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Abstract

In practical damage detection problems, experimental rn~ndal da a is only available for a limited
number of modes and in each mode, only a limited num. ~r of nodal points are recorded. In
using modal data, the majority of the availablr “2maqge detection solution techniques either
require data for all the modes, or all the nodal . .*a fo. a number of modes; neither of which may
be practically available through experime:.’s. ... the present study, damage identification is
carried out using only a limited num*c, ~f nodal data of a limited number of modes. The
proposed method uses the imperialict con. e itive optimisation algorithm and damage functions.
To decrease the number of design . ria’sles, several bilinear damage functions are defined to
model the damage distribution. L.mage functions with both variable widths and variable
weights are proposed for in.>ve .sed accurately. Four different types of objective functions which
use modal responses ¢ < d-mar,ed structure are investigated with the aim of finding the most
suitable function. T e effi iency of the proposed method is investigated using three benchmark
numerical examr sies tsing both clean and noisy modal data. It is shown that by only using a
limited number o, ~.dal data, the proposed method is capable of accurately detecting damage
locations and . 2asonably accurately evaluate their extents. The proposed algorithm is most

effective with noisy modal data, compared to other available solutions.
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1. Introduction

Damage detection .2 une of the most active fields of research which has attracted a great deal of
interest in rece.t years [1, 2]. Damage detection techniques have been successfully applied to
many practical problems to identify damage through non-destructive tests (NDT). Damage

causes a change in the physical properties of the structure, mainly its stiffness, resulting in



changes in the dynamic properties of the system such as its natural frequencies, mode shapes,
damping ratios and modal strain energies. Therefore, the location of damage ar J its extent could
be identified by monitoring one or more of these properties of the damaged - .. cture.
Optimization techniques have long been employed to solve differe..* oroblems [3, 4],
including damage detection problems [5]. Some recent examples ma, be f2ind in references [6-
8]. Genetic algorithm (GA) is a global optimization technique wh’.ii has 1 cently been improved
and hybridized with other meta-heuristic methods to solve damay,~ ~_cection problems [9-11].
Particle swarm optimization (PSO) is also a useful optimiza.un tF chnique which is frequently
applied in the area of topology and shape optimization ¢* struct' res [12, 13]. PSO has also been
used to solve damage detection problems [14, 15]. For a e ~prehensive review of hybridization
of metaheuristic and mathematical programming .=~thnds, we refer the interested reader to the
survey in [4] and the works [3] and [16]. A h, . idiz tion of PSO and linear programming was
adopted recently to solve damage detectioi. nruu.ems [17]. Another, powerful meta-heuristic
algorithm is the imperialist competiti* ¢ a.orithm (ICA), proposed by Atashpaz-Gargari and
Lucas to solve optimization prob!:ms 29,. This algorithm is a socio-politically motivated
optimization algorithm and has sho..™ reat performance in both convergence rate and better
identification of global optima. Its a.2licability, effectiveness and limitations were investigated
in [19]. Researchers have a.! ed the ICA to solve different optimization problems [19-22]. The
ICA was compared w.*h “ae A and PSO algorithms by Dossary and Nasrabadi [20]. They
concluded that the ICA uonverges to better solution in a fixed number of simulation runs.
Maheri and Ta':zadeh |21] proposed an enhanced imperialist competitive algorithm (EICA).
The algorithm was ....proved by giving added value to a slightly unfeasible solution, based on its
distance from e relative imperialist. Their results showed that, EICA compares significantly
favourable with a number of other meta-heuristic optimizers, including the basic ICA. Damage

identification was formulated as an optimization problem and solved by the imperialist



competitive algorithm in [22] and [23]. An error function using modal responses, stiffness and
mass matrices were used to solve the problem in [22]. They used all the mc e shapes data to
calculate objective function of the algorithm and concluded that the met*._Y was much more
sensitive to location and value of damage compared with the eneray .~dex method and
converged to correct solution even in the presence of noise. The.efc ., due to its superior
performance as stated above, in the present paper, the basic IC~ is uscd as an optimizer in
solving damage detection problems.

In practical damage detection problems, as the available sensc s are limited compared with
the number of degrees of freedom, a large number of i.>easurer 1ents at many locations may be
required to accurately characterise the mode shape vector 1. * 25]. The measurements, however,
can be decreased by using the stiffness distribu’" 2~ aver the structure, determined by damage
functions [24-26]. Damage function effectiv.+, rec’ices the design variables and ensures a
physically significant solution. Teughels et a. 'z« Jsed a finite element model updating method
and damage function approach for dar aye “ssessment. The procedure was verified by a modal
test of reinforced concrete beam. Tt e algu.*.21m produced a damage pattern which corresponded
well with that obtained from tr2 .. ~ct stiffness method. However, the damage location and
severity were determined aporoxin.~tely. Zhang et al. [26] used the finite element model
updating method and wave.~t as damage functions to detect local damage. The numerical and
experimental verificati ‘ns sho' ved better accuracy as well as higher computational efficiency
[26]. They conclud :d tha. wavelet is more suited for local damage detection; therefore, it can
only serve as ¢ supp'ement to the traditional damage functions, rather than replacing them.
Feature selection .....nods are another group of methods which may be used for decreasing
design parameu. rs [27, 28]. However, it appears that these are computationally more expensive

than many heuristic methods to reach a relevant solution [29].



In using modal data, the majority of the available damage detection solution techniques
discussed above, either require data for all the modes, or all the nodal date for a number of
modes [9, 11, 20, 22], neither of which may be practically available throug*. >xperiments. In the
present study, damage identification problem is solved in a practical mar..~r using a limited
number of nodal data of a limited number of modes. The proposed "nett = nises the imperialist
competitive algorithm and damage functions. To decrease the numbe, of design variables,
several bilinear damage functions are defined to model the dan.>~~ distribution. In previous
studies, damage functions were defined as functions with coi.stant widths and variable weights
[24, 25]. However, using damage functions, the predicte! damac 2 location does not usually fit to
the exact damage location [26, 30]. In the present studv . increase the accuracy of detecting
damage location, the widths of the damage funct’ .-~ 2re aiso proposed to be variable in addition
to the weights. Four different types of obju ..‘ze "unctions which use modal responses of
damaged structure are investigated with t.c ani., of finding the most suitable function. The
efficiency and accuracy of the prop.sew method are investigated using three benchmark
numerical examples using both clea’. ana \.~"sy modal data.

This paper is organized 2, to..~w,: the backgrounds to the basic concepts used in this
research, including: damage aetectiu.”, damage functions and imperialist competitive algorithm,
are discussed in Section 2 .n Section 3, the proposed method is presented. Then, three
benchmark case studic - e car.ilever beam, a 40-element continuous beam and a plane portal
frame, are solved and wi-ified in Section 4. The parameters of the proposed method are
discussed in Serdaon 4 1. In Section 4.2, three case studies are solved using the proposed method
without noisv daw.. 7 he proposed algorithm is also verified using noisy data in Section 4.3.

Finally, the cor. "lusions end the paper in Section 5.



