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the local flexibility characteristics induced by the individual cracks, the concept of the
massless rotational spring is applied. A Timoshenko beam theory is then used to
simulate the behavior of the composite beam with open cracks. As a result, transverse
shear and rotatory inertia effects are included in the model. Only one-dimensional axial
vibration of the PZT wafer is considered and the imperfect interfacial bonding between
PZT patches and the host beam is further investigated based on a Kelvin-type
viscoelastic model. Then, an accurate electro-mechanical impedance (EMI) model can
be established for crack detection in laminated beams. In this model, the effects of
various parameters such as the ply-angle, fibre volume fraction, crack depth and
position on the EMI signatures are highlighted. Furthermore, comparison with existent
numerical results is presented to validate the present analysis.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Fibre reinforced composites are being used extensively in aerospace, mechanical and maritime applications due to their
high strength to weight ratio and excellent corrosion resistance [1]. During the service lifetime, the composite structures
will be subjected to various loads and exposed to corrosive environment that may cause initiation of structural defects
such as impact-induced damages [2], hole-type damages [3], delaminations [4-7], cracks [8-11], etc. These tiny flaws can
get significant and finally lead to the catastrophic failure of the structures as time progresses. Thus, new reliable and
inexpensive methods should be found to identify structural defects such as cracks at a very early stage and provide some
estimate of the extent or severity of the damages.

It is well known that cracks initiating in a structure result in a reduction of the local stiffness and hence alter the global
dynamic structural behavior. Consequently, the dynamic properties of the cracked structures contain information about
the severity and location of the damage. Under this consideration, dynamic analysis has been explored for detecting and
monitoring cracks occurring in composite materials for many years. Krawczuk and Ostachowicz [8] investigated the
eigenfrequencies of a cantilever beam, made from graphite fibre reinforced polyimide, with a transverse open crack, which
is modeled by a massless spring and the cracked beam finite element, respectively. Krawczuk et al. [9] presented a model
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and an algorithm for creation of the characteristic matrices of a composite beam with a single transverse fatigue crack.
Song et al. [10] analyzed the free bending vibration of cantilevered composite beam with multiple surface cracks by an
exact solution methodology based on Laplace transform technique. Kisa [11] studied the effects of cracks on the dynamics
of a cantilever composite beam using the finite element and the component mode synthesis methods. All of these
investigations focus on dynamic properties of cracked composite beams at low frequencies and only the first few low-
frequency modes are considered which are not sensitive enough to detect tiny yet potentially damaging cracks in the
structure [12].

In the past decade, there have been extensive investigations on the electro-mechanical impedance (EMI) approach
using piezoelectric sensors/actuators integrated onto structures to monitor their conditions [6,13-18]. The EMI signatures
extracted from PZT wafers in the high-frequency range are directly related to the mechanical impedance of the bonded
structure and thus are highly sensitive to minor changes in structural integrity. In the conventional EMI method, a pin force
model is always assumed to simulate ideal bonding between PZT wafers and the host structure in which all the load
transfer takes place over an infinitesimal region at the ends of the piezoelectric patches [19]. Recently, much attention has
been paid on the effect of adhesive on the performance of piezoelectric elements [19-23], and connection between PZT
patches and host structure is considered to be achieved through interfacial shear stress based on the shear lag model
[20,23], see the paper of Crawley and Lius [24]. More recently, Han et al. [25] provided a comprehensive theoretical study
of the effect of bonding layer, which is simulated by a Kelvin-type viscoelastic model, on the coupled electro-mechanical
characteristics of a piezoelectric sensor bonded to an isotropic elastic substrate in the high-frequency range. In this
interfacial viscoelastic model, a linear spring and a linear dashpot are parallel-connected [26,27]. However, the focus of
their work was on the study of the effect of the material and geometric properties of the sensor and the bonding layer on
the load transfer from the host medium to the sensor. No further information about the host structure, such as the crack
depths and locations etc., was revealed in the high-frequency range.

In order to establish an accurate EMI model for crack detection in composite beams, another important issue, which
relates to high-frequency dynamic analysis for a composite beam, should be considered carefully. The classical dynamic
analysis techniques such as the finite element method (FEM) [8-11] and the transfer matrix method (TMM) [6] have been
employed to investigate damaged composite beams. However, FEM is usually subjected to an inherent disadvantage
because high-frequency analysis of structure inevitably involves a huge number of degrees of freedom, which result from
the huge numbers of finite elements and nodes, for predicting sufficiently accurate frequencies. The transfer matrix
method (TMM) is very powerful to analyze a regular structure consisting of many members because the number of
resultant simultaneous equations can be greatly reduced. However, significant numerical difficulty at high frequency limits
its application if the computation is completely executed on a computer [28]. Note that the method of reverberation-ray
matrix (MRRM) [29,30], which is based on the concept of elastic wave propagation, has shown its great superiority on
high-frequency dynamic analysis in our previous works [23,31]. The specific advantage of MRRM over the finite element
method (FEM) and the transfer matrix method (TMM) has been well discussed in detail [29,31,32] and hence omitted here.

