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Abstract

Deterioration and degradation of aging structures is a major concern worldwide. It is often necessary to evaluate the integrity of
such structural systems. Early detection and eventual quantification of damage are important for improved safety, to prevent
potential catastrophic events, and to extend the service life by repairing/retrofitting the components of the structure. Different
methodologies have been proposed in the literature for the identification and localization of damage based on piezo-electric
ceramic (PZT) sensors. The conventional methods, which differentiate the damage as incipient, moderate and severe, are based
on experience. A new algorithm has been developed to determine the severity of damage using experimental parameters. The
basic advantage of the algorithm is that the severity of the damage can be computed in terms of the original stiffness of structure.
A technique called electro-mechanical impedance (EMI) technique, which is based on piezo-electric ceramic (PZT) sensors,
operates at higher frequency range and can typically detect damage at microscopic level. The primary objective of this work is to
quantify damage based on the impedance signature of the EMI technique using a PZT patch and a LCR meter.

Keywords: Algorithm, Damage Detection, Electro-Mechanical Impedance Technique, LCR Meter, Optimization, PZT
Sensors

I. INTRODUCTION

Deterioration and degradation of structures is a major problem due to the presence of large numbers of aging structures.
Evaluation of damage is important to ensure the integrity of such structural systems. In general, structural damage may be
considered as a weakening of the structure that reduces its performance. Damage may be defined as any deviation in the
structure’s original geometric or material properties that may cause undesirable stresses, displacements, or vibrations in the
structure. The damage of the structures has to be identified to evaluate safety and to prevent potential catastrophic events, in
order to offer the possibility of extending its service life by repairing/retrofitting the components of the structure. Early damage
detection and eventual estimation of damage is important, as it forms the basis for decisions regarding structural repair and/or
part replacement. Because of the reasons stated above, the methods of identification of damage in structures are gaining
importance in the recent past due to safety and economic aspects. The technological advancements in computing and sensor
monitoring have motivated extensive research activity in this area. A new materials and technologies are discovered, buildings
get taller; bridges get longer spans and the designs of structures become more ambitious, but more complex. In view of these
developments, there is an increased requirement to providing both the costs savings with regard to maintenance and a safer
environment for by preventing structural failures.

Structural health monitoring (SHM) in general sense is a process aimed at providing accurate and timely information about the
condition and performance of a Structure. It can be either short term (e.g. repairs efficacy) or a long term (monitoring parameters
continuously or periodically) process. A need for SHM arises with the fact that properties of both concrete and steel depend on
large number of factors which are often hard to predict in practice. The representative parameters selected for health monitoring
of a structure in general can be of mechanical, physical and chemical in nature.

Structural Health Monitoring is a new and improved way to make a Non-Destructive Evaluation. This is partially true, but
SHM is much more. It involves the integration of sensors, possibly smart materials, data transmission, computational power, and
processing ability inside the structures. It makes it possible to reconsider the design of the structure and the full management of
the structure itself and of the structure considered as a part of wider systems. The important aspects are responses in the
structure. Responses which can be commonly measured can be in general divided in

— Mechanical: Strain, Deformation, displacement, cracks opening, stress, load
—  Physical: Temperature, humidity, pore pressure
— Chemical: Chloride Penetration, sulphate penetration, pH, carbonisation penetration, rebar oxidation, steel oxidation.

A new method of damage diagnosis, based on changes in structural mechanical impedance at high frequencies. The
mechanical impedance is extracted from the electro-mechanical admittance signatures of piezo-impedance transducers, by means
of signature decomposition. The main feature of this approach is that both the real and the imaginary components of the
admittance signature are utilized in damage quantification. A complex damage metric is proposed to quantify damage
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parametrically, based on the extracted structural parameters. As proof of concept, a damage diagnosis study conducted on
aluminium beam subjected to cracking. The proposed methodology was found to perform better than the existing damage
quantification approaches i.e. the low frequency vibration methods as well as the traditional raw-signature based damage
quantification using EMI technique.

Il. THEORY OF DAMAGE IDENTIFICATION

A. Analogy between Electrical and Mechanical System

The concept of mechanical impedance is analogous to the concept of electrical impedance in electrical circuits (Halliday et al.,
2001). The impedance approach allows a simplified analysis of complex mechanical systems by reducing the differential
equations of Newtonian mechanics into simple algebraic equations, as in the electrical circuits. Consider a SDOF spring-mass-
damper system, subjected to a dynamic excitation force F, at an angular frequency ®, as shown in Fig.1(a). Let the
instantaneous velocity response (which is same for each component of the system due to parallel connection) be

X = X, cos( ot — @) )

fr rh

+— wlt1= 1.cosf ot - .

