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Abstract A general method is formulated to estimate damage location and extent from the explicit perturbation
terms in specific set of eigenvectors and eigenvalues. At first, perturbed orthonormal equation is generated
from the perturbation of eigenvectors and eigenvalues to obtain the k-th explicit perturbation coefficients.
At second, perturbed eigenvalue equation is generated from the perturbation of eigenvector and eigenvalue,
and first-order expansion of the stiffness matrix to obtain other explicit perturbation coefficients. Stiffness
parameters are computed from these equations using an optimization method. The algorithm is iterative and
terminates under certain criteria. A fixed—fixed modular beam with various numbers of elements is used as test
structure to investigate the applicability of the developed approach. By comparison with the Euler—Bernoulli
beam, discretization errors are analyzed. In six elements beam, first-order algorithm converges faster for small
percentage damage. Second-order algorithm is more efficient for medium percentage damage. For large per-
centage damage, the second-order algorithm converges more effectively. Meanwhile, for eight elements large
percentage damage and ten elements small percentage damage, second-order algorithm converges faster to the
termination criterion.

Keywords Explicit coefficient - Perturbed eigenvector - Perturbed eigenvalue - Modular beam -
Damage detection

1 Introduction

Perturbation of eigenvalue had been reported in early literature [1]. Later, extensive perturbation analyses were
ignited since the general mathematical skeleton of eigenvalue perturbation problem established by Wilkenson
[2] and Bellman [3]. Power series was used by Romstad [4] to formulate general perturbation approach using
holographic interferometry to determine the vibration modes of prototype experimentally. Stetson [5] predicted
the perturbation effect of small changes in prototype parameter. In gyroscopic systems for small internal and
external damping, Meirovitch and Ryland [6,7] used modal perturbation technique. Rayleigh’s work was
extended by Jones [8] on the general perturbation form of frequency and mode shape changes. Besides,
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different researchers developed perturbation approaches to deal with systems consisted of distinct eigenvalues
[9-11], repeated eigenvalue [12,13] and closely spaced modes [14].

In the area of structural design, Wanxie and Gengdong [15] made use of stationarity of Rayleigh quo-
tient in second-order sensitivity analysis of multimodal eigenvalues. Then the method was applied to formu-
late a sequential quadratic programming approach in multimodal optimal design of structures. Wicher and
Nalecy [16] determined the second-order sensitivity matrix and logarithmic sensitivity functions in the fre-
quency domain. The second-order logarithmic sensitivity function was generated. Ryland and Meirovitch [17]
established second-order perturbation approach for the response of perturbed, undamped and nongyroscopic
dynamic systems where small changes in system mass and stiffness parameters initiated the eigenparameter
perturbation. Second-order perturbation analysis of torsionally coupled building was carried out by Kan and
Chopra [18,19]. The approach was applied to estimate the maximum response of a class of torsionally cou-
pled, multistory buildings due to earthquake ground motion characterized by response spectra. Tsicnias and
Hutchinson [20] made use of perturbation analysis in torsionally coupled buildings to obtain an approximation
of the dynamic properties of the buildings in question by combining appropriately the dynamic properties of
the corresponding buildings.

Innovative part of this work is to derive the generalized-order coefficients where they can be applied
to common engineering systems. For the previous approach [9], perturbation coefficients were constructed
from the basic vectors of all used eigenvectors and their coefficients. The technique developed here aims for
evaluating generalized-order terms explicitly, so that the generalized-order perturbation coefficients can be
constructed in sequential order. The advantage being that higher-order terms can be constructed efficiently and
consecutively from the lower-order terms. This is essential when generalized-order terms become complicated.
It is a methodology applicable to damage detection in different industries, such as aviation dynamic systems,
electrical transmission facilities [21] and turbine components. Also, it can be applied to civilian structures,
such as buildings and bridges.

2 Theoretical development

We derive here the derivatives of the eigenvalues and eigenvectors in the system equations from the eigenvalue
problem. Consider here a self-adjoint system with distinct eigenvalues, its eigenvalue problem of the structure
before the estimation is

K§' = Mg (1)
where K, M are its system stiffness and mass matrices, and 2K 5k are its k-th eigenvalue and eigenvector. The
eigenvalue problem of the damaged structure is

—k —k
Kidpg = MM, )

.. . . —k . . . .
where K is its system stiffness matrix, and AIC‘,, ¢, are its k-th eigenvalue and eigenvector. Using the first-order
perturbation equation, the matrix K is related to K through

. 0K
Ks=K + —6G 3
d dzz;aGd d 3

where higher-order perturbations of K with respect to the damaged stiffness parameter G4 vanish by assuming
K is a first-order function of G4. m is the total number of stiffness parameters involved. The k-th eigenvalue

. —k . .
and eigenvector of the damaged structure are related to AX and ¢ through the generalized-order perturbation
expansion equations:

m m

m m m m
My =1 D M 8Ga + DD h48GabGe - DD D A 40 8GadGe - 8G + £)
d=1 d=1 e=1 d=1 e=1 z=1

p summations

“4)
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=7 + ZZ Plyaa® 8Ga + Z Z Z P gy ® 3GadGe

d=1a=1 d=1 e=1 b=1
a;ék bk
m m
+Z ZZP(I,W ® 8GadGe--6G + - + B (5)
d=1 e=1 z= lr#llc
r

where )‘]((1) 4 )‘]((2) de* and )J(‘p) de...; Ar€ the coefficients of the first, second and p-th order perturbation terms for

the eigenvalue. P(1 Yda® P(z) deb and P( are the coefficients of the first, second, and p-th order perturbation

p)de---zr
terms for the eigenvector. 51; and &% ¢ are the residuals of order p+ 1. In these summation series, running indexes
d,e,...,z=1,2,...,m. Because of the orthogonality relation, one cannot obtain the k-th eigenparameter

coefficients by the eigenvalue equation. Using the orthogonality relations of the eigenvectors and substituting
perturbation Eq. 5, one can obtain these coefficients through the orthonormal equation:

