls. Experimental and numerical evaluation of damage was carried out by considering the
impact loading on concrete structure of length 400 mm, width 100 mm and height of 100 mm,
respectively. The admittance signature was measured to evaluate the damage present in the specimen. The
main advantage of proposed investigation is that damage due to impact loading can be recognized using
EMI technique.
Ai et al. [79] performed experiment on 2.0 m reinforced concrete beam and the four-point loading was
applied to the specimen. The structural tension and compression have been measured at bottom and top of
specimen using the EMI technique by surface-bonded PZT sensors. Stress-induced damage was measured.
Impedance and admittance signature were evaluated and correlated with baseline signature. In Fig. 6 the
variation of conductance signature vs. frequency under varying loading condition has been shown. The
signiﬁcance of the investigation is that the presence of damage can be determined by evaluation of
shifting of the peaks in the signatures. Fig. 7 represented the changes in conductance signature with
different frequency ranges under different loading condition. It was observed that as the load increases
the damage level in the specimen also increases and conductance signature shifted towards the left side.
Li et al. [80] monitored the interfacial bond-slip using EMI technique on ﬁber-reinforced polymer rebar
reinforced concrete. The size of concrete specimen of 150 mm cube and CFRP rebar of 600 mm length and
10 mm diameter has been considered. The specimen was prepared using carbon ﬁber reinforcement rebar and
the concrete. The pull-out test has been conducted for bond-slip phenomenon between carbon ﬁber
reinforcement and concrete, respectively. The impedance and admittance signature were measured at time
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of debonding damage. The statistical indices like RMSD and MAPD have been applied for quantiﬁcation of
bond-slip damage. The advantage of the proposed experimentation is that slip in the bond can be monitored
using the EMI technique and prior indication of the slip can be predicted if the bond is monitored
continuously. Li et al. [81] used EMI technique for bond-slip monitoring of FRP shear strengthened beam
by numerically and experimentally. The PZT transducers were bonded on the beam specimen. The
researcher considered 7.0 m real-sized simply supported beam structure and the two-point loading had
been applied for debonding monitoring. FRP jacket was used in two different patterns, namely,
U-jacketed beam and cross-section of the fully wrapped beam. The PZT patches have been bonded at
different locations for the determination of debonding of FRP from the beam structure. Admittance and
impedance signature have been measured for the evaluation of debonding. RMSD was determined for the
quantiﬁcation of debonding damage. From the literature, it was observed that at 10% RMSD value
represents the initiation of debonding and at 20% RMSD value indicates severe debonding. Thus, the
proposed concept can be used for quantiﬁcation of slip in the bonding.