Fig. 1: (a) A single degree of freedom (SDOF) system under dynamic excitation. (b) Phasor representation of spring force (Fs), damping force
(Fq) and initial

Where X is the velocity amplitude and ¢ the phase lag of the velocity with respect to the applied force. Displacement and

acceleration can be determined from Eq. (1) by integration and differentiation respectively. Hence, the force associated with each
structural element i.e. the spring (the elastic force), the damper (the damping force) and the mass (the inertial force) can be
determined. Thus,
Damping force,
F, = cXx = cx, cos (ot — ¢) 2
Inertial force,

F,=mX=mx o cos[a)t —-¢+ %] ©)

Spring force,

F. =k x:(ksx°)cos[a)t—¢—£] “)
o) 2

From Egs. (2) to (4), it is observed that this system is mathematically analogous to a series LCR circuit in the classical

electricity. The term X is analogous to the current (which is same for each element of the LCR circuit) and the mechanical

force is analogous to the electro-motive force (voltage). The damper is analogous to the resistor, since Fq is in phase with X

(Eq.2). The mass is analogous to the inductor, since Fi leads X by 90° (Eq.3). Similarly, the spring is analogous to the capacitor,

since Fs lags behind X by 90° (Eq.4). These terms can be analogously represented by a phasor diagram, as shown in Fig.1(b).
Hence the amplitude of the resultant force (analogous to voltage across the entire LCR circuit) is given by

Fo =\ Fdi + (Fio - Fso)z (5)

Where the subscript ‘0’ denotes amplitude of the concerned force. Substituting expressions for the amplitudes from Egs. (2) to
(4) and solving, we can obtain the amplitude of the mechanical impedance of the structure as

'.:°= Cz+[m102—k] (6)

@

1 Z =

The quantity Z is analogous to the electrical impedance (ratio of voltage to current) of an LCR circuit. Using complex number
notation, analogous to that used in classical electricity, it may be expressed in Cartesian and polar coordinates as
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2
Z:x+yj:c+[mw _k]j:‘z‘e”’ (7)
@

The phase lag ‘¢’ of the velocity * X *with respect to the resultant driving force ‘F’ is given by (Fig. 1b)
tan¢=F'7F5=mw -k (8)
F, cw
Here, ‘X’ is the dissipative or real part and ‘y’ is the reactive or imaginary part of the mechanical impedance. It should be
noted that damping can be included in the stiffness itself, by adopting complex stiffness, as given by

k = k(L+7j) C))
Where the term n, commonly known as mechanical loss factor, can be expressed as
I (10)

k

H. Measurement of Mechanical Impedance

The concept of mechanical impedance, introduced above for SDOF systems, can be easily extended to any complicated real-life
MDOF system. Although Egs. (7) and (8) have been derived here for the SDOF system, complex structural systems too
essentially possess a mechanical impedance consisting of the real (dissipative) and imaginary (reactive) components. These two
terms can be considered to represent a purely resistive element (such as damper) connected in parallel to a purely reactive
element (such as spring or mass or a combination of the two). The two terms can be considered to be the “equivalent SDOF”
representation of the actual system.

However, analytical determination of mechanical impedance for complex MDOF systems is very tedious. It can be measured
experimentally by applying a sinusoidal force at a point on the structure and measuring the resulting velocity at that point in the
direction of the force. Conventionally, this is done by using impedance head, which consists of a force transducer and an
accelerometer (Hixon, 1988). The force transducer is an electro-magnetic shaker, which produces a sinusoidal force proportional
to the input sinusoidal voltage. The accelerometer measures acceleration at the point of interest, again in the form of a
proportional sinusoidal voltage signal. Being harmonic, velocity can be deduced from acceleration by integration. The magnitude
of the mechanical impedance is thus determined from the ratio of the measured force and the velocity amplitudes (Eq.6), and the
phase difference between the two is given by the phase difference between the corresponding measured voltage signals.
However, the conventional impedance heads possess very small operational bandwidth, which prohibits their application for high
frequencies. The same holds equally true for conventional accelerometers. Even the high-tech miniaturized accelerometers share
the disadvantages of high cost and small operational bandwidth (Giurgiutiu and Zagrai, 2002; Lynch et al., 2003b). The next
sections demonstrate how this difficulty can be overcome with the aid of the EMI technique.

