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ABSTRACT: Structural damage causes a reduction in stiffness of some elements of structure and Review History:

gives rise to some changes in structures' modal parameters (natural frequencies, mode shapes, etc.) and  Received: Jul. 14, 2019
dynamic responses (acceleration, velocity, and displacement). Hence, intact structures' data is different Revised: Aug. 29, 2019

from damaged structures' data and can be used to detect structural damages. Many techniques are recently ~ Accepted: Sep. 18, 2019
utilized to facilitate damage detection, some salient examples of which are non-destructive methods ~ Available Online: Dec. 09, 2019

and using of structure responses. The main purpose of this paper is to present a method for estimating
structural damage detection based on the measurement of modal parameters and comparing its results  Keywords:
with results of measgrer.nent of d.ynamlc responses in a limited n.umber of degrees of freedom. To detect ¢ 000 damage detection
the damage, two objective functions have been defined: one with modal parameters and the other one

. . L .. . . . Modal parameters

with structural dynamic responses data. For optimizing the objective functions, a new hybrid algorithm
including GWO and PSO has been designed and its results have been compared to GA and PSO. Two

examples including a ten-story shear building and a ten-element truss are considered and the efficiency ~ Optimization algorithm

Dynamic response

of the proposed strategy in damage detection is assessed. The results indicate that the proposed strategy ~ Metaheuristic hybrid algorithms
has acceptable performance.

1. Introduction . .

Damages to the elements of a structure may be caused ky =k°(1-d,) 2
by sudden incidents, such as earthquakes or high winds,
or maybe gradually occurred due to deterioration and bad
maintenance [1, 2]. The main purpose of this paper is to
present a new method for estimating structural damages
based on the measurement of modal parameters or system’s
response and comparing them with the supposed response
of the undamaged structure. To detect damages in civil
structures two objective functions have been defined: one
with modal parameters and the other one with the measured i 0 )
acceleration of the roof. To minimize the objective functions, value the estimations of the indices are updated. This
a new hybrid algorithm based on Gray Wolf Optimization proped}lre is continued until the desn;d accuracy is reached.
(GWO) and Particle Swarm Optimization (PSO) is proposed. Objective Eqs. (3) and (4) are used m this study. They are
The performance of this method in damage identification is defined using the natural frequencies and the measured

The values of the damage indices are found by a smart
trial and error procedure. First, a set of estimated values for
the damage indices are assumed. Then, the response of the
structure is computed for those indices. Next, that response
is compared with the real measured response of the structure.
This is performed by the objective function. A smaller value
of the objective function means that the estimated indices are
close to their real value. Based on the objective function’s

compared to the Genetic Algorithm (GA) and PSO. acceleration of the roof.

2. Proposed Method for Damage Detection Problem /= EN: ,,~o,|/|o,, 3)
The modal properties of a structure are found from the il

following eigenvalue problem: 1 [ J' la, —a| dtj /[ J‘ a, dt) 4)

K¢ —a)l.ZM =0 (1) The damage indices are estimated by searching for a
minimal solution of the objective functions. For this purpose,
a new hybrid of Gray Wolf Optimization algorithm (GWO)
and Particle Swarm Optimization (PSO) is presented in this
study.

When an element of the structure is damaged, its stiffness
is changed as Eq. (2). Here d, €[0,+1] denotes the damage
index.
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2.1. Particle Swarm Optimization Algorithm

This algorithm [3] can be summarized as follows:

1) Generate the initial population and evaluate its fitness

using the objective function.

2) Determine best-so-far solutions.

3) Update locations and velocities of the new solutions.

4) Iterate the above steps until the desired termination
condition is met. The required equations are summarized
below:

X, =[xl.1,xl.2,...,x,.D] ()
X = {xl,xz,...,xN} (6)
x@E+)=x,)+v,(t+1) (7)
v.(t+1)=wo () +rc(p,(t)—x(1))

+r.c,(p, (1) —x,(1) (®)
W=Wo ~Woae = Win )X/ T (9)

2.2, Gray Wolf Optimization Algorithm

The first, second, and third best solutions are labeled
as a, B, and d. The rest proper solutions are labeled as .
The required equations for generating new solutions are
summarized below:

D= C.X, (- X(0)| (10)
X(t+1) = X,(6)—A.D (11)
A=2a.r-a (12)
C=2r (13)
D.<C.X,~X|.D,=C,. X,~X|

D.=C, X~ X| 1)
Xi=X,~A.(D,).X:=X,~4,(D,),

L. (15)
X:=X,—A4 (D,

)?(:+1)=()Z+)§2+)?3)/3 (16)

2.3. Proposed Algorithm (GW-PS)

Fig. 1 presents the flowchart of the proposed algorithm. It
is named GW-PS and is based on the Gray Wolf Optimization
Algorithm enhanced by elements from the Particle Swarm
Optimization algorithm.