The main aim of this paper is to establish an accurate EMI model for analytical crack detection of a composite beam.
The analysis is based on a Timoshenko beam model and the crack is treated as a massless rotational spring [8,10,11]. A pair
of PZT patches with free ends symmetrically bonded onto the composite beam are assumed in a state of pure one-
dimensional axial strain [13,20,23,25,31] under an out-of-phase harmonic electric force and hence a pure bending
excitation is created [13]. Since the strain/stress transfer between PZT patches and the host beam is physically
implemented through adhesives, a Kelvin-type viscoelastic law [25-27] is introduced into the EMI model for the first time
to account for the bonding effect in order to improve signature sensitivity to cracks. Furthermore, the inertia effect of PZT
actuator/sensor is taken into account because high-frequency electric field with typical propagation wave length
comparable to the length of actuator is applied [25,33]. The method of reverberation-ray matrix (MRRM) is adopted to
investigate the dynamics of the coupled smart structure system (piezoelectric patches-adhesive-cracked composite beam),
which can overcome the difficulty associated with high-frequency analysis. Then, an analytical expression of impedance
(or admittance) containing crack parameters as well as other physical parameters is derived for crack detection in the
composite beams. Numerical results are finally obtained and discussed to demonstrate the validity of this analysis.

2. Formulations of composite beams with imperfectly bonded PZT patches

As shown in Fig. 1, a pair of PZT patches is bonded symmetrically onto the top and bottom surfaces of a cantilever
composite beam and is driven by a fixed alternating electric field out of phase. To derive the governing equations, a beam
segment bonded with PZT patches will be examined here as illustrated in Fig. 2. First, the equation of motion of PZT patch
assumed in a state of 1D axial strain [25,31,33] is expressed as

Pup T 2up
P2 hy  Prae M
where u,, is the axial displacement of the PZT patches, p and E are the mass density and Young’s modulus, respectively, h is
the thickness (subscript p signifies the PZT patch), 7, varying along the bonding length, is the interfacial shear stress
between the PZT patch (beam) and the adhesive, and ¢ is the time variable. The shear stress t distributed in the layer is
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Fig. 1. Geometry of an intelligent beam with surface cracks.
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Fig. 2. A beam segment with adhesively bonded PZT patches.

determined by the following constitutive relation based on Kelvin-type viscoelastic model [25]:

Gy cp d(up—u)
T—E(UP*U)+E dar (2)
where Gy, hp, and ¢, are the shear rigidity, the thickness and the coefficient of viscosity of the bonding layer, respectively, and
h ow
U=-35 % (3)

in which u and w are the axial displacement and transverse deflection of beam, respectively, and h is the thickness of the
composite beam. It should be pointed out that the spring constant and the viscosity coefficient of the interface defined in
Refs. [26,27] are respectively given by G/h, and cp/hp, here [25].

In this paper, it is assumed that the stress field of the cracked beam is influenced only in the region near to the crack
according to the Saint Venant’s principle and the discontinuity in the stiffness induced by the crack will be simulated by a
massless rotational spring with infinitesimal length [8,10]. Thus, the composite beam is converted to a continuous-discrete
model [10]. For the beam segment with piezoelectric elements, the governing equations are derived based on Timoshenko
beam theory [10] as follows:

oM & o
X +T(X)bh—Q+pIW =0, M= —S]lla
N _paZY, Qs (%—go) (4)
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in which M and Q are the bending moment and shear force, I and A are the moment of area and cross sectional area, and « is
the shear correction factor, respectively. S11, Ses and p denote the transverse bending stiffness, transverse shear stiffness
and the mass density of the composite beam, respectively, and can be derived from the mechanical properties of the
composite and the ply-angles of the fibre [8-11]. As a result, the transverse shear and rotatory inertia are included in this
model. It is further assumed that the material of the composite beam is orthotropic, its principle axes x;0y; of orthotropy
being rotated in the plane x0y by an angle 0 considered to be positive when it is measured from the positive x-axis in the
counterclockwise direction as shown in Fig. 1. Then, on defining m = cos0 and n = sin0, we derive the following stiffness
constants S;; of the composite along the axes x0y [11]:

S11= §11m4+2(§12 +2§65)m2n2 +§22n4,

Se6 = SeeM* +(S11—2S512 + S22 —2Sge)m?n® + Sgen?, (5)
in which
< Eny c < En = S
Sii= TV, (En /B’ S22 =5n E’ S12 =v12522, Ses =Gi2, (6)

where the mechanical constants of the composite Eq1, E22, Gq2, V12 as well as the mass density p in Eq. (4) can be
determined in Appendix A. Letting up(x,t) = Up(x)el”t, u(x,t) = UX)e!, w(x,t) = W(x)el®t, 7(x,t) = T(x)ei and ¢ = Px)e! (o
is the angular frequency in rad/s, i = +/—1 and w=2xf, f is the frequency in Hz) by the method of separation of variables
yields the following differential equations from Eqgs. (1) to (4):

ap W pwt_ 626
T TS T e Ty oD
_ 511hbh2 c = 7& KSGGhb _ pwzhbhz—]ZKSSShb (7)
T 2meGy T 2T Gy T T 121Gy
and Eq. (2) can be rewritten as
= ”’° b @, 1), (8)
where
No=1+iw G’; 9

Introduce the following parameter I" and the stiffness ratio between beam and the piezoelectric patch:

(GO /By) W+ o)/, W =S11h/(Ephy), (10)

where G = 1,Gy/Ep, Op=hp/hp, hy, =hy/a, (a=1p/2,1, is the length of PZT patch) and op=6.