2. Background

2.1 Damage detection

Dynamic properties of a structure such as its natural frequencies and mod+ _“apes are changed
due to damage. These changes can be used to identify the damage ~rop.ties, including its
location and extent. Therefore, to solve the damage detection proble’ ., a Z>mage state has to be
analytically found by which the analytical responses of the ~uucture match the measured
damage structure in an optimal manner. The problem can be define' ™~.chematically as [11]:

R, =R(X) =X =? (1)
where, R; and R are the response vectors of the measur.™ and r odelled structures, respectively.
X = {x;, x5, ..., x,}7 is the damage vector, in which ~ ic*+ , damage ratio of ith element, and n
is the number of structural elements. As damage . -~~<inered to be modelled by a reduction in
elastic modulus of the element, in this paper, x, .. dei’ned as the ratio of the reduction in elastic
modulus of damaged element to the elastic n.~duius of intact element. The ratio varies between
0 and 1, corresponding to the intact ana .ompletely damaged states. Based on Eq. (1), the
problem can be expressed as mini nizing * 1e difference between the measured and modelled
damage structural responses w'iich car be solved by optimization methods. Therefore, the
damage vector is the design variau.e of optimization process in solving damage detection
problem. Since, in practice, * 1e dimension of the damage vector is generally larger than the
dimension of the meas. ¢ 4 re.ponse vector, the problem is mathematically undetermined. To
overcome this prok lem, ti 2 dimension of damage vector can be decreased using the damage

function methor , as dcscribed in section 2.2.

2.2 Damage Fu ctions
In damage detection problems, we generally have a set of experimental data (natural mode

shapes, natural frequencies, etc...). The idea behind using optimization methods in detecting



damage parameters (damage location and extent) is to minimize the differences between the
experimental and analytical modal data. In this research, modal data is 1'sed as structural
response to solve damage detection problem. Instead of updating the absr:.*e value of design
variable vector, X, its relative variation to the intact value vector, Xo (* e. u."damaged case), is

chosen as the dimensionless updating parameter, a, as follow:

(2)

If the design variable has a linear relation with the elemer.* stiffnecs matrix, it can be calculated

using the updating parameter as follow:
K,=K(l-a) ©)

where, Keand K? are the updated and the ini’" ! ele ment stiffness matrices, respectively. In the

damage detection problem, every element su s, (natrix is a variable that should be updated in
the optimization algorithm. Therefore a .>rge number of updating parameters is required to
describe the damage parameters ) hich ‘< hardly possible by only a few available modal
responses. Besides, in practice, the ‘am.ge pattern may not exactly fit one element and may
cover a number of neighbouring ele. ~ents. To overcome these problems, a damage distribution
for the structure can be de.~.1ined as the sum of several damage patterns, named as damage
functions, N;. Therefo: » i'.ste7d of detecting the damage ratio for each element, weight of the
damage functions <ould e identified to solve the problem and detect the damage properties
over the structv ¢. As the number of functions are much less than the number of elements, the
design variahles a.. uecreased. The approximate distribution of updating parameter a over the

model is a line..- combination of damage functions as follows:

X(x) =Xo(1—a(x)) =Xo(1 - XL, piN; (%)) (4)



where, n is the total number of damage functions, N; and p; are the i"™ damage function and its

weight, respectively.

2.3 Imperialist Competitive Algorithm

The basic imperialist competitive algorithm (ICA) has been used rev.ous.y to solve damage
detection problems [22, 23]. To enhance the solution speer. and algorithm efficiency in
minimizing the differences between the calculated and the ar.al response data of the damaged
structure, in the present research, the basic ICA is impro.~d by ~dopting the damage function

method and including a crossover operator.

The ICA algorithm generates a random numbe: ~f countries as initial population. Some of
the countries are selected to be the imperialists a~ the remaining countries are colonized by
these imperialists, collectively form an empire. Ar individual country in an Ny, dimensional

optimization problem, characterized as follows | .3]:

country = [pl, D2, - :pNvar] (5)

The initial population of size M. - IS produced and Niyp countries with the least costs are
assigned as the imperialists. Tne re..2ining countries are assigned as colonies which are divided
between the imperialists ~as.d on the power of imperialists. The normalized cost of an

imperialist is determinf 1 b :

Cj — f(imp,j) — 1. ax; (f: 'imp,i)) (6)

cost Jst

where, £{mP7)

cost cost

-~ the cost of the nth imperialist, maxi(f (imp'i)) is the highest cost among

imperialists ar, - C, is the normalized cost of imperialists. The normalized power of each
imperialist is defined based on its normalized cost function; therefore, the number of initial

colonies for each empire is denoted by:



Cj
Nimp
iy Cj

NC]- = Round(

-Akol> (7)

where, Nimp is the number of imperialists, Neoi is the total number of initial colonic> and NC, is
the number of occupied colonies by the Nth empire, randomly chosen ~n", given to the nth
empire.

The next step is assimilation in which the absorption policy ~ommences among the
imperialists to possess more colonies in a competitive manner Base'. on the power of each
imperialist, the colony moves toward the imperialist by x uni al.ng lifferent socio-political axes

such as culture, language and religion. x is a random variable ae“ermined by:

x~U(0,B x d) (8)
where, d is the initial distance between the co'>~/ ana the imperialist, p is a random value
between 1 and 2 with uniform distribution. ", -.~refc e, the new position of colonies could be

calculated as:

3new = {x}o1a + U0, B x d) X {1} (9)

where, {1} is the direction of nove nent from the old location of colony to the imperialist

position. The total power of an .Mperialist is obtained by:

ZN Cn (¢ Ln)

i=1 fc st__ (10)

TCp = fiosr " + & 72000

cost

where, TC, is the total cu.* ¢ nth empire, NC, is the number of colonies belonging to the nth
empire and ¢ is a pusitive salue ranging between 0 and 1. The cost of empire is highly affected
by the colonie. role ¢; the value of ¢ increases. ¢ = 0.1 has given good results in most of

implementar. s T-e normalized total cost of n™ empire, NTC,, is simply obtained by:

NTC, = TC, —

maXETCi} (11)

The possession probability of each empire is given by:



Do, = ﬁ (12)
To divide the colonies among empires, vector P is formed as follows:

P=1[pp,,Dp,s s Pp,)- (13)
Next, vector D is formed by subtracting R from P as:

D=P-R (14)

where, R is a uniformly distributed random number created \ sith *... same size as P. Referring to
vector D, the colony is handed to an empire whose relevan. *nagex in D is maximized. Finally,
the powerless empires are eliminated and the algorith, ~» sto. 2o if there is only one empire left,

and if not, solution goes back to assimilation.

3. Proposed algorithm

As it was stated before, in previous studies, the awmage functions were defined as functions with
constant widths and variable weights | >4, 25) The resulted damage location using these damage
functions does not generally fit to (he 2xart damage location [26, 30]. To increase the accuracy
of detecting damage location *he widths of the damage functions are also proposed to be
variable in addition to th. w2ights being variable. In this strategy, two groups of input
parameters are defined: (i) the weight of damage function, p and (ii) the width of damage
function, w. The weir** o1 .~ nage function is a continuous variable which varies between 0 and
1 and the width is a .'iscre_e variable based on the number of elements. The N; selected damage
functions and i eir proposed variables are schematically shown in Fig. 1, highlighting their

variable weigts anu widths.
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Fig. 1. Triangular-shaped damage functions (N;) wit, ‘aryny weights (p;) and widths (w;)

As it was mentioned, the width of dan2ge 1 ‘nction is a discrete variable, whereas, the
assimilation step of the ICA is set for conti ~~1is carameters. To overcome this problem, in this
study, the crossover operator of the genetic algorithm (GA) is used instead for assimilation of
width variables. In the GA crossover ~nere.ion, two colonies are selected randomly and the

crossover is carried out on m widt.. /7. iab’es as follows:

Colony, = {x1, x5, *¥3» " Xn-1 a, Y= NewColony, ={y,, ¥, Y3 = Yaxm ' Xm-1, xp}
(15)
Colony, ={yy, ¥y, Y3 = Ym-1 Yn}= NewColony, ={x,;, x, X3 > Xaxmr " Ym-1, y,}
(16)

where, « is the ~cicenu ur variables which would be exchanged in the two selected colonies for
crossover operatic™ 7 nis value is set to 50% in this research based on [11]. The first « percent
of m variables © om the selected colonies would be exchanged.

