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Abstract. The present paper aims to explore damage assessment methodology based on the changes in dynamic parameters
properties of vibration of a structural system. The finite-element model is used to apply at an element level. Reduction of the
element stiffness is considered for structural damage. A procedure for locating and quantifying damaged areas of the structure
based on the innovative Big Bang-Big Crunch (BB-BC) optimization method is developed for continuous variable optimization.
For verifying the method a number of damage scenarios for simulated structures have been considered. For the purpose of damage
location and severity assessment the approach is applied in three examples by using complete and incomplete modal data. The
effect of noise on the accuracy of the results is investigated in some cases.

A great unbraced frame with a lot of damaged element is considered to prove the ability of proposed method. More over BB-
BC optimization method in damage detection is compared with particle swarm optimizer with passive congregation (PSOPC)
algorithm.

This work shows that BB-BC optimization method is a feasible methodology to detect damage location and severity while
introducing numerous advantages compared to referred method.
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1. Introduction

During a structure life time, it may suffer large damage without showing any external indications of damage. If
the damage could not be detected in time, the current damage may specify by a sudden failure or a fatal disaster
of structure, which causes human life and property damages. Therefore, one essential step in the structural health
monitoring is to develop a methodology for the accurate and reliable assessment of structural damage. Besides it is
very important to ensure the integrity, stability of structures and damage location, to prevent extensive failure, and
to reduce the cost of maintenance [1,2].

In this paper the method that has been used is either visual or nondestructive and gives the best answers. In
view of the relative unreliability of visual inspections [3], it is generally acknowledged that more objective means
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for assessing the structural health of bridges are required. Such means could include local nondestructive evaluation
methods [4,5] or global methods, which use changes in the overall response of a structure as indicators of damage [6—
8].

Global damage detection methods applicable to complex structures, techniques based on modal testing and sig-
nal processing constitution for damage identification in civil and mechanical engineering has been considered by
Ewins [9]. Doebling et al. [10]; Hu et al. [11] studied and reviewed the methods works with changes in the dynamic
characteristics of the structure, such as natural frequencies and mode shapes, etc. Identification of the location and
severity of damage was used to compare the damaged and healthy structure. Generally some dynamic parameters
such as natural frequencies and mode shapes are damage indicators. Because the parameter can be determined by
measuring at only one point of the structure the methods based on the measurement of natural frequencies are
very simple Salawu [12]; Bicanic et al. [13]. Since some derivatives of mode shapes, such as mode shape curva-
tures, are more sensitive to small perturbations than modal displacements, therefore is used to damage detection
Pandey et al. [14]. Model updating methods based on traditional optimization techniques was studied by Motter-
shead and Friswell 1993. This New methods have been developed in inverse procedures which called evolutionary
algorithms [15].

In many structures may occur some local damage during their functional age .In order to develop the efficiency of
the structures, it is necessary to properly identify the damage places and their severity, and then repair them. There
are many methods that have been introduced correctly find out the place and severity of structural damage.

The genetic algorithms (GAs) as one of the most important artificial intelligence algorithms, it can solve a global
minimum theoretically without utilizing the gradient information [16]. GAs are employed by many researchers for
structural damage detection based on model-up dating methods [17]. Some researchers studied a nondestructive
global damage detection and assessment methodology based on the changes in frequencies and mode shapes of
vibration of a structural system. It was shown that the proposed GA yields a suitable damage places and severity
detection from traditional methods [18]. BP-CGA damage detection method proposed by Gerist et al. [19]; that is
the combination of basis pursuit and continuous genetic algorithm and is relatively accurate and fast.

In addition the GA method, the particle swarm optimization (PSO) and ant colony optimization (ACO) methods,
two biologically inspired algorithms, are used for the purpose of structural healthy monitoring following the model-
updating approach [20,21].

