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Abstract. In the present report, a novel concept of frequency response function (FRF) is
introduced for piezoelectric beam. First, a model of Timoshenko beam bonded with a
piezoelectric layer is established and used for deriving the conventional frequency re-
sponse function acknowledged as mechanical frequency response function (MERF). Then,
the output charge produced in the piezoelectric layer is calculated from the MFRF and
therefore obtained frequency-dependent function is called electrical frequency response
function (EFRF) for the integrated beam. This concept of FRF depends only on exciting
position and can be explicitly expressed through crack parameters. So that it provides a
novel instrument to modal analysis and structural health monitoring of electro-mechanical
systems, especially for crack detection in beams using distributed piezoelectric sensor. The
sensitivity of EFRF to crack has been examined and illustrated in numerical examples for
cracked Timoshenko beam.

Keywords: frequency response function; cracked Timoshenko beam; piezoelectric layer;
sensitivity analysis.

1. INTRODUCTION

The vibration-based method (VBM) has been proven to be the most productive tech-
nique in health monitoring of engineering structures and the important results obtained
recently in this field were reviewed in [1-3]. As is well known, the core problem in struc-
tural health monitoring (SHM) is detecting possible damage in a structure of interest
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which means identifying structure deteriorations such as cracks or debonding in layered
composites. The key in the application of the VBM for SHM is choosing damage indi-
cators that show whether a structure is damaged and the location, extent of damage if
it happened. Among the damage indicators, the global (nonlocal) ones such as natu-
ral frequencies for example were first chosen because of their easily measurement but
they are insensitive to local damage like cracks. The vibration mode shapes are more
sensitive to local damages; however, mode shapes are more difficult to measure exactly
by traditional structure testing techniques. As the original signature of natural frequen-
cies and mode shapes, the frequency response functions have been early employed for
structural damage detection problems [4-11]. However, most of the studies were based
on the damage-induced changes in the FRF’s shape measured still by a large number
of sensors in a discretized mesh. Recently, using the piezoelectric material as compo-
nents of a structure [12,13] for monitoring its condition offers an alternative technique for
measuring FRFs for structural damage detection and it allows a novel technique called
electro-mechanical impedance (EMI) method to be developed for SHM [14-17]. Nev-
ertheless, the so-called EMI method is limited to investigating the electro-mechanical
impedance measured with a piezoelectric transducer (sensor/actuator) in a very high-
frequency range. The measured response of a structure subjected to electric excitation
produced by a piezoelectric actuator in a high-frequency range often delivers weak sig-
nals to apply for structural damage detection. This drawback of the EMI technique could
be overcome by using only a distributed piezoelectric sensor for measuring the frequency
response of a structure subjected to mechanical excitation in the frequency range of the
structure’s fundamental frequency:.

Thus, in the present study, a concept of frequency response function (FRF) is devel-
oped for a beam with a piezoelectric layer under mechanical excitation. First, a model
of Timoshenko beam bonded with a piezoelectric layer is established and used for de-
riving the conventional frequency response function acknowledged as mechanical fre-
quency response function (MERF). Then, the output charge produced in the piezoelectric
layer is calculated from the MFRF and therefore obtained frequency-dependent function
is called electrical frequency response function (EFRF) for the integrated beam. This con-
cept of FRF depends only on exciting position and can be explicitly expressed through
crack parameters. So that it provides a novel instrument to modal analysis and structural
health monitoring of electro-mechanical systems, especially for crack detection in beams
using distributed piezoelectric sensor. The sensitivity of EFRF to crack has been exam-
ined by using so-called spectral damge index [18] and illustrated in numerical examples
for cracked Timoshenko beam.
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2. GOVERNING EQUATIONS FOR VIBRATION OF CRACKED BEAM WITH
PIEZOELECTRIC LAYER

Let us consider a Timoshenko beam of length L, = L width b and thickness h,
bonded with a piezoelectric layer of the same length (L, = L) and width as the beam
and subjected to a concentrated force P(t) as shown in Fig. 1. According to the Timo-
shenko beam theory, constituting equations are represented as

u(x,z,t) =ug(x,t)—2z0 (x,t), wi(x,zt)=mwo(xt), (1)

