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ABSTRACT: The presented approach to damage identification is a continuation of research done within tt
PiezoDiagnostics (PD) project (FP5 EC Project 2001). The general purpose of the PD project was identificatit
of corrosion (or damage of considerable extent) in pipelines. Generation and detection of a global structul
mode by piezo-actuators and sensors was tested in the PD project. Perturbations of the mode due to vari
damage scenarios were investigated. A software tool, based on the Virtual Distortion Method (VDM), wa
developed (Kotakowski, Zighiski, and Holnicki-Szulc 2004). The tool is able to perform damage identification
via the solution of an inverse, dynamic problem in time domain thanks to employing gradient-based optimiz:
tion. A well-calibrated FE model is required for the approach in order to produce meaningful results witt
experimental data. In this paper, the possibility of carrying out the damage identification in frequency domai
will be explored. A dynamic problem with no damping will be considered first. A number of selected excitation
frequencies will be the subject of analysis. Steady-state dynamic responses will be provoked and static-li
influence matrices in the framework of VDM will be built accordingly. As a consequence, the optimization pro-
cess in frequency domain is expected to be significantly faster compared to the one analyzed previously in tir
domain. The newly formulated approach mainly reduces the vast consumption of computational time, observ
in the previous approach.

1 INTRODUCTION caused by piezoelectric transduc_;ers, similarly to _the
The damage detection systems based on array &ffect of non-homogeneous heating). The compatible

piezoelectric transducers sending and receiving straiftrains and self-equilibrated stresses are structural re-

waves have been intensively discussed by researchetBONSES 10 these distortions, .
recently. The signal-processing problem is the cru- Assuming possible locations of all potential defects

cial point in this concept and a neural network based? @dvance, an optimization technique with analyti-

method is one of the most often suggested approach&é‘”y calculated gradients can be applied to solve the

to develop a numerically efficient solver for this prob- Problem of the most probable defect locations. The
lem. considered damage can affect the local stiffness as

. . . well as the mass distribution modification. It is pos-
An alternative approach to the inverse dynamic

analysis problem is based on the dynamic VDM (Vir-S'ble to identify the position as well as intensity of

tual Distortion Method) concept, making use of a dy_several, simultaneously generated defects..
namic influence matrixD. Pre-computation of the The proposed methodology can be applied e.g. to

time-dependent matrid allows for decomposition corrosion detection (reduction of material thickness),
“dep P and identification of its location in steel pipelines,

of the dynamic structural response into componenty,qingjong-distance transmissions of impulses. This
caused by external excitation in undamaged structurg "y 5.0 o co methodology of data processing

(thg linear part) and components describing perturg, damage identification (VDM based PD-software
bations caused by the internal defects (the non-hnea&c Ref. (Kotakowski, Zielski, and Holnicki-Szulc ’

part). As a consequence, analytical formulas for cal 004;Swiercz and Ziefiski 2004) fits well to the fol-

_culatlon .Of these perturb_atlons and the_ correspon lowing technique of measurements (PD-hardware):
ing gradients can be derived. The physical meaning
of the virtual distortions used in this paper are exter- i) wave generator produces a low frequency im-

nally induced strains (non-compatible in general, e.g.  pulse of flexural wave with long-distance prop-
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agation, whereM = M + AM, C = C+ AC, K = K +
- ) AK describe modifications of the mass, damping and
if) few well located, distanced sensors collect meastiffness matrices, respectively. The modification pa-
surements of frontal section of the transferredrameters cause non-linear variations of the mass as
wave, well as stiffness matrix, which influence the struc-

L . . ... tural responsei. The VDM-F based formulation al-
iii) if the received structural response differs S|gn|f-IOWS to calculate this response quickly (for modi-

icantly from the reference response (for undam-ﬁed structure) for given (modified) structural parame-

aged structure), the collected measurements alfars. Knowing the responses for original and modified

tr;aoncserglstitr?d gga?n?ng?g;irti%igggr{f r further Olata’structure, the damage identification process leads to
P 9 9 ' multiple re-computations of dynamic responses with