For determining place and severity of multiple structural damage by combining the adaptive neuro-fuzzy infer-
ence system (ANFIS) and particle swarm optimization (PSO) a two-stage method has been studied by Fallahian and
Seyedpoor [22]. In other study, it was determined the place and severity of multiple damage by iteratively search-
ing for a combination of structural responses that maximizes a correlation coefficient named the multiple damage
location assurance criterion (MDLAC) by the use of a genetic algorithm (GA) [23]. A Hybrid technique was used
for damage detection by including of a real-parameter genetic algorithm and grey relation analysis [24]. First the
researchers used a grey relation analysis to keep out impossible damage places which help to reduce the number of
design variables. Second, a real-parameter genetic algorithm was applied for finding the actual damage. A two-stage
method was utilized to determine the place and severity of structural damage via an information fusion technique
and a GA [25]. In other research two stage methods was used to identify the place and severity of damage in a
bridge. First, two objective functions are defined to minimize the sum of differences between the modal data before
and after damage in classic method and other objective functions defined derived from modal flexibility. Secondly,
an improved particle swarm optimization (PSO) algorithm is developed to solve the multiple-objective optimization
problem on bridge damage detection. The results show that the locating and quantifying damaged elements of bridge
structures was detected relevantly [26].

Kourehli et al. Showed an effective method for damage detection and estimation in structures based on incomplete
modal data of a damaged structure via a pattern search algorithm. The objective function based on the condensed
mass and stiffness Matrices was formulated [27].

An immunity enhanced particle swarm optimization (IEPSO) algorithm, which combines particle swarm opti-
mization (PSO) with the artificial immune system, is proposed for damage detection of beam and truss structures
by Fei Kang. The objective function for damage detection is based on vibration data, such as natural frequencies
and mode shapes. The feasibility and efficiency of IEPSO are compared with the basic PSO. Results show that this
method is efficient on determining the place and the extents of structure damages [28].
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A simple methodology to determine the location and amount of crack in beam like structures based on the incre-
mental particle swarm optimization technique is presented by Nanda et al. A comparison is made for assessing the
performance of standard particle swarm optimization and the incremental particle swarm optimization technique for
detecting crack in structural members. Finally simulated results demonstrate that the developed method is capable
of detecting and estimating the extent of damages with sufficient accuracy [29].

Imperialist competitive algorithm was used for detection and estimation of structural damage on the basis of
modal parameters of a damaged structure. The performance of the this method has been verified through using a
benchmark problem provided by the IASC-ASCE Task Group on Structural Health Monitoring and a number of
numerical examples. The results clearly showed the superiority of this method in comparison with energy index
method [30].

In the present work, a new damage identification method namely Big Bang-Big Crunch (BB-BC) algorithm is
proposed to predict the damage place and severity for different types of structures. The structure is modeled with the
finite-element method and the damage identification is then carried out at the element with complete and incomplete
modal data. The effect of noise in results of the BB-BC algorithm is considered in some cases by assigning the noise
in natural frequencies. The graphs indicate that the noise may reduce the accuracy of answers slightly, especially in
the case of incomplete modal data.

To demonstrate the effectiveness of this approach, three numerical example analyses on beam, truss bridge and
plane frame are presented. Finally, the power of BB-BC algorithm in damage detection is compared with particle
swarm optimizer with passive congregation algorithm (PSOPC). It is concluded that using this algorithm, good
results of damage detection can obtain with low computational cost.

2. Theoretical background

In a specific classification structural damage detection techniques can be divided in dynamic or static meth-
ods [31]. From the finite element modeling point of view, the structural global stiffness matrix is assembled from
elemental stiffness. Structural damage can reduce the stiffness and increase the flexibility of structures. Mathemat-
ically, damage influences the global stiffness typically. Physically, damage causes changes in structural dynamic
properties, such as natural mode shapes and frequencies.

The natural frequencies of a structure can be considered to be important with the dynamic data. Determining the
level of correlation between the calculated and predicted natural frequencies can present a simple tool for finding
the place and severity of structural damage [32]. Structural damage detection is calculated with changes in structural
characteristics because of damage occurrence. Vibration-based techniques have discussed by Doebling in a literature
review [33]. In this part the construction of dynamics of damaged structures is presented.

For evaluating the correlation coefficients, the parameter vector is used that consists of the ratios of the first n
natural frequency changes AF’ due to structural damage:

By —Fy

AF
F,

ey

Where F}, and F}; denote the natural frequency vectors of the healthy and damaged structure. Similarly, the parameter
vector predicted from an analytical model can be defined correspondingly as

F, - F(X
OF(X) = F, — F(X) 2)
Fy,
Where F(X) is a natural frequency vector that can be predicted from an analytic model and X = [x!,22,... 2"]

represents a damage variable vector containing the damage severity of all n structural elements.

