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Abstract.  This paper presents a damage assessment procedure applied to periodic spring mass systems
using an eigenvalue sensitivity-based method. The damage is directly related to the stiffness reduction of
the damage element. The natural frequencies of periodic structures with one single disorder are found by
adopting the transfer matrix approach, consequently, the first order approximation of the natural
frequencies with respect to the disordered stiffness in different elements is used to form the sensitivity
matrix. The analysis shows that the sensitivity of natural frequencies to damage in different locations
depends only on the mode number and the location of damage. The stiffness changes due to damage can
be identified by solving a set of underdetermined equations based on the sensitivity matrix. The issues
associated with many possible damage locations in large structural systems are addressed, and a means of
improving the computational efficiency of damage detection while maintaining the accuracy for large
periodic structures with limited available measured natural frequencies, is also introduced in this paper.
The incomplete measurements and the effect of random error in terms of measurement noise in the
natural frequencies are considered. Numerical results of a periodic spring-mass system of 20 degrees of
freedom illustrate that the proposed method is simple and robust in locating single or multiple damages in

a large periodic structure with a high computational efficiency.

Key words: damage assessment; periodic system; measured natural frequency; sensitivity analysis;
transfer matrix.

1. Introduction

As any changes of stiffness result in changes of modal parameters, such as natural frequencies,
mode shapes, etc., the location and content of damage in structures can be determined from the
changes of modal characteristics (Idichandy and Ganapathy 1990, Kim and Stubbs 1995, Chang
1997). It is widely recognized that the natural frequencies are least contaminated by measurement
noise and can generally be measured with good accuracy. In contrast, modal damping and mode
shape estimates have error levels as much as 20 times worse than those in the corresponding natural
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frequency estimates (Farrac and Cone 1995). Furthermore, the natural frequencies can be effectively
determined by measuring at only one point of the structure and are independent of the position
chosen (Messinat al 1996), thus, the method based on the measurement of natural frequencies is
potentially very attractive.

The detection of damage in structures via techniques that examine changes in measured natural
frequencies is a very important topic of research, several approaches are proposed. Cawley and
Adams were among the first to identify the location and provide a rough estimate of structural
damage by using an incomplete set of measured natural frequencies (Cawley and Adams 1979). All
possible elements of a structure were checked individually to obtain the location of the damage,
which makes its implementation impossible in general cases. However, the proposed method by
Cawley and Adams cannot provide reliable results for the damage detection in larger structures and
multiple damages. Stublet al. used continuum modelling of structures to the problem of damage
detection of large space structures (Studbal. 1990). Using the sensitivity relations, a system of
equations related to natural frequencies is obtained. Since a continuum model is used, this method
cannot be used for determining a specific position of a damage member. Hassiotis and Jeong used
the first-order perturbation of the eigenvalue problem to yield the variation in the global stiffness
matrix and the eigenvalues (Hassiotis and Jeong 1993, 1995). The result is a set of simultaneous
equations that relate the changes in the eigenvalues to those of the element stiffnesses. An
optimization algorithm is introduced to solve the set of equations and to identify both the location
and magnitude of single or multiple damages, but numerical results from a 90 DOF frame showed
that the approach can give good predictions if the number of damaged members is kept below three.
Hassiotis introduced an identification algorithm that uses measurements of the Markov parameters
in addition to natural frequency measurements to improve the identification of multiple damages
(Hassiotis 2000). However, the parametric studies conducted with the new algorithm indicated that
the number of measurements needed to identify damage depends on the number of members.