0y = Eey, Toz = KGVy;, €x =0uUp/0x —200/9x, Yy, =0dwy/dx—0, (2)

where u(x,z,t),w(x,z,t) are axial and transverse displacements at arbitrary point in
cross-section at x and ug (x,f),wp (x,t) are the displacements on the neutral plane; 6 is

cross-section rotation; €y, vy, 0y, T are deformation and strain components; x is geometry
correction factor.
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Fig. 1. Cracked Timoshenko beam with piezoelectric layer under concentrated force

Governing equations for the piezoelectric layer treated as a homogeneous Timo-
shenko beam element are

up (x,z,t) = upo (x,t) =20, (x,t), wy(x,Z,t) = wp (x,t),
Upx = Cflepx —hsD, 1, = C§5’yp, € = —hizepx + [3§3D,

where Cfl, C§5 are elastic and shear modulus, /13, ﬁ§3 are piezoelectric and dielectric con-
stants; € and D are electric field and displacement of the piezoelectric material.

Assume that the base beam and piezoelectric layer are perfectly bonded, and they
have the same cross-section rotation so that it should be satisfied the conditions

h
u(x,—hzb,t>:up<x,2p,t>, w(x,—hp/2,) =wp (x,hp/2,t), 0=0,, (4
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that yield

Upy = ug+6h, h= (hb+hp) /2, Wpo = Wo ,
epx =uyg— (z—h)0', v, =wy—0.

)

Therefore, strain and kinetic energies of the integrated beam can be calculated as

H=T, 10, = (1/2) [ { s+ 2405108 + A" + A, (105 —6)° } dx, (6)
0 —2h13A,D (ug+ ho') + 5, A,D
T=T,+T,=(1/2) /OL {I}ud + 21351100 + I3,6% + ;@5 } dx, )
where comma and dot denote derivative with respect to x and f respectively and
Al = EA +CLAy, Al = CliAph, AS = ElL +CYy (Ip + Aph?),
Aly =xGAy+ClsAp, Ly = puAp+ppAp, Ly = ppAph, Lp = poly+pply + ppAph?,
Ap = bhy, A, =Dbh,, I, =Dbh;/12, I, ="bh;/12.
(8)

The work done by transverse force P (t) applied at the position xy on the beam is

L
W= / P (£)6 (x — x0) wo (x,) dx, )
0
where § (x) is Dirac’s function. Substituting expressions (6), (7) and (9) into the Hamil-
ton’s principle

t
/25(T—H+W)dt:0, (10)
ty

yields
(Iytio — Afyug) + (110 — A;0") + hizA,D' =0,
(Ijptio — Afyugy) + (13,0 — A3,0") — A3 (wy — 6) + hizAphD' =0, (11)
Iig — Az (wg — 0') =P (£) 6 (x —x0), hizAp (uy+ho') — B, A,D = 0.

Obviously, from the last equation in (11) one finds
D = hys (uy+ho') /L, (12)

that allows the remaining equations to be rewritten as

(Iiio — Biyup) + (0 — Bjx0") =0,
(Izito — Bigu) + (Inf — Bp") — A5 (wh — 0) =0, (13)
Iyio — Az (wg —0") =P ()6 (x — x0),
where

Bjy = A}y — Aphiy/Bhy = EAy + EpA,,  Biy = Ay — Aphlds/Bhy = E,Auh,

. . (14)
By, = A5y — Aph*his/ By = Ely + Ciy 1, + Ep A h?,  E, = i) — his/Bhs.
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In case of external harmonic force, P () = Pyexp {iwt}, seeking solution of Eq. (13)
in the form

{up (x,t),0 (x,t),wo (x, )} ={U (x,w),0 (x,w), W (x,w)} exp {iwt}, (15)
that leads the equations to

[A]{Z" (x,w)} + [BI{Z' (x,w)} + [CI{Z (x,w)} = {P (x,w)}, (16)

7' =dzZ/dx, 2" = d°Z/dx> P (x,w) = {0,0,Q (x,xo)}T, Q(x,x9) = Pod (x — xp), (17)

B, B, 0 0o 0 0
B, B, 0 |, [B]=|0 0 Axp]|,
0

with the matrices

[A] =
0 0 Aj —Ak 0
w?I} W?If, 0
[Cl= | WL, &’ —A3 0
0 0 W}

Also, putting expression (15) into (12) and calculating electric charge produced in the
piezoelectric layer under vibration of beam allow one to obtain

L
Q(f) = /0 D (x,t) bdx = Q, (w) exp {iwt}, (18)

where

Qyp (w) = (bh3/BE;) /OL (U’ (x,w) +hO' (x,w)] dx. (19)

The latter function Q, (w) is acknowledged as electrical frequency response of the
beam to the concentrated load.