It is noted that, if the natural frequency vector of undamaged structure (before the injury) is not available, can be
determined by using dynamic analysis. So, for use the above relationships, it is required to having dynamic data of
undamaged structure.



636 Z. Tabrizian et al. / A new damage detection method: Big Bang-Big Crunch (BB-BC) algorithm

Given a pair of parameter vectors, one can estimate the level of correlation in several ways. An efficient way
is to evaluate a correlation-based index, termed the multiples damage location assurance criterion (MDLAC), and
covered in the following form [32]:

|AFT §F(X)[”
(AFT.AF) (6FT(X)0F (X))

MDIAC(X) = and 0 < MDLAC < 1 3)

Two frequency change vectors are compared with MDLAC that one calculated from the structural tests and the other
from a structural model analysis. When the vector of analytical frequencies becomes the same to the frequency vector
of the damaged structure, MDLAC will be maximal, That is F'(X) = Fy. So considering this theory can be used to
find a set of damage variables maximizing the MDLAC using an optimization algorithm:

Find X =[x, 22, . .., %)
Maximize: w(X)= MDLAC(X) 4)

The damage severity can take values only from the set that given from [0 1], set of continuous values. Moreover,
the objective function that should be maximized is w. As mentioned the damage occurrence in a structural element,
decreases the element stiffness. Thus, one of the methods for the damage identification problem, is simulation
damage by decreasing one of the stiffness parameters of the element such as the modulus of elasticity (E), cross-
sectional area (A), inertia moment (/), and . . .. In this study, the damage variables are defined via a relative reduction
of the elasticity modulus of an element as

K =(1—-a)K} )
K& = stiffness matrix of damaged element i
K = stiffness matrix of healthy element i

The MDLAC as an objective function for the optimization algorithm is more sensitive to damaged elements than
undamaged elements. It means, this method can find the true place of the damaged elements but it may find an
undamaged element as a damaged one. Therefore, in this study a new function is discussed, a new function is
presented as below [34];

nf

obj(X) = L 3 inlei: Jai)

L3 et max(fei, fai)

(6)

Where f,.; and fy; are the ith components of vectors F'(X) and F,, correspondingly.

The 0bj(X) function can rapidly find the locations of healthy elements when compared to the MDLAC; however,
itis very probable that it finds a damaged element as a healthy one. Therefore, in this study, a combinational function
of Egs (3) and (6), called here the efficient correlation-based index (ECBI), is used as [34]

ECBI(X) = %(MDLAC(X ) + 0bj(X)) (7

To detect damage location, because of the better knowledge variations in the locality, it has an effect on area mode
shapes offer a better option (Salane and Baldwin [35]; Salawu and Williams [36]; Ndambi et al. [37]). Besides
the accuracy of this approach depends on the quality and place selection of the measurements in experimental test
which effect to identify the damage. Whereas, only a few natural frequencies and mode shapes of the lower modes
are available to assume, frequency objective functions from incomplete data are considered in this paper to detect
damage. It helps to detect damage in absence of complete data.
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2.1. Big Bang Big-Crunch theory

A new optimization algorithm namely the Big Bang-Big Crunch (BB-BC) is developed by Erol and Eksin [38].
This method is based on one of the evolutionary theories of the universe namely, the Big Bang and Big Crunch
theory, which has low computational cost and a high convergence speed. This algorithm consists of two steps: The
Big Bang where a random disordered state of candidate are produced within the allowable space, followed by Big
Crunch, where candidates are averaged based on their quality and put into an order. In each step of BB-BC algorithm
the new population is generated based on information obtained from the previous step, in other hand, the position
of each new candidate solution is formed around the center of mass that is calculated from the Big Crunch stage.
After a number of sequential Big Bangs and Big Crunches, where the distribution of randomness within the search
space during the Big Bang becomes smaller and smaller about the average point computed during the Big Crunch,
the algorithm converges to a solution.

2.2. A Big Bang-Big Crunch algorithm

This method is similar to the GA in respect to creating an initial population randomly. The creation of the initial
population randomly is called the Big Bang. In this step, the candidate solutions are spread all over the search space
in an uniform manner.

