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Cost-effective and reliable damage detection models are crucial
for successful monitoring of any ancient or modern age engineering
structure. Piezoceramic transducers (PZT) based electromechanical
impedance (EMI) method is emerging as a promising alternate for
conventional structural health monitoring (SHM) of various
structures. The PZTs are usually surface bonded and then excited in
the presence of electric field to a desired frequency range. The
excitations result in prediction of unique frequency dependent
electromechanical (EM) admittance signature. Any change in the
signature during the monitoring period indicates dis-integrity in the
structure. However, apart from locating damages, the increase in
severity has to be predicted on time to avoid collapse of the entire
structure. This paper presents such a model which had effectively
predicted the severity of damages along two principle directions. This
was achieved by experimental damage study on plates and
subsequent verification by semi numerical 3D model. Statistical root
mean square deviation (RMSD) index was used for evaluating the
damages made on plates. A new frequency proximity index (FPI) was
also introduced to measure the effectiveness of the model. RMSD
measures the changes in height of peaks of signature and FPI scales
the frequency spectrum of signature. Thus results of RMSD index and
FPl are used as complementary to each other to study damage
propagation in a structure.
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1. Introduction

Piezoceramic transducers (PZT) based electromechanical impedance (EMI) method is emerging as a promising
alternate for conventional structural health monitoring (SHM) of various engineering structures (Annamdas and
Soh, 2010). These PZT transducers are small size smart materials which can be used in single PZT or multiple PZT
(Annamdas and Soh, 2008) structure interaction models. Especially in the last decade, EMI based SHM technique
has been successfully applied to aerospace and aircraft structures (Chaudhry, et al., 1995; Giurgiutiu, et al., 2001;
Ghoshal, et al., 2001; Xu, et al., 2004), and civil structures (Ayres, et al., 1998; Park, et al., 2001; Park, et al., 2005;
Yang, et al., 2008; Annamdas and Yang, 2012; Annamdas, 2012). In the EMI technique, the PZT transducers are
generally surface bonded to the host structure and subjected to electrical excitation over the desired frequency
range. This results in the electromechanical (EM) admittance (inverse of impedance) signature of the PZT
transducer. Due to the EM coupling effect between the PZT and the structure, any change in the EM admittance
signature could be indicative of the presence of structural damages (Sun, et al., 1995). However, apart from
locating damages, the increase in severity of damages has to be predicted on time to avoid collapse of the entire
structure. This paper presents such a model which had effectively predicted the severity of damages along X and Y
directions of the structure. This was achieved by experimental damage study on plates and subsequent verification
of semi numerical three dimensional (3D) model (Annamdas and Soh, 2007a,b) by employing a new frequency
proximity index (FPI). Statistical root mean square deviation (RMSD) index was used for evaluating the damages
made on plates. Thus, results of RMSD index and FPI are used as complementary to each other to study damage
propagation in a structure.

First, an experimental damage study was carried out on two identical plates. For this purpose, holes were
drilled on the plates along X and Y directions, each drilled hole represented new damaged state of plate. EM
admittance signatures were recorded over a frequency spectrum at each damaged state. Next, numerical
simulations using finite element analysis (FEA) was carried out for all the damaged states and the 3D EMI model is
applied to calculate the PZT EM admittance. The damage was quantified by the RMSD index and FPI. The
correlation of the RMSD index with the location of damage and the distance from PZT was also investigated.

2. Materials and methods

2.1. Experimental admittance signatures

As shown in Figure 1, the experimental setup consisting of an HP 4192A impedance analyzer (Hewlett
Packard, 1996) a 3499A/B switching box (Agilent Technologies, 2007) and a PC was used to acquire the PZT
admittance signatures. The PZT patch was wired to the impedance analyzer through the switch box with a

sinusoidal 1-volt electrical supply ( E3) resulting in actuations. The EM admittance signature was acquired over the

desired frequency spectrum.