1= @0 M,

¢ + Z z P(kl)da¢ 8Ga + Z Z Z P2)deb¢ 8GaéGe

d=1a=1 d=1e=1 b=1
aFk b2k

m m m n
+"'+ZZ"'ZZpr)de...zrar‘SGd‘SGe"“SGZ+"'

d=1 e=1 z=1r=l1
r#k

m_n m m n
XM @+ D> Plaa® 6Ga+ 2.2 > Phwd 5GaGe
d=1a7=é]1( d=1e=1b=1

a

n

m
S PE s ® 8GabGe - 8G - ©
z=1r=1
r#k

m m
ot )
d=le

=1

Noting that the L.H.S. of Eq. 6 equals to one and equating the coefficients of the §G4(d = 1, 2, ..., m) terms
in this orthonormal equation, we have

aT —k
0=9¢" MZP("W”QS 8Ga + ZPmd“(ﬁ 8GaM¢

a=1 a=1

n
—kT . —
=2ZP("1M¢ M@ 5Gy (7
a=1

by neglecting the residual terms of € 8 .Fora =k
—kT , —k
Pl ga® M =0 ®)
and using the orthogonality relation, this implies that the first-order eigenvector coefficient is

P(kl)dk =0 9)
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By equating and simplifying the coefficients of the §G48G.(d,e = 1,2, ..., m) terms in the orthonormal
equation, second-order eigenvector coefficient can be obtained as

—RL1 1 1
k de' k k
Poyper = — s 1+ 2 ,P(l)daP(l)ea + 0T T+ 2 , (l)eaP(l)da (10)
a;ék a;ék

where 77 is the generalized Kronecker delta defined by

c (1 ifd=e
’d—[o, it d #e (I

Ré . denotes the number of repeated indexes, d and e, in the eigenvalue and eigenvector coefficients, and

]R[ll .} 18 the number of all possible permutations of indexes, d and e. Note that the upper case indexes in the
subscript of the coefficient indicate that the order of the indexes are not essential. When the eigenvector coef-
ficients are symmetric, the permutation numbers are simplified as the factorial number, i.e. Rée = 2!. Also

P(kz) DEK = 2!P(kz> dek? therefore Eq. 10 can be rewritten as

-1 1
k k k
P(2)dek=7 1+ ZP(I)daP(l)ea Z (l)eaP(l)da (12)
a;ék a;ék
Similarly, equating and simplifying the coefficients of §G;6G, ---8G.(d,e,...,z = 1,2,..., m) terms
yields the p-th order coefficients:
1 2
pk —Rge.. sze z Rge z' 1 ipk P(P—l)EF"'Zq
(p)DE-Zk = EF.--Z (Ddq 51 2 B
2 I+ o R}, 'R 'Ry, !
qFk
1 (p— 1>DF Zq
L Sp
DF---Z (Deq 1 2 X
1+ 17/ o RyrRapteeRap!
q7#k
1 (r— l)D XYq
= =
D--XY (€] 1 2 [
1+T Zqu xy'Rd xy Rd xy
q#k
pk
Z <2)DEp (p=2)F-YZq
F-YZ 1 1 M2 1...RY !
l—i—r o Ryl Ry R R
q#k
Pk
Z (2)DFq (p— 2)E YZq
1+77E vz -1 RI ! R; vzt Rg yz RZ yz!
q#k
Pk
Z (2)DZq (p— 2)E XYq
1+TE XYq 1 sz' e xy'Rz xy R? xy'
q#k
pk
Z (2)EFq (p— 2)1) YZq
D-YZ 1 1 I
1+r = Rl Ry Rd gz Ryt

q#k
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k
Z Porzg Pl 2074
D--XY 1 1 2
1 +T R z! Ra’ xy'Rd xy RZ Xy©
q#k
pk
Z (2)YZq (p— 2)DE -Xq
DE--X 1 2
1+T = R ' de X'Rde x RZQ x'
q#
1 - P ez
ot a2 vﬁé; | RO
EFquefzefz efz
g7k
1 n Pk
n (p— l)DF Zq Pkl
e 1 2 X (Deq
I+1hp.2 oo Rap Rt Ryp !
g7k
! C Ply- hoE-Yg i
R P (13)
1 2 [ (Dzq
1+ 1hp. ¥ 121 Riey 'Ryt Ry, ! )
q#k
where the generalized Kronecker deltas such as t fF Z and rF ‘YZare defined by
1, ifd=e, f, ..., 0orz
EFZ _ f (14)
0, ifds#e, f,..., andz
and
Fovz 1, if d and e appear in the indexes in the superscript (15)
T =
DE 0, if d and e do not appear in the indexes in the superscript

respectively. Note that the upper case indexes in the sub- and superscripts of all the generalized Kronecker
deltas in Egs. 14 and 15 indicate that the orders of the indexes are insignificant. Eigenvector and elgenvalue

coefficients such asP(p)DE Zq and A (p—1)EF-..zrepresent the sums of all terms of the forms P(p)de”.Z and

Ak “Def- Z, respectively, with different permutations of indexes d, e, ...z and e, f, ..., z. The coefficients

such as R} dewz> Rfl s s IRY,.... are the numbers of the first, second and last repeated indexes within indexes
d,e,...,z. Now assume that the symmetry relation exists, the total value of each coefficient is just one of the

coefficients times the factorial of its order. Thus, its symmetric k-th term is

k
pk Rde sze R Z B 1)!P —Def-zq
(p)de--zk = ' EF Z (Ddg 1 2 B

2p! Ref Z'Ref z Ref z'
q#k
S g
1. DF-Z eq ol 2 X
1+1’ R 'Rdf Z Rdf z'
q#k
L Z — b P(p Dd-xvq
1L -D-XY (Dzq
1+‘L’ ]Rd xy'Rd xy Rd x}
q#k

k k
Zz P)deq (p—z)va 2)f-yag
1+1F vz

1 1 12 14 !
g=1 Rie! Rf vz Rf >z Rf vz'

q#k
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k
L] 2Phyapg (P —D'P (p-e-rzg
E-YZ 1 7
I+ 15F g=1 Rdf' R;. -z IR?. yzt e Reyel
q#k
k
iz Pl (1’ )!P; rDe-v
1+‘L’E XY - Rl ' R,. x)'Rg xy - R§. xy
q#k
+ 1 — 2! P(Z)efq (p—2! Pp —2)d--yzq
D-YZ 1 1 2 o
1"i_""EF g=1 Ref' Rd )z‘Rd yz Rd yz
g7k
L Z (Z)ezq (p — P <p 2)d--xyq
D--XY I 1 2
1+T R ! Ra’ xv'Rd xy R; xy”
q#k

k k
Z 21Po)yy (P — 2)'P(p D)de---xq
DE -X 1 1 2
1 + 1y Ryz! Rde-- x'R --R?