Different objective functions may be specified in solving damage detection problems which use

meta-heuristic optimization algorithms. Three different objective functions, termed OF;, OF,

11



and OF3, have been used in the past with this class of problems using both natural frequencies
and mode shapes. These objective functions are defined as follows:

1) The first objective function (OF;) is defined as the norm of the diff_.~nce vector of the

analytical frequency responses, R¢ (X), and the measured frequenrv re. onses of damaged

structure, Ryt = (Fg1, Fa2,. .., rdp)T, where p is the number of mer sure = frequencies. i.e.:
OF; = ||R;(X) — Ry/|| (17)
where, X=(Xy, X, ..., Xn)' contains the design variable ..

2) The value of multiple damage location assurance criterio.> (MDLAC) is considered as the

second objective function, OF, [26].
3) The third objective function (OF3) is to mi .i~i7e tne following cost value:

E; = [K4 — (@™)2M]¢p" i=1,2, ..,k .~ =12,..,n (18)

oF; =[5k (31, 57) (19)

in which, wi™ and ¢;" are the (" raeasured natural frequency and mode shape, respectively,
k is the total number of i )de sha, es for damage detection and p is the number of DOF of
the structure.

In the present stud*’, a n.v. fourth objective function (OF,), based on modal shape data is

proposed. The proposea ' -iec’.ve function is defined by the following equation:

II R1(X) Rg1(X)
i W”X.RZ 6.9) }_ { erxgdz(x) }
_ || 7=Vvall .. WrmX.Rm(X) Wrleidm(X)
or, = 2] - [lmemacn) @
{ Wr1XBd2 X) }
Wrkadm(X)

12



where, Ri(X) and Rg; are the i™ vector of m mode shape responses of the modelled and measured

damaged structures, respectively. Also, X= (X, X, ..., X»)' contains the desigr variables and w;;

is the i"" response weight value.

In damage detection problems, extent of damage is usually assumed w. he uniform within

the damaged element. Therefore, damage extent is conventional’y e ;-vessed by only one

variable corresponding to that element, x;, whereas, the damag~ -ever.es can be distributed

non-uniformly within the damaged elements. To overcome this ..~h'_m, the damage extent is

described by nodal values. The stiffness matrices for the no..-unif,rm elasticity distribution in

damaged and intact cases are presented in ref. [9].

The pseudocode of the proposed method is as follows

1

The initial countries are generated randr.>"’ wiw1 each country having two types of
variables: damage function weight and .~.7th. The cost of each country is calculated and
sorted in ascending order.

Based on the algorithm parametr.s o 1 the main ICA, the initial empires are created.

The best imperialist position s det. ™.

The colonies of each emire ~re issimilated in this step. The weight variables of each
colony are improved based o.. ICA assimilation, while the width variables are improved
using the crossover v~ ator of GA.

To converge thc <o' stio’. to a global minimum, the revolution stage of the ICA changes
some coloni¢ s rana. mly. As the weight variables are continuous, they can be changed to
random cuntinvous values. Since, the width variables are discrete, they should be changed
to random 1...uial values.

The cosu 7alue of colonies in each empire are calculated and the total cost of each empire

is evaluated.

13



7- The weakest colony from the weakest empire is selected and moved to the empire most
likely to possess it.

8- The empire with no colonies is eliminated. Then, if the solution ter:. *nation criterion is
not satisfied, step 4 is repeated.

It should be noted that the above procedure is the same as that r be 2.~ ICA, except for the

assimilation step of the algorithm (step 4). The flowchart of “.«c propused method is shown

in Fig. 2.

14
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Fig. 2. Flowchart of the proposed method
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4. Case studies

To assess the efficiency and accuracy of the proposed method, three benchme k problems have
been chosen; a cantilever beam; a continuous beam and a plane portal frar-. The problems are
solved using the three existing and the new proposed objective functions _ecified earlier, so
that appropriate comparisons can be made. To calculate the proposF J ol jc~tive function (OF,),
only the maximum nodal displacements of the first few modes a~. used. The objective function
is multiplied by 500 so that the convergence of the algorithm is mco.~ ~'zarly monitored. Damage
is modelled by reducing the elastic modulus of the elen..it. 11 each case, the algorithm
parameters are set based on the size of the problem and ~reviou , recommendations as discussed
below. Results of each case study are compared with th: ~2 obtained from solution by other
methods reported in the literature. The proposed :;~rithni is also verified using noisy data. The
proposed method was implemented in and the .. 'ctu. 2s were modelled by Matlab software on a

system with 2 cores and 4 GB RAM properu.-

4.1 Parameters of the proposed m .thoau

The parameters of the proposed 'neu.>q 7.e selected for each case study as listed in Table 1. The
number of colonies, iterations and s.>ape functions depend on the size of the problem, i.e. the
number of elements in the ctructure. Higher values of these parameters should be used as the
number of elements ir. re7 se. ' the first case study (cantilever beam), the number of colonies
and imperialists we e sele. ted as 100 and 10, respectively, based on recommendation made by
previous resear’.ners, solving similar problems with small number of elements (less than 30
elements) [20. 2z,. . owever, as the other two case studies have more elements, the number of
colonies was ii. reased to 150. The maximum number of iterations for the first case study was
set to 400, based on previous works solving problems with approximately similar number of

elements [20, 22, 23]. As the other two case studies have more elements, the maximum iteration

16



number for these cases were increased to 500 and 700, respectively. The selected iteration
numbers are approximately equal or less than those in other works solving _ase studies with
smaller number of elements [22, 23, 6]. The assimilation coefficient, g, is _~t equaf to 2 in all
cases based on recommendation in [18]. Also, the ICA revolution paramater ~av) is taken as 0.3
in all case studies based on the results of parametric investigatior cor Z:~ted by Maheri and
Talezadeh [21]. The GA crossover percentage is selected as 87 -v based on recommendation
given by Naseralavi et al. [11].

As the number of damage functions increase, the uumac: distribution will be more
accurately evaluated, however, the cost of solution ai>n incre ases. Therefore, an appropriate
number of damage functions should be selected to snhs- the problem. In this research, the
number of damage functions in each problem is <'.*~*mined by dividing the number of elements
in that problem by 5 and rounding the result to -~ inte Jer number. One damage function more or
less than the resulted number may also be u.~a wused on the case study and user decision. The
width of damage functions, w, is a rsuicte variable which varies based on the number of

elements and damage functions, as r«ven . *.1e last column of Table 1.

Tabe 1. r 2rameters used in the solution of case studies

parameter
Case study N(?. O ~ No.of ~No. of Crossover No. of
co'...es | [ aperialists | iterations | £ | rev. % shape w
NC) | (Imp) (Itr) functions

25-element
cantilever beam 10« 10 400 2| 03 80 4 2,3,4,5

40-element
continuous b . 150 10 500 2| 03 80 8 2,3,4,5
56-element plar,

portal frame ' 150 10 700 2| 03 80 12 2,3,4,56

17




4.2 Damage detection without noisy data

4.2.1 Cantilever beam

A cantilever beam, previously studied by Koh and Dyke [13] is consia.=d as the first case
study. The beam is modelled with 25 elements, as shown in Fiy. ? to increase the design
variables. The length, thickness and width of the beam are 2 74m, « 00635m and 0.0760m,
respectively and the elements are numbered starting from th : fix~_ end as shown in Fig. 3. The
objective functions are determined using the displacements o. 5 nudes in the first 3 mode shapes.