The effectiveness of some of these techniques has been verified on simple structures such as
simply supported beams, cantilever beams and frame structures, but the damage detection of
complex structures becomes difficult since there exist too many potential damage locations relative
to the limited measured natural frequencies (Pabst and Hagedorn 1993). To overcome the problem
of expensive computation and time consumption, a lot of efforts have been made. Bicanic and Chen
generated a set of equations on the basis of the characteristic equations for the original and the
damaged structures, and then utilized the direct iteration and the Gauss-Newton least-squares
techniqgues to determine structural damage from only a limited number of measured natural
frequencies (Bicanic and Chen 1997). Studies by Capecchi and Vestroni show that generally the
problem can be dealt with in two stages: in the first the damaged zones are located; then in the
second the degree of the damage is evaluated (Capecchi and Vestroni 1999). Messina, Williams and
Contursi introduced an algorithm which can improve the computational efficiency to limit the
damage to a subset of possible sites (Messihal 1998). The other techniques such as
substructural method (Koét al 1991, Oreta and Tanabe 1994, Yun and Lee 1995) and submatrix
scaling factor (Lim 1990, Yun and Bahng 2000) are employed to overcome the issues associated
with many unknowns.

Engineering structures including multi-storey buildings, elevated guideways for high speed
transportation vehicles (“Maglev”’ systems), multi-span bridges, multi-blade turbines and rotary
compressors, chemical pipelines, stiffened plates and shells in aerospace and ship structures, the
proposed space station structures and layered composite structures, can be considered as periodic
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systems. Accurate wave analysis for the free vibration of periodic structures not requiring the
complete modeling of the structure is very appealing (Mead 1996), thus, the sensitivity analysis of
the periodic structures can be greatly simplified by utilizing its periodic property, and the
computational efficiency can be largely improved.

In this paper, the wave transfer matrix approach is adopted to analyze the free wave motion of
large periodic structures with one single disorder (stiffness disorder), and to yield the relationship
between the change of the element stiffness and the change of the natural frequencies.
Consequently, the sensitivity analysis of natural frequencies to various element disorder of stiffness
is conducted. Based on the sensitivity analysis, the location and size of damage of periodic systems
can be found by optimally solving a set of simultaneous equations. In addition, a 2-stage detection
approach based on the sensitivity analysis has been provided to improve the computational
efficiency for the damage detection of large periodic structures. The accuracy and robustness of this
proposed method are illustrated by detecting simulated damage of a periodic spring-mass system of
20 elements at one or more sites only based on the first 5 measured natural frequencies with and
without noise injection.

2. Natural frequencies of periodic structures with one single disorder

Consider a disordered, fixed-free finite periodic system shown in Fig. 1. The system consists of:
(1) the left subsystem with elements, termed the “L-system”; (2) the disordered element, termed
the “D-system”; and (3) the right subsystem wgtlelements, termed the “R-system”. Consider the
ith periodic element of the “L-system”. Assuming harmonic oscillations, the displacements and
internal forces at the right and left boundaries of this element are related by the transfer matrix

L L
O+ O t t o O O
0, D={LL LﬂDILD (1)
FaopD [tre Ry OFLO

wheret,,,, m, n = L, R are the elements of the transfer matrix of the periodic element, respectively.
The quantityt,,, is a function of the structural parameters and frequency. Displacement and force
A . . . . L L
compatibility at the interface of periodic elements requires ithat,, = rig Fand). = —Fir
Moreover, from the reciprocity, | trr—tigtr = 1 -
Based on Floquet theory, the displacement and force at the right and left boundariegtiof the
periodic element of the “L-system” are related by
L L —1 L L L =L
MrR=Ti+yL= € “rii, Fir= —Fiiy= —€ "FiL )
whereu, termed the propagation constant, is determined by the transfer matrix (Faulkner and Hong
1985).
The state vector at thigh periodic element of the “L-system” is expressed in terms of the state
vector at the first periodic element as
L . . L
Er(i +pL _ {TLL@) TLR(|)} ary gd 3)
D:(Li+1)|_D TRL(I) TRR(I) EF;IL_LD
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Fig. 1 The disordered, fixed-free finite periodic system

where the termd (i), Tir(i), Tr(i) and Tri) are the functions of the elements of the transfer
matrix of the “L-system” and the propagation constant (given by Faulkner and Hong 1985).