. Decomposition of Admittance Signature

The coupled electro-mechanical admittance signature, acquired by using EMI technique, was decomposed into active and
passive components, which can be defined as follow.

11Raw Complex Admittance

The complex electro-mechanical admittance of a piezo-impedance transducer bonded to a structure, obtained from direct

measurement through the EMI technique, is called the raw complex admittance. It is denoted by Y and can be expressed as
Y =G+Bj 11)

The real part, G, is called the raw conductance and the imaginary part, B, is called the raw susceptance. A frequency plot of
the raw conductance is called the raw conductance signature (RCS) and that of the raw susceptance is called the raw susceptance
signature (RSS).

21 Passive Complex Admittance
The contribution of the PZT patch in the complex electro-mechanical admittance, or in other words the passive component, is
called the passive complex admittance or the PZT admittance. It is denoted by y_ and can be expressed as

Y, =G, +B,j (12)
The real part, Gp, is called the passive conductance and the imaginary part, Bp, is called the passive susceptance. Expressions
for Gp and Bp are given by (From Eq.22)

|

G, = 20—, +d2Y 5y)
h (13)

wi

B, = 2607{'9;3 - d?.zlY E}
h (14)
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71 ©Active Complex Admittance
Active complex admittance is that part of the raw complex admittance, which arises from the electro-mechanical interaction

between the PZT patch and the host structure. It is denoted by ﬂ and can be expressed as

Y,=G,+B,j (15)

The real part, Ga, is called the active conductance and the imaginary part, Ba, is called the active susceptance. The active
conductance and susceptance can be obtained from Eqgs. (26) and (27) respectively. A frequency plot of active conductance is
called the active conductance signature (ACS) and that of active susceptance is called the active susceptance signature (ASS).

Traditionally, the researchers working in the field of EMI technique have utilized the deviation in the RCS alone for damage
assessment, using statistical indices such as RMSD, RD, and MAPD etc. As seen in the analysis, the raw-conductance is mixed
with the non-interactive passive-conductance of the PZT patch, which masks its damage detection ability.

Most of the published work related to the EMI technique has been focused on relatively light structures. In majority of the
reported investigations, the damage was typically simulated non-destructively such as by loosening bolts or similar components
(Sun et al., 1995; Ayres et al., 1998; Park et al., 2001). Only few destructive tests on the structures instrumented with PZT
patches have been reported (Soh et al., 2000; Park et al., 2000a). In many structures, simply the ‘detection’ of damage might be
more than sufficient, which can be done conveniently by means of the conventional statistical indices. However, in civil-
structures, we often need to find out whether the damage is ‘incipient’ or ‘severe’. We might even tolerate an incipient damage
without endangering the lives or properties. This fact has motivated us to extract the drive point structural impedance from
measured raw signatures for damage quantification.

£2. Physical Interpretation of Drive Point Impedance

As mentioned before, all the previous reported works so far utilized only the real part of the raw complex admittance to quantify
structural damages. However, in the newly developed methodology, both the real and imaginary parts are utilized. They are first
filtered, using signature decomposition, to remove the PZT contribution and to yield active signatures. The active signatures are
further processed to extract the real and the imaginary parts of the drive point mechanical impedance, which are direct functions
of the structural parameters. The drive point impedance is typically a function of frequency. The absolute mechanical impedance,
|Z |- \/x? + y? » attains minimum values at the points of structural resonance and maximum values at the points of anti-resonance.

>

The real part, ‘x’, is the equivalent SDOF damping of the structure and the imaginary part, ‘y’, is the equivalent SDOF
stiffness- mass factor (see Eq.7) of the host structure, at the ‘drive point’ of the PZT patch. In other words they are the structural
parameters ‘apparent’ to the PZT patch at its ends. Being direct structural parameters, these should be more sensitive to structural
damages than stresses or strains, which are secondary effects. In this manner, a piezo-impedance transducer identifies the
‘equivalent’ parameters of the ‘black-box’ host structure in the form of SDOF damping and stiffness-mass factors.