The mode shapes were considered without noise.

‘ ‘

HEEEEEE
1 2 3 4 5 6 7 8 9 1011 1. '3 14 15 16 17 18 19 20 21 22 23 24 25 26

Fig. 3. Cantile' er bea 1 idealized with 25 elements

The elemental stiffness r atrix or the beam for the non-uniform elasticity distribution is

defined as:
6 4l -6 21
El| 41 312 -4 I?
KL = T§<—6 —4 6 (21)
20 12 - 1%,
6 21 - 4l
Eri| 21 [ L
Kk = T§<—6 T —4l> (22)
4] I* A 312

K¢ = K% + K¢ (23)

in which, K¢, K¢, E; and E; are stiffness matrices and elastic modulus of the left and right nodes

of the element, respectively. The stiffness matrix of the beam element, K¢, is evaluated by Eqg.

18



23. The damage is simulated by a reduction in elastic modulus of the nodes and defined as
damage ratio according to Eq. 2. Two damage scenarios are assumed to orcur: (i) the node

number 13 is 30% damaged, (ii) the node numbers 7 and 21 are 10% dama¢~..

As it was discussed earlier, four different objective functions may »~ use.' in the proposed
algorithm. To investigate which objective function performs bette’ in “ai1s example, results of
damage detection for both damage scenarios using different o'sjectiv ~ functions are given in
Table 2. Also given in this table are results of solution of the ~aine biuolem using the CGA-SBI-
MS method [10], BP-CGA method [31] and the BP-PSC “S r~.nod [17], as well as the real
damage parameters. Table 2 indicates that the CGA-SBi- S r ethod correctly detects location
of damage in scenario 1, but could not identify the ¢ ..cuc uamage location in scenario 2. On the
other hand, BP-PSO-MS and BP-CGA detect the ~or) ... damage parameters exactly. Regarding
the proposed method, the algorithm using the \*rs. abjective function (OF;) detects no damage
locations and when using the second objectiv. function (OF,) identifies two nodes as damage
locations in scenario 1 and one node i« scen. rio 2. Only one of the nodes in scenario 1, N4, as
the neighbouring node of the exact famageu location (Nj3) is closely detected, while the damage
extent is wrong. According to [".J], soi."1g a damage detection problem using ICA and the third
objective function (OF3) cor:.>*ges to the exact solution only when all the mode shape data are
used. However, in practire, 1. .~ not possible to measure all the mode shapes and only data from
a few mode shapes may "= a ailable. Therefore, the mode shapes data used in evaluating OF,
are used here to eviluate JF;. The 3rd node is identified as damaged node in both scenarios
when the objecdve fuiction, OFs3, is used, which is also erroneous. The algorithm using the
proposed fo' .=~ nhiective function, OF,4, however, correctly detects the N1z node as peak point of
the damage pat. rn with approximately correct damage extent. The different algorithm results
show that only the fourth objective function, OF,, has been able to correctly identify the damage

locations and extents, compared with other functions. Also, considering that OF; and OF, use
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frequencies and OF, uses the mode shapes, it appears that the mode shape data is a more suitable

structural response compared to natural frequency data in identifying the damar e properties.

Table 2. Damage detection results of 25-element beam using different metho.~ (Nj=extent (%))

Algorithm Detected damage eler. -nt= |
Scenario 1 Scenany 2
OF, -
Proposed OF, Ng=100 N3,=100 N23=94
method OF; N;=19 N;=79
OF, Ny3=21 N;=7.3 N2;=7.3
CGA-SBI-MS Nis=19 Nys=16 | 1ny=6 Ng=5 Ny=8 N,=7
BP-CGA N1=30 | N=10 Np=10
BP-PSO-MS Ny3=2 . N;=10 N»;=10
Real damage Ny =30 N;=10 N;=10

The best and average results of ten runs in vamage scenario 1 using OF, are shown in Fig.
4.a. As the best and average results ¢ = exac ly the same, the proposed algorithm converges to
the correct damage location in all the ‘uns The detected damage extent is 21% while the exact
value is 30%, therefore the res.'t is relatively close to the real value. Convergence histories of
the mean and minimum imr eric 'ist costs are also compared in Fig. 4.b. The algorithm converges
to the final result after about .30 iterations. Although the initial population is random, the
average of 10 conver~~nce i .tories is close to the best result of the algorithm. Fig. 4.c and Fig.
4.d show the stan 'ard reviation (SD) and coefficient of variation (CV) of thirty runs,
respectively. Ti e averi ge and real damage distribution values for these runs are also shown in
Fig. 4.c. In ti 's ¢ «aple, since the results are similar in all runs, the SD and CV values are close

to zero.
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Fig. 4. Proposed algorithm results of cantilever beam damage scei.. “io 1, using OF,, (2) damage locations
and extents, (b) convergence histories of mean and minimum impen \lists cost values, (c) SD of thirty
runs and (d) CV of thirty 1 s

The best and average results of ten runs in damay< scenario 2 using the proposed OF, are
shown in Fig. 5.a. It is evident that, the best recult iu ntifies the correct damaged nodes while the
average result identifies the neighbouring r~7es &~ the damaged nodes. As the elastic modulus
of each node can affect the stiffness matrices of its two neighbouring elements, detecting a
neighbour node as the damage locatior. ‘< loc.cal. Using the proposed method gives the damage
extents for scenario 2 damage as ."o'.t 7 ,%, which is relatively close to the exact value. Also,
the better performance of the sro.~sed OF, objective function compared to that of the OF; and

OF,, shows advantage of u".1ng node shape data, compared to using frequency data.

Convergence his”ories of the mean and minimum imperialist costs are compared in Fig.
5.b. The algorithm r onver, es after approximately 225 iterations and the convergence histories of
the average and ..ie best results are in close proximity. Based on the results of this case study, it
can be stated tha.: *'.ing damage functions with variable widths and OF, objective functions
improved the . rformance of ICA to solve this damage detection problem with only a few mode

shape data. Fig. 5.c and Fig. 5.d show the SD and CV values of thirty runs, respectively. The
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average and real damage distribution values are also shown in Fig. 5.c.

CV considerably decreases in damaged nodes.

It can be noted that the
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Fig. 5. Proposed algorithm r~sults o cantilever beam, damage scenario 2, using OF,, (2) damage
locations and extents, (b) cor ver¢ :nce histories of mean and minimum values, (c) SD of thirty runs and
(d) CV of thirty runs

4.2.2 40-element c( ntinuc Is beam

The second nur.erice' example is a 40-element continuous beam with two spans studied by
Kaveh and 7nlahau: (6] as shown in Fig. 6. The length, height, and width of the beam are 8m,
0.15m and 0.15M, respectively. The modulus of elasticity is 210 GPa and mass density is 7,860

kg/m®. Each node has two degrees of freedom.
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Fig. 6. 40-element continuous beam

Three different damage scenarios considered for the beam 7.e “howi in Table 3. The
displacements of 8 nodes of the first 5 mode shapes are used in th~ brop. ~sed algorithm to solve

the problem.

