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a b s t r a c t

In the electro-mechanical impedance (EMI) technique, which is based on induced strain actuation

through piezoelectric ceramic (PZT) patch, the knowledge of shear stress distribution in the adhesive

bond layer between the patch and the host structure is very pertinent for reliable health monitoring of

structures. The analytical derivation of continuum based shear lag model covered in this paper aims to

provide an improved and more accurate model for shear force interaction between the host structure

and the PZT patch (assumed square for simplicity) through the adhesive bond layer, taking care of all

the piezo, structural and adhesive effects rigorously and simultaneously. Further, it eliminates the hassle

of determining the equivalent impedance of the structure and the actuator separately, as required in the

previous models, which was approximate in nature. The results are compared with the previous models

to highlight the higher accuracy of the new approach. Based on the new model, a continuum based inter-

action term has been derived for quantification of the shear lag and inertia effects.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The impedance based structural health monitoring (SHM) tech-

niques have utilized the electro-mechanical coupling property of

piezoelectric materials (piezo-impedance transducers), due to

their self-sensing nature (ability to act both as actuators and sen-

sors), and has the potential to minimize the maintenance and

inspection cost of engineering structures. For the past few years,

the piezoelectric ceramic (PZT) patches have demonstrated their

suitability for SHM as part of the electro-mechanical impedance

(EMI) technique for a wide variety of structures (Sun et al., 1995;

Soh et al., 2000; Park et al., 2000a, 2000b; Lim et al., 2006; Giurgi-

utiu and Zagrai, 2000, 2002; Bhalla and Soh, 2003, 2004a, 2004b,

2004c; Bhalla et al., 2005; Shanker et al., 2011). The basic principle

of the EMI technique for SHM is to monitor the integrity of the

structure by measuring the electrical admittance of the PZT trans-

ducer bonded on surface of the monitored structure. Because of the

direct and the converse piezoelectric effects, any change in the

mechanical impedance of the structure caused by damage modifies

the electrical admittance of the PZT transducer bonded to it. Usu-

ally, the electro-mechanical admittance signature, comprising of

the conductance (real part) and the susceptance (imaginary part)

is acquired from the bonded patch in the healthy condition

of the structure and used as the reference baseline for future

decisions on the structural integrity. Any damage on the structure

modifies the admittance signature, thereby providing a signal to

the user.

The electromechanical constitutive equations for linear mate-

rial behaviour can be expressed as (IEEE standards, 1987)

D3 ¼ eT33E3 þ d31T1 ð1Þ

S1 ¼
T1

YE
þ d31E3 ð2Þ

where (referring to Fig. 1) T1 and S1 are stress and strain respec-

tively along axis (1), d31 the piezoelectric strain coefficient, D3 the

charge density, E3 the electric field along axis (3) and eT33 and YE

the complex electric permittivity and Young’s modulus of the patch

respectively.

Several researchers have attempted to capture the PZT-struc-

ture interaction mechanism through their models which are briefly

reviewed here. Crawley and de Luis (1987) proposed the static ap-

proach, which idealized the structure as a spring, connected to the

PZT patch and excited by alternating electrical field (E3), as illus-

trated in Fig. 1(a). They derived the equilibrium strain (Seq) from

quasi static equilibrium of the system as

Seq ¼
d31E3

1þ ks l

YEwphp

� � ð3Þ

where l, wp and hp are the half- length, the width and the thickness

of the PZT patch respectively and Ks the structure’s static stiffness.

0020-7683/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.ijsolstr.2013.12.022

⇑ Corresponding author. Tel.: +91 11 2659 1040; fax: +91 11 2658 1117.

E-mail addresses: sumedha_maharana@yahoo.in (S. Moharana), sbhalla@civil.

iitd.ac.in (S. Bhalla).

International Journal of Solids and Structures 51 (2014) 1299–1310

Contents lists available at ScienceDirect

International Journal of Solids and Structures

journal homepage: www.elsevier .com/locate / i jsols t r



The main drawback of the static approach was that the inertia and

the damping effects due to the bond layer were completely ignored.

In order to eliminate the limitations of the static approach,

Liang and co-workers (1994) proposed the impedance based mod-

elling approach. The related model is shown in Fig. 1(b). They

started from the following governing equilibrium equation

YE @
2up

@x2
¼ q

@2up

@t2
ð4Þ

where up is the displacement of the PZT patch and q its density.