_ T
Switch Box Impedance
Analyser
Plate I:I
PZT -
(PC)

Perzsonal Computer
Fig. 1. Experimental setup
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Park et al. (2003) recommended that the frequency spectrum should be kept less than 500 kHz to ensure high
sensitivity to incipient damage. They further recommended that frequency larger than 500 kHz is unfavourable
because the sensing region becomes extremely localized and the PZT patch shows adverse sensitivity to their
bonding conditions. At extremely high frequency, the sensing range becomes very limited and the resonance of
the PZT patch dominates that of the structure, thus rendering the outcome of sensing ambiguous and inefficient.
Hence in the present study a frequency spectrum up to 500 KHz was considered first and later it was narrowed
down (see later sections) to obtain more stable spectrum which predicts consistent trends with increase in damage
severity. Additionally, the EM admittance signature is a complex term, which can be separated into real and
imaginary parts. However, only the real part (Sun, et al., 1995) of EM admittance represents active interaction with
the structure as compared to the imaginary part, hence in the present study only real admittance was used for
comparisons.

2.2. Experimental specimens

As shown in Figure 2, two aluminum (of grade A1 6061-T6) plate specimens (Table 1) designated as X and Y of
the same size were used as the host structures to be monitored. Two identical PZT patches (Pl Ceramic, 2007), one
each on plate X and Y was surface bonded at the centre using a thin layer of high strength epoxy adhesive (RS
Components, 2007). The dimensions and properties of the plate specimens, PZT and epoxy adhesive are
summarized in Tables 1-2.

Table 1

Dimensions of plates, PZT patches and damage holes.

Plate / Patch / damage /spacing Dimensions
X/Y 150 x 300 x 2 mm”
PZT 10x 10x 0.3 mm’
Hole 5 mm diameter
Spacing between 2 holes 10 mm

Figure 2(a) shows damages induced on plate X along direction X by drilling 6 small holes sequentially with a
space of 10 mm. The first hole was drilled at a distance of 15 mm and the last (the sixth) hole at 65 mm from the
PZT. Each new hole drilled represented a new damage state of the specimen. And each damaged state (designated
as X1, X2, ... X6) was assessed by acquiring the admittance signatures of the PZT, and comparing them with the
signature acquired for the undamaged or baseline state (designated as X0). Similarly as shown in Figure 2(b), five
damaged states were induced on plate Y (designated as Y1, Y2, ... Y5) along direction Y and six admittance
signatures including the undamaged state (designated as YO) signature were recorded and compared.

[ 300 trn = | 300 tnin |
5 mm

Flate X Holes ate drilled along T )5/ T

PZT 10z v :
_\K\:'I-"'me-; 5 mm g 4 : . .~ 10mm é
7 o) we - ',QK' & YL 15mm |7
il — 3 10mmi [ N

BN P2
X 15mm 10 mm (10x103x0.3) mm

(a) (b)
Fig.2. Damage propagation on plates (a) X (b) Y
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Table 2
Key properties of epoxy adhesive (RS 850-940), plate and PZT
Physical ¢ Value

ysical property Epoxy Plate PZT
Mechanical
Density (kg/m?) 1180 2715 7800
Young’s Modulus (N / m?) x 10° 2 68.95 66.67
Poisson ratio 0.4 0.33 0.33
loss factor, 77 - - 0.023
Dynamical
Mass damping factor & 0
Stiffness damping factor 3 x107 1.5923
Electrical
Piezoelectric strain coefficients (m/V) d;,, d;, x 107*° 2.10
Piezoelectric strain coefficient (m/V) d33 x107*° 450
Dielectric loss factor, & 0.015
Electric permittivity, &5 (farad/m) x 1078 1.75

2.3. Predicted admittance signatures: overview of 3D impedance model

In the EMI technique, modeling of PZT-structure interaction is essential for damage assessment of the
structures. In the last decade, various EMI models (Liang, et al., 1996; Zhou, et al., 1996; Yang, et al., 2005;
Annamdas, et al., 2007; Hu and Yang, 2007) have been proposed using this EMI technique. The directional sum
impedance (DSI) model developed by Annamdas and Soh (2007a) is used in the present study as it examines the
3D interaction between the PZT and the host structure.