Figure 6: Conductance vs. frequency under different loading condition [79]
Visalakshi et al. [82] considered a reinforced concrete structure for monitor the damage which was
induced due initial phase hydration. The PZT sensors were bonded on the surface of the specimen and
EMI technique was used for monitoring. The researcher has used six RC cylindrical specimens of sized
100 mm length and 70 mm diameter for the monitoring of early age hydration. The equivalent stiffness
was derived by considering the PZT sensors as non-dimensional hydration parameter. To ﬁnd out changes
into raw parameters, the RMSD index was determined. The importance of the developed concept is that
the early phase hydration in the concrete can be evaluated. Ayyildiz et al. [83] used three structures
namely RC structure, concrete element and masonry building for the damage monitoring using EMI
technique. Moreover, it was observed that the PZT sensors are more effective and cost effective for
damage detection. The RMSD was calculated for ﬁnding the presence of damage. The web interface
processed the analysis and data was collected. The proposed investigation proved that the PZT sensor is
more sensitive to damage compared to other existing sensors.
Dhawan et al. [84] considered a ten storeyed reinforced concrete structure contrary to wind and seismic
loads and expected residual service life was determined from the current strength consideration. For residual
service life, the essential current parameters like cross-sectional area of concrete and steel, in situ material
strength, namely concrete and steel, and Young modulus of elasticity were determined. The rigorous
methodology was developed for the expected residual life determination against the wind and earthquake
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loadings using current parameters of the structures. The expected residual life was found 30 years against the
wind loading and 20 years under earthquake loading. Hence, it was found that the overall residual life of RC
structure under wind and earthquake consideration was 20 years. The residual life of real structures can be
investigated using developed concept. Balamonica et al. [85] connected PZT sensors in series and parallel
combination for determination of damage progression in concrete infrastructures. The researcher
considered RC beam of 1.2 m length and the embedded PZT sensors were used for identiﬁcation of
damage though admittance signature. For damage quantiﬁcation RMSD, MAPD and CC were used. It
was observed that location of damages in the structure was determined more accurately by combining the
sensors in series or parallel.
Kaur et al. [86] proposed a method for damage detection and subsequently retroﬁtting of RC structure
accompanied by fatigue and long term strength monitored by EMI technique using embedded PZT sensors.
The researcher used higher-order derivative of displacement and curvature for damage detection and
retroﬁtting of the structure. For the experimentation a 4 m RC beam was cast and the CVS were placed at
19 locations inside the beam as well as at top and bottom. The damage was monitored at six different
damage stages like pristine stage 1 (no damage in the RC beam), damage stage 2 (Chipping off the
concrete from the notch), damage stage 3 (Damage 1 plus damaging 50% reinforcement in the beam
section), damage stage 4 (Damage 2 plus damaging 100% reinforcement in the beam section), damage
stage 5 (Welding of 100% reinforcement bars) and damage stage 6 (Retroﬁtting 1 plus ﬁlling the notch
with concrete), respectively. The natural frequency was used for ﬁnding the presence of damage in the
real sized RC beam. Fatigue behavior of the sample was examined with proposed concept and result was
found satisfactory. The proposed method can be used to determine the damage induced due to fatigue.
Liao et al. [87] monitored the space reinforced concrete frame structure under seismic loading condition
using piezo ceramic-based sensors. The one way two-story RC frames were considered for an experiment
under the earthquake loading. The presence and location of the damage were determined and compared
with the actual location of the damage. The sensitivity of the PZT sensor for determination of the damage
was found satisfactorily in the case of vibratory loading. Na [88] used EMI technique to monitor the
deboning of layers using PZT patches of composite structure. The admittance signature was determined at
the time of debonding of the layers which showed that the debonding phenomenon of structures. The
RMSD index was used for the quantiﬁcation of debonding of the layers. The debonding of layers in
composite structures can be quantiﬁed using EMI technique.
Kim et al. [89] applied the EMI technique for damage/ﬂaw renovator in concrete specimen using PZT
transducers bonded on the surface and performance evaluation method had been established. A concrete
specimen of length 250 mm, width 125 mm and depth 150 mm had been considered for monitoring. The
damage had been created by machine cutter at depth varies from 5 mm to 20 mm at the interval of 5 mm
at the centre of the specimen. To repair the crack, the researcher had used two self-healing materials
made in Republic of Korea named as power type ﬁller and liquid type reactants. It was observed that
EMI technique displayed that self-healing material used exhibit continuing recovery over time in
admittance and impedance signature. The damage statistical indices have been applied for damage
indicators and were found that the RMSD, MAPD and CCD have similar damage data; however Cov
method was not adequate to damage similarities. The damage index methods were more effective to
damage indicator in the optimal frequency band of 50 kHz–99.9 kHz. Figs. 7a, 7b shows the admittance
and impedance signature of RMSD healing of damage with cementitious material with respect to time
(days). The variations in impedance and admittance were found similar in RMSD, MAPD and CCD
however, different in the value of Cov. The investigation is useful for determination the strength gain
after healing of the generated damage in the structures.
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(b) Impedance - RMSD v/s time variation