Assume furthermore that a crack of depth a occurs at position e in the host beam and
crack is represented by a pair of equivalent springs: translational spring of stiffness T and
rotational one of stiffness R. Thus, conditions should be satisfied at the crack position are

U(e+0) =U(e—0)+7Us(e), ©(e+0)=0(e—0)+70e),
W(e+0)=W(e—-0), U.(e+0)=1U,(e—0), (20)
O, (e+0) =0 (e—0), Wy(e+0)=Wy(e—0)+70(e),
where o, = EA/T,v, = EI,/R are calculated from crack depth a for axial [19] and
flexural [20] vibrations as

'ya:2n(1—v§)hbfa(z), 'yb:67r(1—1/5)hbfh(z), z=a/hy, (21)
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fi(z) =2° (0.6272 —0.17248z + 5.92134z% — 10.70542° + 31.5685z* — 67.472°

+139.1232° — 146.682z7 + 92.355228),
(22)
fr(z) =2° (0.6272 — 1.04533z + 4.59482% — 9.97362° + 20.2948z* — 33.0351z°

1 47.10632° — 40.755627 + 19.6z8) .

3. FREQUENCY RESPONSE FUNCTION OF CRACKED BEAM WITH
PIEZOELECTRIC LAYER

It is well-known from the theory of differential equations that general solution of
inhomogeneous equation (16) is composed from general solution of homogeneous equa-
tion and a particular solution of the inhomogeneous one

{Z(x,w)} ={Zo (x,w)} + {Z (x, @) }, (23)

where {Z, (x,w)} = {U, (x,w),0, (x,w), W, (x,w)}T is a particular solution of inho-
mogeneous equations (16) and {Z, (x, w)} is general solution of homogeneous equations,
an explicit expression of which was conducted in Ref. [21] for cracked beam as

{Zo (x,0)} = [® (x,@)] {C}, 1)
with constant vector {C} = {Cy,...,Cs}" and matrices
(@ (x,w)] = [Go (x,w) + K (x —¢) Gj (x,w)] , (25)
) [Ge(x)] x>0, , _JIGi(x)] x>0,
[K(x>]_{[0] :x <0, K ()] _{[0] :x <0.

Matrices Gy (x, w) and G (x) are given in Appendix A. Also, according to the theory
of differential equations, particular solution {Z, (x,w)} can be found in in the form

{Z; (x,w)} = /Ox H(x — 7)]{P(t,w)}dt = Py {h3 (x — x0)}, (26)

where vector function hs (x) = {hs; (x),h32 (x),has (x)}' is the third column vector of
matrix H (x) defined as solution of equation

[A] [H" (x)] + [B] + [C] [H (x)] = {0}, [H(0)]=[0], [A][H'(0)] =[ls]. (27)

Using expression (24), the vector function hj (x) as a component solution of Eq. (27)
can be found as

{hs (x)} = [H(x)] {d}, (28)

with matrix H (x) and vector d given in Appendix B.



Frequency response function of cracked Timoshenko beam measured by a distributed piezoelectric sensor 21

Constant vector {C} is determined by given boundary conditions, for example of
the simply supported beam, that are of the form

U(0)=W(0)=M(0)=N(L)=W(L)=M(L) =0, (29)

where N (x) = Bj;0:U (x) — B],0:0 (x) M (x) = Bj,0,U (x) — B3,0x0 (x). Namely, in
this case the vector is

{C}=-RRw)] " {P(w)},

where
151 (a)) = 0, pz (w) = O, pg, (w) = 0, pé (w) = h33 (L - xg) ’
Py (w) = [Bi1ha (L — x0) — Biohg, (L — x0)], (30)
Ps (w) = [Biahy (L — x0) — Byl (L —x0)],
and
i N1 [%) N3 o1 (1%} o3 1
mq My ms —mq —Mniy —m3
R(w) = Nlﬁ(lL) Nf(zL) fou NZ?i) N;/(BIZJ) stz) , (31)
M (L) Ma(L) Ms(L)  Mi(L) Ms(L) Ms(L)
¢s1 (L) (L) ¢33 (L) ¢sa (L) a5 (L) ¢36 (L)

m; = (Baaj — B) kj, j=1,2,3, Nj(L) = Bji¢y; (L) — Bip¢h; (L),

M; (L) = Biy$yj (L) = Bugs; (L), j=12,...,6,

¢ij (x),¢j (x),i = 1,2,3;j = 1,2,...,6 are elements and their derivatives of matrix
® (x, w) defined in (A.2). Therefore, solution of Eq. (16) is finally found as