There is a class of problems where a concept similafPosed modifications on original structure. This pa-
to the above-mentioned VDM approach, but based oR€' 1S concentrated on the remodelling problem ne-
frequency-domain rather than time-domain respons@lécting the damping component.

can be applied. This numerically economical method

can be addressed to problems, where steady-state r2- VIRTUAL DISTORTION IN FREQUENCY DO-
sponse can be the basis of dynamic analysis. For ex- MAIN

ample, the following tasks can be solved on the baFrom now on, it is assumed that the structure is sub-
sis of the VDM-F Yirtual Distortion Method in Fre- jected to a harmonic excitation. Substituting Equa-

guency Domaipmethod: tion:
— remodelling of vibrating system with harmonic f(¢) = fsin(wt), (3)
excitation in order to reduce vibrations in a se- _
lected area, to Equation 1 and 2, the expected respons=an be

written in the following form:
— identification of material/structural properties on
the basis of monitored structural responses fom(t) = usin(wt). (4)

samples of harmonic excitations, o ) o
Modifications of stiffness and mass distribution are

— detection and identification of damages (via in-modelled byvirtual distortionsdenoting initial strains
verse dynamic problem) on the basis of mon-in structural elements and virtual forces in structural
itored structural responses for samples of harnodes, oscillating with the same frequency as external
monic excitations. excitation:

The objective of this paper is to investigate the thirde®(¢) = £°sin(wt), p°(t) = p°sin(wt), (5)
of the above-mentioned problems.

where the first quantity models stiffness, while the
2 PROBLEM FORMULATION second one the mass redistributions, respectively.

In order to present basic formulas of the VDM-F Let us call themodified structure— a structure in

method, let us focus on quick remodelling of vibrating Which changes were introduced to the mass and stiff-
truss structures under harmonic excitation. Having afess matrix and thenodelled structure— a struc-

existing structure and its parameters we could introfure in which changes are modelled by virtual dis-
duce some modifications to those parameters and théfrtions, without changing mass and stiffness matri-
calculate its response, i.e. displacements and intern&Fs. The equations of motion for the modified and
forces of the modified structure. The general form ofmodelled structures can be obtained introducing vir-
equations of motion for a multi-degree of freedomtual distortion component(s) and substituting quan-

case is given as follows: tities for steady-state problem (Equations 3, 4, 5)
(cf. (Holnicki-Szulc, Pawtowski, and Wikto 2003)) to

Mii(t) + Cu(t) + Ku(t) = f(1), (1) Equations 1 and 2.

whereM, C andK are mass, damping and stiffness —w? M;;u; + GaiSasGgiu; =fi, (6)

matrices, respectively arfit) is the vector of exter-
nal forces. Each of the above-mentioned matrices rep-
resents a set of parameters, which can be modified irw?M;ju; + GaiSasLls(es —€3) =fi + 1} (7)
the following way: B
where,S, 3 andS, s are diagonal matrices with,, =

Mii(t) + Cu(t) + Ku(t) = £(¢), ) E,A,/l, and Sa, = E,A,/l,, respectively £, —



Young’s modulus A, — cross section4{,, modified) Equation 13 contains two kinds of virtual distortions
and/, length of an element), Ls; — is a vector of <% andp). In order to determine those distortions, let
lengths of structural elements. In the Equation 6 (andis determine the second relationship from Equation 6
next formulas) there is no summation over underlinedand 7:

indices. The Greek letters run over structural elements

and the Latin ones are related to degrees of freedom of = ? M — M) u; = W AM;;uj, (14)

a considered structure. The matfix,; is a transfor-

mation matrix, whose elements are related to cosinewherew; is described by Equation 8. Let us assume
of angles between elements and directions of degredfor simplicity) the diagonal mass matricés;; and

of freedom. In the Equation 6, 7, the time-dependenty/.. Their difference can be determined as follows:
components have been eliminated. The displacement

depends only on the frequency and the amplitude can ()

be decomposed as follows: Mi; = 5 Z PaAala M5, (15)

w; = ul + D5, + DD pl, (8)

