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Abstract

This paper uses a PSOPC model based non-destructive damage identification procedure using
frequency and modal data. The objective function formulation for the minimization problem is based on
the frequency changes. The method is demonstrated by using a cantilever beam, four-bay plane truss and
two-bay two-story plane frame with different scenarios. In this study, the modal data are provided
numerically using the finite element method. The effectiveness of using frequencies as the data for
quantification of damage severity and location are checked. The effects of noisy incomplete data on the
accuracy of damage detection with PSOPC algorithm are also discussed.
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1. Introduction

Bridges and buildings as civil engineering structures are important assets to a nation.
Structural systems are susceptible to structural damage over their lives due to various reasons.
Undetected damage may cause catastrophic failure leading to loss of lives and structural
properties. It is important to obtain information on the occurrence, the geometric place and
the severity of the damage at the as earlier as possible.

In recent years numerous damage identification methods have been developed. Damage
detection methods of structural systems based on changes in their modal characteristics have
been widely used during the last two decades.

Methods of damage detection by using dynamic responses can be classified into two large
groups: the experimental methods based on signals and the methods based on models [1,2].
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One of the signal-based methods is the technique of Novelty Detection in a changing
environment: regression and interpolation approaches [3], X-ray, electron scanning, ultrasound,
magnetic resonance imagery, coin tapping; dye penetration, thermal field, visual inspection and
Eddy’s currents technique [4] are some Examples of non-destructive damage identification.
Mentioned methods tend to be time consuming and costly, often requiring priori knowledge of
the damage location and the guarantee of access to any part of the structure.

Moreover these limitations, the signal-based methods can only identify damage in near the
structure surface.

However, these methods work relatively well in small structures and are inefficient when
applied to large structural systems. Conversely, the methods based on models allow
determining the damage location and severity by the simultaneous use of mathematical
models of the structure and vibration data [5].

Modal vibration test data, such as structural natural frequencies and mode shapes,
characterize the state of a structure [6]. Generally showing, existing methods include those
based on examination of changes in frequencies; mode shapes or mode shape curvatures,
those based on vibration parameters and those based on updating structural model
parameters, etc. [7]

The damage detection can be defined as a non-linear inverse problem [8]. As mentioned

the experimental data are usually limited, but multiple solutions that satisfy the formulation
of the inverse problem can be obtained. To succeed in this difficulty, evolutionary
computational techniques, like Artificial Neural Networks (ANNSs) [9], Genetic Algorithms
(GAs) [10], particle swarm optimization [11], have been used to damage detection.
The other related works is mentioned in follow. A multi-stage particle swarm optimization
(MSPSO) for structural damage detection introduced [12]. A hybrid particle swarm
optimization—-simplex algorithm (PSOS) for structural damage identification using frequency
domain data has been presented [13].

A Particle Swarm Optimization (PSO) algorithm is examined to solve the inverse problem

in structural health monitoring and is compared to the Alternating Projection method in
estimating damage using a simulated cantilever beam model [14].
In other work application of particle swarm optimization and genetic algorithms to multi-
objective damage identification inverse problems with modelling errors is studied [15]. The
accuracy comparison of Hybrid of particle swarm and genetic algorithm for structural
damage detection has been discussed [16].

To examine the effectiveness of using modal parameters for quantification of damage
severity, only frequencies data have been used. The used method is applied to non-damping
cantilever beam; four bay plane trusses and a two-span-story plane frame multiple damage
locations with free vibration. The effects of incomplete and complete modal data on the
accuracy of damage detection are also discussed.

2. Damage detection method
2.1. A particle swarm optimizer with passive congregation

The particle swarm optimizer (PSO) is an algorithm for determining the optimum solution
that is based on population and was invented by Kennedy and Eberhart [17]. This method is
inspired by the social behavior of animals such as bird flocking. Similar to other population-
based algorithms, such as evolutionary algorithms, PSO can solve a variety of difficult
optimization problems but has shown a faster convergence rate than other evolutionary
algorithms on some problems [18]. In standard PSO algorithm, population (swarm) is
initialized with random solutions (particles) in search space. Each particle repetitive moves
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across the search space and is attracted to the position of the best fitness (evaluation of the
objective function) historically reached by the particle itself (local best) and by the best
among the neighbors of the particle (global best). Basically, each particle continuously
focuses and refocuses the try to its search according to local and global best.