E. Presence of Damage

Next step is to predict the presence of damage. To do that a continuous characteristic function of the structure whose value
undergoes changers with damage should be used. It should be possible to find the value of that function at each point of
structure. This function may be strain energy, mode shape, deflection, and stiffness. Presence of crack or a localized damage in a
structure increases the equivalent stiffness and decreases the damping in the structure. From vibration theory, reduction in the
stiffness is associated with the decrease in the natural frequency and modification of the mode of vibration of the structure.
Different methods of damage detection are described below In particular, the global dynamic techniques have been significantly
researched upon and gained wide popularity. These are based on the change in the natural frequency and the mode shape caused
by structural damage. However the lower frequencies can be determined easily, it is generally observed, that the measured first
frequency hardly shifts by 1-2% only until around 60-70% of the ultimate failure load (Stubbs and Qsegueda, 1987; Pandey and
Biswas, 1994). Farrar and Jaurequi (1998) also reported that the global dynamic techniques failed to identify damage location for
less damage scenarios. It could be possible that the damage not large enough to be detected by these techniques , may already be
critical for the structure in question(Bhalla, S. et. al. 2010).

F. Damage Sensitive Parameters

In case of PZT EMI technique the structural mechanical impedance is the sensitive parameter which is affected by any damage to
the structure. The extracted impedance is further simplified and more efficient parameters are calculated. Theses parameters are
the main variables affecting the mechanical impedance of structure. Next sections elaborate how to extract and use mechanical
impedance of the structure to predict damage.

r. Extraction of Damage Sensitive Parameters

The complex electro-mechanical admittance vy of the coupled system has been discussed in detail earlier is based on 1D
impedance model. Bhalla and Soh (2004a,b) further extended it to 2D systems by introducing the concept of ‘effective
impedance’ and derived the following expression for admittance for a square PZT patch;
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- i s FT 2d321YE ZdazlYE Z, e *W (16)
Y:G+Bj:4wj—|g33— + . T |
zse +Za‘eﬂ J

h | @-v) (@-v
Where, the term T s the updated complex tangent ratio (ideally tanxl/xl) and | is the half length of the patch. Further,
admittance expressed in Eq (16) was split (Bhalla and Soh, 2004a, b) into two parts as

Y =Y, +Y, 7
Where, YT is the ‘active’ component and Z the ‘passive’ component. Ewas broken down into real and imaginary as

Jeff

Y, =G, +B,] (18)
Where
40l? T
P h {5‘933+K77} (19)
40l
P wh {53T3_K} (20)
And
K = ZdjlYE (21)
(1-v)

Gp and Bp can be predicted with reasonable accuracy if the conductance and the susceptance signatures of the PZT patch are
recorded in ‘free-free’ condition, prior to its bonding or embedded to the host structures (Bhalla and Soh 2004b) . Hence, the
PZT contribution can be filtered off from the raw signatures and the active component deduced as,

2y E 2 ( 7 \7
i8,jz 8wd Yl aet = (22)
h(l—V) Lzs,eff +Za‘eﬁJ

Where, Zow =X, +Y.] the effective impedance of the PZT patch is in short circuited condition.

It has been demonstrated by BhallaAndSoh (2003), using a 1D interaction model, that the elimination of the passive
components renders the admittance signature more sensitive to structure damages.
Substituting ve _ye@q, ) and 7o,y into Eq. (3.17), and rearranging the various terms, the effective impedance of the

structure, Zse= X + Y j can be extracted as (Bhalla and Soh, 2004b)

Y=Y Y, =6

A

. M(xaR—yasz+N§an+yaR)_Xa (23)
M®+ N
- M(an+yaR2)—N§><aR—)/aS)_ya (24)
M+ N
Where
M= Bl and  ___Gah (25)
40KI 2 40Kl ®
R=r—nt and S =t+gr (26)

All structural systems have their own impedance characteristics. Table 1.1 shows the variation of the real and imaginary
components, x and y respectively for some simple systems. Real structures will have their own characteristic variations. To
simplified analysis, Bhalla and Soh (2004 a,b) proposed a simplified “identification” approach, when a real structure is identified
as a combination of basic elements, after comparing impedance variation with Table 1.1. In general, the two components (real
and imaginary) represented by Eqg.(18) and Eq. (19) of the extracted effective drive point (EDP) impedance may not display an
ideal behaviour, such as pure stiffness or pure mass or pure damper. There are variations of the resistive term (x) and the reactive
term(y) with the frequency similar to a combination of the basic elements of Table 1.1. The unknown structure can be idealized
as an equivalent structure (as series or parallel combination of basic elements) and equivalent parameters can be determined. The
equivalent parameters vary with the stiffness of the structure. If damage/ crack occurs due to loading or any other reason,
variation of equivalent parameters indicate about the presence of incipient damage/ crack Bhalla and Soh (2004 b). Hence, our
purpose is to extract the equivalent parameters in real time to capture a crack/ incipient damage in structure.