2(mx +my)-4 =mz Zaz
T ¢ ¢ total points on top = mz Zan
Extensional ¥ g8
actuation Eq e % 2 _}-—31“ Fage3 Jal Face 2 One guarter of plate
PEZT 2y g
w— o Plate £ 2B 7
o (0.0,
Longitudinal
actuation
. -
& 2TWs Displacement |[Displacement in ¥ direction is zero
in Zdirection ot1 this face
2Ls / is zeto

{0.0.0) at this point

(a) (b)

Fig.3. Unsymmetrical and symmetrical plates with surface bonded PZT transducer
(a) Actuations of PZT in presence of electric field E3

(b) Linear impedances with unit distributed forces for one quarter of plate

In general, the actuation mechanism of the PZT patches in the presence of electric field along the Z direction
(Figure 3) can be divided into extensional (along the X and Y directions) and longitudinal (along Z direction)
actuations. While the previous models considered only extensional actuation, the 3D DSI model took into account
both the extensional and longitudinal actuations. The formulations are presented as follows, Figure 3(a) shows a

147



M.A. Radhika et al. / Scientific Journal of Pure and Applied Sciences (2012) 1(3) 144-161

PZT patch with length 2L, width 2W, and thickness 2H, is bonded at the centre of a plate with length 2Ls, width
2Ws and thickness 2Hs, and with unsymmetrical boundary conditions along the X and Y directions of the plate. EM
admittance of PZT for such a geometrically unsymmetrical plate can be expressed as

i - A,sinkL—d
YA — Jw(ZL)(ZW) £33 +YR (d3lﬂl [ OSIn ] 31]
2H +R|[C, sinkW —d., ]+ R[E,k cosk2H —d,,]

+d,,4, {R[A, sinkL—d,, |+[C, sinkW —d., ]+ R[E,k cosk2H —d, ]}
+d 4, {R[A, sinkL—d,, |+ R[C, sinkW —d_, ]+ [E,k cosk2H —d, ]}) } (1)

However, for a plate with symmetrical boundary conditions along X and Y directions as shown in Figure 3(b),
only one-quarter has to be considered. i.e replace 2L and 2W by L and W respectively in Equation (1) to obtain
admittance of one-quarter plate. Later, to get admittance for complete plate, the obtained one-quarter
admittance has to be multiplied by 4.

where @ and k are the angular frequency and wave number respectively, and their relationship is given as

) :a)\/p(liv)(l—Zv)
Y(1-v)

(2a)

&5 is the complex electric permittivity of the PZT at zero stress, expressed as

‘C’Z=‘933(1_5j) (2b)

The electric field E3 along Z direction is given as
Vv

E, = 2
* T oH (2¢)

Where V is voltage constant, O is the dielectric loss factor and &45 Is the static electric permittivity of the

PZT patch d3p is the strain displacement coefficient related to the normal strains in the presence of electric field,

and the subscript p(=1,2,3) denotes the X, Y and Z directions. R and YR are the simplification parameters, given as
v ¥ 1-v

T1-v R @+v)(1-2v)

where V is the poison’s ratio and Y is the complex Young’s modulus of the PZT patch at zero electric field,
expressed as

R (3)

Y =v(1+7)) (4)

where Y is the static Young’s modulus and 77 is the mechanical loss factor. A;, 4, and A, are the response

factors along the X, Y and Z directions, given as
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Z Z
/,Ll _ ( ZSl J, /12 — ( S2 ] and /13 :( S3 j (5)
231+Zsz_zss Zs1+zsz_zss 251+Zsz _Zss

where 251' Z52 and ZS3 are the linear impedances of the plate along the X, Y and Z directions,
respectively. The 3D model is semi analytical in nature since Equation (1) comprises of some parameters (ﬂl,ﬂ,z,

2,3 , AO, CO, E0 ) that need to be determined by FEA. However, to solve these parameters, linear impedances in

Equation (5) need to be defined first.
ZSl is the ratio of sum of the distributed load to the sum of velocities produced at the points of

consideration, written as

2R g F

. U jou
Zui 1 J 1
i=1

where Fl = 1+0j is the distributed force applied on the host structure on edges of the PZT patch on face 1, as

Zg, = (6)

shown in Figure 3; mx is the number of points considered on face 1; L]i is the velocity of the i" point in direction