Referring to Fig. 1, the following relations hold for the displacements and internal forces at the
interfaces between subsystems:

L L R L

Nesocd [T T O O Ore O [t t0 OFe+1) O

i f 0= { LL(P) LR(p)}D "0 o, 0= :;L II;R 0 f 0

(Fp+ny O Tr(P) Tre(P)|OFy O (Fy 0 Jtgy teg Fp+nt

R R

g+ O T T gra gd
i ; 0= { ce(a) LR(q)}D 0 (4a, b, c)
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where tann ,m, n =L, R are components of the transfer matrix of the disorder element aind
m, n=L, R 1I|=p,q, are determined as in Eq. (3). Combining relations (4a-c), the transfer matrix
of the combined system is derived:

R L
Mg+ O T, T, 0O
ENTE { L Lﬂm 0 )

EF(?;]”)LD Tre TrR EFlfLD

whereT,, Tir, TreandTrr are expressed in terms of the elements of the transfer matrix of periodic
elements and disorder element (Faulkner and Hong 1985).
For the fixed-free system shown in Fig. 1, the following relations hold

ri =0, and F{.y =0 (6)
The natural frequencies of the fixed-free disordered periodic system follow the next equation by
substitution of Eqgs. (6) into (4)

Trr = [TRL(q)tEL + TRR(q)tgL]TLR(p) + [TRL(q)tER + TRR(q)th]TRR(p) =0 (7)
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Fig. 2 The fixed-free periodic spring-mass systenNaflements with a single disorder of stiffness in jthe
element

3. Sensitivity analysis of natural frequencies to damage

The above analysis is quite general and can be applied to various types of finite periodic systems
with a single disorder. However, the theory developed above will be applied here only to periodic
spring mass systems with one disorder, and only a reduction of stiffness in the disorder element
which represents the damage is considered. Typically, if the spring mass system represents the
shearing model of a multi-storey building, the displacements and internal forces will be horizontal
displacements and the shearing forces of each story.

Fig. 2 shows théN-element periodic spring-mass system with one fixed and one free ends. This
finite periodic structure has one disorderjtim element, and only disorder of stiffness reduction is
considered in this study. Corresponding to Fig. 1, lerej — 1,9 =N - j, and

k — ma’
k

wherem, k, are the mass and stiffness of the spring-mass element, respectivaly,sanibration
circular frequency.
The components of the transfer matrix of the disorder element (i.gth teiement) are

1 _ ma’
k—Ak’ k—Ak

where Ak is the change of stiffness of tljn element, a positivék; indicates the reduction of
stiffness, i.e., damage.

By substituting Egs. (8) and (9) into Eqg. (7), and after some manipulation, the characteristic
equation for natural frequencies of the periodic spring mass system with a single disorder can be
obtained

tLL = 1, tLR - tRL = m(;)z, tRR: (88., b, C, d)

tt =1, to= 2 =ma’, t2e=1

(9a, b, c, d)

20k;
cos%’cos[(N +0.5))] + ——k-isingsin[(N —j+1)ylcod(j—0.5)y] = 0 (10)
wherey =iu is also the wave propagation constant.
Specially, substitution ofAk; = 0 into Eqg. (10) leads to the characteristic equation of natural
frequencies of the periodic spring mass structure without any disorders

cosgcos{(N +0.5y =0 (11)

Substitution of Egs. (8a,d) into the expression of the wave propagation constant gives the relation
betweeny and w
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y = 2arcsir%%’);% (12)

where w, = J% .

Furthermore, substitution of Eqg. (12) into Eq. (11) givesnthecircular natural frequency of the
finite periodic system ol elements without disorders

(n _ K[ TT 2n—1 _
W = ZJ;S|n[2 N+J (=12 ...N) (13)

The corresponding propagation constauﬂ) at ritte natural frequency can be obtained by
substituting Eq. (13) into Eq. (12)

m_ @n-Dm
! 2N+1

The sensitivity of thenth natural frequency to the change of stiffness at all elements is given by
Eq. (15) below.

(14)

o
dwﬁn) _1 (n) 0—’1(1“) 21
% - > (", ok =53 (15a,b)
k

Eqg. (15a) indicates that for a periodic system the sensitivity of natural frequency to the stiffness of
element increases with the natural frequency. Eq. (15b) shows that the sensitivity of relative
frequency to the relative change of stiffness is a constant (0.5), which does not depend on the
physical g)roperties of the system.