Figure 7: Variation in healing of damage with cementitious material vs. time [89]
Yan et al. [90] considered EMI technique with surface bonded and embedded PZT patches for interface
investigation of steel-concrete-steel sandwich structures. The acoustic emission method (AE) and the EMI
technique were used for determination of the damages. AE method was used for the detection of the
initiation of micro crack and indicates damage severity, types and location. The EMI technique has been
used for the determination of damage due to bond-slip which is not visible. The real-sized RC simply
supported beam of 4.572 m was considered and admittance signature had been determined. The variations
in admittance signature were indicated the existence of damage. The EMI technique was successfully
applied on real structure for SHM. Han et al. [91] monitored health of timber specimen using EMI
technique. The damage location factor and damage size factor were formulated by the researcher. Author
used ﬁve set of timber specimens of length 200 mm, width 60 mm and thickness 17 mm for damage
investigation. The circular PZT patches of sized 10 mm diameter and 2 mm thickness were used. The
four artiﬁcial damages of circular shape having diameters of 4, 6, 8, and 11 mm were induced at a
distance of 40, 60, 80, and 100 mm respectively from the bonded PZT patch. It was observed from the
experimental results that the frequency range from 150 kHz to 300 kHz is more effective for damage
investigation of a timber specimen using EMI technique. The impedance signatures were determined for
damage investigation that can be used to investigate the quality of timber for industrial uses.
Pan et al. [92] examined strength of cement mortar using piezoelectric cement (PEC) sensor based on
EMI technique. The three cement mortar cube of size 50 mm were used with different water-cement ratio
such as 0.40, 0.50, 0.60 and the compressive strength were determined after 1, 3, 7, 14, 21, 28, and
56 days, respectively. Further, the result were investigated and it was observed that PEC sensor and PZT
sensor behavior is similar for determination of the compressive strength. However, it was found that the
PEC sensor is more effective than PZT sensors in the terms of monitoring capability. According to
author, the PEC sensors can be used for investigation of cementitious materials only.
Su et al. [93] developed new EMI technique based methodology for direct investigation of strength gain
from cementitious materials using PZT sensor. The author used phase angle spectrum to extract three features
such as resonant frequency of the ﬁrst local phase angle peak (PARF), local phase angle peak value (PA), and
the corresponding width of half-prominence (HPW) for the strength gain. To evaluate the strength gain, the
ﬁve numbers of different 50 mm cement cube specimens with varying water cement ratio ranges from 0.46 to
0.38 were considered. Two stages were considered that is very early age (4 to 8 h) and early age (1, 3, and
7 days) for the application of EMI technique and destructive cube test. From these three indicators, the PARF
was found more reliable than others. Further, the FEM method was used to develop correlation between
stiffness of host structure and features obtained PARF indicator. The proposed concept can be used to
investigate the strength gain of the real life based infrastructures. Li et al. [94] monitored corrosion using
circular piezoelectric metal transducers and EMI technique by numerical modeling. Two PZT transducers
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of diameter 30 mm and 40 mm with thickness of 0.5 mm were used. The results of FEM methods and
experimental investigations were conducted to validate the results. According to the author, the developed
technique to determine corrosion has the beneﬁts such as low cost, linear quantitative corrosion
assessment, and online and remote monitoring.
Hamzeloo et al. [95] considered L-shaped aluminium structural beam with a crack and damage was
determined using EMI technique. The theoretical and numerical approaches were used to determine
damage using embedded piezoelectric wafer active sensor. Author was considered two beam specimens
of same cross section (25 mm  3 mm) and different lengths as 275 mm ﬁrst part and 300 mm second
part for experimental damage investigation. The experimental and numerical results were agreed and it
can be used for health monitoring of different kinds of structures. Liu et al. [96] considered lamb wave
and EMI technique using reusable piezoelectric transducers for SHM. The reusable PZT transducers were
glued on the aluminium plate specimen by ethylene acrylic acid copolymer with an aluminium enclosure.
Further, the reusable PZT sensor was used to determine corrosion damage, which was removed from the
test specimen and reused for corrosion damage assessment of the aluminium plate. From the test results,
it was observed that the damage induced by corrosion can be successfully evaluated using reusable PZT
patch and PZT patch can be reused several times for damage detection.
The recent literatures related to EMI technique and suitability of the technique for different types of
structures are discussed in Table 2. Moreover, it also covers the type of sensors and specimen used in
EMI technique. Fig. 8 has been described the number of publications vs. years with respect to EMI
technique used in the ﬁeld of SHM, the data considered [97]. It was observed that the development of
research related to EMI technique is going on in the present scenario. In the next section, quantiﬁcation
of damage index and related recent literatures has been discussed.
Table 2: Transducers and types of structural specimen widely used in EMI technique
Authors and Transducers used
years
Chang et al.
(2003)
Bhalla et al.
(2004)
Bhalla et al.
(2004b)
Bhalla et al.
(2004c)
Bhalla et al.
(2004d)
Lim et al.
(2006)
Park et al.
(2006)
Song et al.
(2008)
Bhalla et al.
(2009)
Shin et al.
(2009)

Structural specimen

Description

ﬁber optics

civil structures

studied SHM [54]

PZT

aluminium block

formulated effective impedance
model [29]
developed effective impedance
concept [28]
investigated and formulate effect
of adhesive [40]
damage monitored against
seismic and blast loading [55]
structural damage identiﬁed [56]

PZT

lab sized aerospace structure
and prototype RC bridge
adhesively bonded PZT aluminium block
PZT

skeleton RC frame

PZT
surface bonded PZT

concrete cube, aluminium
beam and aluminium truss
RC beam

smart aggregate sensor

concrete structure

PZT

aluminium block

discussed multi-functional
sensor [58]
low-cost adoption [59]

surface bonded PZT

concrete cylinder

strength development [60]

damage evaluated [57]

(Continued)
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Table 2 (continued)

Authors and Transducers used
years
Chen et al.
(2010)
Yang et al.
(2010)
Tawie et al.
(2010)
Fan et al.
(2011)
Shanker et al.
(2011)
Yan et al.
(2011)
Na et al.
(2012)
Na and Lee
(2012)
Verma et al.
(2013)
Visalakshi
et al. (2013)
Kaur et al.
(2014)
Talakokula
et al. (2015)
T et al.
(2015)
Guo et al.
(2016)
Liang et al.
(2016)
Talakokula
et al. (2016)
Tzoura et al.
(2016)
Haq et al.
(2017)
Kaur et al.
(2017)
Yan et al.
(2017)

Structural specimen

Description

PZT

non-homogeneous beam

PZT

concrete mass

surface bonded PZT

concrete cube

suitability of EMI technique
[42]
determined existence, place and
severity of damage [61]
strength gain [62]

PZT

concrete structure

PZT
PZT

RC structure, steel beam and
steel plate
laminated composite beam

reusable PZT

composite plate

damage detected [64]

surface bonded PZT

concrete specimen

damage investigated [65]

PZT

concrete cube

curing progress monitored [66]

PZT

structures

CVS and surfacebonded PZT
surface bonded and
embedded PZT
smart aggregate

RC beam

concrete cube

discussed advancement in SHM
[67]
combined energy harvesting and
SHM potential examined [68]
examined corrosion and damage
[70]
strength gain [69]

embedded PZT

mortar specimen

surface bonded PZT
PZT

concrete encased composite
structure
concrete specimen

PZT

concrete cylinder

investigated effect of
carbonation [72]
damage detected [73]