de- x de-- x
q#k
1 L T
T 2 5 P
+Tpp.z e R Ref 2! ]Ref 2!
g7k
1 L (= D g p
+1+'L’e RI R ""RX | (Degq
DF--Z g=| df-z"df-z° df--z"
g7k
1 S ”'P(p Ddeyg i
R g “R), . IR2 ‘RY,.,1 (D 1o
DE-. Y de---y de- y de-- y

q#k

On the other hand, we consider the terms other than the k-th term by substituting perturbed )\Z, 52 and K into
Eq. 2 of the damaged structure to get the perturbed eigenvalue equation of the damaged structure. Different
order perturbation terms in the equation can be derived by equating the coefficients of like order terms of §G.
Equating the coefficients of the G, (d = 1,2, ..., m) terms yields

n
— —k
K Z P(kl)da‘f’a t 3 ¢ = )‘kMZP(l)da‘i’ +2 1)dM¢ (17)

a=1
a#k a;ﬁk

To obtain the eigenvalue coefficients by premultiplying Eq. 17 by 5”, then using Eq. 1 and the orthonormal
relations yields

—kT 0K —k

Moa =9 569 (18)

On the other hand, the eigenvector coefficients can be obtained by premultiplying Eq. 17 by agT, where g # k,
one gets

ZP<1>da¢ K"+ ¢ —%"ZPmdafb Me" +25,,8° Mg (19)

a=1

a#k a;ék
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Use of Eq. 1, we get K Eg = A8 Mag, and the orthonormal relations in Eq. 19 yield

1 —oT 0K —&
ko g
P(l)dg RETEY: [45 aGd¢ ] (20)
Equating the coefficients of the §G;6G.(d,e = 1,2, ..., m) terms in the perturbed eigenvalue equation of
the damaged structure, one can obtain
KZP o+ — KZP o — iy LS Zn:Pk @
1 (2)deb Q)edb (1)
RL! P e Rde' e 1+ | Gy ~ ed
bk b;ék a#k
1 1 - b
kK —Ta k k7 k —-
11| ZP(I)da = Rl A MZP(Z)deh¢ +R A MZPZ)edb¢
e de’ b=1 de b=1
i aZk b#k bk
- MZP ! MZP" pll LIV
1+ _L,:iz (l)d (l)ea 1 + ‘L'Lfi (l)e (Hda [11 | 2)de
a;ﬁk a;ék
VN7 21
+R;,€! @eat® 21

where ] is the generalized Kronecker delta defined by Eq. 11. Consider the eigenvalue coefficients by premul-

tiplying Eq. 21 by 5”, and through the use of orthonormal relations, generalized Kronecker deltas and per-
mutation numbers,it is reduced to

)\’k _ R] | 1 : Pk —kT aK —a 1 " Pk —kT aK —a 22
2)DE — Bde- _1 T ‘L'j aZl (1)ea¢ 8Gd¢ + T ‘L’efi L; (1)da¢ B_Ge¢ (22)
a#k a#k

where )J(‘z) pp denotes all combination of )J(Cz) de> i.e.)»](cz) DE = )J(cz) det )J&) oq- Note that the upper case indexes
in the subscript of the coefficient indicate that the order of the indexes is not essential. When the second-order
eigenvalue coefficient is symmetric, the permutation number is simplified as the factorial number, i.e. Rclz . = 2L
Eq. 22 can be rewritten as

Mo =L Z pr TR G, ] Z P g K g (23)
@de ] 4 gf &7 DT 96y I 4d & DTG,
a#k a#k

Consider the eigenvector coefficients by premultiplying Eq. 21 by 5“, where h # k. Through the use of
Eq. 1, and the orthonormal relations, it is reduced to

n

1 1 1 —nr 0K —4 hT 0K —q
—ahpk APk~ T pE + —
Rl (2)deh R @edn T 17 Zl (1ea® 8Gd¢ 1+ 7 Z (1)da® 8Ge¢
a#k a;ék
1 1
k k k kK pk
]Rl ,A P(Z)deh + P(Z)edh + Trc A(1)4 (l)eh + e )‘(l)ep(l)dh (24)

de



458 C. N. Wong et al.

Simplifying Eq. 24, one can get

R 1 < —nr 9K —, 5 K
k _ de k a a
Poven = 55 [ 152 2 Plyea® 36,7 T 1+ 7 Z (hda® 559

a=1
a#k a;ék
1+ )L(l)dP(l)eh 147 d)“(l)eP(l)dh (25)

Where P(kz) DE denoFes al.l combination of P(kz) de> i.e.P(kz). DE = P(kz) de +. P(kz) o FOT the symmetric se.cond—order
eigenvector coefficient, its total numbers are the factorial numbers of its order. Also, the permutation number
1s same as the factorial number, i.e. Ré . = 2!. Therefore Eq. 25 can be rewritten as:

1 1 _nr 0K — 1 _nr 9K —
Koo
Poean = 5755 | 15 <5 Zpa)ea 3Gd¢ R dZP(l)dtl 3G.%
tl#k a;ék