Setting #o=1, i.e. ¢,=0, we can get the classical shear lag model by Crawley and Lius [24], and the coefficient I" becomes
the well-known shear lag parameter [20,24,31]. For values of I' greater than 30, the perfect bonding between the PZT
patches and the host beam can be further assumed for engineering models [20,24]. Then, on defining kf, :ppr/Ep,
k? = pw?/S11 and k% = pw? /(kSes), we derive the following six-order differential equation:

w  tw

5—+ py +B 2+Cw 0 (11)

(524
in which

A=—(T'/ay’ +k2+k2 +KZ,

12k
B:(kék?+kékﬁ+kﬁk§)—(ké+k§)[//l_//W(I‘/a) —k2 w+a(r/
12k2
C= hzs w‘i&(r/a)2 —kZK? zﬁw (I'/ay* +kZkZ k2. (12)

Hence, the following relations can be obtained

w=(a;ef* +ayef* pazef* +dye P dyeFox  dse el

@ = (1017 4 p,a5eP* 1 p3asP —p dye ¥y, dye X —ysdse e,

Up = (M@ e ¥4 drapeP* 4 Jzazel*— ) die Pr—dydyePX— J3dseP¥)elt, (13)
where ;= f;+k2/B;, Ai=¢ ﬁ,»zy,-+czﬂ,-+c3yi, (i=1,2,3), and @; and d; (i=1,2,3) are undetermined constants, and f; are the
characteristic roots of Eq. (11). For a general Timoshenko beam segment without bonding piezoelectric patches, the basic
equation can readily be obtained by simply setting 7=0 in Eq. (4) and the well-known homogeneous solution is

W(X,t) — [Cl] ek,x + azekzx + d] e—k1X +dze—k2x]eiwt'
PO = [751a1€9% 4y, a265% —y dye % —y o dye ¥ et (14)
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w? N w? N
Kez2
w? N w?
K¢z ¢

2
Ere)r/(5-9) +% o

2 o pa=kit xczk;’
and ¢; = /Ses/p, Co = +/S11/p and rs = \/I/A=h/v12.

It is well known that a surface crack on a structural member introduces a local flexibility that is a function of the crack
depth, material elastic constants and the loading modes. With account taken of the fact that the slender composite beam is
subjected only to the bending moment in this paper, fracture mode | is considered to be accurate enough to analyze the
transverse open crack [8,10] and thus the non-dimensional flexibility is given as [8,10]:

in which

,if o < VKes /16

2
w?  w? +4w2
Kcz ¢} car?
2

k] =

1, if o> JKcg/rs,

kz =

(i=1,2), (15)

0 =605y | [HOR(@IE, (16)
0

where €= c/h, c is the crack depth and

D; = —0.5by,Im (%) Yi0)=140.1(=1)=0.016((—1)% +0.002(. —1)?,
152
(= VEnEn oo g = YWY [0.923+0.199(1-sim)*], 7= e (17)
2G>y cosy 2
in which s; and s, are the characteristic roots of the following equation:
b115*—2b165® +(2b12 +bge)s> —2baes+byz = 0. (18)

All elastic constants Ej1, Ezz, G12, V12, V21 and B,-j in Egs. (17) and (18) will be determined in Appendix A.

3. EMI model based on MRRM

For a composite beam with multiple cracks and bonded PZT patches, the whole composite beam should be divided into
several successively connected beam segments with small and finite length and each beam element can thus be regarded
as homogeneous. In MRRM, a major step is to set up two local coordinate systems for each beam segment, as shown in
Fig. 3. It is assumed that the PZT patches are bonded onto JK segment and the fixed end and the free end of the composite
beam are denoted as nodes 0 and N, respectively. If multiple cracks are located at joints 1, I, L, M, etc., the whole beam can
then be separated into 0-1, 1-2, ..., -], J-K, ..., L-M, M-N with N beam segments and N+1 nodes. It should be noted that,
for a uniform beam with homogenous material and geometric properties, we can treat the whole beam as one segment
using the MRRM formulation. This is greatly different from FEM which requires a number of beam elements resulting in
computationally expensive high-frequency analysis.