If there is a limitation for each component of population and any of the components exceeded the boundaries, it
is necessary to transfer these values to the adjacent boundaries. The Big Bang is followed by the Big Crunch. The
Big Crunch is a convergence operator that has many inputs but only one output, which can be named as the center
of ‘mass’, since the only output has been derived by calculating the center of mass. Here, the term mass refers to
the inverse of the fitness function value. The point representing the center of mass that is denoted by x° is calculated
according to [38]:

N 1 =
=T
1
St

Where z° is a point within an n-dimensional search space generated; f* is a fitness function value of this point, and
N is the population size of algorithm in Big Bang step.
After the Big Crunch, the algorithm must create new members to be used as the Big Bang of the next iteration [38]:

xlilew — XC + o (9)
Where o is calculated using following equation:

5 = TTmax — Tmin) (10)
k
« is the parameter limiting the size of the search space; r is a random number from a standard normal distribution
which changes for each candidate; xy,,x and x,,;, are the upper and lower limits on the values of the optimization
problem variables, and & is the number of Big Bang iterations. After the second explosion, the center of mass is
recalculated. These successive explosion and contraction steps are carried repeatedly until a stopping criterion has
been met.
Two additional steps implemented to improve computational efficiency and performance [39]. First, positions of
candidate solutions at the beginning of each Big Bang are normally distributed around a new point located between
the center of mass, X ¢, and the best global solution, X ghest using the following:

X (k10 6Xc(k) +(1- 6)Xghest(k) +o (1

Where 3 is the parameter for controlling the influence of the X¢7"(¥) on the location of new candidate solutions;
Xebest(k) is the position of the best global solution. Numerical studies indicate that there is significant improvement
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Fig. 1. Flowchart of the BB-BC algorithm.

in the quality of the solutions and the computational efficiency of the BB-BC algorithm using Eq. (11) over the
original equation developed by Erol and Eksin. In some sense, the weighted average of X¢”** and X ¢, controlled by
8, may be viewed as equivalent to an elitist strategy, wherein the best solution is allowed to influence the direction
of the search over many iterations of the technique. Second, for continuous design variables, a multiPhase search
is applied to potentially improve the overall search performance. In a two-phase search, the BB-BC algorithm is
initially applied to the entire search space and after convergence, a Phase 2 search is conducted in a reduced search
space center around X ¢”**' from Phase 1.

Subsequent Big Bangs and Big Crunches are repeated until the global best solution, has not changed for a number
of consecutive iterations; with this condition reached, the BB-BC algorithm is considered to have converged to a
solution. At this point, Phase 1 of the BB-BC search is complete. To encourage a refined local search, a Phase 2
BB-BC search is initiated in the region surrounding X¢**. In Phase 2, the search space is redefined around the
values encoded in X ¢’ from Phase 1 and a fraction of the search space immediately smaller and larger than global
best values [35]. Therefore boundary of variables in Phase 2 is defined as

Xmin = X&' — 0.5 x 17 x (overall search space) 12
Xinax = X&'+ 0.5 x 1 x (overall search space)

Which n = size of search space in Phase 2.
Also, at the beginning of Phase 2, the X¢”**' solution from Phase 1 can be either maintained or reset. In this paper
is assumed the best global solution which obtained from Phase 1, be kept.
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Fig. 2. Geometry of continuous beam.
2.3. Objective function

To minimize the objective assessment function, the BB-BC algorithm is used and it attempts for the best solution
to a given problem. This objective function is used to provide a measure of how individuals have performed in the
problem domain for damage detection. It should be noted that in the case of a minimization problem, the most fitness
of candidate solutions will have the lowest numerical value of the associated objective function. In this study, the
statement for the objective function is given as

F =1— ECBI(X) (13)

Where d = {d;,ds, . ..,dN} are damage parameters at the elements from 1 to N.

Using variables of the structure that are sufficiently sensitive to the damage parameters help to avoid ill condition-
ing problems. Some dynamic properties such as mode shapes and the natural frequencies can be obtained by modal
analysis methods. Natural frequencies are easy to measure comparatively and are used in this paper.