X; Fy is the sum of distributed harmonic load of all the considered points along X direction. Zg, and Z, are
defined as similar to that given by Annamdas and Soh (2007a).
The coefficients A, C, and E are defined as
A = a, —a,c, —a,E, . C,- (b,c, —b,c,) —(bsc, —biC;)E,
a4 (bzcl - blcz)
Eo _ (a4b1 — alb4)(b2Cl — blcz) - (azbl — albz)(b4cl — b1C4)
(asbl - alba)(bzcl - blcz) - (azbl - albz)(bscl - blcs)

(7)

where

a,=(R, LcoskL-Z, jalLsinkL), a,=(RR, W coskW),

a;=(RR, cos2kH), a,=R, (d; +Rr(d;,+d;,))
b, =(RR, LcoskL), b, =(R, W coskW-Z,, jaW sinkW)
b,=(RR, cos2kH), b,= R, (d,,+rR(d;;+d,5))
C, =(RR;WcoskW), ¢, =(RR,LcoskL),
C; =(R;c0s2kH -Z, jawsin2kH), ¢, = R, (d,;+R(d,;+d,,))

R,=2kWH, R,=2kLH, R,=kLw

All the parameters in Equation (1), can be determined obtained using FEA. More details of derivation of the
above formulae are presented in Annamdas and Soh (2007a,b).

2.4. Boundary conditions

Free-free boundary condition was assumed for all damaged states of plates X and Y (resting freely on foam).
At the undamaged state, the specimens were symmetric along both X and Y directions (Figure 4a). Admittance
signatures for the undamaged state were obtained by multiplying 4 to the one-quarter admittance i.e for X0, YO as
explained previously.

Y =4Y, (8)

Baseline
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where YBaseIine represents the admittance signature for baseline cases of complete X or Y plates. However,
for other damaged cases the admittance is obtained by Equation 1 (see Figure 4b)

ie., Yx1 X6/Y1..... Y5=YA ()

y. !/ tea
! Wefsr—
,f‘r __gf.r.'-F'{;
isplacement in Y
on 1s set to zero

el

(b)
Fig.4. FE modelling of one quarter of specimen with unit distributed forces on central location of plate (a) FE model
of one-quarter of plate X (b) plan of FE model for plate X

2.5. Finite element analysis
2.5.1. Baseline signatures

As previously explained, 3D predicted admittance signatures need a part of solution to be solved using
numerical (FE) analysis (see Equation 5 and 6). The modelling for baselines of plates X and Y were performed for
only one-quarter of the plate, i.e for half length and half width of plate as shown in Figure 4(a). The mesh sizes
adopted are 1 mm x 1 mm x 1 mm for both the plates. Appropriate boundary conditions were imposed on the
planes of symmetry, i.e, the X and Y components of the displacement were set to zero on the YZ and on the ZX
planes of symmetry, respectively. In addition, at the centre of the PZT patch, the Z component of the displacement
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was set to zero as shown in Figure 4(a). The FE meshing was carried out using ANSYS 5.6 (ANSYS, 2000). The
quarter of plate was discretised into 3D brick elements (solid 45) possessing 3 degrees of freedom at each node.
The assumption made was to use the unit distributed forces exerted by the quarter of PZT patch (full patch for
unsymmetrical plate), i.e the unit harmonic forces were applied directly on the host structure along the edges of
the equivalent one-quarter dimension of the patch in the three principle directions as shown in Figure 3 (also
Figure 4). This is in accordance with the extensional and longitudinal actuations of the patches. The dynamic
harmonic analysis was performed and the complex displacement responses at the points of force application were
obtained over the frequency range of 0—100 kHz. As explained previously, the linear impedances are determined
for the one-quarter plate as given below.

ZSl was determined as a ratio of sum of the distributed load (i.e total force) to the sum of output velocities

(i.e differentiation of displacement with respect to time) produced at the points/ nodes of consideration. i.e the
output displacement response is substituted in Equation 6 to get linear impedance along X. Similarly, the linear

impedances along directions Y and Z (ie, Z, and Z,) were determined using FE analysis. The other unknowns

were determined as explained similar to that of Annamdas and Soh (2007a,b). Thus all the unknowns which were
not determined using analytical equations were determined using FEA.