Additional change on velocity V.“** update the move of a particle to the current position X
as follows:

Xik+1 — Xik +Vik+1 (1)

Three contributing factors of velocity is: (1) previous velocity V., (2) movement in the
direction of the best previous position P*, and (3) movement in the direction of the best solution
that the swarm has found so far ng . The mathematical formulation can be expressed as:

Vik+l = a)vik +01r1(|:)ik - Xik)+C2I‘2(ng - Xik) (2)

where @ is an inertia weight to control the influence of the previous velocity, r, and r, are

two random numbers uniformly distributed in the range of (0,1), and ¢, and c, are two

acceleration constants.

Adding the passive congregation model to the standard PSO may increase its performance
[19]. Passive aggregation is a passive grouping by physical processes. Passive congregation is
an attraction of an individual to other group members but where there is no display of social
behavior. By introducing passive congregation to PSO, information can be transferred among
individuals of the swarm that will help individuals to avoid misjudging information and
becoming trapped by poor local minima. The new position of particles in hybrid PSO with
passive congregation is calculated as following [19]:

Vik+1 = a)vik +C1r1(Pik - Xik)+czrz(ng - Xik)+C3r3(Rik - Xik) (3)

where r, is a uniform random sequence in the range (0,1); R, is a particle selected randomly
from the swarm, c, is the passive congregation coefficient.

Since the new positions of particles can violate from allowable boundaries, it is therefore
necessary to limit their values in order to keep them in the search space.

2.2. Objective function

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

F,-F
AF =2 4

3 (4)

where Fn and F4 denote the natural frequency vectors of the undamaged and damaged

structures. Similarly, the parameter vector predicted from an analytical model can be defined
correspondingly as

F

h
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where F(X)is a natural frequency vector that can be predicted from an analytic model and
X =[x, x%, ... ,x"] represents a damage variable vector containing the damage severity

of all n structural elements,

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 form of equation (6) [20]:

0<MDLAC <1 (6)

MDLAC(X) = ‘AFT&F(X)‘Z
( )_(AFT.AF)(éFT(X).éF(X))

Two frequency change vectors are compared with MDLAC that one calculated from the
structural parameters that considered 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)=F so considering this theory can be used

to find a set of damage variables maximizing the MDLAC using an optimization algorithm:
Find:
X=[X,%, . . ., ,%X] To maximize: w(X)= MDLAC(X) (M

!

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 (1), and ... . In this study, the damage variables
are defined via a relative reduction of the elasticity modulus of an element as,

Kid =(1- Xi)Kih (8)
K = stiffness matrix of damaged element i
K" = stiffness matrix of healthy element i
where E is the primary modulus of elasticity and E; is the final modulus of elasticity of the ith

element. In this study, an initial study was prepared on the performance of the MDLAC as an
objective function, and then equation (7) solved by an optimization method. 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 function
and new optimization algorithm is discussed, the used function is as below [21]:

iy = L s min(fy, )
D)= n; izzl“max(fxiv fai) ©)

where f,and f, are the ith components of vectors F(X) and Fq, correspondingly. The obj(X)

function can rapidly find the locations of healthy elements when compared to the MDLAC;
however, it is very probable that it finds a damaged element as a healthy one. Therefore, in
this study, a combinational function of equations (6) and (9), called here the efficient
correlation-based index (ECBI), is used as[21],
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ECBI(X) =1 AR R () L L s min(f, fy) (10)
2| (AFTAFJFT(X)F (X)) n, G'max(f,, fy)

If damage detection by this algorithm equals to the exact value, ECBI value equals to 1.
So by defining the objective function as equation (11) and minimizing objective function, the
exact solution will be achieved.