Let Ay ” be the change 0)‘/(”’ induced by the changeat jth element, the corresponding
changeAw” ofwl” can be obtained by Eq. (12)
Q)
Ao = Z%SinE‘Q—yzj—-E (16)

By substituting y = " +Ay™ into Eg. (10), and after some manipulation, the first order

approximation for the changky™  can be found

(n)

A i - 1+ cog ( 3-2)/"])

Ay = Q) -2 @) (7
(N + o.5)cos%%g+ Aa [N+ 1.5— a)singﬁ’z—%in[( 25— 1)y"]
whereAq; = A—lfl is the relative change of stiffness atjtheslement.
Moreover, the first order approximation of the chamg:q(”) can be found by combination of

Egs. (16) and (17)
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paf? = - 0.5 (Aa, {1+ cod(3-1)y"1}
(n)

(18)
(N+0. 5)co%LD+ Aaj(N+1.5- 3)sint %m [(2 - 1)%™]
Thus, the relative change of tmth circular frequency due to the change of stiffness injtthe
element can be expressed as

(n) (n)
—m _ Aw 0.5[NAa; {1+coq(3-1)y 1}
Ay = = = o) I (19)

)
A (05 cod D ag N+ 1.5- 7)sind ”Z%in[(zj—l);%u“)]

Furthermore, the sensitivity of tmh relative natural frequency to the relative change of stiffness in
the jth element is given by Eq. (20) below

_ 1+cos{“ 1)(2n— 1) J

SR .Y L N+l (20)
] aaj ba; - 0 Aq (2N + 1) (ko 2n-1
2N+1

Eq. (20) tells us that for a periodic spring-mass system, the sensitivity of relative natural frequency
to damage depends only on the number of the element of the periodic si§tetne(natural
frequency numbernf and the location of damageg)( it does not depend on the structural
parameters such as the stiffness and mass of the periodic system.

From Eq. (20), for givem andN, the sensitivity of a specified natural frequency varies with the

location of damage. The maximum value of sensitivity appears 2 _21N +2r11—1 DTJ =1
ie.,
S = Max{s" ... 8" ... s} = 2 — (21a)
n—
(2N + 1)co ONT 1
and the locations of damage where the maximum value occurs are
j=MEN*+1) 45 (1<j<N) (21b)

2n-1

wherem is a non-negative integer.

Eqg. (21a) shows that for a given system (ieis given) the maximum valués , of timth
natural frequency’s sensitivity increases with the natural frequency numpeArfong all the
maximum vaIuesSﬁ?ax n = 1, N), the maximum and minimum values, and the corresponding
locations of damage can be obtained by substitutiom ef 1 and n = N into Eq. (21a, b),
respectively
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(Smadmin = Min{S% ... S .. SNy =39 ~ (2N2+ 5 (NS 1, j=1) (22a)
and
(Smadmac= Max{ S ... S0, ... Sty :§§L“§xs% =0.6369 (N>1)  (22b)
E%l +1 (N is even
whenj = |]N ‘1 .
ET (N is odd
Table 1 shows relation between the val(®max)max , of periodic systems with different element

numbers I{) and the corresponding frequency numlingrapd location of damagg)( The case only
considering the sensitivity of the first five natural frequencies is also shown in Table 1. The results
in Table 1 indicate that the most sensitive natural frequency is the highest frequency within a
specified range of frequency. The maximum valifyax)max , increases and approaches towards the
upper bound (0.6369) with the number of element when the sensitivity of all natural frequencies is
considered; it decreases as the number of element increases when only the sensitivities of a couple
of natural frequencies are considered. For example, compared with the 10-element system, the
sensitivity of the first five frequencies of the 20-element system to damage becomes weaker.