Table—1
Mechanical impedance of combinations of spring, mass and damper (Bhalla, 2004)
No. Combination X y X vs Freq. y vs Freq.
1 -| 5 | C X /
[
0 0
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Hence, the equivalent stiffness of structure can be determined in a suitable range of frequencies in the damaged and the
undamaged states and after comparing with the standard complex combination. These complex combinations can be obtained by
combining the basic elements in a number of different ways (series, parallel and a mixture). Hixon (1988) prepared a table for
some possible combination of basic element. A plot the impedance plots (x, y vs frequency), which is reproduced in Table 3.1. A
conclusion about patterns can be drawn after comparing the extracted component with result presented in this Table. Since in
whole process, it takes very less time to acquire signature and do computation, it is possible that the analysis part can be
completed on a personal computer and thus the PZT signature analysis can be performed online

m(s[aniN |

#. Signal Processing Techniques and Damage Quantification

The prominent effects of structural damages on the conductance signature are the appearance of new peaks in the signature and
lateral and vertical shifting of the peaks (Sun et al., 1995), which are the main damage indicators. Samman and Biswas (1994a,
1994b) reported many pattern recognition techniques to quantify the variations occurring in the structural signatures (similar to
conductance signatures) due to damages; such as the waveform chain code (WCC) technique, the signature assurance criteria
(SAC), the equivalent level of degradation system (ELODS) and the adaptive template matching (ATM). Similar statistical
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techniques have been employed by the investigators researching on the EMI technique; such as the root mean square deviation or
RMSD (Giurgiutiu and Rogers, 1998), relative deviation or RD (Ayres et al., 1998; Sun et al., 1995), the difference of transfer
function between damaged and undamaged conditions (Pardo de Vera and Guemes, 1997) and the mean absolute percent
deviation or MAPD (Tseng and Naidu, 2001).

The RMSD index is defined as (Giurgiutiu and Rogers, 1998; Giurgiutiu et al., 1999)

%(Gil_GiO)Z
i=1

RMSD (%) _ x 100 @7

> (60)
i=1
Where ! is the post-damage conductance at the i measurement point and ¢ Is the corresponding pre-damage value.

Similarly, RD is based on the sum of mean square algorithm, normalized with respect to an arbitrarily chosen maximum amount
of damage, and is defined for the i™" patch (in an array) as (Sun et al., 1995)

N
t el -0’
RD. = e —

i N
G 1 _G 042
kZ:l( 1w ~Gu) (28)
Where the numerator represents the mean square deviation at the i location and the denominator represents the deviation for
the chosen reference maximum damage location ‘1°. The MAPD index is defined as (Tseng and Naidu, 2001)

100 N |G' -G
MAPD ==—7% 'GO i (29)
i=1 .

The covariance (Cov) and correlation coefficient (CC) are respectively defined as (Tseng and Naidu, 2001)
Cov (G°,G") = izN; (G - E)(Gi1 - E)
N = (30)
_ Cov (G°,GY (31)
0'00'1
Where oo and o1 are the standard deviations of the baseline signature and the signature after damage respectively. g°and *
respectively are the mean values of the baseline signature and the signature after damage.

cc

I11. NUMERICAL SIMULATIONS

A cantilever beam 600 mm aluminium beam having cross section 60 mm x 10mm .The steel beam was instrumented with one
PZT patch at 75 mm from the free end .The artificial damage were induced in four stages i.e. a crack of Imm ,1.5mm, 2mm &
5mm respectively at different stages were developed. Since the artificial damage were created in four stages in aluminium beam,
the conductance and the susceptance signature were extracted at each stage. Presence of damage was detected using EMI
technique. The admittance signature (consisting of the conductance and the susceptance) of the PZT patch were obtained in the
frequency range 30-100 kHz using the wayne Kerr 4100 LCR meter, for the undamaged and the four damage states.