KU vK LM
A A A
Ny 1 K K M M
- »b&d— - - - - »>4— - - - - »pd— - - _>
0 Xlo Y 10 X L xML
y \ y M
I o

Fig. 3. The local coordinates for application of MRRM.
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Having expressed beam deflection and rotation in Eqs. (13) and (14), the bending moment and shear force can be
obtained according to Eq. (4). At the crack location such as joint L, we have

LM
WLK +WLM — 0' MLK —|—MLM — 0' QLK — QLM. (PLM—(PLK — Ol (%%) . (19)

Here the non-dimensional flexibility @ is determined by Eq. (16). The conditions given by Eq. (19) express the continuity of
bending moments, shear forces and transverse displacements and the jump of the rotations at the crack location.
Substituting the analytical expressions of bending moments, shear forces, transverse displacements and rotations into
Eq. (19), the following relations in a matrix form are further obtained:

d" =s‘al, (20)

where d" = [diX, dL¥, d:M, dIM]T is called the departing wave vector at joint L, and a* = [akK,alk, atM, aiM]" is the arriving
wave vector. The matrix S' is called the local scattering matrix with rank four at joint L [29,30]. Eq. (20) establishes a
scattering relation between various waves (traveling and standing waves) at node L.

At the left end of PZT patch at joint J, the following relations should be satisfied [24,31]:

wiiwK =0, @f=¢K, M 1MK=0, Q'=0QK at ¥'=xK=0

and sp=aa%=d3ﬁ—pv3=A, ¥ =0. (21)
where d3; and V3 are the piezoelectric constant of PZT patch and the applied electric field, respectively. Then, we obtain
Ad —Bd 1+Q,, (22)
The above equation can further be rewritten as follows:
¢ =54-®)'Q, I=B)"N, Q=[0 0 0 0 4] (23)

where d = [d’{ d]2' dllK d’zK d’3K IFanda = [a’{ alzl allK LIIZK a’3K I" are the extended departing wave vector and arriving
wave vector, respectively. The matrix §' is the local scattering matrix of order 5 x 5 at joint J [29,30].

At the two ends (0 and N) of the composite beam, the boundary conditions instead of continuity conditions must be
imposed. The scattering matrices at the two ends, S° and SV, thus have a different form and the order is reduced to 2 x 2.
For illustration, we consider the free end at x=I (end N). To satisfy Q=M=0, the following relation can be obtained from
Egs. (4) and (14):

V51 kq (ky —Vs2)+Vs2 ka (kq —Ys1) 2y ka (kz —7s2)
a7 | ek =) —rakika—=p)  vokatki—ya)—vaki(ke—yg) | [ di (24)
dgM N 2’))51 kq (kl —Vs1 ) Is1 ks (k2 _VSZ) 1752 ks (kl —7s1) agM

Vs1 k1 (k2 —Vs2)=Vs2 ka (k1 7’\/51) Vs1 kq (kZ 77)52)7%2 ka (ky —Vs1)

The above equation can be rewritten as d" = SVaV. Treatment of other boundary conditions is also similar. Combining
all the local scattering matrices of N—1 joints and two ends, we arrive at a global scattering relation as follows:

d=Sa+Q (25)
where d=[@d)T, @"H',..., @ T, @)TT is the global vector associated with departing waves, and
a=[@%»", @"H', ..., @""HT, @)']" is the global vector associated with arriving waves [29,30]. The global scattering
matrix S and the force vector Q are respectively obtained as

S—diag[S3.; Sia - Sk Shs - Siy S1S],

Q=[00)" 4 - BT B o O O] (26)

where diag][-] signifies a diagonal matrix. There are totally 4N+2 equations in Eq. (25) which are insufficient to determine
the 8N+4 unknowns of vectors d and a. Hence, additional relations between these two vectors will be explored as follows.

For each member, two different local coordinate systems have been employed. With a unique physical reality, solutions
of the two systems should predict identical result. More specifically, at identical point XM = I'M _xML on beam segment
without bonded PZT patches, we should have

W (M) = WM (MM, (27)
which yields
LM JLM LM JLM
aiMeki"I — _gML - gEM kI gL
LM JLM LM JLM
dl].Me—k1 "™ _ _aI]VIL‘ dlee—k2 "™ _ _aIZ\/IL. (28)

For beam segment with bonded PZT patches, ¥ = IK_xX we also have
WX Ky = —w (K ¥/, (29)
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which gives
aJlK = —dgqe*ﬁlw(, aIZK — —dlzqe’ﬁzl”(' aéK — —d?e*ﬁzy’('
= —dl9eb? i = _afleft" @i — _alefs. (30)
Egs. (28) and (30) give the relations connecting the arriving waves in one local coordinates to the departing waves in

another local coordinates, and are called phase relations [29,30]. New local vectors are introduced here: d at joint L (not

the end of PZT patch), and d and aK, respectively, at joint ] and K (left end and right end of PZT patch) can be expressed as
follows:

d -, df, an, ay, @ [df o o & &
_ T
- [dlll( dlzK d131< diK dliK} ) (31)
Hence, a new global vector d for the departing waves is constructed as