Fig. 3 show the five locations with the highest damage sensitivities for each of the first five
natural frequencies of different periodic systems. From the four graphs of this figure, the first five
elements are most sensitive for the first natural frequency of all the four systems, and the sensitivity
decreases as the element number increases. Further observation from the figure indicates that the

Table 1 The maximum valuéS.)max  Of sensitivity of natural frequencies to damage and the corresponding
locations i andj)

Number of elementN) 1 2 3 4 5 6 7 8 9 10
Sensitivity of (Sadmax 0.57735  0.615537 0.625898 0.630142 0.632287 0.633519 0.634291 0.634807 0.635169 0.635432
all the natural  n 1 2 3 4 5 6 7 8 9 10
frequencies | 1 2 2 3 3 4 4 5 5 6
Sensitivity of (Sadmax 0.57735  0.615537 0.625898 0.630142 0.632287 0.326239 0.205179 0.173143 0.142099 0.115782
the first five n 1 2 3 4 5 5 5 5 5 5
natural )
frequencies ] 1 2 2 3 3 5 2,4,7 8 9 3,5,10
Number of elementN) 12 14 16 18 20 22 24 26 28 30
Sensitivity of (Snadmax 0.635782 0.635997 0.636139 0.636237 0.636308 0.636361 0.636402 0.636433 0.636459 0.636479
all the natural  n 12 14 16 18 20 22 24 26 28 30
frequencies j 7 8 9 10 11 12 13 14 15 16
Sensitivity of (_Snax)max 0.094376 0.077830 0.065278 0.058150 0.051755 0.042269 0.042532 0.039085 0.035949 0.033665
the first five n 5 5 5 5 5 5 5 5 5 5

natural )
frequencies i 6 7 48,15 17 5 1,5,10,15 6 24 1,13,26 14
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elements with the highest sensitivities for a specified natural frequency are limited to some areas,
and the number of the areas is the same as the frequency number. For example, the damage of
elements near the two ends of the periodic system produces larger changes in the second frequency
than the other elements; similarly, there are three areas where the damage causes larger changes in
the third natural frequency.
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Fig. 3 The 5 locations with the highest damage sensitivities for the first five natural frequencies of the
periodic spring-mass systems with different numbers of elemenh £a)0; (b) N=15; (c) N =20;
(d) N=230. & the highestm the second highesk the third highestx the fourth highest® the fifth
highest

4. Damage detection based on the sensitivity analysis

The stiffness decrease facthm; for thejth element is used to evaluate the degree of damage such
that Aa; = 0 for no damage anfla; = 1 for complete loss of thigh element (100% damage). For
any combination of size and location of damage at one or more sites, it is assumed that the
corresponding reductions in the natural frequencies can be written using a linear combination of the
sensitivities in the form:

—(1) —(1) —(1)
Jdw Jdw Jw

s = o 0+ =St L S dan
1 2 N
—(0) —(0) —(0)
Jdw Jdw Jw

50" = da, + Sa,+ ...+ say
Ja, Ja, aay
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PRe sa]
Jda, T day
or {ow} = | .. .. .. [|{doa} (23)
9" 9"
| day T day |
or {ow} = {S}{da}

The set of simultaneous equations in Eq. (23) relate the change of the stiffness of each element,
{da}, to the changes in the natural circular frequency of the strudtdm} . In this problem, it is
assumed that there asenatural frequencies of the damaged structure available through measurements.
The solution of Eq. (23) yields the corresponding changes in the element stiffness. Theoretically, if
the number of available changes in frequemgyjs equal toN, a solution may be determined
uniquely. However, only a small number of natural frequencies can usually be measured. Hence, the
number of the measured changes is less than the number of elements), (which renders the
equations underdetermined. They can be solved uniquely only after the introduction of an optimality
criterion.

In this study, the optimization problem can be stated as that the best approximations are those
which minimize the next vector norm:

g = ll[sl{ da} —{ 5w}l (242)

Since a positive change in the stiffness can never be produced by damage, the inequality constraint
given in Eq. (24b) is introduced.