3. Numerical Example

A 10-story building is subjected to El Centro (1940)
earthquake and undergoes structural damages.

The objective function values and the good performance
of the proposed method (GW-PS) in the identification of the
damage index on the 4th floor, in comparison with Genetic
Algorithm (GA) and PSO, are presented in Figs. 2 and 3.
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fitness vaiues

Calcuiate Xa, Xp, X5 using fitness
values

}

Update the locations of the
solutions using (14)-(16)

l Update a, A, C

A

Store the best solutions

h 4
Update velocity and location of the
particles using (7) and (8)

Calculate fitness of the new Termination Condition

solutions

End

Fig. 1. Flowchart of the proposed damage detection method

(GW-PS).
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Fig. 2. Fitness values calculated from: A) Modal data. B)
Measured acceleration data.
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Fig. 3. The estimated damage index on the 4th floor is calculated
from A) Modal data. B) Measured acceleration data.
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4. Conclusions

A new method for structural damage detection based on
measurement of modal parameters and comparing its results
with measurement of dynamic responses in a limited number
of degrees of freedom is proposed. The method is based on
the Gray Wolf Optimization and Particle Swarm Optimization
algorithms. The provided numerical simulations show the
good performance of the proposed method in comparison with
the other well-known methods such as Genetic Algorithm
and Particle Swarm Optimization.
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Table 1. Parameters of Genetic Algorithm (GA)
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Fig. 1. Flowchart of the proposed damage detection
method (GW-PS)
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Table 2. Section properties for 10-story shear building
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Fig. 3. History of convergence for fitness values in 10-story shear building using: a) Modal data. b) Measured acceleration
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Fig. 4. The estimated damage index in 4th floor calculated from: a) Modal data. b) Measured acceleration data.
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Fig. 5. The estimated damage index in 6th floor calculated from: a) Modal data. b) Measured acceleration data.
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Fig. 7. The estimated damage index in 8th floor calculated from: a) Modal data. b) Measured acceleration data.



VoYY B Ve eq dxbo Moo Jl.u) & b)Lou.fB LY 0,93 s)....s).ml ul):..c L;m.,\...e(e d:)w

Wil Ve o3l Sl g yhe 5 plia ¥ Jgur

Table 3. Real values of damage indices in 10-story shear building
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Table 4. a) Damage indices for 10-story shear building calculated from modal data
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Table 4. b) Damage indices for 10-story shear building calculated from measured acceleration data
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Table 5. a) Statistical properties of the optimal solution found by modal data in the shear building problem using the
proposed method (GW-PS) in comparison with GA and PSO
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Table 5. b) Statistical properties of the optimal solution found by measured acceleration data in the shear building
problem using the proposed method (GW-PS) in comparison with GA and PSO
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Table 6. Section properties for the two-dimensional truss
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Fig. 9. History of convergence for fitness values in the two-dimensional truss using: a) Modal data. b) Measured
acceleration data.
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Table 7. Real values of damage indices in the two-dimensional truss
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Table 8. a) Damage indices for the two-dimensional truss calculated from modal data
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Table 8. b) Damage indices for the two-dimensional truss calculated from measured acceleration data
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Table 9. a) Statistical properties of the optimal solution found by modal data in the truss problem using the proposed
method (GW-PS) in comparison with GA and PSO
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Table 9. b) Statistical properties of the optimal solution found by measured acceleration data in the truss problem using
the proposed method (GW-PS) in comparison with GA and PSO
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Table 10. Benefits and draw backs of calculating damage indices using modal data versus measured acceleration
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Fig. 10. The estimated damage index for element #1 of the truss calculated from: a) Modal data. b) Measured acceleration
data.
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Fig. 11. The estimated damage index for element #7 of the truss calculated from: a) Modal data. b) Measured acceleration
data.
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Fig. 12. The estimated damage index for element #8 of the truss calculated from: a) Modal data. b) Measured acceleration
data.
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