—L)\" Pk ! —— A P (26)
1—|—‘L’5 (Hd* ()eh — 1+ (DHe® ()dh

Now we can proceed to find the eigenvalue and eigenvector coefficients for the p-th order terms. Consider
here the case with m > p. Equating the coefficients of the G ;6G. ---8G,(d,e, ...,z =1,2,..., m) terms
in perturbed eigenvalue equation results in

k k
Kzn: P(p)DE Zr —rJr 1 oK Zn: Plo-DEF-24 Py
EF--Z
Rde sze z Rge z 1+Td 9Ga lRef z'Rgf " Reﬁf z'
r;ék q;ék
k
N 1 0K Zn: P(p l)DF Zq aq
DF--Z
141, 8Ge Rdf Z'Rdj 2 Rdf 2
q#k
1 IK < Pl hp.xy —
+"'+1_|_ DE-Y 5. ZRI H;I; ) ]éw |¢q
23 z d--xyd- xy de---xy
q#
P(k )DE -Z
_ )»kMZ P r Er
1 2
Rde -z Rde z Rze z
r;ék
Ak " pk _
+1 (1E)L;...ZMZ (p2 DEF- Zqﬁ ¢q
+7 q= lRej zRej 2! Ref z
qFk
)\k n Pk
(De (p— I)DF Zq —-q
+—M2 3
DF--Z 1 2 X
I+ T RapRap b Rgp !
q#k
()z (p— l)D XYq —-q
T s D v
D XY 7
1+TZ q= 1Rd xy'Rd xy Rd xy

q#k
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)»k n Pk

(2)DE Z (p— 2)F YZp ap
1 F---YZ 1 2 Y
Ra’e! (1 + TDE ) p=I1 Rf~~~yz‘Rf yz Rf yz'

k n k
MopF 3 Py 2>E YZp 3
1

Ryl (L+ohp"?) " S RL IR L Ry

)\k n Pk
. ()DZ Z (p— 2)E XYp
Rtliz!(l +T/§2XY) Ré xy'Rg ayh Ry
p#k

)»k n Pk

QEF z (p=2)D--YZp P

1 D-YZ #1 2 W

Ryt (1+12:77) 1 Ry Ryt Ryt
p#k

Y
~

e

k n k
MoEZ Z Pi, 2>D XYp 3
Rl

S D XY 2 v
Rez‘ (1 + TEz ) d---xy Ra’ xy Rd xy

p#k

)\'k n Pk
Yz M Z (p— Z)DE -Xp 517
DE--X
R§Z! (1 + TYZ ) Rde X Rde x Rde x

p#k

N
(p~DEF--Z (g
+o Mz,P(l)da

1 2 B d
Ref 'Ref 2 Rej -z (1+TEF.-Z a=1
a#k

)\k

(p )DF--Z
+ ZP(I)ea
Ra’f ZRdf 2 Ry V(1 +thr.7) S

a#k

)\k n )\k
(p 1)DE-Y kK —a (p)DE -Z —k
+ MY Pl b+ Mé .
% (Dza
Rde dee y Rde vt (1+TDE Y) a=1 Rde Z|Rde z Rge z'

a#k

(27)
FYZ

EF-Z and T5 ~are defined by Eqgs. 14 and 15 as before.

where the generalized Kronecker deltas such as 7

Premultiplying Eq. 27 by EkTand using Eq. 1 and the orthonormal relations in the resulting equation, one can
obtain

1 . P} DEF-Z —kT 0K —
)\’k — RI 'RZ 1o RO{ ! (p—1) q ¢ ¢q
(p)DE---Z de---n*">de--n de--n EF 7 B B
I+ g=1 Ref -z Ref z Ref Z‘ 9Gq
q#k
k
1 Z Pip— I)DF Zq akT 0K &
DF-Z 1 2 X
Ty Te 1 Rap o Ryp. Ry b 9Ge
q#k
(p l)DE Yq —k7 0K —q
4. 28
1—|—rDE YZ]Rde y'Rde y Rge y'¢ 8GZ¢ (28)

qsﬁk
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where AX (p)DE-Z denotes all combination of A¥ ek

(prderz €M (pDEZ = Mooz T M pedz T F Mooy
When the eigenparameter coefficients are symmetric, their total numbers are the factorial numbers of their

orders, e.g. X’(‘p) DE..7 = p!A’(‘p) de-..z- S0 the p-th order eigenvalue coefficient is reduced to

n
)\.1({ y — Rde -n Rde n Rge n 1 (P l) P
plae---z

P! e

(p—Def--zq akT IK —

¢
2 B
IRy RY, LRy 1 90
q#k
= DIP{_1yaponzg 57 0K o
Rdf IR LRy 1Y 3G,

1+.EDF Z Z
q#k

- ! P 1 —x7 0K —,
)de---yq kT
+oo 2 - ¢ —¢ (29)
1+rDE VRl y'Rde S RE N 9G:
qsﬁk

Premultiplying Eq. 27 by EwT, where w # k, and using Eq. 1 and the orthonormal relations yield the
generalized-order skew-symmetric non k-th term eigenvector coefficient

Rl

P = e e | 5 Mg
ef zief z ef-z’
q;ﬁ
1 Z P, l)DF Zq 57 K 5
1+1DF -Z R(lif chzif ! Rdf 2 3G,
qsﬁk
o 1 Z Ply- bDEYG g 0K 4
TR LR, 0BG, 1 GG
q#k
Miya Pl hEFzw
U+ fTTRL RE RE
_ )‘](Cl)e Pk l)DF Zw
L+ PF2Ry Z'Rgf L RE
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TP TR R LR RL(1+ o7 R I 1K
_ )‘IEZ)DF P(p 2)E--MNw
Ryt (14 157 MN) Ry RE !+ R
— )‘(Z)DN P(p72)E~~~LMw
Ry, (L+ 53" M) Ry RSyt RE !
Moyer Plyoyp v
R+ R R R
)‘(Z)EN Pt
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DL ol 2
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k k
o AoymN P(p 2)DE Lw
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Now consider that the eigenparameter coefficients are symmetric, their total numbers are the factorial numbers
of their orders. Therefore, the p-th order symmetric non k-th term eigenvector coefficient can be rewritten as
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€19

All these eigenvalue and eigenvector coefficients can be computed using a perturbation algorithm described as
follows. With the known changes of the eigenvalues, )in — Ak, in Eq. 4 and those of the eigenvectors, ¢ d

. —k  —k

> - ¢ >
in Eq. 5, the perturbation equations at each estimation are generated. The changes of all stiffness parameters
are then calculated from these equations using DFP Quasi-Newton optimization method
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3 Computational aspect of the perturbation algorithm

The objective in the perturbation algorithm is to estimate the stiffness parameters of the structure so that
its eigenparameters from the computational model closely resemble those from the damaged case, ®p =