Table 3. Damage scenarios for the 40-element continuc ‘s bez~ (Damage extent =x%)

Scenario No. Damaged €'=ment N J. and extent
1 N7=30 Nyp=5 N3;=60
2 N;=45 1\, =55 Ng=5 Np=55 Ngz=5
3 N, -2T M-=50 Njy3=5 N35=50

The results of the proposed algoritr - *'<in. different objective functions OF; to OF, are
compared with the results from CGA-SR!-MS [8], BP-CGA [31] and BP-PSO-MS [17] methods
in Table 4. Similar to the previous ex.™olr, the algorithm using OF; detects no elements as
damaged. Using OF, improves ti.. r:sul's and one correct damaged node is detected in each
scenario. The displacement rode ~hape data used in evaluating OF, are also used to evaluate
OF;. The algorithm with 71F3 «so could not detect any damaged locations in scenario 1, but
detects one damaged Ic :ati',n in the other two scenarios. On the other hand, the algorithm with
the proposed OF,4 cunvernes to the correct damaged locations in all scenarios, except for the

locations with s~all 270 damage extents in scenarios 2 and 3. Other damage extents are

approximately p. ~dict” d.

Regarai ‘g solutions by other methods, the CGA-SBI-MS and BP-CGA algorithm only
detect one or two damaged locations in the first two scenarios and wrongly detect several

elements in each scenario. The two algorithms are not able to identify the damage locations. The
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correct or a neighbouring node is detected in all scenarios by BP-PSO-MS, however, some other
nodes are also incorrectly identified as damaged nodes. The estimated damag : extents are also
much higher than the exact values in most cases. This benchmark probler- :‘as also solved by
Kaveh and Zolghadr [6], using the guided modal strain energy and *ug-v‘-war optimization
algorithm which utilised all nodal data from the first five mode sh7pes . reach exact damage
locations and extents. Kaveh and Dadras [7] also solved scenario” . and . of this problem using
the enhanced thermal exchange optimization algorithm which u.'=~, all the structural mode
shapes. They reached exact solutions after 5000 iterations. Re.ults f om the two latter references

are also given in Table 4.

Comparing the results of different algorithm. .5 cvident that the proposed method with
the proposed objective function, OF,, performs b *ter ....n the CGA-SBI-MS, BP-CGA and BP-
PSO-MS methods, however, it is less accurate u.>n he solutions of references [6] and [7]. It
should be noted that in these references all 4«2 nodal displacements of the modes are used to
evaluate damage properties; somethirg whi~h is not very practical when using experimental
data, whereas, in the proposed met'.od. only 8 nodes of the first 5 mode shapes are used to solve

the problem.

The best and averac : results of five runs using the proposed method with the proposed
OF, objective function "n dam.je scenario 1 are presented in Fig. 7. It can be seen that the
algorithm is capable nf de.>~*.ng the exact damage locations not only in the best result but also
on the average of rcsults. he detected damage extent of the best and average results are also
identified with yood a) proximation. Fig. 7.c and Fig. 7.d show the SD and CV values of thirty
runs, respecw\er- . < ne average and real damage distribution values are also shown in Fig. 7.c. It
can be seen that, the CV considerably decreases in the exact damaged nodes, while it increases

in other nodes.
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Table 4. Damage detection results of 40-element continuous beam usiny Yiffer. ~t methods

Detected damage elements

Algorithm i i i
Scenario 1 Scenario 2 Scenario 3
OF; - - -
Proposed OF, Ng=24 Ny5=32 N3,=47 N4s=33 N;=27 N3="2 N4s=52 N11=55 N3c=27
method | OF; - N3=96 M -=43 N.=97
OF, N,=23 No=5 N37:48 No=14 Nr=45 Ny 44 N,=19 N9:38 N36:37
Ni=23 I, =42 14=37
N,=25 N4=12 N3s=30 )
N7=4. N12—10 N27:54 N2:15 N13:78 N15=62
CGA-SBI-MS N3s=25 N3;=47 N39=23
Ng(‘«')Q qu;43 N33=25 ng=76
N41=80
N35=16
N.=v Ni5=20 Njg=19
N1=48 N5:33 N23=15 ) N4:25 N18:20 N23:17
BP-CGA N7—od Nzg=14 N35=23
N24:13 N36=51 N33=49 N37: 11
N36:47
N5=19 N5:29 N15-_ 20 N1:54 N5:84 N17:85 N3=71 N5:42 N10=95
BP-PSO-MS N21=29 N29:10 |\34:33 N27:35 N23:44 N33:8 N20=47 N23:87 N34:95
N37:73 N?g—4: N41:38 N41=95
Kaveh and E2:45 E6=55 Eg=4 E2=35 Eg=50 E23=5
E7=35 Eg(, =5 tb,_<60
Zolghadr [6] E25:55 E32=6 E35:50
Kaveh and v, E,=44 Es=55 E4=6
E7=3R/ Ego G E37:60 -
Dadras [7] E»=55 E;,=6
g / N,=45 Ne=55 N=5 N,=35 Ng=50 N=5
Real damage M ,~35 IN,,=5 N3;=60
N26:55 N32=5 N35=50
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Fig. 7. Proposed algorithm results of 40-element continuous L. ~m damage scenario 1, using OF,, (a)
damage locations and extents, (b) convergence history .~ mean and minimum values, (¢) SD of thirty
runs and (d) CV of thiny “uns

The average and best results of damage sc . 2rio 2 using the proposed method with OF,
objective function are shown in Fig. 8.a. The a,orithm identifies the damage parameters of
nodes 6 and 26 appropriately, however, the no.2s number 8 and 32 are not clearly detected.
These damage locations have very small ex.>nts (5%). As seen in Fig. 8.b, the histories of the
best and average results converg: ap.-o.mately to the same result showing a smooth
convergence of the proposed met. nd SD values of thirty runs are shown in Fig. 8.c, and their
CV values are shown in Fig. 'd. The average and real damage distribution values are also
presented in Fig. 8.c. It car “e noted that, similar to damage scenario 1, the CV effectively

decreases in the exact dam.ar” nodes while it increases in other nodes.

29



1000 ‘

0.6
Real
05 «esee0 Bestresult
= = = Average
= 0.4 Jb
5 I
N
8 0.3 e
1] : \o.
£ AR
Q02 SN
N Y
! P
0.1 of -\
i .\
o S
0 =2 : /{31.__ VI
1 3 5 7 9 1113151719 21 23 2527 295 33 3" 37 39 41
Node no.
@
3000
----- Meai. . alue of best result
2500 ¢ —— %= um value of best result
k - Average of mean values
2000 ¢
- - Average of minimum results
(5]
=
— 1500
= l'-:

Iteration no.

(b)

0.6
’ Real
05 — — — Average
“ sssass S
0.4 ,l
g / i
= O- \
= \ 1 i1
! \ !
9] \
- ane o] L
. '-.\ do] \.'.
01 | ! ‘.. 'J g \ -..
L e , R N
: ‘. .." .-
0 " m ., PETEY ke A:—

1 3 5 7 9 1113 1517 19 21 23 25 27 29 31 33 35 37 39 41

Node no.

(©)

30




25

15 A

Value

05 '

1 3 5 7 9 11 13 1517 19 21 23 2527 -0 31 .. 35 37 39 41

Node no.