2.4. Numerical examples

In the present study, damage identification strategy is applied on a continuous beam bridge, the Belgian truss
bridge, and a two-story two-bay unbraced frame structure, to illustrate the applicability of the proposed approach.

For the BB-BC algorithm a population of 20 candidates for all examples is selected. Termination criterion for
each phase is determined when the value of X¢”*’ has not improved for the 30 iteration or algorithm reached to
10000 analyses.

The parameters of «, # and 7 are considered 1, 0.2 and 0.1 respectively. The algorithm has been applyed in the
commercial MATLAB software.

The flowchart of damage detection via Big Bang-Big Crunch algorithm is shown in Fig. 1.

In order to investigate the noise effects on the results of the BB-BC method, the noise is considered for the natural
frequencies on complete and incomplete (first ten modes) modal data. The 7th noisy response 74, (4isy)» is simulated
by [19]:

Td; (noisy) = (1 + O'FY)Tdi (14)
Where o is the noise level and + is a random number in the interval [—1 1]. In this study o is considered 1.0%.
2.5. Damage detection in beam bridges

Damage was detected in beam bridges with specifications as follow:
A two bays continuous beam which contains 12 elements, 13 nodes and 22 nodal DOFs.
The cantilever beam is a W12 x 65 with mechanical properties of:

A =0.0123 m? (19.1 in?)
I=2218x 10~ m* (533 in®)
E =207 x 10° N/m?

p = 7780 kg/m®

A continuous steel beam is shown in Fig. 2. For the reason of modal analyzing the beam was divided in to 12
(two-dimensional) beam elements, 6 element in each bay.
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Fig. 3. Damage distribution of continuous beam using the complete and incomplete modal data in Scenario 1.
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Fig. 4. Damage distribution of continuous beam using the complete and incomplete modal data in Scenario 2.

For the beam damage detection, three different simulated damage scenarios are considered:

Scenario (1): The stiffness of element 3 was reduced by 40 percent.

Scenario (2): The stiffness of elements 2 and 6 were reduced by 70 and 10 percent, respectively.

Scenario (3): The stiffness of elements 1, 5, 9 and 12 were reduced by 60, 20, 40 and 10 percent, respectively.

These damage scenarios are considered to find the effect of severity of damage (stiffness reduction), number of
damaged elements and contribution of damage elements on the results.

In inverse procedure instead of experimental measurements, numerically generated measurements were used.
Because of the number of locations at which the modal data is measured from the test is usually much smaller than
the degrees of freedom in the numerical model that defines the stiffness and mass matrices and only the lowest
frequencies are experimentally measured, the effect of incomplete data in the accuracy of the results will be study.

Diagrams of the BB-BC algorithm’s damage detection for beam with complete data (22 modes) and incomplete
data (10 and 15 modes for no noisy data and 10 modes for noisy data) is plotted in Figs 3-5.

The figures show this method is able to detect the location and magnitude of damaged elements in all scenarios
using complete and incomplete data. It can be observed that, when noise is taken into account in the damage detection
problem, the BB-BC method can detect the damage locations and extent close to the correct.




Z. Tabrizian et al. / A new damage detection method: Big Bang-Big Crunch (BB-BC) algorithm 641

I 10 Modes i Dlncomplete modes
60 - 15 Modes 60 -Complctc modes
-Complete modes [ Actual damage
50k [ Actual damage 50k
40 __40F
£ 30t g 30k
< <
a a
20 20k
10t 10F
0 1 2 3 4 5 6 7 8 9 10 11 12 0 2 3 4 5 6 7 8 9 10 11 12
Element number Element number
(a) Without noise (b) With noise
Fig. 5. Damage distribution of continuous beam using the complete and incomplete modal data in Scenario 3.
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Fig. 6. Geometry of Belgian truss.

3. Belgian truss bridge

Geometry of a two-dimensional Belgian truss bridge is shown in Fig. 6. A Belgian truss which contains 21 truss
elements, 12 nodes and 21 nodal DOFs. It is used to evaluate the ability of the current damage detection method.
The material constants are listed below:

E =207 x 10° N/m?
p = 7780 kg/m®

Cross-sectional areas of truss elements are given in Table 1. Three different damage scenarios were subjected to
the Belgian truss. Different locations and severity of damage for scenarios are investigated to check the method
performance:

Scenario (1): A simple damage- the stiffness of element 15 was reduced by 90 percent.