CVS

RC column

fatigue damage assessment [76]

PZT

RC beam

discussed about optimal SHM
[75]
damage identiﬁed [77]

concrete cube

wireless smart aggregate concrete beam

reviewed vibration-based
damage identiﬁcation [63]
integrated two techniques [3]
crack determined [30]

elaborated problems associated
to EMI technique [71]
bond slip [32]

(Continued)
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Table 2 (continued)

Authors and Transducers used
years
Ai et al.
(2018)
Fan et al.
(2018)
Li et al.
(2018)
Li et al.
(2018a)
Visalakshi
et al. (2018)
Ayyildiz
et al. (2019)
Dhawan
et al. (2019)
K et al.
(2019)
Kaur et al.
(2019)
Kim et al.
(2019)
Liao et al.
(2019)
Na (2019)
Yan et al.
(2019)
Han et al.
(2020)
Hamzeloo
et al. (2020)
Li et al.
(2020)
Liu et al.
(2020)
Pan et al.
(2020)
Su et al.
(2020)
Su et al.
(2020)

Structural specimen

Description

surface bonded

RC beam

damage due to stress [79]

PZT

concrete column

surface bonded PZT

damage under impact loading
[78]
concrete cube and CFRP rebar interfacial debonding [80]

PZT

simply supported beam

debonding of FRP [81]

PZT

RC cylindrical specimen

PZT
PZT

RC structure and masonry
building
10 storeyed RC building

monitored early age hydration
[82]
damage detection [83]

PZT

RC beam

CVS

RC beam

surface bonded PZT

concrete specimen

PZT

RC space frame

PZT
PZT
circular PZT

residual life against wind and
seismic loading [84]
damage progression [85]
damage and retroﬁtting
determined [86]
crack repair [89]

damage against earthquake
loading [87]
composite structure
debonding damage [88]
steel-concrete-steel sandwich interface debonding monitoring
beam structures
[90]
timber specimens
investigated damage [91]

embedded piezoelectric aluminium frame specimen
wafer active sensor
circular piezoelectric
metaled specimen
metaled sensor
reusable PZT
aluminum plate
piezoelectric cement
sensor
PZT

cement cube specimens

embedded PZT

cementitious specimen

cement cube specimens

examined damage [95]
corrosion determined by
theoretical modeling [94]
investigated corrosion damage
[96]
determined compressive
strength [92]
examined strength gain by EMI
technique [93]
monitored strength gain [98]
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Figure 8: No. of publications vs. years
4 Quantiﬁcation of Damage
In EMI technique, presence of damage in infrastructures indicates variations in signature from baseline
signature [3,28,29,40]. The lateral and upward movement of peaks and new peaks appearance in
conductance signature is the primary indicator of damage [12]. For quantiﬁcation of damage in EMI
technique the statistical methods were used by several researchers’ viz., root mean square deviation
(RMSD), relative deviation (RD), mean absolute percentage deviation (MAPD) and correlation coefﬁcient
(CC), respectively. According to Giurgiutiu et al. [99], the RMSD index is as shown in Eq. (15).
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
uPn
1
0 2
u
i¼1 ðGi  Gi Þ
t
 100
(15)
RMSDð%Þ ¼
Pn
0 2
i¼1 ðGi Þ
where, G1i is value of post damage conductance at ith measurement point and G0i is corresponding pre-damage
value. Likewise, the RD is deﬁned as for ith patch [33] shown in Eq. (16).
Pn
RDi ¼ Pnk¼1

2

ðG1ik  G0ik Þ

1
k¼1 ðG1k

2

 G01k Þ

(16)

where, damage location, 1 shows the deviation from selected base line point in the denominator and in
numerator signiﬁes the mean square deviation at ith location. Furthermore, MAPD method is referred by
Naidu [100], which is shown in Eq. (17). Another one the covariance and the correlation coefﬁcient are
formulated as shown in Eqs. (18) and (19).

n  1
100 X
Gi  G0i 

(17)
MAPD ¼
n i¼1  G0i 
n
1X
CovðG0 ; G1 Þ ¼
ðG0  G0 ÞðG1i  G1 Þ
n i¼1 i

(18)
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CovðG0 ; G1 Þ
r0 r1

(19)