Here, dynamic equilibrium is considered and complex Young’s

modulus of elasticity has been used. Solving Eq. (4) and integrating

the resulting strain into piezo-converse relation (Eq. (2)), the final

expression for admittance can be derived as

�Y ¼ Gþ Bj

¼ 2xj
wpl

hp

eT33 � d
2
31Y

E
� �

þ
Za

Z þ Za

� �

d
2
31Y

E tan kl

kl

� �� �

ð5Þ

where Za is the actuator impedance, defined as

Za ¼
khpwpY

E

jx tanðklÞ
ð6Þ

and k is wave number, which for 1D (one dimensional) case is given

by

k ¼ x

ffiffiffiffiffiffi

q

YE

s

ð7Þ

Although inertia effects are considered properly in the imped-

ance approach, the effect of the adhesive layer has been ignored

and the PZT patch is assumed to be connected to the structure at

its ends only. Zhou et al. (1996) extended the 1D formulation of

Liang to 2D piezo-bonded structure, but again ignoring the shear

lag effects. Bhalla and Soh (2004a, b) introduced the definition of

effective impedance by considering the force transfer to be distrib-

uted along the entire boundary of the PZT patch. By solving the

governing 2D coupled wave equation, they derived a compact

expression (as an alternative to complicated expression derived

by Zhou et al., 1996) for coupled admittance signature as

�Y ¼ Gþ Bj ¼ 4xj
l
2

hp

eT33 �
2d

2
31Y

E

ð1� tÞ
þ

2d
2
31Y

E

ð1� tÞ
Za;eff

Zs;eff þ Za;eff

� �

T

" #

ð8Þ

where Zs,eff and Za,eff are respectively the effective impedances of the

structure and the PZT patch. Further, complex tangent ratio T was

introduced with correction factors C1 and C2 for more accurate re-

sults (based on the experimental signature of freely suspended

PZT patch) as

T ¼
1

2

tanðC1klÞ

ðklÞ
þ
tanðC2klÞ

ðklÞ

� �

ð9Þ

Again, the shear lag effect of the adhesive bond layer was

ignored in this model.

Previously, it was assumed that the bond itself is very thin and

is of negligible mass. But the presence of material discontinuity be-

tween the PZT patch and the host structure, in the form of adhesive

bond layer, does influence the performance of the sensor due to

shear lag effect. Crawley and de Luis (1987) were the first to con-

sider the presence of the bond layer in force transmission mecha-

nism involving PZT patches. They introduced the shear lag
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Fig. 1. Modeling of PZT-structure interaction (a) Static approach. (b) Impedance approach.
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Fig. 3. Simplified 1D impedance model (Bhalla et al. 2009).
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parameter, C, for the case of a PZT patch bonded to a beam struc-

ture, mathematically expressed as

C ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Gs

hphsY
E
þ

3Gswp

Ybwbhphs

s

ð10Þ

where Gs is the shear modulus of the adhesive, Yb the Young’s mod-

ulus of elasticity of the beam, hs the thickness of the adhesive layer

and wb the width of the beam. Sirohi and Chopra (2000) concluded

through their analysis that for C > 30 cm�1, the strain is more or less

effectively transferred to the ends of the PZT patch, for which case

the bonding between the structure and the patch can be assumed

to be perfect and shear lag effect can be neglected. However, their

treatment was separate for sensing and actuation applications,

and not suitable for the EMI technique, where the patch serves both

the roles simultaneously.

Xu and Liu (2002) modelled the bond layer in the impedance

approach as a single degree freedom (SDOF) system and derived

a shear lag ratio (n) in terms of the dynamic stiffness of the bond

layer (kb) to that of structure (ks), as

Zeq ¼
kb

kb þ ks

� �

Zs ¼ nZs ð11Þ

where ‘‘n’’ is the impedance modification parameter. Xu and Liu

(2002), however, did not provide any explicit quantification of their

parameter. Ong et al. (2002) partly integrated the shear transfer

phenomena in the EMI technique by considering the effective

length approach of Sirohi and Chopra (2000), based on the shear

lag effect for sensing case only.

Bhalla and Soh (2004c) rigorously considered the shear lag ef-

fect by including the shear stress term in dynamic equilibrium

equation (illustrated in Fig. 2) as

swpdx ¼
@Tp

@x
hpwpdx ð12Þ

where up is the displacement in the PZT patch, wp the width of the

PZT patch, s the interfacial shear stress and Tp the stress in the
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Fig. 4. (a) Aluminum block structure (b) Finite element model of a quarter of structure.