(d)

Fig. 8. Proposed algorithm results of 40-element continuons h- n damage scenario 2, using OF,, (a)
damage locations and extents, (b) convergence history u. mean and minimum values, (¢) SD of thirty
runs and (d) CV ~f thirty .uns

Fig. 9 shows the results of damage <-~naric 3 using the proposed method. Based on the
best result, the 9" and 2™ nodes are deterted correctly (Fig. 9.a). The 36" node is also identified
as a damage location which is the nei,~hour of the actual damaged node number 35. The 23"
node, however, is not detected as .* h.s a very low extent of 5%, although the shape function is
deformed at this location. Th: a.~rage result is also approximately similar to the best result,
indicating the robustness o’ the algorithm and the proposed objective function. The convergence
histories of the best anr” avrage values, shown in Fig. 9.b, are also close to each other. The SD
and CV values of thauy rins are respectively plotted in Fig. 8.c and Fig. 8.d. The average and
real damage distrihuuc~ values are also shown in Fig. 8.c. Similarly, the CV value noticeably

decreases in the “xact .amaged nodes while it increases in other nodes.
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Fig. 9. Proposed algorithm results of 40-element continuous . ~am damage scenario 3 using OF,, (a)
damage locations and extents, (b) convergence history . * mean and minimum values, (¢) SD of thirty
runs and (d) CV of thiry, uns

4.2.3 Plane portal frame

To verify the ability of the proposed nm:uic™ in solving a larger problem with more variables, a
portal frame investigated previousl® by v'~7:aga [32] is selected. The length and height of the
portal frame are L=2.4 m and +'=1.. m respectively. All frame elements have identical cross
sectional dimensions of h=0.24 m ai..' b=0.14 m. The material density is assumed to be 2.5x103
kg/m® and elastic modulus ;> *aken as 2.5x1010 N/m?. The finite element representation of this

frame is shown in Fi; 7J. Fach node has two translational and one rotational degrees of

freedom.
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Fig. 10. The finite element representation ot .= plane portal frame

The elemental stiffness matrix of the frame <. *"~ non-uniform elasticity distribution is

defined as:

AlZ/21 0 0 —AI%/21 0 0
/ 0 6 2 0 —6 4l \
e _ EuLl 0 21 12 0 21 24
L™ w6l —a12/21 0 o Al2/21 0 0 (24)
0 -6 —2I 0 6 -2.
0 41 ]2 0 - 41 312

Al2/21 0 0 —Al*/zi 0 O \

0 6 L 9 —6 21
Ke = ful 0 41 31 0 —41 I? 25
R=™w | 412721 o0 o /21 0 0 (25)
0 -6 —4] 0 6 —2I
0 200 17 0 —21 I?
K¢ = K¢ + K¢ (26)

Three dif rent ¢ amage scenarios are considered as described in Table 5. N; is the i node
of the frame. T :n nodal data of the first five modes are used as real damaged responses in
calculating OF3 and OF,4 and ten frequencies are used in establishing the other two objective

functions (OF; and OF,).
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Table 5. Damage scenarios for the plane portal frame (Damage extent =x%).

Scenario No. Damaged element No.
and extent
1 N-,=10
2 N24:30
3 N44=10 J

Damage detection results of this frame using different mcthods ¢ ‘e compared in Table 6.
In damage scenario 1, the proposed algorithm using OF; di tect. u 2 51™ node as the damaged
node while the algorithm using OF, correctly detects the 7" . ~de as the damaged location. As
the frame is symmetric, changing the stiffness of the 5.™ anu the 7" nodes has a similar effect
on modal responses, however, the algorithm using OF, ~onverges to the correct solution even in
the symmetric case. The algorithm using OF; is un.".fe to identify any damaged node and using
OF; erroneously identifies a number of damaged locations. On the other hand, the proposed
method with OF, objective function correctly dentifies the exact damaged locations in all
scenarios and the damage extents are «!~0 app oximately identified.

This problem was also <»lvrd v.ing other algorithms, including the CGA-SBI-MS
method, BP-CGA method and ... BP-PSO-MS method. As it is noted in Table 6, the CGA-SBI-
MS solution was not able *o d¢ lect the damage in any of the scenarios. The BP-CGA and BP-
PSO-MS methods corre.tly ‘denufied the damage locations and extents in all scenarios.

This planar p~.:al t1...1e has also been solved by Gomes and Silva [33] using the Modal
Sensitivity Analysis, ~< w_{l as, GA and by Seyedpoor and Yazdanpanah [2] using MSEBI and
SSEBI methods In the ;e studies, the damage parameters were set based on elements rather than
nodes. Resul. from these four algorithms are also given in Table 6. In this table, E; denotes the
ith element. It can be seen that in Modal Sensitivity Analysis [33] for each damage scenario, the

correct damaged element and another incorrect element are identified as damage locations. Also,
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in all scenarios the detected damage extents are considerably different compared to the actual
extents. The results of GA [33] solution are approximately similar to thcse of the Modal
Sensitivity Analysis [33]. The MSEBI [2] and SSEBI [2] solutions also .~nverge to similar
results in all scenarios. In scenarios 1 and 3, damage locations are ident*fiea c~rrectly, however,
damage extents are more than twice the actual values. Comparinc the .~sults from different
solutions listed in Table 6, it can be stated that if non-noisy mcuai data is used, the proposed
method with OF, and the BP-CGA and BP-PSO-MS methnds ~~ all powerful enough to
correctly identify damage locations, however, the proposeu .neth sd is less accurate than the
other two methods in detecting damage extents.

To verify robustness of the algorithm with OF . ohiem. -2 function, the average result of ten
runs is compared with the best result of damage .>~nario 1 in Fig. 11.a. The proposed method
identifies the correct damaged node in the bes. . ~sul. as well as in the average result. The best
damage extent is approximately close to the .“ac. value, the detected extent being 0.07 while the
actual extent is 0.1. The best and aver.ye ~onvergence histories of mean imperialists cost are
very close to each other, so are the vest a."” average minimum costs (Fig. 11.b). Therefore, the
algorithm converges to similar resui.. in “(Umost all the runs. Fig. 11.c and Fig. 11.d show the SD
and CV values of thirty runs. respec.vely. The average and real damage distribution values are
also shown in Fig. 11.c. Ti.2 7.V is considerably less in the exact damaged nodes than in other

nodes.
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Table 6. Damage detection results of planar portal frame using different methods

Detected damaged elements

Algorithm - : -
g Scenario 1 Scenario 2 somnario 3
OF1 N51=5.2 N31:16 N N13=5
OF; - - -
Proposed N,=100 N;,=140 N4s=120 N1,=105 | N, =150 N»=100
method OF; N2o=83 Ny=140 N»=100 N,5=100 i~.-=140 N35=105
Nas=103 Ns,=140 Ng=100 Ne=120 | 11,2120 Nss=100
OF4 N7:6.8 N24=21 : N44=6.9
CGA-SBI-MS - - ! -
BP-CGA N,=10 N,4,=30 N N44=10
BP-PSO-MS N,=10 N24-'£ o N44=10
Modal Sensitivity
= = =1" =10 = =
Analysis [33] E;=6 E5=6 E»=1" Es; Ez=54 E4x=54
GA [33] E;=4 E5=6.5 ':o4=7_.5 E3=56 E4=54
MSEBI [2] E7:22 - E44:23
SSEBI [2] E,=22 E.=23
Real damage N,=10 N,,=30 N4.=10
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Fig. 11. Proposed algorithm result” of p. ¢ frame, damage scenario 1, using OF,, (a) damage locations
and extents, (b) convergence hist ,.*=s of mean and minimum values, (c) SD of thirty runs and (d) CV of
thirty runs

The average resu’. of ten runs and the best result of the frame for damage scenario 2
evaluated using the ~aposc™ OF,4 are shown in Fig. 12.a. The best and average results of the
algorithm detect the 24™ » «d 25™ nodes as damaged locations, respectively. Changing the left or
right stiffness matrix of each element has an effect on the stiffness matrix of the two
neighbouring elr ments. Therefore, it is logical to identify the neighbouring node as damaged

node in some runs. The best identified damage extent in scenario 2 using the proposed method

with OF, is 0.21 as compared to actual extent of 0.30. The best and average convergence
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histories of mean imperialists cost are also very close to each other, so are the best and average

minimum costs (Fig. 12.b), which shows that the algorithm converges to .imilar results in

almost all the runs. Fig. 12.c shows the SD, average and real damage dis*. ution values, and

Fig. 12.d shows the CV values for this problem, indicating that the CVv -alue considerably

decreases in the exact damaged nodes, while it increases in other nod .s.
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Fig. 12. Proposed algorithm results of plane portal frame, damage s “enario 2, using OF,, (a) damage
locations and extents, (b) convergence histories of mean and 1. imu’ n values, (c) SD of thirty runs and
(d) CV of thirty run.