{Z(x,w)} = {Zy (x, )} - B [® (x,w)] R ()] {P (@)},
{Z (x,@)} = Py {3 (x = x0) = [@ (x, )] [R ()] " {P (@)} }. (32)
From latter equation one can obtain frequency response vector-function
{MEFRF (x,x0,w)} ={Z (x,w)} /Py
= {FU (x,x0,w), FO (x, x0,w) , FW (x, %0, )} (33)
= {hs (x = x0) — [@ (v, )] [R (@)] " {P (@)} },

that is, as usually, called mechanical frequency response function of the integrated beam.
Owning the mechanical frequency response function { MFRF (x, xo, w)}, the correspond-
ing output charge called herein electrical frequency response function can be calculated
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according to Eq. (19) as
L
EFRF (xo,w) = (bh13/Bh;) /0 [FU' (x, x0,w) + hFO' (x, x0,w)] dx

bh13{[Fu(L X0, w) — FU (0, x0, w) — . FU' (e, w)] (34)
B

+h [FO(L,w) — FO (0,w) — 7, FO’ (e, w)] },

with crack magnitudes <y,, 7, defined above in Eqgs. (21)—(22). The obtained above elec-
trical frequency response function is the subject of numerical analysis accomplished in
consequent section.

4. NUMERICAL RESULTS AND DISCUSSION

Let’s consider the coherence between two frequency-dependent signals S; (w) and
Sy (w) defined in a frequency segment [w,, wp] likely the modal assurance criterion [22,

23]
1/2

N
SI = Z 51 wk 52 wk Z 52 aJk Z S% (wk) . (35)
- k=1

This index lies between 0 and 1 and that equals 1 only if the two signals are fully
similar, so that it can be used for checking similarity of two functional signals and called
similarity index. Two given signals may be acknowledged as similar if the index calcu-
lated by Eq. (35) is close to 1, for example, equals 0.999.

For analysis of the effect of crack on the electrical frequency response function given
by Eq. (35), let’s to introduce so-called spectral damage index calculated from a pair of
frequency-dependent signals Q (w,e,a), Q° (w) measured respectively for cracked and
intact beams [18]

N 1/2

N
SDI (e,a) Z (wi,e,a) Q¥ (w E Q? (wy, e,a) E Q% (wy) . (36)

Hence, deviation of the damage index from 1 represents a measure of the crack ef-
fect on the index, and as usual, it is acknowledged as the sensitivity of the signal under
consideration to crack. Note, if the compared signals are the electric frequency response
functions of the intact and cracked beam, EFRF (xo,w,e,a), EFRF (xo,w), the spectral
damage index is dependent also on the location where the concentrated load is applied
Xo, €.g. SDIEF = SDI (xg,e,a).
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SDIEF in dependence upon crack parameters and applied load position is numeri-
cally examined bellow with the following geometry and material constants [24]

Ly=L,=L=1m,b=0.1m,h, = L/10,
E; = 390 MPa, p; = 3960 kg/m?, ji; = 0.25; E;, = 210 MPa, p;, = 7800 kg/m>, i, = 0.31,
Cl, = 69.0084 GPa, Cf; = 21.0526 GPa, p, = 7750 kg/m?, hj3 = —7.70394 x 10° V/m.

Table 1. Similarity of Electrical and Mechanical (Midspan) Frequency Response functions
for different load application positions and crack depth

Crack Load application position, xg
depth 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Uncrack 09991 0.9999 0.9993 0.9990 0.9993 0.9998 0.9999 0.9993 0.9986
0.1 0.9992 0.9999 0.9992 0.9991 0.9992 0.9998 0.9999 0.9993 0.9985
0.2 0.9997 0.9993 0.9992 0.9993 0.9991 0.9998 0.9998 0.9992 0.9984
0.3 0.9996 0.9988 0.9993 0.9996 0.9989 0.9998 0.9998 0.9992 0.9983
04 0.9983 0.9990 0.9996 0.9997 0.9987 0.9998 0.9998 0.9991 0.9982
0.5 0.9993 0.9997 0.9997 0.9988 0.9985 0.9998 0.9998 0.9990 0.9981

e/L =05,hy/hy=0.1

Table 2. Similarity of Electrical and Mechanical (Midspan) Frequency Response functions
in different piezoelectric layer thickness and crack depth