Table 1

Parameters of PZT patch, aluminum block and adhesive bond.

Material Physical parameter Value

PZT Patch Electric permittivityeT33 (F/m) 1.7785 � 10�8

Peak correction factor (C1,C2) 0.898

k ¼
2d231Y

E

ð1�tÞ (N/V2) 5.35 � 10�9

Mechanical loss factor g 0.0325

Dielectric loss factor d 0.0224

Aluminum Block Young’s modulus (GPa) 68.95

Density (Kgm�3) 2715

Poisson’s ratio 0.33

Rayleigh damping coefficients

a 0

b 3 � 10�9

Adhesive Shear modulus (Gs) (GPa) 1

Mechanical loss factor g0 0.1
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patch. The inertial term was, however, neglected in the derivation.

For 1D case, they modified Eq. (8) by substituting (Zs) by the equiv-

alent structural impedance (Zs,eq), that is

Zeq ¼ Zs

uðx¼lÞ

upðx¼lÞ

¼
Zs

1þ
u0
0

u0�p

� � ð13Þ

where u0 and u0
0 are the displacement and the strain respectively at

the interface between the adhesive layer and the host structure at

x = l (see Fig. 2). The shear lag parameter �p was defined as

p ¼ �
wpGs

Zshsjx
ð14Þ

where Gs ¼ Gsð1þ g0jÞ is the complex shear modulus (g0 being the

mechanical loss factor of adhesive bond). The model was extended

to 2D case also. Later, another simplified model was proposed by

Bhalla et al. (2009), where the bond layer was modelled as a con-

necting shear element (attached between the PZT patch and the

structure) and assuming the entire system to be under pure shear

mechanism, as shown in Fig. 3. For this case, Bhalla et al. (2009) ex-

pressed the equivalent structural impedance in much simpler term

compared to the previous model, as

Zs;eq ¼
Zs

1� Zsxhs j

wp lGs

� �h i ð15Þ

Although the above models attempted to include shear transfer

mechanism in EMI technique with relation of force- impedance

mechanism, they ignored the effect of inertial mass term for sim-

plicity, which otherwise plays a significant role in bringing down

the peaks of the admittance signatures. In addition, the admittance

signature (Y) derived by the above approaches has shortcoming

that the equivalent structural impedance (Zs,eq), is computed at

(x = l) only (see Eq. (13)). Improvement on this front was done by

Bhalla and Moharana (2013), which is briefly described in next sec-

tion. Several other researchers have also analyzed the effects of the

adhesive layer between the surface bonded PZT patch and the host

structure for structural monitoring and control (Pietrzakowski,

2001; Han et al., 2008; Dugnani, 2009; Ha and Chang, 2010; Huang

et al., 2010; Dugnani, 2013).

2. Refined shear lag model

Bhalla and Moharana (2013) proposed a refined shear lag model

duly considering the inertia term together with the shear term in

Eq. (12), that is

swpdxþ ðdmÞ
@2up

@t2
¼

@Tp

@x
hpwpdx ð16Þ

They simplified the equation as

�aup � u ¼
1

q
u00
p ð17Þ

where a new factor �a ¼ 1�
qhphsx2

Gs
was introduced to take care of the

inertia effects. q is the previously defined second shear lag parame-

ter, given by (Bhalla and Soh, 2004c)

q ¼
Gs

YEhshp

�
Gs

YEhphs

ð18Þ

The remarkable improvement over previous model (Bhalla and

Soh, 2004c) is the inclusion of factor �a, which was taken as unity in

the previous models. Further, the second necessary equation was

derived more accurately based on shear force transfer mechanism

along the adhesive bond length, that is

Z l

x

wGsðup � uÞdx

hs

¼ Zsjxu ð19Þ
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Fig. 5. Comparison of conductance of experimental result with continuum shear lag model. (a) Normalized analytical conductance (continuum model) for hs/hp = 0.417 and

hs/hp = 0.834. (b) Normalized analytical conductance (Refined model) for hs/hp=0.417 and hs/hp=0.834. (c) Normalized experimental conductance for hs/hp = 0.417 and hs/

hp = 0.834.
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Differentiating both sides with respect to x and simplifying, we