—1 —2 —n\T . . ) ..
(A}), op, )%, Ops s A’}), ¢'Z,) . The algorithm reads in and transforms the eigenparameter of the original

computational structure to its master degrees of freedom (d.o.f.s). Impaction of the work lies on the use of
elastic modulus as monitoring parameter, for which not just Young’s modulus can be changed but also its
physical dimensions, such as width and thickness. This availability is essential in the corrosion detection of
lightning pole in an electrical substation in Baltimore city of Maryland [21], where cross-sectional area of the
lightning pole reduced in significant proportion after a long period of outdoor services. Our ultimate goal is
to estimate the elastic moduli, Gy = E41/ 13 (where E; is the Young’s modulus of the d-th element, / and [,
are its moment of inertia and length, respectively), of the structural components which serve as the structural
parameters of the system. With the use of explicit perturbation coefficient equations, these coefficients can be
constructed progressively from the lower-order terms. From the developed methodology the left-hand sides of

. —k .
the system equations, such as Eqgs. 4 and 5, are ¢, and A’;) from the simulated data of the damaged case, and the
first terms on the right-hand sides of these equations are the eigenparameters of the computational model from

. . . . . k —k. . .
previous estimation. In the first estimation, A* and ¢ in the system equations are the updated eigenparameters
of the undamaged beam. Substituting these coefficients in Eqs. 4 and 5, the system perturbation equations are
formed. The changes to the elastic moduli are optimized using DFP Quasi-Newton method [22]. We use the
notations, slz and EI;, to denote errors in satisfying the system equations Eqs. 4 and 5 respectively. We choose a

. o . —k

set of n eigenparameter pairs in the detection process. Let the number of master d.o.f.s of ¢ ; be N, Ny = N
and N,, < N when we have complete and reduced order eigenvector measurements, respectively. Hence we
establish the weighted eigenparameter perturbation residual objective function as

" 2 2 T
k  k(p) k (k(p) —k(p)
J=2 WE(P) + 2wk () (57) (32)
k=1 k=1
where W}’f(k =1,2,...,n) and Wg(k = 1,2, ..., n) are the weighting factors, and J is a function of SG;w)

when one substitutes the expressions for al;(p ) and El;(p )

in Egs. 4-5 into Eq. 32. This is an over-determined
system, where n + nN,, > m, and the DFP Quasi-Newton approach is used to determine § G;w) iteratively.

Meanwhile, J = 0 (i.e. ei(p ) = Ez(p ) = 0) when the optimal solutions are reached. To minimize the objective
function in Eq. 32 at the w-th iteration, one can use the Quasi-Newton optimization approach

—(w) —(w) —
Gy =8G 1) — pBp_18) (33)
o . —(w) W) ¢ w) w 7
to update the variations in the stiffness parameters, where & G(b) = (8 Gl(b), 1) G2(b)’ ..., 0G m(b)) ,op >0
T
is the step size, and the gradient vector associated with SEEZL) equals g,_; = (ag{"”’ a(a;{’”) yees a(a;(J’”)) .
1 2 m

Note that the subscript b (b > 1) in all variables in Eq. 33 denotes the number of nested iterations. The initial
values used are SG;%) = 0. The nested iteration is terminated when «;, }|§b_1 ||oo < y, where ||| is the
infinity norm and y is some small constant, or the number of nested iterations exceeds an acceptable number, D.

Due to its successive linear approximations to the objective function, the gradient algorithm may progress
slowly when approaching a stationary point. DFP Quasi-Newton method provides a remedy to this problem
by using essentially quadratic approximation to the objective function near the stationary point. Its iteration
scheme is given by Eq. 33, where Bj,_ is an approximation to the inverse of the Hessian matrix used at the
b-th nested iteration. Initially, we set 8GC(;8) = 0 and By = I as the identity matrix. The matrix B} is updated
using the DFP formula

—(w) —(w) —(w) —(w) T
86Gyy —8G, )G,y —8G,, ) 5 5 o, — 7 T
) (b-1) ) -1 By — Bp_1( —1
By = By [ (gb 8b 1)][ 8b — 8b 1] (34)

— — T — T - -
(3GEZ’)) — (SGEZ{])) (25 — 2p_1) (8 — 8p—1) Bo—1(8p — &p—1)
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The nested iteration is terminated when o, ” By_18,_1 Hoo < y or the number of iterations exceedsD. The
optimization process, including the step size search procedure, is described below. When the b nested iteration
is completed, elastic moduli in this computational model are then updated by

G =G 4561, (35)

where (SGf(lw) is the estimated change of the d-th elastic modulus. Note that in each subsequent estimation (i.e.,
w > 2), Egs. 4 and 5 are modified by replacing elastic moduli G4, G, ..., and G; with G(w) G(w) ..

and Ggw), respectively while all the selected eigenparameters and their coefficients are reanalyzed using the
modular beam model. From the calculated changes of the eigenparameters on the left-hand sides of the result-

ing perturbation equations, one calculates inversely the change of the elastic modulus SGEIw) and updates the
elastic modulus using Eq. 33. Two process indicators are used during the estimation process:

L)

(1) Process criterion is attained when the total norm of the weighted normalized eigenparameter difference
vector drops below dn% of the normalized eigenparameter difference vector (d-norm)

i(wan) _ 7 12 Jwan) _ ]
Wan) — w A
a1 = g, z = W e
g —i(0) i 1y, (0) J
dn ¥ -3 A0
< 100 | "8 23, | = | 22 | (36)
i=1 max ¢d‘ j=1 Aa

where na, is the total d.o.f.s of ¢d, 3 is the weighting factor of the i-th damaged eigenvector, W, ; is the

d
weighting factor of the j-th damaged eigenvalue, wy, is the smallest estimation number for which the dn %
termination criterion is reached.

(2) Termination criterion is attained when the norm of the normalized eigenparameter difference vector drops
below % of the total norm of weighted normalized damaged eigenparameter vector (t-norm)

ng i (W) i J(wem) _ )\‘J
W) _ ] G
I = ng, > W — +ZW
i=1 max ‘¢d j=1 d
; "
- 100 "%, Z —i T Z W)‘g G7
max d)d‘ j=1

where wy;, is the smallest estimation number for which the tn % termination criterion is reached. From Eqgs. 36
and 37, one can note that these process indicators are dimensionless numbers. In order to automate the whole
process, the algorithm is established under the MatLab programming platform. It integrates the modular beam’s
finite element model, vibration analysis, explicit coefficient generation, perturbation equation establishment
and optimization solver. Its main steps are listed below:

(1) Construct the system matrices of the eigenvalue equation for the modular beam.
(2) Compute the eigenparameters of the damaged and updated modular beam.