2.5.2. Damaged state signatures

Figure 4(b) shows a representative damaged state of plate X. The whole structure was modelled. Similar
modelling was done for damages on Y direction for plate Y. The final admittance signature was obtained for all
damaged states of plates X and Y using Equation 9.

3. Results and discussion

3.1. Frequency spectrum

A total of 13 (X0, X1...X6, YO, Y1...Y5) ‘real’ admittance signatures for a broader excitation frequency spectrum
of 0-500 kHz and higher resulted in lateral and vertical shifts in predominant peaks of real admittance signatures.
Moreover, the directions of shifts were not consistent due to localising effect (Park et al 2003). Similar inconsistent
peaks shifts were also observed in imaginary admittance signatures and it is difficult to comment on changes in the
signatures by observing the raw data of all damage states. However for smaller frequency spectrums (say 0 to 50
kHz or 0-100 kHz) the trends were more consistent. Figures 5 (a-b) and Figure 6 (a-b) show the experimental real
admittance signatures for plates X and Y. Figures 5 (c-d) and Figures 6 (c-d) show the predicted real admittance
signatures. For the considered frequency spectrum there exists satisfactory matching of experimental and
predicted signatures.

3.2. Comparisons and discussions

Figures 5 (c) and 6 (c) show that the frequency spectrum of 0-50kHz, which yielded slightly taller peaks in 3D
predicted model as compared to experimental admittance signatures. However from the pattern of figures by our
naked eye, (Figures 5b and 6b) we observe that the frequency spectrum of 0-100 kHz yielded much similar peaks
as compared to experimental admittance signatures for all damage cases. The quantitative measure of damage
was done using RMSD, which uses change in signature peaks/ valleys of baseline and subsequent damaged state to
quantify the damage. The RMSD index comparisons are given in Figure 7. The trend lines for experimental and
predicted signatures show increase in magnitude with increase in damage severity for both plates X and Y for the
considered frequency range of 0-50 kHz. This was further verified for frequency range of 0-100 kHz as shown in
Figures 5(b-d) and Figures 6(b-d).
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(a)For plate X in 0-50 kHz (b) For plate X in 0-100 kHz
(c) For plate Y in 0-50 kHz (d) For plate Y in 0-100 kHz

Figures 5 to 7 shows that the 3D predicted model was successful to model PZT-structure interaction.
However, pattern recognition of signatures or RMSD index do not reveal the proximity of any predicted model to
experimental model. This is because, the pattern recognition of signature employs our naked eye and RMSD
employs only peak / valley shifts to quantify ignoring frequency spectrum of excitation (Annamdas and Soh 2007a).
Tables 3 and 4 lists respectively both the experimental and predicted peak frequency locations for baseline and
damaged states of plates X for frequency range between 10-100 kHz (high frequency spectrum).

In any EM admittance signature peaks or valleys occurring in the considered spectrum either for low
frequency (say upto 10 kHz , Yang et al 2005) or high frequency (say 10 -100 kHz, Annamdas and Soh 2007b) are
important. Observations revealed that the first major peak in experimental and predicted occurred at 10 kHz and
10.5 kHz respectively. There were some splitting and merging of peaks as damage propagated along X direction in
both experimental and predicted signatures. For example, Figure 8 shows the characterization of peaks, i.e Figure
8(a) shows splitting of peak (of X1) due to second damage (X2).
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Table 3
Experimental peak frequency (kHz) occurrence for plate X.