Objective function=1- ECBI (11)

Initialize the problem and algorithm parameters, randomly
initialize positions and velocities of all particles, K=1

The termination

k
Conditions satisfied? Output I,

Determine the objective function of particles (Eq. 11)

v

Calculate the best position of each candidate P*

and the best global positionPg"

v

Update the new velocities and positions using
Eq.3 and Eq. 1

v

Handle variable boundary

v
K=K+1

y

Figure 1. Flowchart of PSOPC algorithm.

3. Examples of damage detection

To evaluate the efficiency of this method, numerical simulations are done by using modal
data, which may be complete or incomplete. A cantilever beam, four bay plane trusses and a
two-span-story plane frame are chosen for this purpose. In the study, for numerical
simulating the modal data an FE model were used. Up to the first 15 modes are utilized in
cantilever beam and truss damage detection and 20, 30 and 40 first modes are used for two-
span-story plane frame damage detection. Complete and incomplete modal data sets
comprising only the translational DOFs in truss and the translational and rotational DOFs in
beam and frame.

Population size of algorithms used was set in 100 and the acceleration constants in

PSOPC, ¢, and ¢, considered equal to 0.5. The inertia weight for PSOPC started at 0.9 and
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ended at 0.7. Passive congregation coefficient c3 (linearly increasing) was started at 0.4 and
ended at 0.6. For maximum iterations fixed number (50) was applied as stoppage criterion.

3.1. Cantilever beam damage detection

Damage was detected in a cantilever beam with Specifications as follow:
A cantilever beam which contains 10 elements, 11 nodes and 20 nodal DOFs. The cantilever
beam is a W12 x 65 with an area ofA=0.0123m? and second moment of inertia

| =2.218x10*m*(533in*), E =207 x10° N /m?, p=7780kg/m* and L=7.62 m (25ft).

A cantilever steel beam is shown in Figure 2. For the reason of modal analyzing the beam
was divided in to 10 one-dimensional beam elements.
Different locations and severity of damage (damage scenarios) were subjected to the beam.
modal responses of the beam before and after damage were measured in each scenario. In
inverse procedure instead of experimental measurements, numerically generated
measurements are used. To detect the damage place and extension different scenarios were
presented. Especially, for the cantiliver beam damage detection, three different simulated
damage scenarios were considered:
Scenario (1): a simple damage- the stiffness of element 3 was reduced by 40 percent.
Scenario (2): a multiple damage- the stiffness of elements 2 and 7 were reduced by 70 and 30
percent respectively.
Scenario (3): a multiple damage- the stiffness of elements 1, 6 and 10 were reduced by 80, 50
and 60 percent respectively.
Damage by complete and incomplete Modal data sets comprising, 5, 10 and 15 first modes
were detected.

W12x65

§®|@|@\@|@\@|@|\@|‘T"

! 7.62 m (25 ft)

Figure 2. The finite element model of a cantilevered beam having 10 elements.
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Figure 3. Cantilever beam with damage at Element 3: effect of incompleteness of mode shape data on
damage detection data in Scenario 1.
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Figure 4. Cantilever beam with damage at Elements 2 and 7: effect of incompleteness of mode shape
data on damage detection data in Scenario 2.
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Figure 5. Cantilever beam with damage at Elements 1, 6 and 10: effect of incompleteness of mode
shape data on damage detection data in Scenario 3.

As these results show significant accuracy of the results even in incomplete data
considering only first 5 modes by PSOPC algorithm. Bar diagrams in Figure 3 to 5 illustrates
little difference between actual and detected damage.

3.2. Truss damage detection

A four bay plane truss is next considered. Each bay is equal to 2 m and all other
parameters of the truss are listed below.
A=18cm?
E =207 x10° N /m?
p=7860Kg/m?