(3) Calculate the explicit eigenvalue and eigenvector perturbation coefficients

(4) Set up the inverse system perturbation equations.

(5) Estimate 5G" from perturbation equations using Quasi-Newton method.
(6) Update the stiffness parameter vector.

(7) Repeat step (1) to (6) iteratively until both process indicators are attained.
(8) Plot out the estimation curves of the beam’s elastic moduli.
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4 Structural damage detection of modular beam

After developing the algorithm, its performance was evaluated through different damaged cases. Random
damages are applied to all beam elements with systematic range (i.e. at the same range) from small, medium
to large damage percentages. This type of damage occurs when the beams damage progressively under the
external environmental loads, such as erosion, lightning, thermal creep or wind gust. This type of load is
applied externally to all surfaces of the structure giving rise to the systematic rusting, corrosion or stiffness
reduction.

4.1 Computational model of modular beam

To investigate the applicability on different orders of the developed algorithm, various damaged cases are intro-
duced to a modular beam model which has been applied to damage detection of lightning poles in the Texas
electrical substation of Baltimore Gas and Electric Corporation [21]. The beam has the length L; = 0.7 m,
width W = 0.0254 m, thickness H = 0.0031 m, area moment of inertia ] = WH>/12 = 6.3058 x 10~ '!m*
and mass density p = 2715kg/m>and healthy Young’s modulus E;, = 6.9 x 10!°N/m?. Its finite element
model shown in Fig. 1 is used to model its planar transverse vibrations. The beam is divided into N, = m
elements with length of each element being [, = L;/N,, and there are N, + 1 nodes. With V; and 6, denoting
the y-translational and rotational displacements at d-th node (d = 1, 2, ..., N, + 1), the nodal displacement

vector of the d-th element is g§; = [Vd, 0d, Vati,Oa+ 1]T. Under bending force F¥ and moment M?, the nodal
. —e T
force vector is Fyy = [Fy, M, de+1, M§+1] .
At first, direct stiffness method [15] is utilized to formulate the element mass matrix. For small elastic
deformation, these two vectors are connected by the linear element stiffness equation

Fy = KSq (38)
where

kin kiz ki3 kia
ka1 kx koz ko
k31 k3x k33 kaa
kar kaz ka3 kaq

is the d-th element stiffness matrix. Making use of force and moment balance, setting V; = 1 while keeping
other displacements equal zero at d-th node, we have

/ 2
FjI3 M2

Vd = — =
3E4l 2E4l 39)
Fji2 Ml
9d = — —|— =
2E; 1 E4 1

From this equation set, one can get F dy = 12E41/ 13 and Mj = 6Eql/ 13. From the static equilibrium
condition, Fj;r] = —F; = —12Eq41/13 M., = dele - M; = 6Ed1/lez. Substituting these terms into

e

+1

ST
N
—
w

AN
NANNNN

Fig. 1 Computational model of modular beam with fixed—fixed boundary conditions
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Eq. 38, it can solve ki1 = F) = 12E41/1}, kg = M = 6Eql/I2. ka1 = Fj,, = —12E41/I] and
k4 = MdyJrl = 6Edl/lez. Now setting 6; = 1 and other displacements to zero,
v, = FjI3 M _
3E41  2E41
v (40)
F;l M3,
6s = —_de + e _ 1
2E,41 Eql

This equation set gives F j = 6E41/ 162 and Mj = 4E4I/l.. According to static equilibrium condition,
Fj. = —F) = —6EqI/I2, M}, | = Fjl, — Mj = 2E41/l,. Solving Eq. 38, one can obtain kj» = F =
6Eql /12, ky = Mj = 4E4l/l, k3 = F) | = —6Eql/I? and kyp = Mj | = 2E4I/l,. Similarly, by
setting unity on the displacements at d+1-th node, we can finalize the d-th element stiffness matrix as
12 6l, —12 6l
K — E;WH? | 6l, 412 —6l, 21
d 12p | -12 -6, 12 —6l,

6l, 21> —6l, 42

(41)

Utilizing this matrix, one can extract out the term Gy = E;WH 3 / 1213 , which is the elastic modulus of the
beam element. Its value in healthy six elements beam is G; = 2.74 x 103 N/m. Moreover, this term vali-
dated the assumption that the stiffness matrix is first order with respect to G, as discussed in Eq. 3. Small,
medium and large percentage damages, which correspond to the reduction in elastic moduli of 0-30, 30-60
and 60-90%, respectively, are simulated on the beam.

At second, virtue work principle is utilized to formulate the element stiffness matrix. Without loss of
generality, y-translational displacement is represented by cubic Hermite curve with respect to x [15],

Ve =a1 + aax + a3x2 + ot4x3 42)
And rotational displacement 6, is the derivative of V, given by
Or = ax + 203x + 3ayx’ 43)
Eqgs. 42-43 can be represented in matrix form
Ve 1 x x> x° T I:Svj| .
= Q] Q) a3 o4 = af = Sa¢ 44
{Gx} |:012x3x2{1 F=ls @

This is the displacement equation of any point within the element. From this relation, one can obtain the start
and end point equations at x = 0, [, respectively:

Vy 10 0 0
64 01 0 O ,

= o |91 @2 3 A}t = Afa) (45)
Vit 1L 2
Od-+1 0 1 21, 312

where A is the displacement matrix of end points. Using its inverse, the shape function vector is obtained as
— 1
N,=SyA ! = 7 {3 —3x2172x3 x12 —2x%2 + 31, 3x%, — 2% —x?12 4+ } (46)
e

By the virtue work principle, the element mass matrix is obtained by substituting N, as
156 221, 54 13l
—r— WHI, | 221, 412 131, 312
M§ = /pWHNeTfo =Ro e ‘ ‘ ‘ ‘ (47)
420 54 13, 156 —-22i,
0
—131, =312 —221, 4I?

le
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Table 1 Eigenvalue errors of undamaged finite element beam when compared with Euler-Bernoulli beam