get

up ¼ uþ
u0

�p
ð20Þ

Substituting Eq. (20) in Eq. (17) and simplifying, the refined

governing differential equation was derived as

u000 þ �pu00 � �aqu0 þ ð1� �aÞ�pqu ¼ 0 ð21Þ

The solution for u and up was obtained by imposing appropriate

boundary conditions after which the equivalent mechanical

impedance was obtained using Eq. (13). Similar procedure was fol-

lowed for 2D refined shear lag case. The signatures resulting from

the refined model exhibited a better match with the experimental

signatures. The main shortcoming here, however is that the values

are determined by making approximate computation from the true

structural impedance (Eq. (13)). However, in order to rigorously

consider the shear transfer phenomena through the adhesive layer,

one needs to integrate all terms accounting for shear lag effect (all

adhesive properties) and the forces encountered in the strain equi-

librium equation continuously and simultaneously, which has not

been attempted so far for the EMI technique. This is the main

objective addressed in the paper, discussed in the forthcoming

sections.

In practical applications, where the strains are a source for con-

trol, the term ‘‘actuation strain’’ refers to the strain other than that

caused by external stresses (generated due to application of

external force and boundary conditions), such as thermal, mag-

netic or piezoelectric effects. Thus, the actuation strain is the term

K ¼ d31E3. For an unconstrained, unstressed piezoelectric material,

the induced strain would be the same as actuation strain. However,

if the piezoelectric patch is constrained, being embedded or

bonded with another material, the actuation strain is clearly differ-

ent from the induced strain. The induced strain is influenced by the

actuation strain and it is determined by the coupling term at elec-

tro-mechanical interaction. Hence, an accurate calculation of the

actuation strain duly considering the adhesive effect along and

throughout the total bond area will achieve the more accurate cou-

pled admittance signature. In this paper, this is improved using

continuum based approach, as will be covered in following

sections.

3. Derivation of admittance signature using continuum

approach

The electric displacement D3 over the surface of a PZT patch can

be determined from the basic equations governing piezoelectric di-

rect effect. For 2D case, the piezoelectric constitutive equations can

be reduced to (Bhalla and Soh, 2004a)

D3 ¼ eT33E3 þ d31ðT1 þ T2Þ ð22Þ

S1 ¼
T1 � tT2

YE

� �

þ d31E3 ð23Þ
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S2 ¼
T2 � tT1

YE

� �

þ d31E3 ð24Þ

where t is the Poisson’s ratio of the patch and T1, T2 and S1, S2 are

the principal components of stress and strain tensor respectively.

From Eqs. (23) and (24), we get

T1 þ T2 ¼
YE

ð1� tÞ
ðS1 þ S2 � 2d31E3Þ ð25Þ

Substituting Eq. (25) into (22) and with E3 ¼ V0

h

	 


ejxt (where V0

represents the peak sinusoidal voltage), the equation can be fur-

ther reduced to

D3 ¼ eT33
V0

h
ejxt þ d31

YE

ð1� tÞ
S1 þ S2 � 2d31

V0

h
ejxt

� �

ð26Þ

The current flowing through the circuit can be determined as

�I ¼

ZZ

A

_D3dxdy ¼ jx
Z Z

A

D3dxdy ð27Þ

Substituting Eq. (26) into Eq. (27), the equation can be written

as (integrating from x = 0 to x = l and multiplying a factor of 4).

�I ¼ jx
ZZ

A

eT33
V0

h
ejxtdxdyþ jx

ZZ

A

d31

�
YE

ð1� tÞ
S1 þ S2 � 2d31

V0

h
ejxt

� �

dxdy ð28Þ

Substituting V ¼ V0e
jxt (V represents the instantaneous voltage

across the PZT patch), and solving the equation, it can be reduced

to

I ¼ 4jxV
l
2

h
eT33 �

2d
2
31Y

E

ð1� tÞ

" #

þ jxd31

YE

ð1� tÞ

ZZ

A

ðS1 þ S2Þdxdy ð29Þ

The strains S1 and S2 can be obtained from the expressions for

displacements (Bhalla and Moharana, 2013) as

S1 ¼ �u0
px

¼ 1þ
k1
�peff

� �

k1e
k1xA1 þ 1þ

k2
�peff

� �

k2e
k2xA2

þ 1þ
k3
�peff

� �

k3e
k3xA3 ð30Þ

S2 ¼ �u0
py

¼ 1þ
k1
�peff

� �

k1e
k1yA1 þ 1þ

k2
�peff

� �

k2e
k2yA2

þ 1þ
k3
�peff

� �

k3e
k3yA3 ð31Þ

The negative sign indicates that compressive strain is induced

in the PZT patch on account of positive displacement at the patch

tip. k1, k2 and k3 are the three complex roots of the shear lag
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governing differential equation of refined model (Bhalla and