T
)

d—@ . @, @.. @ @i, (32)

—0 =N — .
where d =[d1°, di°" andd” =[d}~"N, dJ~"N|'. The global vectors d and d contain the same elements but are sequenced
in different orders. The two vectors thus can be related through a permutation matrix U as

d=ud, (33)
Notice that Egs. (28) and (30) are valid for both the beam segments without and with PZT patches. These relations can

be combined in a matrix as follows:
a="Pd, (34)

where the total phase shift matrix P of order (4N+2) x (4N+2) is defined by

P:diag[Pm p2 ... pk ... pM PMN]Y (35)

k%M ILM _ kéM ILM _eikliM ’LM _ *k’éM [LM

where P*M = diag[ —e~ e e ] for a beam segment without bonded PZT patches and meanwhile for
a beam element with bonded PZT patches, we have PX = diag[ —e ¥ —e=h: _e—hst* _e=Bil“ =Pt _e—$3/] Note that the

phase matrices P/ do not contain exponential functions with large positive indices and hence the numerical instability
usually encountered in the conventional transfer matrix method (TMM) [28] can be avoided. This is a crucial point for the
proper application of MRRM in high-frequency dynamic analysis of structures [23,31]. From Eqgs. (25), (33) and (34), we
have

d=Rd+Q, R=SPU, (36)
where R is called the reverberation-ray matrix [29,30]. The following relations then hold:
d=(I-R)"!Q, a=PuUd. (37)

Hence, all undetermined constants in Eqgs. (13) and (14) can be solved from Eq. (37).
In this paper, the PZT patch is considered as a thin bar undergoing only axial motion. The corresponding constitutive
equations are [13,20,23,31]

T _
&p = E—]+d31E3, D3 =8§3E3+d31T1, (38)
p

where T is the longitudinal stress, E§3 = ¢l,(1-4i) is the complex dielectric constant, E, = E,(1 +1i) is the complex Young’s
modulus, D5 is the electric displacement, and # and ¢ are the mechanical and dielectric loss factors, respectively. From
Eq. (38), we obtain

D3 = (853 —d3,Ep)Es +d31 Epep. (39)
The electric current passing through PZT patch can be determined from the electric displacement as

I=iw //D3 dxdy = ioWply (833 —d3, Ep)Es +icow,ds; Ep(ul —ub), (40)

where w,, is the width of the PZT patch, u;f and ulLJ represent the axial displacements at the right and left sides of the PZT
patch in the corresponding local coordinate, respectively. Since Es=V5/h,, the coupled electric admittance of the PZT patch
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between two electrodes can be described by

vl _ iowply (€53 —d3,Ep) . iowyds1 Ep(uf—ub)
% h, Vs '
From Eqgs. (13), (21) and (37), we know that u, is proportional to V5. Without loss of generality, a unit voltage is
assumed. Hence, Eq. (41) can be rewritten as

(41)

. -T 2T

Y= M +icowyds; Ep(uf —up). (42)

The electric impedance Z can be expressed as the inverse of electric admittance. From Eq. (42), we can see that the first

term on the right side is only related to the PZT patches, while the second term involves parameters of PZT patches, host beam

and bond layer. In fact, the second term indicates the resonance condition of coupled PZT patch-bond layer-composite beam

system in the frequency domain. We assume a pair of PZT patches is bonded to the JK beam segment as before. Substituting
the expression for up, in Eq. (13) into Eq. (42) and then using the phase relations again yields the electric admittance as

iow,l, @ —d2 Ey) . (S
Y= %}faw) +iww,ds E, (Z Jjal —d +df —d}’.q)) ) (43)
j=1

Thus, from Egs. (37) and (43), we can calculate the electric admittance (or electric impedance) of the PZT patch easily.

4. Numerical computations
4.1. Validation of the present model

To validate the present EMI model, numerical results are compared with available theoretical predications via the other
methods. First, a cantilever beam with length 0.8 m and square cross-section 0.02 x 0.02 m? is assumed. A single crack of
depth 2 mm is located at 0.12 m from the fixed end. The material properties of the beam corresponds to an isotropic
material of Young’s modulus E =2.10 x 10'' N/m2, Poisson’s ratio v=0.35 and mass density p=7800 kg/m> [10]. The PZT
patches are bonded symmetrically onto the cracked beam and are located at 0.3 m from the fixed end. All geometric
parameters and material constants of the PZT patch are listed in Table 1. The lowest three natural frequencies are directly
extracted from the EMI signatures using the present model (see Fig. 4) and they are listed in Table 2. Good agreement with
published results [10,34] can be observed. Another single simply supported beam of square cross-section with width
12.7 mm, height 12.7 mm and length 400 mm is also considered for the comparison study. A single-sided open crack with
depth 5 mm is located at 120 mm from the left end while the material properties of the host beam are [35]: Young’s
modulus 2.07 x 10" N/m2, density 7860 kg/m> and Poisson’s ratio 0.3. From Fig. 5, the three natural frequencies extracted
from the EM signatures are about 700, 1630 and 2830 Hz. These values differ slightly from the experiment results (700,
1616 and 2864 Hz) by an impact test [35] with the maximum error being less than 1.2%. Unless otherwise stated, perfect
interfacial bonding is always assumed in this paper by taking c,=0 and a large value of shear lag parameter I'=43.7.