Crack Piezoelectric layer thickness, h,/hy,
depth 001 005 008 010 012 015 020 025 030

Uncrack 09991 0.9992 0.9992 0.9993 0.9993 0.9993 0.9993 0.9994 0.9994
0.1 09991 0.9991 0.9992 0.9992 0.9992 0.9993 0.9993 0.9993 0.9993
0.2 0.9989 0.9990 0.9990 0.9991 0.9991 0.9991 0.9992 0.9992 0.9993
0.3 0.9987 0.9988 0.9989 0.9989 0.9989 0.9990 0.9990 0.9991 0.9991
0.4 0.9984 0.9985 0.9986 0.9987 0.9987 0.9988 0.9988 0.9989 0.9990
0.5 0.9982 0.9983 0.9984 0.9985 0.9985 0.9986 0.9987 0.9988 0.9988

Crack location, e/L = 0.5; Load application position, xg = 0.5

First, similarity of electrical (EFRF (xp,w)) and mechanical midspan
(MFRF (L/2,x,w)) frequency response functions is checked by using Eq. (35) and re-
sults are presented in Tables 1, 2 for various crack depth, loading location and piezoelec-
tric layer thickness with given crack location at beam midspan ¢/L = 0.5. Evidently,
similarity of MFRF and EFRF is well ensured for uncracked beam independently upon
loading position and distributed sensor thickness less than 30% beam thickness. In case
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of cracked beam crack depth may slightly reduce the similarity index of the FRFs and the
best choosing the sensor thickness shows to be 10% of beam thickness.

Fig. 2 demonstrates the spectral damage index of electrical frequency response func-
tion (EFRF) as a function of normalized crack location e/ L with various relative crack
depth a/h in case of load applied at the beam middle, xo = L/2. It can be seen that the
change in the EFRF due to crack location is similar to the variation of the first natural
frequency which reaches the maximum for the crack occurred at the beam middle. How-
ever, the change due to crack depth increases significantly in magnitude compared to the
natural frequency. This means the EFRF is much more sensitive to cracks than natural
frequencies.

0.9

o o o
) ~ e

Spectral Damage Index

o
o

04r

Loading position, X0=L/2

03 1 1 1 1 1 1 1 1 1 J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Crack position (e/L)

Fig. 2. Spectral damage index versus crack location in various crack depth, xg = L/2

There are depicted in Fig. 3 spectral damage index versus crack location in differ-
ent position of load applied at the positions xo/L = 0.3 and 0.7 with fixed crack depth
a/h = 0.3. The effect of loading location on the crack-induced change in EFRF is notice-
ably distinguished only when the crack appears at positions between loading site and
crack depth reaching 30% beam depth (Fig. 4). The sensitivity of EFRF loaded at position
xo to crack undergoes an abrupt change at location L — xp which may be explained by
the discontinuity of response to a concentrated point load. Therefore, it can be concluded
that the loads applied at the symmetric positions produce different sensitivity of EFRF
only to crack appeared at the positions between the loading locations. Fig. 5 shows the
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Fig. 3. Spectral damage index versus crack location in various loading position, a/h = 0.3
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Relative crack depth, a/h

Fig. 4. Spectral damage index versus crack depth in various loading location xg, e/L = 0.5

effect of piezoelectric layer thickness on sensitivity of EFRF to crack, that reveals mono-
tonic increase of the EFRF sensitivity to crack with piezoelectric layer thickness until it
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is less than 15% of the beam thickness. The sensitivity starts decreasing for the layer
thickness further growing from 0.15h;, especially, the sensitivity gets losing a half for the
thickness increases from 20% to 25% of beam thickness. In all the Figures we can see
the nonsmoothed variation of the spectral damage index which might be caused by the
discontinuity of beam response to the concentrated force.