As shown in Fig. 13.a, the best and average results ~f the algorithm using OF4 detects the
neighbouring, 45th node, as damaged locatior The , redicted damage extent is also 0.068 while
the exact value is 0.1. In this scenario, th. 27+ ~ode is also identified as a possible damage
location in the average result. The best ~~d average convergence histories of mean imperialists
cost are shown in Fig. 13.b. The aleoriu.™m cunverges to the best result after 668 iterations. The
closeness of the two sets of histori.~ «ndi .ates that the algorithm converges to similar results in
many of the runs. The SD, a.eray> and real damage distribution values of thirty runs for this

problem are shown in Fig. 3.c and their CV is shown in Fig. 13.d.
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4.3 Damage detection with noisy data

The experimental modal data are generally noisy. To further investigate the ability of the
proposed method in solving practical Y“amag¢ detection problems, the noisy responses are used
to identify the damage parameter.. T'ie raise is considered as a standard error for the modal
responses. The solution resultc ¥ the three benchmark problems using the proposed algorithm
with non-noisy modal date, as discussed above, showed that the proposed objective function,
OF4, performs much b-.tter tha.i the other three objective functions. Therefore, in damage
detection investigati~~ wiu, *.0isy data, the proposed algorithm is used only with the proposed

objective function, C =« an’. they are collectively termed: ‘the proposed method’.

4.3.1 Cantileve - beam
To verify the ability of the proposed method of solving real problems with noisy data, 1%

Gaussian white noise is added to the exact modal responses of the cantilever beam. All the other
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parameters were kept the same as those for the cantilever beam without noisy data, as discussed
in section 4.2.1. The damage detection results using different methods with noi .y data are shown
in Table 7. The CGA-SBI-MS method could not detect the correct damag~ 'ncations in any of
the two damage scenarios. The BP-CGA method detects the correct damage . ~cation in scenario
1 but the extent is more than the actual value. In scenario 2, the dar.age :>~ations are detected,
however, two other locations are also wrongly detected as dr..iaged. The detected damage
extents of the 7™ and 21" nodes are 7% and 11% which are nnt > .ar off the actual extents.
The BP-PSO-MS method also detects the correct damaged iocatic 1s in both scenarios but the
damage extent in scenario 1 is 17% and in scenario 2, hoth d¢ tected damage extents are 45%
which are very different to the actual values. The nrar. sed method also correctly detects

damage locations in both scenarios, furthermore, >~ avaluated damage extents in both scenarios

are much closer to the real values.

Table 7. Damage detection results of 25-elen 2nt beam using different methods using noisy data

) Detected damaged elements
Algorithm v A i i
Scenario 1 Scenario 2
CGA-SBI-Mf N17=14 Nyy=22 N1p=5 N»=9 Nio=7
N7=7 N8:11 N20=8
BP-CC « N13;=48
N,=11
BP-P,O-! (S N3=17 N;=45 N,;=45
Prop~-=d me." od N3=23 N-=13 Ny=11
Kk al dam ge N13:30 N-=10 N,;=10

The comp.:~*.onal cost of the proposed method is compared with that of other solutions
in Table 8. Th. proposed method converges to the correct damaged nodes after 200 iterations

and 18100 analyses in 52 seconds. Although, in this example, the BP-PSO-MS, CGA-ABI-MS

43



proposed method are more accurate.

and BP-CGA methods converge faster than the proposed algorithm, the results obtained from the

Table 8. Computational cost of different methods for solving the 25-ele~ ~nt beam

Proposed | -\ spims | BP-PSO-MS | b7 CGA
method \
Initial 100 60 75 50
population |
Iteration no. 200 40 g 40
Analysis no. 18100 8440 4,58 3340
Time (Sec) 52 66 38 24

4.3.2 40-element continuous beam

For this problem, also 1.0 % Gaussian white noise is adde. to the exact modal responses. Other
problem parameters are the same as those disc''esed 1, section 4.2.2. The damage detection
results for this case study using different metk. .7s w.*h noisy data are listed in Table 9. None of
the CGA-SBI-MS, BP-CGA and BP-PS.-wi:C methods could detect the correct damage
locations in scenario 1 and they only id~..-fied 1 or 2 of the damaged locations in the other two
scenarios. Damage extents are also "ncoi. ~t'y estimated. In the guided modal strain energy and
tug-of-war optimization method pic; ase’. by Kaveh and Zolghadr [6], all data of the first five
mode shapes with 1% noise is us>d to solve this problem. The results, shown in Table 9,
demonstrate that their alg.-ith n has correctly identified the damaged locations with relatively
accurate extents, howe ser. in r'amage scenarios 2 and 3 some spurious nodes have also been
identified as dam:ged. <aveh and Dadras [7] applied the enhanced thermal exchange
optimization alc .ithm w solve this damage detection problem in the first two scenarios, using
all the mode shap.~ ~” the beam with 1% modal noise. The results of their study are also listed in
Table 9. It is -vident that their method accurately identifies damage locations and damage

extents in both scenarios.
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The proposed method also identifies the correct damaged nodes in all 3 scenarios, except
for the nodes with the very small, 5% damage extent. The estimated da'.1age extents are
approximately similar to the results of the beam without noise and in so”.: nodes the results
even show improvements. This indicates that using noisy data does not «.*fect the proposed
method’s convergence rate and accuracy. When comparing the rest'.ts ¢ £ *he proposed method
with those of references [6] and [7], it should be noted that the uioposeu algorithm solves the
problem by using only 8 nodes data of the first five mode shanes, "'z data of all the nodes of
the first five modes and the data of all the mode shapes of u.c be? n are used in references [6]
and [7], respectively. In practice, measuring all the moc.> shapes or all the nodal data of the first

five modes is not normally possible, therefore, the pronnsa.” method offers a relatively accurate,

practical alternative to those methods.

Table 9. Damage detection results of 40-elemen. hec.n using different methods using noisy data

Algorith Detec*2d damaged elements
orithm . :
g Scenario 1 Scenario 2 Scenario 3
N,=25 N3=15 Ns=2y "1;=22 N,=16 N,=31 _ _ _
CGA-SBI-MS Ne=13 Njs=42 N, =27 N5=20 Ng=70 N;,=27 N1—|]\.ll _’\:|I-3;—|]\.l7 —,\:I|_355_55
Nyo=27 N26=33 Nys=21 N33=33 6~ 3
BP-CGA N5=19 N16=2? N17=41 N5:15 N15:62 N21:11 N17=42 Ngo:8 N34:50
N21=14 Ny=0 N, =47 N2=30 N33=14 N3s=17 N35=37
BP-PSO-MS N,=87 N =20 Ny=22 Ng=45 N;13=30 N»,=67 N3=58 Ng=26 N;;=40
N36-—84 I\_‘=48 N30=12 N36:70 N41:27 N17=95 N13=85 N30=50
Kaveh and _ _ _ _ _ _ _ _
Zolghadr [6] E —53 Fpu9 Es=59 EZ—E47_EZ—§4 _E68—ES Ef_df E;=35 ESES :I559649 E»3=6
(1% nOise) 26— 32— 37— 35
Kaveh and _ _ _
Dadras [7] (1%  Es=:1 Ex=5 E5=60 Nz=45 Ne=55 Ng=5 i
. N,6=55 N3,=5
noise) |
Proposed
meF::hOd I N8:27 N37:39 N2:13 N6:41 N26:47 N2:19 N10:39 N34:39
_ _ _ N2:45 N6:55 N8:5 N2:35 N9:50 N23:5
Real damage N;=35 Ny=5 N3;=60 Njs=55 Nay=5 Nac=50
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Table 10 shows comparisons between the cost of the proposed method in solving this
problem and costs of other solutions. The proposed method converges to the correct damaged
nodes after 200 iterations and 26750 analyses in 179 seconds. The BP-PSZ MS and BP-CGA
methods converge faster than the proposed algorithm, however, the resu..~ of the proposed
method are more accurate compared with those solutions. On the otter I 2> the CGA-SBI-MS

method is more costly compared with the proposed method and it~ iesults ure less accurate.