{3a} <0 (24b)

In principle, all elements in the structure could be considered as potential damage sites. For a large
and complex periodic structure, the optimum solution procedure is computationally expensive.
However, the next section discusses a method of reducing computational effort by excluding
elements that are unlikely to be damaged.

5. Analytical example

To evaluate the performance and robustness of the proposed method in locating light or severe
damage, a periodic spring mass system of 20 elements shown in Fig. 2 is investigated. The mass
and stiffness of each spring-mass element are 2.0 kg@nd 3.3636 x FON/m, respectively. 10
simulated damage states (See Table 2) are used to assess the effectiveness of this approach when the
measured modes are incomplete with or without noise.

Without loss of generality, frequency changes for the first 5 modes are used in the following
damage localization procedure. In order to simulate an experimental analysis, random noise was
added to the values of the natural frequencies. Since Messiak suggest a standard error of
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Table 2 Damage scenarios for the periodic spring mass system of 20 elements

Frequency changAw/ w in percentage due to damage

Mode Case 1 Case 2 Case 3 Case 4 Case 5
NO.  Element Damage Element Damage Element Damage Element Damage Element Damage
1 5% 10 5% 20 5% 1 40% 10 40%
1 -0.26 -0.14 0.00 -3.14 -1.78
2 -0.25 -0.09 -0.01 -3.04 -1.07
3 -0.25 -0.20 -0.04 -2.87 -2.42
4 -0.24 -0.04 -0.07 -2.63 -0.45
5 -0.22 -0.24 -0.11 -2.37 -2.85
Case 6 Cases 7 Cases 8 Case 9 Case 10
Element Damage Element Damage Element Damage Element Damage Element Damage
20 40% 1 5% 1 5% 10 5% 1 40%
10 40% 20 40% 20 40% 10 5%
20 5%
1 -0.02 -2.02 ¢1.71) -0.28 (0.23) -0.16 ¢0.25) -3.27 £3.12)
2 -0.17 -1.34 ¢1.35) -0.42 (0.43) -0.26 (0.34) -3.15 (3.26)
3 -0.49 -2.62 (2.50) -0.73 (0.29) -0.69 (0.57) -3.06 (3.24)
4 -0.98 -0.72 (0.77) -1.20 ¢1.04) -1.00 ¢0.99) -2.76 (2.91)
5 -1.60 -3.04 (2.94) -1.81 ¢2.01) -1.84 ¢1.88) -2.66 (2.65)

+0.15% as a benchmark figure for natural frequencies measured in the laboratory with the impulse
hammer technique (Messire al 1996), the natural frequencies perturbed randomly by 1% were
used reasonably as the “measured” ones with noise injection in this study.

First, the first five natural frequencies of the system before damage are obtained by solving Eq. (13),
consequently, the sensitivity matrixg]] is formed through calculating all the sensitivity terms,
da)(")/daj (n=1,2,...,5j=1, 2, ...,N), by using Eqg. (20). Then a known reduction in stiffness
which is referred to as here the actual damage is induced in one or more elements of the periodic
system for the 10 cases listed in Table 2. The difference in the first five natural frequencies between
the undamaged and damaged models is calculated and shown in Table 2. In Table 2, Cases 1 to 6
do not consider the effect of noise, while Cases 7 to 10 take into account the contamination with
noise where the values in the parenthesis are corresponding differences with noise injection.
Assuming that this difference is the only known data, the decrease in stiffness is back-calculated by
solving the optimization problem of Egs. (24a,b). The results of this calculation will be referred as
the predicted damage in this study.

In the first damage detection, all the 20 elements are considered as the possible damaged elements
when searching the solutions of Eqg. (24). 10 cases of 5% and 40% stiffness decreases in one or
multiple elements are considered and the results of detection for the 10 cases are given by predicted
damage 1 shown in Figs. 4-6. The results for damage of single element with stiffness decrease 5%
in elements 1, 10 and 20 are shown in the first, second, and last graphs of Fig. 4, respectively. It can
be seen that both the location and the magnitude of the light damage were predicted correctly in all
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Fig. 4 Detection of light damage of the 20-element periodic spring mass structure without noise injection:
(a) Case 1; (b) Case 2; (c) Case 3

cases except that additional element 19 in case 3 was identified as damage element. This is because
a damage of element 19 influences the natural frequencies which change largely in the nearly same

manner as the corresponding actual damage element 20. However, the identified damage in element
19 is relatively smaller than the identified one of element 20.