where, the standard deviation at reference point signature and signature after damage represented by σ0 and
σ1 and the mean value of baseline healthy state signature and signature afterward damage represented by G0
and G1 , respectively.
Waveform chain code (WCC) technique, signature assurance criteria (SAC), equivalent level of
degradation system (ELODS) and adaptive template machine (ATM) are based on numerous pattern
recognition techniques to calculate the changes in infrastructural signature due to damage reported by
[101,102]. In present situation, use and application of statistical indices for quantiﬁcation of damage in
the ﬁeld of SHM is going on a broad scale. The literature related to the quantiﬁcation of damage has
been described in the below section.
4.1 Recent Literatures on Quantiﬁcation of Damage
Recent literatures in respect to the quantiﬁcation of damage were considered and elaboration has been
made. Several researchers/authors were used different methods for the quantiﬁcation of damage. Tseng et al.
[103] considered prototype RC bridge specimen and three cyclic loadings were applied to structure. The EMI
technique was applied to investigate the health of prototype RC bridge specimen. The surface-bonded PZT
patches were used for determination of damage signature of structure. The cracks developed under the cyclic
loading were quantiﬁed by statistical method RMSD. The main advantage of the proposed method is that the
quantiﬁcation of damage can be done using EMI technique. Park et al. [4], described an outline on
piezoelectric impedance-based SHM. The experimental and theoretical aspects were discussed,
corresponding to literature. The EMI technique was applied for the determination of damage in the
structures. The researcher reviewed the suitability of damage quantiﬁcation methods viz., RMSD, MAPD,
Covariance and CC, respectively and got in order to RMSD and MAPD much appropriate for prediction
the presence, location and severity of the damage, however Covariance and CC are best suited in
computing the rise in damage severity at a ﬁxed position. The review article signiﬁes the use of damage
indices for the determination of presence, location and severity of damages in the real structures.
In addition, Park et al. [57] considered a reinforced concrete (RC) beam for experimental study and the
same beam was modeled numerically using the ﬁnite element method (FEM) based software. The EMI
technique was applied to monitor RC beam by surface-bonded PZT sensors. The progressive damage of
size 5 mm  5 mm  150 mm was created on beam length of 550 mm at the interval of 50 mm and
RMSD method has been applied for quantiﬁcation of damage in the beam. Lim et al. [56] considered
three structures viz., concrete specimen of cube sized 150 mm with surface bonded PZT patch of length
10 mm, width 10 mm and depth 0.30 mm, aluminium beam of length 231 mm, depth 27 mm and width
27 mm with surface bonded PZT patch of length 10 mm, width 10 mm and depth 0.20 mm, and
aluminium truss of length 950 mm and height 300 mm with surface bonded PZT patch of length 15 mm,
height 15 mm and width 0.5 mm. The EMI technique was applied to extract the signature of structures at
damage states as well as healthy state. Further, for the quantiﬁcation of damage the RMSD method was
applied by researcher.
Shin et al. [60] described that EMI technique is more susceptible for early age strength progress of a
concrete specimen. The researcher considered a concrete cylindrical concrete sample of diameter 100 mm
and height 200 mm and early age strength was determined using PZT patches bonded to the concrete
specimen. RMSD index has been used for the quantiﬁcation of strength gain, as the strength increases
RMSD value increases. Bhalla et al. [59] outlined novel low-cost hardware system instead of costly
equipment like impedance analyzer/LCR meter for the SHM using EMI technique. The aluminium block
was considered and RMSD method was used for the damage quantiﬁcation. The result obtained using the
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suggested hardware permits investment of less than $2500. The low cost monitoring system was developed
for SHM.
Further, Yang et al. [61] considered the EMI technique to investigate infrastructural health using PZT
patches and RMSD method for determination of presence, location and severity of damage, respectively.
The researcher was suggested a new methodology to determine location and severity using RMSD
method by separating high range frequency (30–400 kHz) into sub frequency gaps. The sub frequency
RMSD values have been considered to examine position and severity of damage of interrogated
specimen. Tawie et al. [62] considered a concrete cube with different mix designs and the EMI technique
was used for strength gain. The PZT sensors have been bonded on the concrete cube for monitoring of
specimen. Statistical methods RMSD, MAPD and CCD have been applied for determination of gain in
strength and the correlation has been made with experimental data. From the result data, researcher
observed that the MAPD method is best suited than RMSD and CCD methods for strength gain evaluation.
Na et al. [64] applied EMI technique to monitor the two epoxy glass ﬁber composite plates of size
101 mm  25.4 mm  2.5 mm, joined by lap joint with a commercial adhesive using reusable PZT
transducers. The RMSD method was used for the damage quantiﬁcation and observed that RMSD value
less than 2%, which indicate that no damage present. Na et al. [65] discussed about the improvement in
damage identiﬁcation quality of EMI technique for the concrete specimen. Concrete sample of length
500 mm, width 300 mm and depth 50 mm has been considered and artiﬁcial damage of length 300 mm,
5 mm wide and 5 mm deep in form of notches were induced, which was monitored by series of PZT
sensors bonded on the concrete specimen. The damage was computed using RMSD method and found
that change in signature from baseline signature.
Furthermore, Kaur et al. [68] proposed a new research related to energy harvesting and SHM, which was
proved by experimental demonstration using embedded CVS in RC structure. The RC beam of length 4 m
was considered for the experimentation and CVS placed at different locations. The contact and inertial type
shakers were used for the vibration. The RMSD curves were plotted against the different damage conditions
and the method was used for the quantiﬁcation of damages. The developed methodology related to energy
harvesting and SHM are useful for real-life structures, further the harvested energy can be reused to monitor
the structures when needed like power system for sensors. Talakokula et al. [70] considered the surface
bonded and inserted piezo transducers for corrosion evaluation of RC specimen. The CVS and surfacebonded piezo sensors (SBPS) were used and the curve has been plotted between the RMSD and days
considering both the sensors. The experimental result shows that both sensors complement each other.
The RMSD values were used for the corrosion assessment of the RC beam structure. The corrosion is the
serious issue related to the structures exposed to the environment, hence corrosion can be determined
using EMI technique in real structures.