Moharana, 2013) and A1, A2 and A3 are the three unknown coeffi-

cients of the solution, expressed as

u ¼ A1e
k1x þ A2e

k2x þ A3e
k3x ð32Þ

peff , the shear lag parameter, suitable for the 2D case considered

here, can be expressed as (Bhalla and Soh, 2004c)

peff ¼ �
2lGsð1þ tÞ
Zeff jxhs

ð33Þ

The coefficients A1, A2 and A3 can be determined from the im-

posed boundary conditions for refined model (Bhalla and Soh,

2004c). Using the expressions of S1 and S2 from Eqs. (30) and

(31), the final complex electro-mechanical admittance spectra for

full PZT patch can be obtained as

Y ¼
I

V
ð34Þ

which, after simplifying , yields the final expression for �Y as

Y ¼ 4jx
l
2

hp

eT33 �
2d

2
31Y

E

ð1� tÞ

" #

�
8ljxd31Y

E

ð1� tÞV
1þ

k1
�peff

� �

k1ðe
k1 l � 1ÞA1

�

þ 1þ
k2
�peff

� �

k2ðe
k2 l � 1ÞA2 þ 1þ

k3
�peff

� �

k3ðe
k3 l � 1ÞA3

�

ð35Þ

In compact form, the coupled complex admittance can thus be

expressed as

Y ¼
I

V
¼ 4jx

l
2

hp

eT33 �
2d

2
31Y

E

ð1� tÞ

" #

�
8ljxd31Y

E

ð1� tÞ�V
½Ucon� ð36Þ

where Ucon is the continuum displacement generated at the interfa-

cial bond layer after accounting the shear lag effect in the continu-

ous manner as derived above. The main advantage of the new

formulation is that it eliminates the equivalent structural imped-

ance terms inherent in the previous models, which were based sim-

ply on approximation (see Eq. (13)). In the present approach, the

admittance �Y is determined by continuous integration, duly taking

account of variation of stresses and strains along the PZT patch,

rather than at the periphery of the patch. Since u and up were just

considered at ends of the patch in previous models, they do not car-

ry complete information behind the force transfer mechanism

occurring along the adhesive bond. On the other hand, the term Ucon

takes care of the strain generated at interfacial bond due to PZT

patch deformation in a continuous manner. This makes the current

shear lag model more accurate and realistic.

4. Experimental comparisons

The admittance signature (Y) derived in the previous section is

verified in this section based on the experimental results of
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Bhalla and Soh (2004a, b). The experimental set up consisted of an

aluminium block (grade Al 6061-T6), 48 � 48 � 10 mm in size,

instrumented with a PZT patch of size 10 � 10 � 0.3 mm (grade

PIC 151, PI Ceramic 2003), as shown in Fig. 4(a). A bond thickness

(hs = 0.125 mm) was chosen for analytical and experimental

signatures. This thickness was achieved in the test specimens by

placing two parallel optical fibres on the surface of the host struc-

ture before bonding the PZT patch. Table 1 lists the key physical

parameters of the PZT patch, the aluminium block and the

adhesive. Fig. 4(b) shows the 3D finite element model of a quarter

of the test structure, modelled to determine the numerical

structural impedance (Zs) by applying unit distributed force at

particular frequency After performing harmonic analysis. The final

admittance signature was determined using Eq. (36).

Figs. 5 and 6 compare the continuum, refined and experimental

conductance and susceptance signatures respectively for two dif-

ferent bond thickness ratio (hs/hp = 0.417) and (hs/hp = 0.834).

Figs. 7 and 8 respectively compare the conductance and suscep-

tance signatures resulting from the continuum approach with

those from the refined model and perfect bond. It can be clearly ob-

served that the continuum signatures match closer to the experi-

mental plots as compared to refined model (see Figs. 5(a), (b),

and 6(a), (b)). For the susceptance, the influence of bond is signif-

icantly observed as the lowering the slope (see Figs. 6 and 8),

which is not observed in the refined model. Similar observations

hold good for conductance (Figs. 5 and 7). The accuracy and reli-

ability of bonding effect on piezo-structure elastodynamic interac-

tion has been increased significantly through continuum based

approach, due to more effective quantification of the shear param-

eter throughout the bond area, which was lacking in the previous

models.