X0 X1 X2 X3 X4 X5 X6
10 10 10 10 10 10 10
12 12 12 12 12 12 12
16 16 16.5 16 14 16 14
20.5 17 19 20.5 16 19.5 16
23 19 20.5 22.5 17 20.5 17
24 20.5 23 24 20.5 23 20.5
35.5 22 24.5 27 23 24.5 23
37 24 27 29 24.5 27 24.5
39 27.5 29 32 27 29.5 27
40 29 315 36.5 29 32 29
41.5 31.5 34 39 32 345 32
445 34 37 40 35.5 35.5 37.5
47 35.5 39 43 37.5 39 39
49 37 40 46 39 40 40
51 38 42 47 41 42 42
52 39 445 49.5 42 435 44.5
54.5 41.5 47 51 445 445 47
57 43 49.5 52.5 47 47 49
58.5 445 51 57 49.5 49 50
60.5 45,5 52.5 58.5 51 50 51
62 47.5 54 59.5 52.5 51 52.5
63.5 49 55.5 60.5 56 52 54
64.5 50 57 63.5 57.5 54 55.5
67 51 58.5 65 58.5 55.5 58.5
69.5 52 60 66 60.5 57 60.5
74 55.5 62 67 62 58.5 62
75 57 65 68 63.5 60.5 63.5
76.5 58.5 67 69 65 62 64.5
78 60.5 69.5 71.5 68 63.5 67
79 63.5 71.5 74 69.5 64.5 68
81 64.5 72.5 74.5 71.5 67 69
82.5 67 74 76 72.5 68 70.5
84 69.5 76 78 74 69 71.5
86 71.5 78 79.5 75 71.5 72.5
88 74 79.5 81.5 76.5 72.5 75
90.5 75.5 81 87 78 74.5 76.5
91.5 78 83 88 79 76.5 78
92.5 79.5 84 89.5 81 78 80
95 81 87 90.5 82.5 80 81
98 82.5 88.5 92 86 84 82.5
99 84.5 89.5 95 89.5 85 86.5

87 90.5 97 92 86.5 88.5
89.5 91.5 98 95 88.5 89.5
90.5 94 96.5 89.5 92
91.5 95 99.5 90.5 95
92.5 97 92 97
95 98 95 99
96.5 97

98 99.5

99
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Table 4
Predicted peak frequency (kHz) occurrence for plate X.

X0 X1 X2 X3 X4 X5 X6
10.5 10.5 10.5 11 10.5 10.5 10.5
12.5 13 125 12.5 12.5 12.5 12.5
16 16 16.5 16 14 16 15
20.5 18 18 20.5 16 19 16
22.5 19.5 20.5 22.5 18 20.5 17
24 20.5 22.5 24 20.5 22.5 20.5
35.5 22.5 24 26.5 22.5 24 22.5
36.5 24 26.5 29 24 26.5 24
38.5 26.5 28 315 26.5 28 26.5
39.5 30 325 36.5 28.5 31 29
41 33 34 38.5 31.5 35 32
44.5 34.5 36.5 40.5 35.5 36.5 37.5
47.5 35.5 38.5 42.5 36.5 38.5 39
49 36.5 39.5 46 38.5 39.5 40
51.5 38.5 42.5 47 41 41.5 42.5
52.5 39.5 44.5 50 42.5 42.5 45
54 41 47 51.5 44 44.5 47
57 42.5 49 52.5 47.5 47 49
59.5 445 50.5 57 48.5 49 50
61 45.5 52.5 58 51.5 50.5 51.5
62 47.5 54 59.5 52.5 51.5 52.5
63 48.5 55 60.5 55 52.5 54
64 50 57 63.5 57 53.5 56
66 51.5 59.5 64.5 58 56 58
69.5 52.5 60.5 66 60.5 57 60.5
73.5 55 62.5 67 62 58 62
74.5 57 64.5 68 63 60.5 63
76.5 58.5 66.5 69 64.5 62 64..5
78 60.5 69.5 72 68 63 67
80 63 715 73.5 69.5 64 68
81 64 72.5 75 71.5 66 69
82 67 73.5 76.5 72.5 68 70.5
83.5 69.5 76.5 77.5 73.5 69 71.5
85.5 71.5 78.5 80 75 72 73.5
87 73.5 80 81 76.5 73.5 75
90 75 81 87 78 74.5 76.5
91.5 78.5 83.5 88 80 76.5 78
93 80 85 89.5 81 78 80
95 81 87.5 90.5 82.5 80 81
97 82 88.5 93 87 83.5 82.5
98.5 85 90 95 90 85.5 85.5