Scenario (2): Multiple damage- the stiffness of elements 2 and 11 were reduced by 30 and 50 percent respectively.

Scenario (3): Multiple damage- the stiffness of elements 4, 13 and 20 were reduced by 10, 40 and 70 percent
respectively.

Diagrams of the BB-BC algorithm’s damage detection with complete (21 modes) and incomplete dynamic noisy
data is plotted in Figs 7-9.
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Fig. 7. Damage distribution of Belgian truss using the complete and incomplete modal data in Scenario 1.
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Fig. 8. Damage distribution of Belgian truss using the complete and incomplete modal data in Scenario 2.

From the results it is clear that if the responses of the structure to be without noise, the search algorithm for
damage detection lead to results with high accuracy in all three scenarios. Even in the case where only first ten
modes are considered, answers are only slightly less accurate.

3.1. Two story two-bay unbraced frame structure

A two-story two-bay frame as shown in Fig. 10 is used to verify the damage detection method explained in this
paper. Two-story two-bay unbraced frame structure with 24 elements, 23 nodes and 60 nodal DOFs.

For the unbraced plane frame problem, all columns W14 x 132 (A = 0.025 m? (38.8 in?), I = 6.386 x 10~* m*
(1530 in*)) and all beams W12 x 65. The Young’s modulus of steel is £ = 207 x 10° N/m?, Poisson’s ratio is
v = 0.3 and the mass density is p = 7780 kg/m?>.

Three scenarios are applied in this example:

Scenario (1): Multiple damage- the stiffness of elements 14 and 15 were reduced by 30 percent.

Scenario (2): Multiple damage- the stiffness of elements 4, 6, and 13 were reduced by 70, 10, and 50 percent,
respectively.
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Fig. 9. Damage distribution of Belgian truss using the complete and incomplete modal data in Scenario 3.
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Fig. 10. Geometry of unbraced plane frame.

Scenario (3): A large number of damage- the stiffness of elements 2, 5, 6, 10, 15, 19, 21 and 24 were reduced by
70, 30, 40, 10, 20, 60, 50 and 80 percent, respectively.

Two cases of complete case with 60 modes and incomplete case is considered which in incomplete case, 20 first
modes was considered in damage detection for first and second scenarios, and 45 first modes for last scenario.

The results under three scenarios for unbraced plane frame are shown in Figs 11-13.

Bar charts for the first two scenarios show the significant accuracy even with the one-third of the total number of
modes.

The diagram of last scenario indicates the high power of this algorithm in detecting place and severity of damage
with considering of a large number of damage (one-third of total elements) and different severities.

3.2. Comparison of the results with particle swarm optimizer with passive congregation algorithm

For compare of the presented method with one other method, the performance of the BB-BC algorithm in dam-
age detection is performed using the particle swarm optimizer with passive congregation algorithm (PSOPC) [40].
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Fig. 13. Damage detection via BB-BC for a large number of damage Fig. 14. Damage detection via PSOPC for two damage locations of
locations of frame (Scenario 3). frame (Scenario 1).

PSOPC algorithm is a particle swarm optimization method with passive congregation’s capacity. Adding the passive
congregation model to the PSO may increase its performance [41].

In this study, termination criterion is considered when the value of X% has not improved for the 60 iterations
or algorithm is reached to the number of 20000 analyses.

Best results from 30 independent runs of PSOPC are selected and are shown in Figs 14—16.

Comparing of first two scenarios in PSOPC and BB-BC algorithm with low number of damages shows the satis-
factory damage detection. Third scenario with large number of damages shows different results in two algorithms.
As is shown in Figs 13 and 16, place and severity of damage is detected via BB-BC algorithm with higher accuracy
rather than the PSOPC. It should be noted that PSOPC in some elements is detected wrong damages in safe ele-
ments. In addition, the obtained amount of damage for some of the injured members, has been difference with the
actual value.

In order to more accurate comparing the mentioned methods, a new parameter called “average error” is defined
Eq. (15) that for any two algorithms are demonstrated in Table 2.