The modal data for the study are simulated using an FE model with 13 elements (with
length as shown in Figure 6) numbering sequentially from the extreme left end to the right.
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To evaluate the efficiency of this method as described above, the three scenarios as listed in
below were used:

Scenario (1): a simple damage- the stiffness of element 3 was reduced by 30 percent.
Scenario (2): a multiple damage- the stiffness of elements 3 and 9 were reduced by 20 and 60
percent respectively.

Scenario (3): a multiple damage- the stiffness of elements 4, 11 and 16 were reduced by 50
percent.

2m(

77\ 7\ 7\ 7\
: © @ ® ®

.....

4@2 m
Figure 6. The finite element model of a truss having 13 elements.

The results show the efficiency of the PSOPC algorithm, even in incomplete data. Figure 7
to 9 illustrates the accuracy of this method of damage detection.
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Figure 7. Truss with damage at Element 6: effect of incompleteness of mode shape data on damage
detection data in Scenario 1.
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Figure 8. Truss with damage at Elements 3 and 9: effect of incompleteness of mode shape data on

damage detection data in Scenario 2.
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Figure 9. Truss with damage at Elements 4, 11 and 16: effect of incompleteness of mode shape data

on damage detection data in Scenario 3.

3.3. Plane frame damage detection

A numerical simulation was performed to examine the used PSOPC procedure. Two-span-

Element Number

story plane frame considered with parameters that are listed below:

A=0.025m’

E =207 x10° N /m?
0 =7780 Kg/m?

| =6.368 x10™* m*

9

As the more studied frame has been divided in to 24 elements, 24 unknown parameters are to
be identified using the PSOPC, (i.e. all 24 damage indexes). By considering three scenarios

damage detection on frame have done.

Scenario (1): a simple damage- the stiffness of element 3 was reduced by 50 percent.
Scenario (2): a multiple damage- the stiffness of elements 6 and 13 were reduced by 20 and

70 percent respectively.

Scenario (3): a multiple damage- the stiffness of elements 1, 10, 21 and 24 were reduced by

60 percent.
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In order to study the effect of input error on the estimated parameters, thek, component of
the noisy measured vector of frequency can be computed thek, simulated noise free as
equation (12) :

F =F2(1+nxrand(-11))

where 7 is the relative magnitude of the error (77 = 3% is considered).

Completeness and incompleteness of mode shape data noise was considered.

(12)

T 1 20 21 @ 23 24
@) ®) ©
m
3) @) A1)
T (5] 19 5 19 (] 8
2) ©) 10
Im
@ 5 ©
T AN TR AT

6 m

45m

Figu're 10. The finite element model of a 'plane frame with 24 elements.
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Figure 11. Frame with damage at Element 3: effect of noise on damage detection data in
Scenario 1.
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Figure 12. Frame with damage at Element 3: effect of incompleteness of mode shape data on
damage detection data in Scenario 1(with noise).
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Figure 13. Frame with damage at Elements 6 and 13: effect of noise on damage detection data

in Scenario 2.
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Figure 14. Frame with damage at Elements 6 and 13: effect of incompleteness of mode shape
data on damage detection data in Scenario 2 (with noise).
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Figure 15. Frame with damage at Elements 1, 10, 21 and 24: effect of noise on damage
detection data in Scenario 3.
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Figure 16. Frame with damage at Elements 1, 10, 21 and 24: effect of incompleteness of mode shape
data on damage detection data in Scenario 3 (with noise).

The results in bar diagrams (Figure 11 to 16) show the significant accuracy between actual
and detected damage even in noisy incomplete data.

4. Conclusion

A particle swarm optimizer with passive congregation (PSOPC) method for structural
damage detection was presented. For structural damage detection, this methodology has no
special requirements regarding the number and location of output measurements from the
structure; even when large number of properties are unknown, the used strategy can still
converge to accurate results, as illustrated by the numerical study. In order to show the
robustness of the used method, three examples are used. In each example three different
scenarios with incompletion of damaged structural dynamic data are considered. Noisy data
considered in plane frame damage detection which has more elements. Finally the results are
illustrated the capability of PSOPC algorithm to identify the damage severity and location
even with noisy data.
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