87 91 97 91.5 87 87.5
88.5 92 98.5 95 88.5 90
90 93 97 90 92.5
91.5 95 99.5 91 95
93 97 93 97
95 98.5 95 98
97 97

98.5 98.5

99.5

Figure 8(b) shows peak (of X2) emerging and vanishing due to third damage (X3). Similarly, Figure 8(c-d)
shows the splitting, emerging and vanishing of peaks in predicted signatures. This is similar to that of splitting and
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merging of PZT signature peaks observed by Annamdas et al (2007) for load increments on the structure.
Additionally, number of peaks changed with damaged states in both experimental and predicted signatures. Thus,
this present study lead to an idea of using occurrence of peak i.e peak frequency, number of peak matches,
closeness and farness of peaks in a given frequency spectrum. This is to study the proximity of experimental and
predicted admittance signatures. This is named as Frequency Proximity Index (FPl) and can serve as
complementary to RMSD and pattern recognition methods. i.e RMSD measures the changes in height of peaks of
signature and FPI scales the frequency spectrum of signature.
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Fig. 8. Peak characterization versus damage propagation.
(a)Peak splitting in experimental signature (b) Peak emerging and vanishing in experimental signature
(c) Peak splitting in predicted signature (d) Peak emerging and vanishing in predicted signature
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Fig.9. Comparison of experimental and predicted frequency of occurrence and number of peaks for various
damaged cases
(a) X0, X1 and X2 (b) X3 and X4 (c) X5 and X6
(d) Y1Y2and Y3 (e) Y4 and Y5
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Figure 9 shows the plots of peak number and its respective location on the frequency spectrum. The dotted
line represents predicted frequency locations as against normal line, which represents experimental locations.
Figure 9(a) shows the comparison of predicted and experimental real signatures for baseline X0, damaged states
X1 and X2. Similarly Figures 9(b) and 9(c) compares admittance signatures of pairs of X3, X4 and X5, X6
respectively. Table 5 lists the comparison of experimental and predicted signatures for damage states along Y
direction for plate Y. There exists satisfactory matching of predicted and experimental results for both plates, i.e
the predicted matched well with the experimental frequency location (also see Figures 9 d-e).
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Fig.10. Proximity scale vs. number of peaks for various damage cases
(a) Plate X (b) Plate Y

However, the present study had measured the satisfactory proximity level of 3D predicted model using FPI
scale as shown in Figure 10. For the considered range of 0-100 kHz there were peaks of over 50 in both
experimental and predicted signatures. Predicted peak locations had shown significant proximity with
experimental peak locations. The proximity of experimental and predicted peak locations is in between 0- 1.5 kHz.

Let Ne represent number of experimental peaks, N b be number of predicted peaks, NO, No.5 and N1 be peaks

at ‘frequency difference’ of 0, 0.5 and 1 kHz respectively. ‘Frequency difference’ is the difference between
predicted and experimental peak locations (Table 3). For higher frequency excitation models it is hard to have
perfect match of both experimental and predicted signatures, however for low frequencies the match could be
established (Yang et al 2005). Hence FPI has relevance only for high frequency excitation based PZT structure
interaction model.

158



M.A. Radhika et al. / Scientific Journal of Pure and Applied Sciences (2012) 1(3) 144-161

Table 5
Peak frequency comparison of experimental and predicted
admittance signatures for plate Y