Then, a cantilever beam made of unidirectional graphite fibre-reinforced polyamide is always considered in the
following investigation. The material properties of the composite, in terms of fibre and matrix, identified by the subscript f
and m, respectively, are listed in Table 3 [8-11]. The geometrical characteristics, the length, height and width of the beam
are further chosen as 1, 0.025 and 0.05 m, respectively [8,10]. The case considered in Ref. [10] will be adopted here for
comparison study and it is associated with three cracks of an identical depth 5 mm located at different positions. The
volume fraction of fibres V and the angle of the fibre 0 are assumed to be 0.5 and 0°, respectively, and a pair of PZT patches
symmetrically bonded onto the beam is located at 0.15 m from the fixed end. The first three natural frequencies can then
be directly extracted from the conductance curves plotted in Fig. 6. The results of comparison are summarized in Table 4.
We can see that the difference between the numerical results obtained by the present method and the calculated ones in
Ref. [10] are less than 5% except for the first natural frequency for case A. Through further observations, we can find almost
all corresponding natural frequencies obtained by the present method are higher than those calculated in Ref. [10]. This
indicates that the resonant frequencies increase for a coupled PZT patch-bonding layer-host beam system considered here
due to the well-known piezoelectric stiffening effect. It is similar to what is observed in Ref. [36] for an isotropic beam. In
Fig. 6 and Table 4, three cases relating to the different crack locations are considered and are labeled as A(0.1; 0.2; 0.3),
B(0.4; 0.5; 0.6) and C(0.7; 0.8; 0.9), respectively. The data in the brackets mean the distances between the crack position

Table 1
Material constants and geometric parameters of PZT patch.

Geometry (mm?) E, (N/m?) n pp (kg/m?) d3; (m/V) &l (F/m) o

10x10x 0.2 6.67 x 10'° 0.03 7800 —2.10x10°1° 2.14x10°8 0.0185
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Table 2
Comparison study for a beam with one crack.
Natural frequency (Hz) Ref. [10] Ref. [34] Present model
Mode 1 26.1015 26.1231 26.19
Mode 2 163.5959 164.0921 163.60
Mode 3 456.3634 459.6028 455.84
2
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Fig. 5. Calculated results for a single beam with a crack for comparison with the experiment in Ref. [35].
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Table 3
Material constants of the composite beam [8-11].

En (GPa) E; (GPa) G (GPa) Gr (GPa) Vin vy pm (kg/m®) ps (kg/m?)
2.756 275.6 1.036 114.8 0.33 0.2 1600 1900
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Fig. 6. Comparison study for a composite beam with three cracks. (a) First mode, (b) second mode and (c) third mode.
Table 4

Comparison study for a composite beam with three cracks.

Crack locations Natural frequency (Hz) Ref. [10] Present model Percentage difference (%)
A Mode 1 22.362 24.42 8.43
Mode 2 189.486 194.6 2.63
Mode 3 495.819 504.6 1.74
B Mode 1 30.637 31.68 3.29
Mode 2 157.036 164.9 4.77
Mode 3 484.878 500.1 3.04
C Mode 1 35.629 35.57 -0.17
Mode 2 186.156 192.4 3.25

Mode 3 451.721 466.2 3.11
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and the fixed end. For example, (0.1; 0.2; 0.3) and (0.5) denote three cracks located at 0.1, 0.2 and 0.3 m and a single crack
located at 0.5 m from the clamped end of the beam, respectively.

4.2. Effect of the bond layer

Egs. (2) and (8) have shown us the viscoelastic properties of the bond layer. For the sake of convenience in the following
discussion, the shear stiffness of bond layer is always assumed to be 1 GPa [25]. Unless otherwise stated, the volume
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Fig. 7. Shear stress along PZT patch for various bonding layer thicknesses. (a) ¢,=0, f=10 kHz and (b) ¢,=0, f=450 kHz.
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fraction of fibres V and the angle of the fibre 0 are always assumed to be 0.5 and 45°, respectively. A pair of PZT patches
symmetrically bonded onto the beam is located at 0.15 m from the fixed end.

Fig. 7 shows the shear stress distribution along the PZT patch for the cases where f=10 and 450 kHz and for various
bond layer thicknesses 10, 25, 40, 75 pm. The effect of viscosity is ignored here. For a thinner bond layer, the shear stress
becomes more confined to the PZT wafer ends. This agrees well with that observed by Giurgiutiu [19] under the quasi-
static condition. For a relatively higher frequency electric excitation with f=450 kHz, however, the distribution of shear
stress becomes more complicated as shown in Fig. 7(b). The distribution curves of shear stress between PZT patches and
host beam under various excitation frequencies are also given in Fig. 8. It is shown that forcing frequency has a significant
influence on the shear stress distribution and a sinusoidal distribution curve appears for a higher frequency electric
excitation instead of the relatively simple curves for the lower modes. The similar phenomenon has been reported in
Ref. [37]. It actually confirms the significance of the inertia effect of piezoelectric actuators.

