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ABSTRACT
An efficient method is proposed to determine the location and sever-
ity of structural damage using time domain responses and an opti-

mization method. The time domain responses utilized here are the KEYWORDS

nodal accelerations measured at the limited points of a structure sub-
jected toanimpulse load. The nodal accelerations of the structure are
obtained by Newmark time integration method. Firstly, using nodal
accelerations extracted for the damaged structure and an analytical
model of the structure, an objective function is defined for optimiza-
tion. Then, the optimization-based damaged detection problem is
solved via a differential evolution algorithm for finding the location
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and severity of damage. In order to assess the accuracy of the pro-
posed method, four numerical examples are considered. Simulation
results reveal the efficiency of the method for properly identifying
damage with considering measurement noise.

1. Introduction

Civil engineering structures, during their service life, may experience damage caused by
various sources such as harsh environmental conditions, overloading, ageing materials or
inadequate maintenance. In order to prevent catastrophic failure and prolong the service
life of the structures, early and reliable damage identification is necessary. In engineering
practices, damage detection methods are categorized into two major groups as destructive
and non-destructive methods. In general, the destructive methods due to their disadvan-
tages are not appropriate; therefore, the use of non-destructive methods has attracted much
attention. The non-destructive damage detection methods, which are restricted to local
observations in a limited area, when applied to large structures, are very time consum-
ing and expensive. The stress wave, ultrasonic, X-ray, acoustics and radiography are the
examples of these methods. In contrast, vibration-based damage detection methods are
global non-destructive ones based on the principle that the damage changes the physical
properties leading to altering dynamic properties of a structure. Therefore, by utilizing the
dynamic characteristics from the structural vibration, damage can be predicted.

In general, there are three types of measured dynamic features including modal parame-
ters, frequency response functions (FRFs) and time history responses. Traditionally, modal
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parameters such as natural frequencies, mode shapes and damping ratios are the most com-
mon dynamic features for the damage detection. Especially, the use of resonant frequencies
as the damage index was popular in the early years of vibration-based damage detection
since they are easy to obtain [1,2]. Maity and Tripathy used the genetic algorithm to detect
the structural damage from changes in natural frequencies [3]. Pawar and Ganguli used
the change in frequencies and a genetic fuzzy system for determining the crack density and
location in a thin-walled hollow circular cantilever beam [4]. Unfortunately, in many dam-
age cases, the resonant frequencies were found to be insensitive to the structural damage
especially in multiple damage cases in large structures [5,6]. For field application, another
drawback is that the natural frequencies are heavily sensitive to environmental changes
such as temperature or humidity fluctuations [7].

In comparison with frequency-based methods, the advantages of using the mode shapes
as an efficient dynamic attribute have been revealed. Mode shapes can be used, directly
or indirectly, as dynamic features for the structural damage detection. Compared with
frequency-based techniques, methods based on mode shapes are less sensitive to envi-
ronmental changes and provide better results for both location and severity of damage.
Shi et al. localized structural damage by direct use of incomplete mode shapes [8]. Parloo
et al. used mode shape sensitivities to changes in mass or stiffness for detecting damage
in the beam-like structures [9]. Elshafey et al. conducted an experimental test to examine
the modified mode shape difference-based technique to detect the occurrence of struc-
tural damage [10]. Huth et al. developed damage indicator of mode shape area index to
detect damage in pre-stressed concrete bridges [11]. Alvandi and Cremona showed that
the change in mode shape curvature, the change in flexibility and the change in flexibility
curvature methods are capable of detecting and localizing damaged elements of a beam,
but in the case of complex and simultaneous damages, these techniques will be less efficient
[12]. Lu et al. presented a two-step approach based on mode shape curvature and response
sensitivity analysis for crack identification in beam structures. The location of the crack
was identified from a modified difference between the mode shape curvatures of cracked
and intact beams in the first step. Then, in the second step, a response sensitivity-based
model updating method was utilized to identify the crack location and depth [13]. Dawari
and Vesmawala employed methods based on modal curvature and modal flexibility differ-
ences for identifying and locating honeycomb damage in reinforced concrete beam models
[14]. Choi et al. utilized some damage indices based on the changes in the distribution of
the modal compliance of a plate structure to detect damage in numerical and experimen-
tal structural model [15]. Seyedpoor proposed a two-stage method to identify the site and
extent of multiple damage cases in structural systems. In the first stage, a modal strain
energy based index was developed to locate the eventual damage of a structure. In the sec-
ond stage, the extent of actual damage was determined via a particle swarm optimization
using the first stage results [16]. Unfortunately, methods based on mode shapes are often
very sensitive to the incompleteness of the measured modal data and hence require mea-
surements from a large number of sensors to ensure the accuracy of results. In addition,
these methods are based on experimental modal analysis to extract modal shapes, which
is susceptible to human errors and noise pollution.