A. Conductance Signature

The electromechanical admittance v (unit Siemens or ohm) consists of real and imaginary parts, the conductance (G) and
susceptance (B), respectively. A plot of G over a sufficiently wide band of frequency serves as a diagnosis signature of the
structure and is called the conductance signature or simply signature. Fig. (3.1) shows the typical conductance and susceptance
plots for a PZT patch bonded on to the free side of a aluminium cantilever beam. The sharp peaks in the conductance signature
correspond to structural modes of vibration. This is how the conductance signature identifies the local structural system (in the
vicinity of the patch) . At lower damage conductance signature cannot distinguish but as the damage increase the conductance
signature is clearly seen separating from conductance signature of healthy state, in initial conductance signature there is no
proper change but at high damage, conductance signature increases.

#. Susceptance Signature

Since the real part actively interacts with the structure, it is traditionally preferred over the imaginary part in the SHM
applications. It is believed that the imaginary part (susceptance) has very weak interaction with the structure (Sun et al., 1995).
Therefore, all investigators have so far considered it redundant and have solely utilized the real part (conductance) alone in the
SHM applications. As seen from the figure 4.4 the susceptance signatures are almost similar in all the cases.

All rights reserved by www.ijste.org 208



Combine Approach for Structural Damage ldentification using Piezo-Electric Ceramic (PZT) Sensors
(1JSTE/ Volume 3/ Issue 02 / 047)

2200000 +

Conductance
§

2320000 +

2200000 +

200000C ¢ T Y YT Y T T YIS YT Y YT YT Ty Y YR T YT e p e T e ey

Frequency
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Fig. 3: Graph showing variation of susceptance with frequency for different damage case.

. Percentage rate of change of Equivalent stiffness and damping

The aluminium beam was idealised as an equivalent structure (series or parallel combination of basic elements), and the
equivalent system parameters were determined. After taking the signature of PZT patch, ‘x” and ‘y’ were extracted using the eq.
23 and Eq. 24.and graphs were drawn between X, y vs frequency. These graphs are closely examined using the Table 1.1 and the
appropriate combination was chosen. Finally equivalent parameters were extracted. This procedure has been well established by
Bhalla and Soh,2004a,b)

x=c andy=-ko (3.1)

Using eg. (3.1) and the actual impedance plot, the average “equivalent” system parameters were worked as ¢= 1.91 Ns/m and
k=21.7x10°N/m for the undamaged state. The analytical plots of x and y obtained by these equivalent parameters match well
with their experimental counterparts. This procedure was repeated for all four damage states to extract the equivalent system
parameters. These parameters are listed in Table 2. It is clear from the table the value of ‘k’ increased with damage severity
while that value of ‘c’ decreased. At such high frequencies, a local damage may soften few modes and at the same time, stiffen
few others. This phenomenon leads to lateral shifting of the peaks in the conductance signature(Naidu and Soh,2004) At such
high frequencies, not much can be predicted theoretically. It is also observed the EMI technique do not acts well during the
initial phase of damage but become a significant parameter for severe damage case. Intial rate of change in damping ¢ is small
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i.e. 0.523 but it increases to 17.9 at severe damage. Rate of change in equivalent stiffness helps in detection of damage at all the

levels as ts rate of change is always high i.e. 5.9 at initial level to 12.4 at final level.

Table -2
Variation of equivalent stiffness and damping with damage for aluminium beam
SN. | Damage state | Equivalent Stiffness(k) (N/m) | Equivalent Damping (c) (Ns/m) | % change in k | % change in c

1 undamaged 21.7x10°¢ 1.91 0 0

2 State-1 21.7x10°¢ 1.92 5.29 0.523

3 State-2 22.89x10° 1.90 5.4 0.523

4 State-3 23.37x10° 1.858 7.69 2.7

5 State-4 24.4x10° 1.57 124 17.8

£, Statistical Technique for Damage Quantification

The prominent effects of structural damages on the conductance signature are the appearance of new peaks in the signature and
lateral and vertical shifting of the peaks (Sun et al., 1995), which are the main damage indicators. Samman and Biswas (1994a,
1994b) reported many pattern recognition techniques to quantify the variations occurring in the structural signatures (similar to
conductance signatures) due to damages; such as the waveform chain code (WCC) technique, the signature assurance criteria
(SAC), the equivalent level of degradation system (ELODS) and the adaptive template matching (ATM). Similar statistical
techniques have been employed by the investigators researching on the EMI technique; such as the root mean square deviation or
RMSD (Giurgiutiu and Rogers, 1998), relative deviation or RD (Ayres et al., 1998; Sun et al., 1995), the difference of transfer
function between damaged and undamaged conditions (Pardo de Vera and Guemes, 1997) and the mean absolute percent
deviation or MAPD (Tseng and Naidu, 2001).
1) Root Mean Square Deviation
The RMSD index is defined as (Giurgiutiu and Rogers, 1998; Giurgiutiu et al., 1999)