Saravanan et al. [69] measured strength development in concrete structure by smart aggregate. Concrete
specimen of size 150 mm cube was made and two smart aggregates were embedded. The three statistical
methods were used for strength development in concrete structure viz., RMSD, MAPD and CC,
respectively. Guo et al. [71] discussed about the practical use of EMI technique for examination the
health of considered concrete specimen using PZT sensors. The cement mortar cube of depth 40 mm,
width 40 mm and length 160 mm was used for experiment. The sensors were bonded to the host
structures and load was applied and signatures were extracted. The RMSD index was calculated for
differentiation of damage signature.
Liang et al. [32] determined debonding of concrete-encased compound infrastructure using EMI technique
by PZT sensors, which was attached on the surface of considered structure. The two concrete specimens were
encased with steel and load was applied on the structure. The bond slip amid steel and concrete was estimated.
The RMSD index was used to quantify the bond-slip damage. Tzoura et al. [73] considered two concrete
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specimens which were retroﬁtted with textile reinforced mortar (TRM) and ﬁber-reinforced polymer (FRP)
jackets and monitored using PZT patches and comparison of their strengths had made. The damage has
been evaluated using RMSD method and Ry/Rx index, respectively. It was observed from results that Ry/Rx
index have less reliability than the RMSD index in respect to damage quantiﬁcation.
Moreover, Talakokula et al. [72] used EMI technique to determine carbonation induced corrosion which
was initiated and propagated in RC structures. The PZT sensors were bonded on surface of the rebar
specimen. RMSD index was determined for quantiﬁcation of damage due to bond slip. Kaur et al. [75],
considered real-sized reinforced concrete structure to integrate and evaluate the optimum health using
different variant, namely, surface-bonded single piezo conﬁguration (SSPC), embedded single piezo
conﬁguration (ESPC), metal wire–based single piezo conﬁguration (MWSPC) and modiﬁed dual piezo
conﬁguration (MDPC), respectively. The RMSD values were determined for different damage conditions
using corresponding damage signatures of RC structure. The integration of different indices is
advantageous for the investigation of incipient damages and prediction of their severities.
Fan et al. [78] used EMI technique for damage evaluation under impact loading of the concrete column.
The PZT patch which was bonded on the surface had been used to measure variation in admittance signature
of structure and has been considered to establish a relationship with RMSD method. However, the RMSD
index was not best suited in this case; therefore the damage volume ratio was determined, which
predicted the better damage level in the structure. Visalakshi et al. [82] implemented EMI technique for
the determination of early hydration of concrete structures using PZT patches bonded on the
reinforcement. The early hydration was measured from early hours till 28 days continuously. The changes
in admittance signature showed the early hydration. The RMSD variation with age was given the
variation in the early hydration. Li et al. [81] considered EMI technique for debonding monitoring of
FRP shear strengthened beams by experimentally and numerically. The researcher was taken real-sized
7.0 m length reinforced concrete beam which was strengthened using FRP by two different types like
U-jacketed and fully wrapped, respectively. The RMSD index was used for determination of de-bonding
of FRP from the RC structure. It was observed that RMSD index was increasing by de-bonding.
In continuation, Ai et al. [79] used a 2 m RC beam under the four-point bending load and EMI technique
was applied for monitoring tension/compression at bottom/top of the beam induced by applied load and damage
using the PZT patches at speciﬁc locations. The variations in conductance and susceptance signature were
represented crack formation in RC beam. RMSD index was used for the quantiﬁcation of induced stress and
damage due to stress. Li et al. [80] considered concrete cube fabricated with carbon ﬁber reinforced
polymer (CFRP) rebar and pull out test was applied. The debonding between the concrete and rebar was
measured using EMI technique. The RMSD and MAPD indices had been used to measure the variations in
impedance signature due to debonding phenomenon in the concrete specimen. Balamonica et al. [85],
considered the series and a parallel set of PZT patches for damage identiﬁcation of an RC structure. RMSD,
MAPD and CC indices were used for the damage quantiﬁcation from the signature of the structure.
Yan et al. [90] taken the steel-concrete-steel sandwich structure and PZT sensors were used for
monitoring the interfacial debonding. EMI technique was used to determine the debonding of steel and
concrete composite structure. For the experimental analysis, an RC beam was cast and presence of
damage has been determined. The damage was quantiﬁed using the RMSD method. Kaur et al. [86]
considered reinforced concrete beam structure alongside long terms strength monitoring and fatigue
strength by PZT patches. Also the beam was retroﬁtted after damage and monitored. The damage was
analyzed at three stages like pristine state, damage state and retroﬁtted state, respectively. For the
quantiﬁcation of damage RMSD index was used. Kim et al. [89] applied EMI technique using PZT
transducers for evaluation of crack renovation in concrete infrastructures. The RC beam was taken and
artiﬁcial damages were induced. The RMSD, MAPD and CC methods were used to the quantiﬁcation of
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damages. Tinoco et al. [104] considered the RMSD method for the quantiﬁcation of damage and RMSD was
used for calculation of modulus of elasticity of different structures. The EMI technique was applied for
investigating the damages in the structures. The advantage of the above concepts is that EMI technique had
been established for determination of presence, location and severity of damages in the structures.
Han et al. [91] considered EMI technique for the monitoring of timber specimen. The two factors were
determined for the investigation of damage using circular PZT patches and EMI technique such as damage
location factor and damage size factor. For the investigation of severity of damage, the RMSD index method
was used. Haq et al. [105] investigated fatigue damage and residual fatigue life of RC frames structure using
PZT transducers. The RMSD index method was used for the damage assessment of a considered structure.
Zhang et al. [106] investigated stiffness degradation of a hardened cement paste under uniaxial compression
loading using EMI technique. Conductance signatures were determined for the analysis of degradation in
stiffness. Statistical methods such as RMSD, MAPD, and CC were used to quantify the stiffness
degradation. It was observed that the CC index method is best suited to investigate the stiffness
degradation of a hardened cement paste. The basic advantages of this research work are the prediction of
remaining life of the structures after damages.
Table 3: Statistical methods used in EMI technique
Authors and
Years