On the other hand, FRF data or time series data are more desirable dynamic features for
vibration-based damage detection. These data can be easily measured in real-time as they
require only a small number of sensors and very little human involvement [17]. Bandara
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et al. proposed an artificial neural network-based damage detection method using FRFs
to detect nonlinear damage for a given level of excitation [18]. Zimin and Zimmerman
developed a computer-based time domain periodogram analysis algorithm for determin-
ing the existence of structural damage [19]. Fu et al. presented a response sensitivity-based
approach for identifying the local damage in isotropic plate structures from the mea-
sured structural dynamic responses in time domain [20]. Bagheri and Kourehli proposed
a method for the damage identification of structures under seismic excitation via discrete
wavelet transform using changes in seismic vibration responses by the analysis of dis-
placement or velocity responses [21]. In comparison with modal parameters and FRFs,
time domain data require much less data processing, which reduce the susceptibility in
contaminating or losing vital information.

This paper presents a novel damage detection method based on time domain data to
identify damage in structural systems. The proposed method uses changes in acceleration
responses and an efficient optimization algorithm named ‘differential evolution’ to identify
the damage location and severity. The efficiency of the method is validated by numeri-
cal test examples considering a high level of error including FEM error and measurement
noise.

2. Use of time domain responses as a damage indicator

One of the main dynamic characteristics of structures is the time domain response that
can be directly measured with a lower cost than other data. In this study, the time domain
response of a structure subjected to an external dynamic load is used to identify damage.
For obtaining time-dependent responses of the structure, the differential equation gov-
erning on the dynamic motion of the structure is required to be solved. The differential
equation of motion for a linear structure can be stated as

MX(t) + CX(t) + KX(t) = F(t) 1)

where M, C and K denote the mass matrix, damping matrix and stiffness matrix of the
structure, respectively; X, X and X represent vectors of nodal acceleration, velocity and
displacement, respectively in the global coordinate system and F(¢) is the time-dependent
vector of externally applied loads. The step-by-step methods are suitable for solving the
second-order ordinary differential equation in the time domain given by Equation (1).
Newmark method [22], which is one of the most commonly used step-by-step methods, is
applied here to evaluate the dynamic responses of the structure. According to the Newmark
method, the nodal displacements in n + 1th step can be determined as:

Xut1 =K, ' x F, (2)

where K, and F, are the equivalent stiffness matrix and equivalent nodal force of the
structure defined by Equations (3) and (4), respectively given below:

K, =ayM + a;C+K (3)

Fe =F+ M(lloXn — azX,, — (13Xn) + C(aan — (14Xn — aan). (4)
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Finally, for determining the vectors of nodal acceleration and velocity, the Equations (5)
and (6) can be used as:

Xpr1 = ao(Xpyp1 — Xp) — QZXn - a3Xn (5)
Xn—l—l = Xn - QGXn - a7Xn+1 (6)
where the factors a;(i = 0, ... ,7) are given as:
1 B 1 L |
ap = , a4 = , a4y = sa3=— —1,a,=——1,
0= a2 P T aAr P T aAar P T 2a T
At
a5:7<é—2>,a6:At(1—a)anda7=,BAt. (7)
o

Also, @ = }1(1 +y)?and 8 = % + y and in this study, y = 0 is considered.

The time-dependent acceleration of a structure under a dynamical load contains proper
information that can be used for damage identification. Any damage occurrence in the
structure can be led to a change in structural acceleration. In order to investigate the sensi-
tivity of acceleration responses as a time domain data to structural damage, a case study is
made as follows. Consider the cantilevered beam shown in Figure 1 with a double damage
cases modelled by a 20% reduction in modulus of elasticity of the 4th and 12th element of
the beam. An impulse loading is applied at the end of the beam in y direction as shown
in Figure 2 where Fp = 200N and Ty = 0.15s. Time history acceleration of 5th node is

F(1)
| | q I I I | | l |
4 ' 12
a(r)
Figure 1. The cantilevered beam with a double damage cases under an impulse loading.
Force(‘N)‘
FO

w Time (s)

Figure 2. The impulse loading applied at the end node of the beam.
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Figure 3. Time history acceleration response of 5th node in the healthy and damaged states.

extracted in the healthy and damaged states and shown in Figure 3. As it is observed, the
acceleration responses change due to the structural damage. Therefore, the time history
acceleration responses are sensitive to structural damage and can be used as a damage
indicator.

3. The proposed damage detection method

The fundamental law for vibration-based damage detection methods is that damage alters
mass, stiffness and damping characteristics of a structure. Such a change would lead to
changes in the vibration properties of the structure, which is the key for identification of
the damage by comparing the vibration responses of the structure before and after dam-
age. The damage detection problem can be interpreted to find a set of damage variables
minimizing/maximizing a correlation index between response data of a structure before
and after damage [23-25]. Therefore, in this study, for finding the location and severity of
damage in a structure, an optimization-based method is used as

Find: XT = {x1,x0, ... X}
Minimize: w(X) (8)
X< X < x#
where XT = {x1,x2,...,%,) isa damage variable vector containing the locations and sizes

of n unknown damages; X! and X* are the lower and upper bounds of the damage vector.
Also, w is an objective function that should be minimized.