h € fl d litud where . determines relation between degrees of
where: D;, — influence matrix denoting amplitude ¢.caqom’ of a finite element (indices . 5) and

ofdlsplacemenﬂ generatg:d by unit, harmonic strain degrees of freedom of the whole structure and
distortion with amplitudes, = 1 of frequencyw ap- DAL, M is the global mass matrix calculated

plied in elementa. Matrix D’.’j — influence matrix
: : Lok for a structural element. Thus, let us substitute the
noting ampl f I m ner
denoting amplitude of displacement generated by Equation 15 into the Equation 14-

unit, harmonic force with amplitudg? = 1 of fre-
guencyw applied inj-th degree of freedom.
It is postulated that response of the structure mod- N - o
elled by virtual distortions has to be identical with —¥ AM;j(pa)Djgeg+
the response of the modified structure. Therefore, for
each element, which is modified, the compatibility of (—w?AM;;(pta) Dji; + 6ir) D =
strains and stresses is required:
wQAMij(ua)uL.

J

Py =EyAgca = ByAy (20— €5). (9) (16)

Assuming that the cross sections of structural eIeFlnally, the formula for determining virtual distor-
ments are modified, the vector of stiffness mOdIflca-UonSé?g andp?, taking into account Equation 13 and

tion can be expressed as follows: 16, can be written:
A £q — 0 0_1L

po=te_fe"% (10) Ad” =b", (17)
A, €a

where'AH = (o — 1) B3 + dap
The vecton,, is the vector of structural modification,
= (Ha — 1) Bgy, A21 =W AMZ](Na)D

which involves modification of the mass as well as o
stiffness matrix. The updated vector of strajpcan A22 = —w*AM;j(pa) D5 ik T Ok
be obtained through multiplying Eqn (8) B G b = (1 — pa)el, by = w?AM;;(pa)uk

N The virtual dlstortion$g andp) obtained from the
Ea =X+ B 5% + B?, py. (11) above set of equations model modification of cross
section aread,, (see Equation 10) of structural ele-
ments. Using Equation 8 (or Equation 11) the dis-
placements field (strain field) can be quickly calcu-
lated. It was presented irs(iercz, Kotakowski, and

Holnicki-Szulc 2005) how the VDM models response

two) relation between the vector of stlffness modifi-

cationy, and virtual distortions?, andp) can be de- 4 pAMAGE IDENTIEICATION TECHNIQUE

termined: The result of the damage identification indicate the
severity of damaged structural element(s) and their lo-

o — DBy +0a5] €%+ (1o — 1) B2, p) = cation. This inverse problem leads to minimization of

[(M* 1B B} o+ (e = 1) Bac a suitable objective function. The objective function

where:

1
GuD'. (12

B = GazD 5 B = —
aﬁ i8 ak L

L has to depend on structural modification parameters
(1-pa)eq- (13) o be detected. The accuracy of the result is related



with the number of measured responses (sensors). Lét = (5mg (L + B ﬁgﬁ + BYpY),

us propose the objective function as follows: by = Lw 2 g Agly MY (uh + Digel + Dhpt).
(VAN YA ik
_ M M 18 Havmg calculatecf distortion gradlents the gradient-
F= (2w =)o — &), (18) based formulation for damage identification can be

applied.
Now, the gradient of the objective function can be ex-
pressed as follows:

wheree,, = e, () is the vector of strain in the con-
sidered structure with internal (unknown) defegts
modelled by virtual distortionsef,, pf) ande" is the
measured response — in this case obtalned numeri- 0= oY
cally — of the damaged structure. In the above for-Vof =2 (4 —}}) Bfma_ + Bika—k
mula indexw runs over selected structural elements. o o
To minimize the objective function (Equation 18), the The vector of modification parameters is determined
steepest descent method can be used. To this end, |@dratively according to the formula:

us calculate the gradient of the objective functb%

(24)

(s)
Of g po 0F OeyOca | O 02y Op) g ™ =) = AFY Vol : (25)
Oy v Oey 09 Oy~ Oey, OPY Oy’ Vo fOT Vaft