0.9

0.85

0.8

0.75

0.7

Spectral damage index

0.65
hp/hb=0.10

0.1%
06 hp/hb=0.20 | WE=d 45

055 1 1 1 1 1 1 1 1 1 ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized crack position (e/L)

Fig. 5. Spectral damage index versus crack location in various thickness of piezoelectric layer,
xg/L =05

5. CONCLUDING REMARKS

Thus, a new concept of frequency response function (FRF), called electrical frequency
response function (EFRF) has been proposed in this report for a cracked Timoshenko
beam bonded with a piezoelectric layer. This new concept of FRF is defined as the out-
put charge produced in the piezoelectric layer immediately together with the mechanical
frequency response function (MFRF).

The EFRF shows to be similar to the MFRF measured at the beam middle that con-
tirms reliable utilization of piezoelectric layer as a distributed smart sensor for measuring
mechanical response functions of a cracked beam structure. Moreover, there is conducted
a representation of the EFRF explicitly expressed through crack parameters that provides
a useful instrument for solving crack detection problem by using distributed piezoelec-
tric sensor.
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The effect of cracks on EFRF has been examined by using the so-called spectral dam-
age index defined as the similarity index of EFRFs for intact and cracked beams and ac-
knowledged as the sensitivity of EFRF to crack. Numerical results show that the change
in the spectral damage index is similar to the change in the first natural frequency due
to crack but with much greater magnitude. This implies a much higher sensitivity of the
EFRF to crack compared to that of natural frequencies.

It’s interesting to note that the distributed piezoelectric sensor is useful for measur-
ing EFRF highly sensitive to cracks only for its thickness should be less than 20% beam
thickness. Otherwise, the smart sensor of greater thickness may restore a cracked beam
so that the piezoelectric sensor cannot reveal the appearance of a crack.

The next study of the authors will focus on developing a procedure for crack detec-
tion in beam by measurement of electrical frequency response function.
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APPENDIX A. EXPLICIT EXPRESSION OF GENERAL VIBRATION SHAPE FOR

PIEZOELECTRIC BEAM
{Zo(x,w)} = [@(x,w)[{C}, (A1)
where {C} = {C,...,C}" is a constant vector and matrix [® (x, w)] is
@ (x,0)] = [Go (x,@) + K (x — ¢) G} (e, )], (A2)
D(leklx D(zekzx “3ek3x (Xle_klx D(2€_k2x (X3€_k3x
[GO (x, w)] — eklx ekzx ek3x efklx eszx efk3x , (A3)

kix kox ksx —kix —kox —ksx
Bie"  Poe™"  Pae Pie poe Bse

) [Ge(x)] x>0, , [G.(x)] :x>0,
K (x)] = { 0] y<o K@= {[0] v<, (A4)

Ya Z w;0;1 coshkix 7y Z o ((51’2 + (51‘3) coshk;x 0
i=1 i=1

3 3

[G: (x,w)] = Ya Z 01 cosh k;x ’)/b (6i2 + 6i3) coshkix 0 |, (A.5)
z =1

’YaZ,Bz i1 sinh k;x ’)’bz,ﬁz dip + di3) sinhkpx 0
L i=1 i=1

011 = (k3fs —kaPa) /A, 612 = (wskaPo — azksP3) /A, 613 = (w2 — 063) /A,
01 = (k1p1 —ksB3) /A, S22 = (a1ksPs — wsk1f1) /D, 623 = (az —ay) /A,
031 = (koo —k1P1) /A, 630 = (w2k1B1 — arko2) /A, 633 = (01 — a2) /A,
A = k1B1 (a2 — a3) + kB2 (a3 — &1) +kaps (a1 — az), (A.6)
wj = (L + 2B}y ) / (P +BL) By = kiAR/ (L + KB A%),
K=\, =123

with 171, 772, 173 being roots of the characteristic equation det [A’A + AB + C| = 0.
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APPENDIX B. PARTICULAR SOLUTION IN FORCED VIBRATION OF

PIEZOELECTRIC BEAM
{Hs ()} = [H(x)] {d}, (B.1)
with matrix
o b1+ ¢1a P12+ P15 P13+ P16
Hx)] = | ¢21+ ¢ ¢+ ¢do5 P3+¢6 |, (B.2)
P31+ P3a P32+ P35 P33+ Pae
and vector
{d}={m—as azs—1 a1 —m }T/D, (B.3)
where
D =2As3 [,Blkl ((Xz — 063) + B2ka (w3 —ap) + Bzks (061 — 0(2)] , (B.4)

and ¢j, j =1,2,3;k=1,2,...,6 are elements of matrix [®@ (x,w)] given above by Eq. (A.2).
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