N

RMSD (%) _ x 100 (3.2)

Where g is the post-damage conductance at the i measurement point and G is the corresponding pre-damage value.

Similarly, RD is based on the sum of mean square algorithm, normalized with respect to an arbitrarily chosen maximum amount
of damage, and is defined for the it patch (in an array) as (Sun et al., 1995)

N
SICHECS
RD =X*=

N (3.3)
1 042

2 (le _le)
k=1

Where the numerator represents the mean square deviation at the it location and the denominator represents the deviation for
the chosen reference maximum damage location ‘1° The RMSD value is the most commonly used in research n practical purpose
for damage quantification. As it is very easy to use and give reliable results. From the Fig 4.5 we can seen that initial its value
remain unchanged for minute crack but as damage become intensive its value increases.
71 Mean Absolute Percent Deviation
Another method to calculate damage quantification is mean absolute percent deviation(MAPD). The MAPD index is defined as
(Tseng and Naidu, 2001)

G'-G°

G’

100 N
—2
N =1

MAPD = (3.4)

Where Gi1 is the post-damage conductance at the i" measurement point and G io is the corresponding pre-damage value.

According to mean absolute standard deviation, initially very low changes were observed then suddenly at high damage its
value increases suddenly.
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a) Covariance Coefficent
The covariance (Cov) and correlation coefficient (CC) are respectively defined as (Tseng and Naidu, 2001)
Cov (6°,61) = —3 (60 ~G°)(G} - G")
N (3.5
Where g tis the post-damage conductance at the i measurement point and G? isthe corresponding pre-damage value.

g°and ! respectively are the mean values of the baseline signature and the signature after damage.

It can be seen in Covariance Coefficient method there is a continuous decrease in the coefficient value with damage. Hence it
is practical good method to detect damage and its severity.
b) Correlation Coefficient
The correlation coefficient (CC) is defined as (Tseng and Naidu, 2001)

Cov (G°,G") (3.6)
0-00-1
Where oo and o1 are the standard deviations of the baseline signature and the signature after damage respectively. As it can be

seen from the graph as the damage increases in the beam, the correlation coefficient decreases initially at a very low rate then at
severe damage it increases suddenly.
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Fig. 6: Graph showing variation in Covariance coefficient value with damage
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IV. RESULT

As discussed in above, the various ways by which damage detection is done in a structure, table 3 shown the calculated results.

Table - 3
Combine results by various methods

State State-1 State-2 State-3 State-4

Conductance signature -3.6875 0.3020 2.462 4.045
Susceptance signature 2.16 -0.0155 3.75 1.588

Rate of change in Equivalent Stiffness 5.29 5.4 7.69 124

Rate of change in Equivalent Damping 0.523 0.523 2.7 17.8
RMSD 11.4 11.38 17.9156 45.62

MAPD 7.09628 | 7.036422 | 12.7037 41.36

Covariance coefficient 74x107°| 7.2x107°| 5.6x107°| 3.4x10°°

Correlation Coefficient 3076.41 3142.18 3085.34 2080.2

V. CONCLUSION

Based on the above results following conclusion can be drawn:

1)
2)

No particular method is perfectly suitable to detect the damage at each stage.

Initial rate of change of Equivalent stiffness and damping is small i.e. 5.29 and 0.523 respectively compared to the rate of
change in k and c at final damage i.e. 12.4 and 7.8 respectively.

Conductance signature shows a wide change at severe damage but no proper pattern at initial level.

Susceptance signatures do not show any perfect changing pattern.

Equivalent stiffness and damping are a reliable factor to detect damage as the rate of change is constant or increasing with
damage.

But from combining all the results, it can be seen a change is occurring in all the parameters, and this change is perfectly
observable in parameters at high damage.
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