In the Equation 19 the distortion gradients can be deW'th a priori assumed original vector of modification
termined through differentiation from Equation 23. parameters.;” (eg. for undamaged structure), where

(%w s denotes the current iteratiof;+ 1 the next one and
The partial derlvatlvegf and 35 can be obtained the step length\ is appropriately selected from the

through differentiation of Equatlon 11, accounting for interval (0, 1).
Equation 12:

9 9 5 NUMERICAL EXAMPLES
%y _ B;,, ilg = BY,. (20) In this section some results will be presented illus-
e, Ip; trating the methodology for the damage identifica-
. . tion. Let us consider the simple truss-structure shown
In order to determine gradieng% and% letus dif- in Figure 1. It is subjected to harmonic load =
ferentiate Equation 13 and 16, respectively: 200sin(wt) in nodal point9 with applied fraguency
w = 1000[™4]. All elements of the original struc-
ture have the same parameters: Young's modflus

35% 210G Pa, cross section ared = 10~°>m?, density
[(1ta — 1) B + das] E 7800 4. Width and height of the single section is
o equall m. For the inverse analysis it is assumed, that
o) measurements (strain response) are collected from se-
(g — 1) B, 9Pk _ —8,964, (21) lected or all elements. The damage is defined accord-
= Opg ing to Equation 10 and the dimensionless cross sec-

tion areas ;) are iteratively calculated. The results
are presented aftdf0 and500 iterations. In our in-
vestigation 3 cases of the inverse analysis are consid-

Cw AM”D ered:

1. measurements are colected from sectidiig
P and/V (elementsl1 — 20) — one defect to de-
+ [~WPAM;; Dy, + 6y 9P _ =MD ;. (22) tect in the whole structure, thus the indexin
Ay ! Equation 18 run over elements in sectiahg
and/V, and the index in Equation 24 run over
all structural elementsl(— 20). The collected
data for original structure and for the modified
one are given in the Table 2. The results of the
inverse analysis is shown in the Figure 2.

Similarly to the Eqn (17), the set of equations con-
cerning distortion gradients with respect to the vector
of modification parameters is given as follows:

Ag’=b, (23) 2. measurements are collected from all sections —

_ _ _ three defects to detect in all sections. The iden-
where the matrix A is the same as in tified cross section areas are presented in the
Egn (17), moreover: ¢ = %, g9 = gfjf? Figure 3.
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Figure 1: Tested truss structure.

Table 1: The collected data: damage case 3. lows to expect, that the presented methogology will
Strain’s Element’s number be more efficient.
amplitude 16 17 18 19 20

X107 6 SUMMARY AND CONCLUSION
Eq[x10~ . . . . .
oL The Virtual Distortion Method in frequency domain
i = i i - -F) is an useful tool to investigate steady-state
(orginal) 8.086 —6.663 6.004 4.398 —7.092 (VDM-F) ful tool q
eM[x1077] problems. Static-like influence matrices are built only

(modified) 12.729 —7.826 9.521 11.596 —10.393 once for each frequency. This allows to identify mul-
tiple defects.

The presented damage identification methodology
requires comparison of the reference response(s) (re-

1t ' ' -nzlbo iterati'ons ] ferring to the undamaged structure) and the damaged
[ n=500 iterations one. The optimization process in frequency domain
0.8f [ Jtrue stiffness |7 based on VDM-F is expected to be significantly faster
06 D compared to the one analyzed in time domain.
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Figure 2: Results of the inverse analysis: damage case 1.
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Figure 3: Results of the inverse analysis: damage case 2.
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Table 2: The collected data for original and single damaged structure.

Strain’s Element’'s number

amplitude 11 12 13 14 15 16 17 18 19 20
£4[x1077]

(original) 0.685 —0.867 13.891 —0.464 —13.866 8.086 —6.663 6.004 4.398 —7.092
eM[x1079]

(modified) 1.322 —0.241 18.330 —1.006 —14.591 8.326 —6.951 6.570 4.416 —7.231
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