Table 10. Computational cost of different methods for su.ving * 1e 40-element beam

|
Proposed | -\ SBI-MS | BP-F30-MS BP-CGA
method |
_ |
Initial 150 60 120 100
population \
Iteration no. 190 4. = | 60 50
Analysis no. 26750 2950, 12546 9150
Time (Sec) 179 0% 139 118

4.3.3 Plane portal frame

In solving this problem with mod: « nrse, £.0% Gaussian white noise is also added to the modal
data. Other problem paramet.rs 2re the same as those discussed in section 4.2.3. Damage
detection results of this fre.ne .sing different methods with noisy data are shown in Table 11.
The CGA-SBI-MS mett.od "5 unable to solve the problem in any of the scenarios with the noisy
data. The BP-CGA r.c.hod u.1ly converges to the exact damage location and approximately half
the damage extent 1. e~2nario 2. In each of the other two scenarios, one incorrect node is
identified as da "aged ocation. The BP-PSO-MS method respectively identifies the 7" and 44"
nodes as dan.o . location in scenarios 1 and 3, correctly. However, the method also detects 7
other nodes as damage location, incorrectly. The damage extents are also much more than the

exact values. In scenario 2, 4 nodes are identified as damaged nodes, incorrectly.
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Regarding the performance of the proposed method in the presence of noisy data, Table
11 shows that the exact damaged nodes in scenarios 2 and 3 are only correct’y detected by the
proposed method. Also, in scenario 1, the 8" node is identified as a damac~.' node which is the
neighbour of the exact damaged node number 7. The damage extents are .'so approximately
close to the exact values. Based on the results presented in Tabl® 1) * is evident that the
proposed method is able to solve the problem correctly in the pre-.ciice o1 .10isy data while other
methods are not. Also, the detected damage extents are approvin.c*2", similar to the results of
Table 4 where the mode shapes were not noisy. Therefore, it aupear, that adding 1% noise to the
modal responses not only does not affect the robustnes: and af ility of the proposed method in
solving the problem, it may actually enhance its perform=. se, Tables 7, 9 and 11 indicate the
abilities and advantages of the proposed methoc = enlving larger damage detection problems

compared with other methods.

Table 11. Damage detection results of ".iai.. © portal frame using different methods and noisy data

) Detected damage elements
Algorithm y ) i
Scrhar ol Scenario 2 Scenario 3
CGA-SBI-MS - N - -

BP-CGA © Nyp-"1 Nps=17 No=18

'47:_9 4 N8:95 Ng=95 N15=95 N16:21 N29=84
) N9=25 N25=87 N32=95
BP-PSO-MS Nll::SJu '\124:57 N50=95 N.i=05 N33=95 N33:95 N38=79
| N ,=95 Ngp=72 * N,3=95 N,,=67
Proposed methoc Ng=7 N24=23 N4s=6
Real damage N,=10 N»,=30 N4,=10

The compu.2.onal cost of the proposed method is compared with that of other solutions
in Table 12. T\.» proposed method converges to the correct damaged nodes after 160 iterations
and 22550 analyses in 587 seconds. The BP-PSO-MS and BP-CGA methods converge faster

than the proposed algorithm, however, the results of the proposed method are more accurate
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compared with those methods. On the other hand, the CGA-SBI-MS method is more costly
compared with the proposed method, while producing less accurate results. In this and the
previous problem, the difference in the number of analyses and running *. e of the proposed
method and the BP-PSO-MS and BP-CGA methods decrease significently ~ampared with the
smaller, 25-element beam problem. This indicates that, the efficier.y ¢® *he proposed method

increases for larger problems with increased number of nodes anc uesion variables.

Table 12. Computational cost of different methods for sc.ving planar portal frame

I
Proposed | -\ SBI-MS | BP-F50-MS BP-CGA
method |
_ |
Initial 150 60 171 100
population \
Iteration no. 160 4. = | 60 50
Analysis no. 22550 141607 20178 10700
Time (Sec) 587 ;"l,..i 684 315

5. Conclusions

An algorithm was developed for d- cection uf damage location and estimation of damage extent
in structures on the basis of ‘nodal | wrameters of the damaged structure using imperialist
competitive algorithm (ICA®. 'n this method, damage functions have been used to model the
damage pattern. To idertity e correct damage location, the width of functions have been
assumed to be variable. . nev objective function (OF,) is proposed and tested along with three
other existing objec ‘ive fui ctions. Benchmark problems were solved with and without noise on
the modal date The "llowing conclusions may be drawn from the results presented in this
paper.

1- The propose.' objective function (OF;) which uses a limited number of mode shape data

produces much better results compared to the previously proposed objective functions which use
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natural frequencies (OF; and OF,). The proposed objective function (OF,) is also more efficient
than the cost value objective function using mode shapes and frequencies (OFz'.

2- The solutions of benchmark problems by the proposed algorithm, in mo<. ~arts, converged to
exact damage locations using only a few mode shapes data and the demagy. extents were also
evaluated with acceptable approximation.

3- The proposed algorithm outperformed most other damage de’cction a.gorithms in detecting
damage locations and extents. The algorithms which perform~ “etter than the proposed
algorithm, generally require all the mode shape data which is ..ot no mally available.

4- The measured structural responses are generally ncisy. Th: convergence of the proposed
algorithm is stable in the presence of noisy data and in <o cases, the algorithm performs even
better with noisy modal data than with clean date ~*~ich inakes it suitable as a practical damage
detection technique.

5- Compared with other methods, the relativ > cus. of solving damage detection problems using
the proposed method decreases as the . her of variables increases. Therefore, the proposed
method is more cost-effective in so! vzing 1...er problems, which makes it more useful in solving
practical problems.

6- The proposed method is a practic>l, robust and efficient method to solve damage detection
problems using only a few . 2.e shape data, even if the data is noisy.

For further research, v ins, otrer types of damage functions than those utilised here, such as
higher order funct ons o. wavelet functions, is proposed. Also, improving the revolution
operator of the 1CA and hybridizing ICA with other meta-heuristic algorithms may further

improve the efficic...y of the proposed method.
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Imperialist competitive algorithm and damage functions are used to solve damage
detection problem.

Problem is solved using only a limited number of nodal data of a li nited number of
modes.

Damage functions with variable widths are proposed for increasr .. . scuracy.
A new objective function is proposed based on mode shape data.
Three benchmark problems with both clean and noisy mod~' 4ata "2 investigated.

The new algorithm is most effective with real noisy mo.'?) data compared to other
solutions.
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