As another parameter influencing the mechanical properties of the bond layer, the coefficient of viscosity ¢, is taken
from 10 to 10 000 Pa s in the simulation to investigate its effect on the stress transfer between the PZT patches and the host
beam. In this case, ¢,=10 Pa s represents very weak viscosity and c,=10 000 Pa s represents very strong viscosity [25]. From
Fig. 9, we can see that the shear stress distribution along the actuator/sensors changes slightly under a relatively lower
frequency electric excitation with f=10 kHz, and however it becomes more complicated at a higher frequency with
f=200 kHz, especially for the stronger viscosity with c, > 1000 Pa s.

4.3. Effect of various physical parameters on EMI signatures

The effects of some physical parameters such as the volume fraction and the ply-angle of the fibres on the first several
natural frequencies have been well investigated in the past decades [8-11]. However, the focus of this work is on the study
of the effect of the various physical parameters on EMI signatures in the higher frequency range. To understand the effect
of adhesive properties on the electro-mechanical impedance signatures, different values of viscosity and thicknesses of the
bond layer are now assumed. When the viscosity of the adhesive becomes stronger (i.e. the coefficient of viscosity c;
increases), the curve of conductance subsides down clearly, especially for the stronger viscosity with c, > 1000 Pa s.
However, it is interesting to note that no peak shift of conductance curve occurs as shown in Fig. 10. This is mostly due to
the fact that the viscosity of the adhesive does not change significantly the global stiffness of structure although a coupled
model is considered here. Although the curve of conductance changes more slightly, the similar trend can also be observed
from Fig. 11 for the parameter study with different thicknesses of the bond layer. This agrees well with that observed by
Bhalla and Soh [20] and Yan et al. [31].

Because the increasing of the ply-angle is accompanied by a great decrease of natural frequencies, we can see from
Fig. 12 that the resonant peaks of the conductance curve shift towards the left significantly with increasing ply-angle due

5 T T T T T T T T
—— =10 kHz

N | m—— =350 kHz

3| - §2450 kHz .
“~ =600 kHz

Shear stress (N!n'?)

_5 1 1 1 1 1 1 1 1 |
0 0001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

PZT length (m)

Fig. 8. Shear stress along PZT patch under different frequencies excitation (c,=10 Pa s, h,=75 pm).
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Fig. 9. Shear stress along PZT patch for various viscosity values of the bonding layer. (a) h,=10 um, f=10 kHz and (b) h,=10 pum, f=200 kHz.

to reduction of the global stiffness of the host beam. However, a slight shift of the resonant peaks can be observed for larger
ply-angles from 80° to 86° as shown in Fig. 13. This indicates that the stiffness of the composite beam is insensitive to the
change of the ply-angle close to 90°. The similar phenomena have been observed for non-cracked or cracked composite
beam at the first three natural frequencies [10,11].

The effect of volume fraction of the fibres V on EMI signatures is also investigated as plotted in Fig. 14. The conductance
curves change dramatically with the increasing volume fraction of fibres from 0 to 0.7 and it seems that no more
information about the composite can be found from Fig. 14. The further investigation shows that the resonant peaks of
the conductance curve shift towards the right clearly with the increasing volume fraction of fibres from 0.50 to 0.53
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Fig. 10. EM admittance signatures for various viscosity values of the bonding layer (h,=10 pm).
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Fig. 11. EM admittance signatures for various bonding layer thicknesses (c,=0).

(see Fig. 15). This indicates that the increasing of the volume fraction of fibres is accompanied by a significant increase
in structural stiffness. It can also be observed from Egs. (5), (6) and (A.3) (in Appendix A) that the transverse

bending stiffness S;; will increase significantly with the increasing volume fraction of fibres V for the case of E;> E;,
adopted here.
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Fig. 13. EM admittance signatures for various ply-angles (0=80-86°).

4.4. Crack detection based on EMI method

Based on the electric conductance spectra, the present model is now employed to quantitatively identify cracks due to
changes in structural stiffness. Three common crack growth cases are considered in this paper: (1) progressive crack depth
from 5 to 15 mm at the same location 0.3 m from the fixed end; (2) a single crack with depth 10 mm located at 0.1, 0.2 and
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Fig. 14. EM admittance signatures for various volume fractions of fibres (V=0-0.7).