Y1 Y2 Y3 Y4 Y5

E P E P E P E P E P
100 105 100 105 10.0 105 10.0 105 105 10.0
120 125 165 16.0 14.0 145 12.0 125 135 140
140 140 190 195 17.0 16.0 155 16.0 16.5 16.0
16,5 165 205 205 190 19.0 205 205 205 205
19.0 195 22.0 225 205 205 220 215 23.0 225
205 205 245 240 220 225 23.0 230 245 240
220 225 285 265 245 240 280 265 270 265
245 240 290 285 28.0 265 30.5 310 305 300
280 265 305 300 290 290 320 325 320 320
29.0 295 320 310 320 320 345 340 360 365
320 315 345 350 345 355 370 365 370 375
33.0 335 360 365 370 365 380 385 39.0 385
345 350 390 385 390 385 40.5 41.0 40.0 40.0
36.0 365 40.0 40.0 40.0 40.0 425 425 42.0 425
380 385 420 420 420 420 44.0 445 440 440
39.0 395 440 445 440 440 46.5 46.5 45.0 45.0
40.5 410 450 460 465 470 48.0 475 46.5 46.0
420 425 475 480 500 50.0 495 495 48.0 475
440 445 500 490 510 515 51.0 510 500 500
45.0 455 510 505 540 540 53.0 53.0 510 510
46.5 475 520 520 550 555 55.0 550 53.0 525
50.0 500 53.0 535 56.0 565 56.0 56.5 550 555
51.0 515 550 550 575 575 575 575 56.0 565
530 525 56.0 565 585 585 60.5 600 575 575
555 550 575 575 60.0 60.0 620 615 595 590
575 575 605 615 620 615 645 635 605 600
60.5 615 620 625 635 635 670 670 620 615
61.0 625 645 645 645 645 685 685 63.0 625
63.5 635 670 665 670 66.0 69.5 695 645 635
65.0 655 680 675 680 675 710 715 670 670
670 66.5 695 69.0 695 70.0 735 73.0 695 700
680 675 715 710 710 715 745 740 710 710
69.5 695 725 720 745 750 765 76.0 720 725
71.0 705 735 740 765 765 775 775 735 740
725 725 745 750 785 78.0 80.5 800 750 755
735 735 765 76.0 80.0 80.0 820 820 765 765
745 755 785 785 820 83.0 840 830 775 775
765 765 805 80.0 84.0 84.0 855 855 785 785
785 780 820 820 86.0 87.0 86.5 87.0 805 80.0
80.0 795 845 840 87.0 88.0 885 89.0 82.0 825
825 820 855 860 895 89.0 895 900 840 840
840 840 880 885 920 925 920 910 855 850
855 855 895 90.0 940 935 93.0 930 865 865
86.5 870 920 0915 0955 955 940 940 885 885
89.5 89.0 93.0 935 975 970 95.0 950 895 90.0
92.0 915 945 945 99 98.5 975 965 910 910

93.0 93.0 955 955 99.0. 98.0 92.0 925
945 950 975 098.0 93.0 935
96.5 96.5 985 99.0 94.0 945
97.5 98.0 95.0 955
99.0 99.0 975 975

98.5 98.5
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Figure 10(a) shows peak numbers matched at proximity of O to 1 kHz and total number of predicted peaks
versus experimental peaks for plate X. The ideal predicted model would have peaks predicted equal to that of

experimental model. Moreover matching would be at proximity of 0 kHz, i.e No.s = N1 = 0. Figure 10(b) shows

similar observation but for plate Y. However, if we consider the frequency difference less than 1 kHz as minor
(negligible), the total number of peaks match was more or less equal to experimental peaks. In-fact, the 3D model
had almost predicted all peaks of experimental signatures very satisfactorily. Thus we can say that signatures
yielded by the 3D PZT-structure based predicted model had shown reasonable proximity with the experimental
signatures. Additionally, this present study used FPI and RMSD to evaluate the 3D model for its successful
implementation for damage analysis of plates.

4. Conclusions

In this paper, the application of 3D EMI model for damage assessment in plates was presented. A new
frequency proximity index was proposed to study the proximity of 3D predicted model with experimental PZT-
structure model. For this study, two types of damages were made along X and Y directions on two identical but
unsymmetrical plates X and Y respectively. The experimental results were compared by a series of 3D predicted
model based numerical simulations using finite element analysis. It was observed that the range of 0-100 kHz had
more proximity between experimental and predicted signatures. The RMSD increased as the severity in damage
increased in both plates for experimental and predicted results. In this paper the FPI and RMSD were used as
complementary to each other successfully. i.e., the damages in both experimental and predicted study were
quantified by RMSD index and the proximity of the results was compared by FPI scale. The trends of RMSD index
and FPI scales have shown that the predicted model is promising for implementation into practical applications.
Thus, this paper presented the application of 3D model to damage assessment of plates with introduction of FPI.
and the paper is expected to be very useful for non destructive evaluation based SHM.
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