Mode E-B Beam 6 Elements % Error 8 Elements % Error 10 Elements % Error
1 14.34 14.31 0.2 14.34 —0.01 14.35 —0.06
2 23.81 23.6 0.88 23.73 0.3 23.79 0.07
3 33.33 33.07 0.8 33.11 0.67 33.23 0.32
4 42.86 43.24 —0.88 42.62 0.57 42.64 0.5
5 52.38 53.86 —2.75 52.52 —0.26 52.17 0.41

0.7

12 R

1 et

503
0.0

21 41 61 81 101
Estimation Number

Fig. 2 Case 601_rs: d-norm of six elements beam using first-order algorithm (0.7-1.0G)

For this analysis, the mass matrix is kept constant among different elements. As /, is constant inside the matrix,
the term pW HI,/420 is constrained to be constant. Using the standard assembly process yields the system

mass matrix of Eq. 1, i.e.M = Zfivil M;. For the initial element at d = 1, the 4 x 4 element mass matrix of
Eq. 47 is assembled to the system mass matrix at d.o.f.s 1 to 4. At intermediate element (d = i), the element
mass matrix is assembled to the system mass matrix at d.o.f.s 2i — 1to 2i + 2. For the final element atd = N,,
the element mass matrix is assembled to the d.o.f.s 2N, — 1 and 2N, 4 2. Similarly, system stiffness matrix is

assembled as K = ij\,; K where its dimensions are 2(N, + 1) x 2(N, +1). Now we should set the boundary
conditions for this fixed—fixed beam. By constraining the translational and rotational displacements, d.o.f.s 1
and 2 are eliminated at the first node while d.o.f.s 2N, + 1 and 2N, + 2 are eliminated at the (N, + 1)-th
node. Thus, the M and K matrices are generated with dimensions 2 (N, — 1) x 2 (N, — 1), where 2 (N, — 1)
is the d.o.f.s of the system. Displacement vector of the system containing the unconstrained nodes becomes
the eigenvector ak =[V2,02,V3,03,...,Vpn,, GNE]T, which is obtained by solving the eigenvalue equation in
Eq. 1 or 2. For checking the accuracy of the finite element approach of beam model, its undamaged eigenvalues
are compared with the closed-form Euler—Bernoulli (E-B) beam in Table 1. From the table, one can notice
that in six elements beam, there is scattering of discretization errors among five eigenvalues with the largest
deviation in fifth mode. This is explained by the curvature order error in the cubic Hermite curve. This error
increases drastically when the curvature order of E-B beam is higher than that of the Hermite function. As a
result, the percentage error in the fifth mode is extra high. On the other hand, the order of curvature in each
element decreases with the increasing number of elements. Thus, the effect of curvature mismatch is lessened.
Overall, discretization errors decrease with the increase in the element number. When the number of nodal
point increases, the estimated eigenparameters are more close to that of the infinite E-B beam. In order to
evaluate the performances of different order algorithms, various levels of random damages are introduced to
this modular beam with six to ten number of elements from cases 601_rs to 1002_rs to establish its systematic
random damage cases.

4.2 Small percentage systematic damage

At first, first-order algorithm is developed by the perturbation equations Eqs. 4 and 5 with terms up to §G.

Using this algorithm in case 601_rs for the small percentage damages 0.7G;, < G4 < 1.0Gy, with N, =

6, Wa- =1,W,;=02dn=1andn = 10™*. The d-norm drops rapidly from 6.24 x 10~! to its process
d d

criterion at 5.37 x 1073 in 21 estimations in a curved region (Fig. 2). Afterward, it remains at a flat plateau
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Fig. 3 Case 601_rs: logarithmic absolute errors of six elements beam using first-order algorithm (0.7-1.0Gj)

Table 2 Convergence numbers of six elements beam damage detection

Case Process criterion Termination criterion
60l_rs 21 104
602_r18 21 112
60l_rm 9 57
602_rm 9 42
60l_rl 19 >200
602 1l 33 146

1.0E+13

1.0E+02 |-

Absolute Error of Elastic Modulus (N/m)

ey 21 41 B1 81 101
Estimation Number

Fig. 4 Case 602_rs: logarithmic absolute errors of six elements beam using second-order algorithm (0.7-1.0G},)

until 10™* t-norm termination criterion is reached. From its logarithmic absolute error chart of Fig. 3, one
can observe that elements FFB1 to 4 drop rapidly and gradually toward the first cliff region. Element FFB6
remains at 157 N/m level until estimation 6, then it drops gradually. Element FFB6 is limited by the first cliff
level. Then, they drop stepwise at estimation 52 in the first cliff region. Afterward, they drop stepwise regularly
reaching t-norm criterion at estimation 104 as listed in Table 2.

Meanwhile, utilizing Egs. 4 and 5 with terms up to §G 438G, second-order algorithm is developed. By this
algorithm in case 602_rs, its convergence is shown in Table 2. The d-norm drops rapidly from 6.24 x 107!
t0 6.00 x 1073 in 21 estimations where d-norm criterion is reached. Afterward, it remains at a flat plateau
until t-norm criterion is reached. From the logarithmic absolute error chart of Fig. 4, one can observe that
the elements converge in a very similar convergence pattern as those of case 601_rs. The t-norm criterion is
attained at estimation 112. Therefore, the second-order terms have slightly delayed the convergence in small
percentage damage range.
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Fig. 5 Case 601_rm: logarithmic absolute errors of six elements beam using first-order algorithm (0.4-0.7G,)
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Fig. 6 Case 602_rm: logarithmic absolute errors of six elements beam using second-order algorithm (0.4-0.7G)

4.3 Medium percentage systematic damage

At second, using the first-order algorithm of case 601_rm in detecting medium percentage damages, 0.4Gj, <
G4 < 0.7G},, the d-norm drops to its process criterion rapidly from 9.04 to 8.20 x 1072 at estimation 9.
Then it drops continuously and gradually to t-norm criterion until estimation 57. From the logarithmic abso-
lute error chart in Fig. 5, one can observe that elements FFB2, 4 to 6 interact vigorously until estimation 11.
Meanwhile, elements FFB1 and 3 are limited around 900 level at the first two estimations. Afterward, they
propagate until the t-norm criterion is attained. All elements propagate in straight lines with the same slope
between estimations 31 to 56. Therefore, they are converging exponentially in this region. For the second-order
algorithm in case 602_rm, the d-norm drops to its criterion rapidly from 1.43 to 1.24 x 1072 at estimation 9.
Then it drops gradually to t-norm criterion. The logarithmic absolute error chart in Fig. 6 indicates very similar
convergence patterns as case 601_rm, except that the t-norm criterion is attained at estimation 42 (Table 2).
The second-order terms contribute slight significantly in medium percentage damage range.