0.3 m, respectively, from the fixed end; (3) crack propagation through the composite beam. Fig. 16 shows that the EMI
signatures are very sensitive to damages and the resonant peaks of the EMI signatures shift towards the left with
increasing crack depth due to the reduction of global stiffness of the composite beam. The great effect of crack locations on
the EMI signatures is also shown in Fig. 17. However, a slight shift of the resonant peaks of the EMI signatures can be
observed for the same crack growth cases when the ply-angle of the fibre becomes 90°, as shown in Figs. 18 and 19,
respectively. The numerical results consequently reveal that, corresponding to the ply-angle 6=90°, the resonant
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frequencies are insensitive to the variation of the crack depth and crack location. This agrees well with that observed by
Song et al. [10] at low frequencies. It should be pointed out that the ply-angle o defined in Ref. [10] is considered to be
positive when measured from the positive y-axis in the counterclockwise direction and thus we have 0=90° in the case

of a=0°.
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Fig. 18. EM admittance signatures for various crack depths (6=90°).

To model crack propagation in the following case, we assume that the crack with depth 5 mm is located at 0.3 m from
the beam root first, followed by simultaneous cracks located at 0.3 and 0.5 m, and finally simultaneous cracks located at
0.3, 0.5 and 0.6 m from the fixed end. We can see from Fig. 20 that the resonant peaks shift towards the left clearly with the
crack propagations due to reduction of global stiffness of the host beam.
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By investigating the above numerical examples, we can make a conclusion that the technology developed in this paper
is able to provide us an effective way to detect crack depth, location and propagation in a composite beam. However, it
should be noted that the EMI signatures may be insensitive to the cracks appearing in the composite beams under some
special conditions such as for the case of ply-angle =90°.
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5. Conclusions

In this paper, an analytical technology relating the EMI signatures in the high-frequency range to dynamics of an
anisotropic composite beam with multiple cracks is presented. A viscoelastic model is adopted to investigate the behavior
of bond layer between PZT patches and the host beam. Considering one-dimensional motion of the PZT wafers excited by
the applied high-frequency alternating electric field, a coupled structural system consisting of PZT patch, bond layer and
host beam is established and an analytical expression of electric admittance is then developed to quantitatively detect
cracks in the composite beam based on MRRM.

A comparison with the existent numerical results validates the accuracy and effectiveness of the present formulations.
The further parametric study indicates that some parameters such as the adhesive thickness, excitation frequency and the
coefficient of viscosity affect remarkably the shear stress distribution between PZT wafers and host beam, especially in the
high-frequency range. The effect of interfacial bonding behavior on EMI signatures is also investigated. With increasing
viscosity and thickness of the adhesive, the impedance signature changes accordingly which is, however, quite different
from the peak deviation of conductance spectra induced by cracks. This implies that even if the PZT patches are imperfectly
bonded onto the host structure in practice, the EMI signature thus obtained may be still be valid and valuable for damage
diagnosis through a proper analysis. Furthermore, the high-frequency EMI signatures are very sensitive to cracks appearing
in the composite beams and the present model can also correlate changes in signatures to physical parameters of the host
beam and hence provide further information on depth and propagation of the cracks. Thus, the proposed model provides
an efficient tool for analyzing high-frequency dynamic response of coupled structural system and also presents an effective
and convenient method to identify the depth, location and propagation of cracks in the composite structures.
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Appendix A

The compliance constants E,-j of the composite along the axes x0y can be determined as follows [8,9,11]:

bi1 = biim® +(2b12 +bge)m?n® + byon,
by = by1n* +(2b12 +bgg)m?n? + byym*,
b1z = b1am®* +(b11 +byo—bes)m?n? +bian?,
b1g = (=2b11 +2b12 +bes)m>n+(2byy —2b15 —bes)mn?,
bag = (=2b11 +2b12 + beg)n*m+ (b2 —2b12—bgg)nm?,
566 = b66m4 +2(2b]1 —4b]2 +2b22—b66)m2n2 +b55n4, (Al )
in which b;; are compliance constants of the composite along the principle axes x;0y;. b; are related to the mechanical
constants of the materials by

1 E 1 -V
b :—(1—\)2 ﬂ) byy = — (1=v2,), b1y = —2(14vy3),
n=Es 2E; 22 Ezz( 73) 2= Fo ( 23)
bes =1/G12, baa=1/Ga3, bss = bes, (A.2)
where all elastic constants as well as the mass density p are calculated using the following formulations [8,9,11]:

Ep+Em+(Ef —Em)V}
Ei1 =EV+En(1-V), Epp=En| T 2"000,
1 =EV+En(1-V), Exn m[Ef—e—Em—(Ef—Em)V

1+vim—vi2Em/En }
1-vZ +vi2VmEm/E11]’

p=pV+p,(1-V), (A3)

Vi = VfV+Vm(l V), va3= VfV+Vm(17V) |:

Gf+Gm +(Gf_Gm)V
G+ Gn—(G—Gm)V

Ex
2(1+vy3)’

G]zIGm :|, G23:

where subscript m and f denote matrix and fibre, respectively. E, G and v are the modulus of elasticity, the modulus of shear
rigidity and Poisson’s ratio, respectively. V is the volume fraction of fibres.
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