The process was repeated for detection of severe damage. The stiffness of the damaged elements
1, 10 and 20 was reduced by 40%. The results for the cases of single severe damage are shown in
the three graphs of Fig. 5. It can be observed that the location of the damage in all cases can be
correctly identified, but the magnitude of damage was over-predicted. This is because the



Damage assessment in periodic structures from measured natural frequencies 29

50

45 (a) W Actual damage

40 I Predicted Damage 1
35 B Predicted Damage 2

30
25
20
15
10

Reduction in Stiffness (%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Element Number

50
- (b) H Actual Damage
> 40 [ Predicted Damage 1
qij Bl Predicted Damage 2
S 30 |
)
R
= 20
Rt
k3t
Z 10 |
Q
o

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Element Number

50

45 | EActual Damage
& 40 | EPredicted Damage 1
2 35 El Predicted Damage 2
Q
€ 30 | (o)
a 25
R
= 20
.g 15 |
Q
§ 10
2 5

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Element Number

Fig. 5 Detection of severe damage of the 20-element periodic spring mass structure without noise injection:
(a) Case 4; (b) Case 5; (c) Case 6

relationship between frequency changes and damage in the cases of severe damage is non-linear but
the sensitivity coefficients were derived around the original structure. To combat the significant
errors in the size estimates for severe damage, a second order approximation will be conducted in
the further research.

Detection of multiple damages is shown in Fig. 6. In the first graph elements 1 and 10 are shown
damaged by 5% and 40%, respectively. Stiffness reduction 5% in element 1 and reduction 40% in
element 20 are shown in the second graph. The third graph shows element 10 damaged by 5% and
element 20 damaged by 40%. The case that element 1 is lightly damaged and the elements 10 and
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Fig. 6 Detection of multiple damages of the 20-element periodic spring mass structure without noise injection:
(a) Case 7; (b) Case 8; (c) Case 9; (d) Case 10
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Table 3 The probable damage locations of the 20-element periodic spring mass system identified by the two-
stage detection method

Cases 1, 4,10 2,5 3,6 7 9 8
1,2,10, 1,235 1,235 1,9, 10, 12

No. of e Ty 10,12,14 0T 1,9, 10, 12 ey

Element 1415 10,14, 79775, 10,14, G ooy 14,17,20,(1, 5,6

18, 20 17, 20 15, 17, 20 12, 14, 15, 18, 20)

20 are damaged severely is shown in the last graph. As seen, both the location and the magnitude of
the light damage were predicted reasonably well in all cases, but for the elements with severe
damage, the location can be correctly identified while the content was over-predicted.

It is well recognized that the search for the optimum solution from Eqg. (24) can be
computationally expensive if the structure is complex and the number of the potential damaged sites
is large, and an erroneous solution may even appear if the amount of available measured frequencies
is not sufficient. In other words, significant time savings and improvement in the accuracy of the
solution can be achieved if it is possible to limit the search to a sub-set of possible damage sites.

The results from sensitivity analysis shown in Fig. 3 indicate that a specified natural frequency is
more sensitive to damage at some locations than at others, in other words, damage at a particular
location induces larger changes in some natural frequencies than in others. That is, if only the large
differences in the natural frequencies are used, the damaged locations which take the greatest
influence on the natural frequencies can be considered as the potential damaged elements in the first
stage. It might be expected that this approach could identify the damage site correctly for a single-
damage case. In multiple-damage situation, it is particularly true that the use of in-sufficient modes
whose frequencies change largely risks losing one or more damaged sites. However, if sufficient
modes are considered, the list of possible damage sites can be large enough to minimize this risk. In
the second stage, the damage severities of the identified elements are estimated by solving the
optimization problem of Eq. (24).