4.4 Large percentage systematic damage

At third, first-order algorithm of case 601_rl is applied to the large percentage random damages (0.1G; <
G4 < 0.4Gy) with the d-norm chart. The d-norm drops to its criterion vigorously from 152 to 1.08 at esti-
mation 19. Then it converges gradually toward the t-norm, but is not attained before the maximum number
of estimation 200. From the logarithmic absolute error chart at Fig. 7, one can observe that element FFB6 is
limited at 1.75 x 103 level until estimation 7. Other elements interact chaotically until estimation 18. Then they
all converge gradually toward the ultimate solution. For the second-order algorithm of case 602_rl, d-norm
drops to its criterion vigorously from 18.1 to 1.75 x 10~! at estimation 33. Then it converges gradually toward
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Fig. 7 Case 601_rl: logarithmic absolute errors of six elements beam using first-order algorithm (0.1-0.4G},)
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Fig. 8 Case 602_rl: logarithmic absolute errors of six elements beam using second-order algorithm (0.1-0.4G,)

the t-norm criterion. The logarithmic absolute error chart at Fig. 8 indicates that element FFB6 is limited
at 1.75 x 103 level until estimation 5. Other elements interact chaotically until estimation 7. Then they all
converge gradually toward the t-norm criterion at estimation 146 as in Table 2. The elements propagate in
straight lines with the same slope between estimations 91 and 138. Therefore, they are converging with same
exponential rate in this region. Thus, the second-order terms have significant contribution in large percentage
damage range.

In summary, under the 1% d-norm process criterion, the convergence of both algorithms is the same for
small and medium percentage damages. And for large percentage damages, first-order algorithm is more
efficient than the second-order algorithm. Moreover, under the 10~* t-norm termination criterion, the conver-
gence of first-order algorithm is slightly more effective for small percentage damages. In medium percentage
damages, the second-order algorithm is more effective. Meanwhile for large percentage damages, first-order
algorithm does not converge while the second-order algorithm converges effectively.

4.5 Damage detection of eight and ten elements beam

As revealed from Table 3, for the eight elements large percentage damages with N, = 8, second-order algo-
rithm (estimation 14) converges faster than first-order algorithm (estimation 25) under d-norm criterion. Also
for the t-norm criterion, second-order algorithm (estimation 54) converges faster than first-order algorithm
(estimation 87). One can observe from its logarithmic absolute error chart (Fig. 9) that element FFB1 prop-
agates in a zigzag pattern while other elements propagate in line patterns with constant slopes. Exponential
convergences are observed for all elements when their sequence magnitudes are established. So they can
converge directly to the t-norm criterion in fewer estimations by relaxing the constraints at the perturbation
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Table 3 Convergence numbers of eight and ten elements beam damage detection

Case Process criterion Termination criterion
8ol 1l 14 87
802_r1l 25 54
1001_rs 48 181
1002_r1s 37 55
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Fig. 9 Case 802_rl: logarithmic absolute errors of eight elements beam using second-order algorithm (0.1-0.4G,)
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Fig. 10 Case 1002_rs: d-norm of ten elements beam using second-order algorithm (0.7-1.0G},)

ranges. Besides, there should be some definite relationships between the convergences and the perturbation
algorithms which need to be further investigated.

Now for the ten elements small percentage damages with N, = 10, the first-order algorithm converges
slower to the d-norm criterion. Meanwhile in the t-norm criterion, second-order algorithm (estimation 55) con-
verges much faster than first-order algorithm (estimation 181). Using the d-norm chart in Fig. 10, the d-norm
drops rapidly then propagates gradually toward the first cliff at estimation 10. Then it drops and propagates
in the plateau region. Afterward it drops at the second cliff on estimation 34, reaching the second plateau
region where the d-norm process criterion is satisfied at estimation 37. Ultimately, it converges to the t-norm
criterion at estimation 55 where less than 0.1% d-norm is attained. From Fig. 11 the convergence pattern is
separated into several regions. In the first region, all elements oscillate with different patterns until the first cliff
at estimation 10. Then they drop stepwise one by one in the plateau region, where the second cliff is located at
estimation 33. And for the third region, they propagate steadily in the plateau until the third cliff at estimation
54. Afterward, they remain stable toward the t-norm termination criterion.
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Fig. 11 Case 1002_rs: logarithmic absolute errors of ten elements beam using second-order algorithm (0.7-1.0Gj)

5 Conclusion

Using the perturbation theory, the structural damage detection problem was formulated by solving the perturba-
tion equations inversely. At first, by introducing the specific permutation numbers and generalized Kronecker
delta, the explicit generalized-order perturbation coefficients were derived rigorously. Initially, the skew-sym-
metric properties of these eigenparameter coefficients were preserved. Then, the symmetric eigenparameter
coefficients were obtained by factorial numbers. At second, these equations were solved by the DFP Quasi-
Newton optimization solver. Automated algorithm for a modular beam was programmed. Finite element
formulation of the beam is derived from the direct stiffness and virtue work principles of plane beam structure.
When compared with the E-B beam, curvature errors increase drastically when the order of E-B beam cur-
vature is higher than that of the Hermite curve. Discretization errors decrease with the increase in the element
number as it approaches the infinite beam.

Damage detection process is carried out using logarithmic absolute error chart. In the six elements beam,
the significance of second-order terms increases as the percentage of the damages increases. This adequately
demonstrated that the generalized-order terms are essential for improving the convergent rate toward large
percentage cases. Moreover, for eight elements beam with large percentage damage, first-order algorithm
converges faster in the 1% d-norm, while it is faster for the second-order algorithm in the 10~%% t-norm.
Furthermore, for ten elements beam with small percentage damage, second-order algorithm converges faster
in the d-norm criterion and much faster in the t-norm criterion. Exponential patterns are observed in logarith-
mic absolute error charts of several cases, which may enhance the convergences. Their relationships with the
perturbation algorithms require further investigations.
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