Methods used

Description

Giurgiutiu
et al. (1999)
Sun et al.
(1995)
Naidu (2004)
Tseng et al.
(2000)
Park et al.
(2003)
Park et al.
(2006)
Lim et al.
(2006)
Shin and Oh
(2008)
Bhalla et al.
(2009)
Yang et al.
(2010)
Tawie et al.
(2010)
Na et al. (2012)
Na and Lee
(2012)
Kaur et al.
(2014)

RMSD

deﬁned RMSD in EMI technique [99]

RD

deﬁned the index in EMI technique [33]

MAPD, CC
RMSD

deﬁned these indices in EMI technique [100]
crack monitored and quantiﬁed under cyclic loading [103]

RMSD, MAPD,
Covariance and CC
RMSD

discussed suitability of statistical indices for damage growth,
location and size [4]
quantiﬁed damage of RC structure [57]

RMSD
RMSD

quantiﬁed damage of concrete cube, aluminium beam and
aluminium truss [56]
strength gain of concrete specimen [60]

RMSD

used for damage quantiﬁcation [59]

RMSD

location and severity damage [61]

RMSD, MAPD and
CCD
RMSD
RMSD

strength gain of concrete specimen [62]
damage quantiﬁed [64]
used for quantiﬁcation of damage [65]

RMSD

damage quantiﬁed of RC structure [68]
(Continued)
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Table 3 (continued)

Authors and
Years

Methods used

Description

Saravanan
et al. (2015)
Talakokula et
al. (2015)
Guo et al.
(2016)
Liang et al.
(2016)
Talakokula
et al. (2016)
Tzoura et al.
(2016)
Kaur et al.
(2017)
Ai et al. (2018)
Fan et al.
(2018)
Li et al. (2018)
Li et al.
(2018b)
Visalakshi
et al. (2018)
K et al. (2019)
Kaur et al.
(2019)
Kim et al.
(2019)
Tinoco et al.
(2019)
Yan et al.
(2019)
Ding et al.
(2020)
Han et al.
(2020)
Haq et al.
(2020)
Zhang et al.
(2020)

RMSD, MAPD and CC strength gain of concrete cube specimen [69]
RMSD

used for corrosion assessment of RC beam structure [70]

RMSD

RMSD

used for damage quantiﬁcation of cement mortar cube structure
[71]
determined bond slip damage of concrete-encased composite
structure [32]
used to quantify the damage against bond-slip [72]

RMSD and Ry/Rx
index
RMSD

used for damage quantiﬁcation, Ry/Rx index less suitability than
RMSD [73]
used for damage quantiﬁcation [75]

RMSD
RMSD

induced stress and damage determined [79]
damage evaluation under impact loading [78]

RMSD
RMSD and MAPD

debonding of FRP from the RC structure [81]
quantiﬁed de-bonding of concrete cube fabricated with carbon
ﬁber reinforced polymer rebar [80]
determined heat hydration of concrete [82]

RMSD

RMSD

RMSD, MAPD and CC damage quantiﬁed [85]
RMSD
damage quantiﬁed [86]
RMSD, MAPD and CC used for damage quantiﬁcation of RC beam structure [89]
RMSD

determined of damage and elasticity [104]

RMSD

used for damage quantiﬁcation [90]

RMSD, RVAC and
resistance curve
RMSD

damage detected in the precast concrete segmental bridge using
PZT [107]
investigated severity of damage [91]

RMSD

investigated fatigue damage and the residual fatigue life [105]

RMSD, MAPD and CC examined stiffness degradation [106]