Similarly, 10 cases listed in Table 2 are used to illustrate the benefits of the two-stage detection
approach developed herein. Table 3 shows the probable damage locations identified from the first
stage, the values in the parenthesis represent the corresponding probable locations by using the data
with noise. From the table, it can be seen that the search lists were reduced to not more than nine
locations, in some cases only to five locations. The magnitudes of the damage calculated from Eq. (24)
corresponding to the 10 cases are shown in Figs. 4-6 by the predicted damage 2. In each case of
light damage (stiffness reduction 5%), the correct damage locations were found with good
indications of the size of the stiffness reduction. For the cases of severe damage (stiffness reduction
40%), there is a little deterioration in accuracy of the damage size prediction while the identification
of damage locations is accurate. However, compared with the damage detection 1, the degree of the
accuracy of the damage size detection by the two-stage detection method has been improved largely.

Fig. 7 shows the comparison of results of damage detection with and without noise injection for
cases 7-10 by the proposed 2-stage method. It can be seen that even with the addition of noise both
the magnitude and location of multiple damages can be identified reasonably well. The errors of the
identified magnitude of damage are increased due to the presence of measurement noise. However,
this effect is small when the 2-stage detection method is used and the accuracy of detection is
acceptable.
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6. Conclusions

The natural frequencies of finite periodic systems with one single disorder were found by
adopting the wave transfer matrix method, consequently, the sensitivity of natural frequencies to the
stiffness reduction of fixed-free finite spring-mass periodic structures were obtained and presented as
a set of undetermined equations. By assuming that damage induces only the loss of structural
stiffness, the locations and size of light and severe damages at one or more sites can be determined
by solving the optimization problem of these equations. The proposed approach can not only obtain
the accurate expressions for the sensitivity of natural frequencies to stiffness, but also simplify the
computation by making use of the structural periodic property. Especially, for periodic spring mass
systems, the sensitivity matrix only relating to the number of periodic element does not depend on
the structural parameters such as stiffness and mass. That is, the identification of the location of
damage based on the sensitivity analysis depends only on the number of periodic element and the
difference in the natural frequencies between the undamaged and damaged states, it does not require
any prior information such as the stiffness and mass on the undamaged structures. This makes the
proposed method pretty attractive in practice.

This proposed method was applied to the identification of damage in a periodic spring mass
structure of 20 elements. In the application, the changes in the first five natural frequencies were
used as the only known variables. Light damage, in the order of 5% decrease in the stiffness, was
identified accurately. The location of severe damage, 40% decrease in the stiffness, was also
identified correctly, but the magnitude of such severe damage was over-predicted. Since only a few
of measured natural frequencies are needed, the implementation of practical measurement is
possible. The effect of measured noise on damage detection is also considered by this numerical
example. Numerical results indicate that measurement noise affects the damage detection result,
however, the detection can be achieved with an acceptable accuracy.

For large periodic systems, a two-stage detection approach has also been proposed to improve the
computation efficiency and the degree of accuracy of detection. In the first stage, based on the
sensitivity analysis, the elements which are more likely than others to produce large changes in
these frequencies whose difference between the undamaged and damaged states is more significant
are selected as the probable damage sites. Then, the damage content of the selected elements was
estimated by solving the optimal problem of the sensitivity equations in the second stage. Since the
number of the parameters to be estimated is kept reasonably small, the result of detection and
computation efficiency can be improved, and the number of the required measurement data can be
minimized. Numerical analysis of the 20-element periodic spring-mass system shows the feasibility
and effectiveness of the proposed 2-stage detection approach.

It must be emphasized that the system considered here is rather simple compared to most real
periodic engineering structures. Some matters such as detection of damage in a zone with low
sensitivity by the 2-stage method, the general effectiveness of the proposed optimal criterion should
be investigated before this proposed approach becomes a truly variable method of damage detection
in periodic structures. However, the simplicity of the system allows a number of physical insights to
be made, and many of the present results may be of use for guiding the direction of further studies
on more complex periodic or near periodic structures.
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