5. Parametric study based on continuum model

Fig. 9 shows the effect of the mechanical loss factor g with two

extreme variations (80% and 150%) on conductance and suscep-

tance signatures based on the analysis carried out using the contin-

uum model. The effect of damping of the bond layer has very

negligible effect on overall signature, as clearly apparent from

the figure. Fig. 10 shows the influence of the shear modulus of

the bond layer on the signature. The effect is similar to that ob-

served for the refined model (Bhalla and Moharana, 2013). Simi-

larly, the effect of the dielectric loss factor d on the admittance
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signature is shown in Fig. 11 for a wide range of variation (80% and

150%), fromwhich it is apparent that the effect of the dielectric loss

is significant for conductance but negligible for susceptance. It can

also be noted that compared to g, d has much more significant ef-

fect on the conductance signature. The dimensional ratio (l2/h) also

has observable effect on normalized conductance (Gh/l2) and nor-

malized susceptance (Bh/l2), as evident from Fig. 12. Hence, the

PZT patch’s dimensions has significantly affect the resulting admit-

tance values. Form this study, it can be concluded that for better

electro-mechanical interaction, sensor length and bond thickness

should be minimum and Gs should be maximized.

6. Effect of adhesive mass on continuum based admittance

signature

The combined effect of the inertia of both the adhesive and the

PZT patch on the continuum based EMI admittance spectra is

investigated in this section. The inertia term in the dynamic equi-

librium equation (Eq. (16)) is replaced by

ðdmpÞ€up þ ðdmsÞ€us ð37Þ

where dmp and dms are the differential masses of the PZT patch and

the adhesive respectively and €up and €us respectively denote the

corresponding velocities. The average velocity is considered for

adhesive layer.

Substituting Eq. (37) into (16) and solving, we get

a0up � bu ¼
1

q
u00
p ð38Þ

where (a0 and b) are the two inertia parameters, given by

a0 ¼ 1�
qhp þ

qshs
2

� �

hsx2

Gs

ð39Þ

and b ¼ 1þ
qsh

2
sx

2

2Gs

ð40Þ

where q and qs are the densities of PZT patch and adhesive respec-

tively. The relation between u and up can be deduced form the shear

stress transfer mechanism, (Bhalla and Moharana, 2013) expressed

as

up;eff ¼ ueff þ
u0
eff

�peff

ð41Þ

Substituting Eq. (41) into (38) and solving, the new modified

shear lag equation for combined inertia effect can be rewritten as
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u000
eff þ �peffu

00
eff � a0qeffu

0
eff � ða0 � bÞ�peffqeff ¼ 0 ð42Þ

Eq. (42) was solved for both u and up (and hence strain Sp),

which can be directly integrated into Eq. (30) followed by Eq.

(36) to obtain more precise coupled admittance signature for the

cumulative inertia effect of both the adhesive and PZT mass based

on the continuum approach. Fig. 13 shows the overall effect on the

admittance signature. The variation is not much significant for

addition of inertia of adhesive on overall performance. Hence, the

effect of inertia of adhesive layer can be neglected.

7. Conclusions

This paper has rederived the coupled admittance signature

based on the continuous variation of displacement (hence, the re-

lated piezo induced strain) and charges over the PZT patch. This is

more accurate and realistic shear lag model for the impedance

based SHM for the EMI technique. A new continuum strain term

(Ucon) has been introduced to consider the continuous interaction

of the bonding effect throughout the bond layer. It is more conve-

nient and practical in real life applications because it eliminates all

the approximations associated with previous models, which were

based on equivalent impedance term without rigorous integration

of all shear lag parameters (shear stress and inertia force) in a con-

tinuous manner. The continuum based signatures are qualitatively

better match with experimental observations. The effect of the

adhesive mass and the PZT mass simultaneously has also been

investigated, which shows negligible impact on overall perfor-

mance. Parametric study has been carried out to analyse the effect

of both mechanical and electrical properties on the proposed
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admittance spectrum. The continuum model represents a signifi-

cant improvement over the previous models.
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