S 1d(i) - D)

=1
Average error = *
N

15)
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Table 2
The compare of average errors of BB-BC and PSOPC for two-story two-bay frame structure
Scenariol Scenario2 Scenario3
Complete  Incomplete  Complete  Incomplete  Complete  Incomplete
BB-BC  0.000209 0.000439 0.000177 0.000201 0.00529 0.009021
PSOPC  0.000005 0.000059 0.000001 0.000001 0.06038 0.098852
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Fig. 15. Damage detection via PSOPC for three damage locations of
frame (Scenario 2).
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Fig. 17. The convergence history for the two-story two-bay frame structure in Scenario 3.

Which d(i) and D(#) are predicted and actual damage in ith element of structure.

From comparison of average errors, it is concluded that in first two scenarios, the accuracy of both methods were
suitable; While the errors are close to zero, however the errors of PSOPC algorithm was less than BB-BC algorithm.

In thired scenario with a large number of damage, the mean errors of PSOPC on complete and incomplete modes
is greater than BB-BC, while for BB-BC this value is acceptable.

Figure 17 provides the comparison of convergence rates of the PSOPC and BB-BC algorithms for two-story
two-bay frame structure in Scenario 3 on complete and incomplete modal data.

From Fig. 17, it can be observed that the PSOPC algorithm cannot find a good result (considering objective

function) while the BB-BC algorithm can find the best result. PSOPC algorithm achieve optimal results after 20,000
analyses, However, BB-BC needs 10,600 and 8300 analyses to reach a good solutions in complete and incomplete
modal data, respectively.
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3.3. The performance of phases of the BB-BC algorithm

BB-BC algorithm by two-phase performance in the search space allowed navigates solution vector for minimizing
the objective function. When the algorithm stops in the first phase, the global search is ended and the second phase
is begun to local search of optimum solution.

The algorithm performance during the two phases to detect damage on the Belgian truss in first scenario is shown
in Fig. 18. This figure shows how objective function until reach the stopping criterion at every phase is minimized
by successive iterations.

The value of results error obtained for each variable of the solution vector comparing with the exact values for the
each phase is shown in Fig. 19.

As shown in Fig. 18 the objective function in Phase 1 with downward process is coming near to zero. After the
convergence in this phase (end of global search), searching in the second phase around of the best solution obtained
from Phase 1 is begun. Because of further reduction of the objective function, this proceeding is done. According to
Fig. 19, with search in the second phase has reduced the value of errors significantly and causes results of algorithm
to be close to actual damages.

4. Conclusions

An approach for detecting damage in structural members based on continuum damage model using new and
powerful algorithm named Big Bang-Big Crunch (BB-BC) has been presented. The algorithm evaluates the location
and severity of damage in a three structure types: a continuous beam, a Belgian truss and a two-story two-bay plane
frame by minimizing an objective function by measuring complete and incomplete modal data with and without
noise, considering different damage scenarios.

The results show high accuracy the method of damage detection by BB-BC algorithm even in large structures
with a lot of damages. The influence of considering the less number of modes on results accuracy was very low, so
that the difference in results compared to the exact results even in many damages was little.

The efficiency of the presented method is examined from a comparison between the results of proposed method
and particle swarm optimizer with passive congregation algorithm (PSOPC). The comparison between the two
algorithms shows that the BB-BC algorithm with low computational cost and high accuracy can identify damage,
even in a large number of damage.

The results of the noise effect on the accuracy of answers obtained from the BB-BC algorithm shows that, since
due to noise, the real value of natural frequencies of structure will change, the different characteristics of the actual
structure are introduced to algorithm, and this causes reduced accuracy results, especially in the case that only a part
of dynamic data of structure is available (incomplete modes). It can be seen from the diagrams that in these cases,
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accuracy reduction of the results of the BB-BC algorithm is very low. This indicates the high power of this algorithm
in damage detection considering noise in structures.

BB-BC algorithm by two phase’s performance in the search space allowed navigates solution vector for min-
imizing the objective function. Global search is done in the first phase by this algorithm to find the region that
the optimum solution exist in this region, then the second Phase is begun around the best answer obtained from
first phase. This search in continue until the difference between the damage variables and the exact solution vector
variables be small as much as possible.
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