SDHM, 2022, vol.16, no.2

121

Hence, the statistical methods in the present scenario are best suited for the damage quantiﬁcation using
EMI technique. RMSD method not only for damage quantiﬁcation but has also been used for determination
of carbonation, corrosion, strength gain, pipe loosening and rate of hydration. The statistical methods used in
EMI technique and described the application of methods are shown in Table 3. The use of statistical methods
in EMI technique is shown in Fig. 9. It has been seen that the RMSD method is most widely used statistical
method. It is used 60% of the total application of statistical methods as compared to various methods like
MAPD, CC, Cov and others as approximately 20%, 10%, 5%, and 5%, respectively in the EMI
technique. The researchers used various combinations of statistical methods for the damage assessment
viz., RMAD plus MAPD, RMAD plus MAPD plus CC, and RMAD plus MAPD plus CC plus Cov that
are approx. 65%, 48%, and 37%, respectively.

Figure 9: Statistical methods for damage quantiﬁcation in EMI technique
5 Future Scopes
1. The investigations related to PZT patch can be performed to harvest energy from our shoes related to
our everyday activities using piezo-based devices inserted in our shoes which can be used to power
personal viz., mobile phones, watches, i-pods and even laptop computers, etc.
2. The investigation of state of bones after an injury or throughout their healing can be studied using
micro piezo materials and this can be part of diagnostic system.
3. Actual time prognostic of many ailments on diseased humans should be investigated using microsized piezo-based devices which are same as concept of structural health monitoring of
infrastructures.
4. The real movement of artiﬁcial limbs in peoples anguish from different types of inabilities can be
investigated using piezo-actuators.
5. Several studies have been done on square size PZT patches. The use of different shapes of PZT
patches like circular, triangular, trapezoidal, hexagonal etc. should be investigated with respect to
the behaviour and implementation in EMI technique.
6. The PZT patches have limited range of sensing zone for the different materials. The investigations
should be studied on the factors which are accountable for this variant.
7. The investigation should be performed in the changes of signature of PZT patches due to the age
variation. The correlation can be investigated between deteriorated signatures with time.
8. Algorithm should be developed for the investigation of damage location exactly.
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9. The real and imaginary part of PZT patches are used for extraction of equivalent parameters and
these parameters are in respect to the frequency, not associated to the physical properties of
infrastructures. Thus, the correlation should be investigated between the physical parameters such
as damping, stiffness and equivalent parameters.
10. The statistical methods are used in EMI technique for the quantiﬁcation of damage. The new method
should be developed for the quantiﬁcation of damage.
11. The quantiﬁcation of damage has been studied however; there are no boundary conditions available
for the differentiation of incipient, moderate and severe damages. The quantiﬁed boundary
conditions should be studied.
12. The application of EMI technique on structural timber is limited. The studies can be examined using
EMI technique on large timber specimens for different size of cracks or holes and also can be
considered various experimental conditions such as temperature, humidity and boundary, etc.
13. The studies have been performed to investigate damage using statistical methods in EMI technique
which required baseline healthy state signature data. The novel methods should be developed for the
damage investigation without baseline healthy state signature data using PZT sensor using EMI
technique.
6 Discussions/Summary
A detailed overview, that has been presented to detect and locate the damages and quantiﬁcation of
damage in structures using EMI technique reﬂect the state-of-the-art. Damage in structures leads to
catastrophic failure, therefore sustainable construction needed for the development of infrastructures.
Several factors have been covered which are responsible for damages in the structures viz., cracking,
freeze and thaw, ﬁre, corrosion, and concrete spalling. Furthermore, from these factors cracking is more
accountable for structural collapse, because it provides a way to ingress harmful ingredients in the
concrete structures. Therefore, need to protect the structures from the collapse, which allows health
monitoring of structures for establishing the integrity of structures. Several statistical methods were
discussed, MAPD, CC for the quantiﬁcation of induced damages in structures such as RMAD and Cov,
respectively. Hence, it was observed that the RMSD index is commonly used by researchers for the
quantiﬁcation of damages in structures. Subsequently, the MAPD method is applicable more than other
methods like, CC and Cov for the quantiﬁcation of damages. Moreover, it is observed that these
statistical methods cover to quantify several parameters like, corrosion rate, strength gain, loosening of
connection, bond-slip, and modulus of elasticity, etc.
Further, the comprehensive description of EMI technique has been presented in this review research
paper. Smart materials like PZT patches formation, formulations, applications and suitability with EMI
technique have been covered. Hence, from the review, it was observed that the PZT patches are much
compatible with EMI technique than other smart materials. It was perceived that EMI technique can be
used to monitor the health of several kinds of structures such as concrete, steel, and aluminium.
Furthermore, the damage can be determined using EMI technique by evaluating change in admittance
signature. It was perceived that the application of EMI technique is not limited being widely used in the
ﬁeld of SHM to determine the damage, corrosion of reinforcement, bond-slip, strength gain, loosening of
bolted connections, hydration of cement and curing process etc. Therefore, the EMI technique can be
used to monitor the health of real-life structures in the area of industrial ﬁelds as well as the Nations.
Hence, review paper will help in the use of EMI technique to industrial ﬁeld for new research purpose.
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