3.1. Damage variables

The damage variable is defined here via a relative reduction of the elasticity modulus of a
structural element as:

i=1,2,...,n )

where E is the modulus of elasticity of healthy structure and E; is the modulus of elasticity
of the ith damaged element. In fact, in the equation, x; is the ith component of the damage
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vector X, where x represents the severity of damaged element and i stands for the location
of damaged element.

3.2. Objective function

Selecting the objective function for damage detection problems is a critical issue due to
its fundamental role in the convergence of optimization algorithm. In many researches,
various correlation indices have chosen as the objective function. In this study, an effi-
cient objective function based on time-dependent accelerations in the limited points of
the structure is defined as:

(al. a(x))”
(@l ag)(a() ™. a(X))

w(X) = (10)

where a; is the acceleration response vector of damaged structure and a(X) is the acceler-
ation response vector of an analytical model. The w varies from a minimum value —1 to a
maximum value 0. It will be minimal when the vector of analytical acceleration response
becomes identical to the acceleration response vector of the damaged structure, that is,
a(X) = ag.

For m number of measuring points (sensors), the acceleration response vectors (a4 and
a(X)) would compile of m acceleration response vectors corresponding to m measuring
point as defined in Equation (11).

ai

az
am={Lba={  .an=0=a=| . (11)

am

where a denotes the acceleration response vector used in the objective function, a3, a, and
am denote the acceleration response vectors corresponding to measuring points 1, 2 and
m, respectively; and m denotes the number of measuring points (sensors).

3.3. The optimization algorithm

Since the optimization-based damage detection problem may have many local solu-
tions, the selection of an efficient algorithm for solving the damage detection problem
is of importance. In order to select a proper algorithm, achieving the global solu-
tion using fewer structural analyses is the main factor which must be considered. In
this study, differential evolution algorithm (DEA) is employed to properly solve the
problem.

In 1997, a new optimization algorithm called the DEA was proposed by Storn and Price
[26]. The ability to finding the global solution and solving the nonlinear problems with a
non-differentiable objective function is the main advantages of the algorithm. The main
steps of the algorithm including Step 1: Initialization, Step 2: Mutation, Step 3: Crossover,
Step 4: Selection and Step 5: Convergence can be explained as [26,27]:
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Step 1: initialization

The initial parameters, constants and initial population are identified. Like other evolu-
tionary algorithms, DEA starts to search from an initial population. The initial population
is generated randomly in the search space as:

X <Xi<X%i=1,2,...,np (12)

where X! and X* are the lower and upper vectors of a variable vector, respectively. Also, np
is the number of initial population that must be at least 4.

Step 2: mutation

For a given vector X; (i = 1, 2, 3, ... , np), a mutant vector is defined by a particular
combination of three different current solutions as:

Vi =Xy, +me.(Xy, — Xi3)s T1£72£13£1 (13)

where the three different indices 11, rp and r3 € {1, 2, 3, ... , np} are randomly chosen to
be different from index i. Also, mc € [0, 2] is a real and constant factor which controls the
amplification of the differential variation (X, — X;,).

Step 3: crossover

In order to increase the diversity of the perturbed parameter vector, crossover is
introduced by producing the trial vectors U; (i = 1, 2, ... , np) as:

uy = { zﬂ Lfl(szandj,- < ccorj = irnd;) i=12...,n (14)
]Z

where rand;j; is a uniformly random number € [0 1], cc is the crossover constant &
[0, 1] and irnd; is a random integer € {1, 2, ..., n} which ensures that U; gets at least
one parameter from V;.

Providing an analytical model for extracting the
acceleration responses of structures, a(X)

!

Measuring or extracting acceleration
responses of damaged structure, ad

!

Defining the objective function, w(X)
for the optimization using Eq. (10)

!

Minimizing the objective function via DEA for
finding the location and severity of damage, X

l

Figure 4. The flowchart of the proposed method.
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Step 4: selection

For final selection, the target vector X; is compared with the trial vector Ui. If the vector
U yields a smaller objective function value than Xj, then X; is set to Uj; otherwise, the old
value Xj is retained.

Step 5: convergence

In this step, solution convergence is controlled. If the solution is converged, then the
optimization is stopped; otherwise is returned to Step 2.

The flowchart of the proposed method can be briefly shown in Figure 4.

4. Numerical examples and parametric study

In order to demonstrate the capabilities of the acceleration response based objective
function (AROF) in combination with DEA for identification of the multiple-structural
damage, three numerical examples, selected from the literature, are first considered and
some parametric studies are conducted. The test examples are a 15-element beam, a 31-bar
planar truss and 15-element planar frame are described below. At the end, a 45-element pla-
nar frame is considered for the assessment of the proposed method for a larger structure.
The parameters of the DEA for all examples are also given in Table 1.

Example 1: 15-element beam

A finite element model of a cantilevered beam [16] is constructed with 15 elements as
shown in Figure 5. The numbers of elements and active nodes of the beam are displayed
in the figure. The length, thickness and width of the beam are 2.74, 0.00635 and 0.0760
m, respectively. The mass density is 7860 kg/m> and the elasticity modulus is 210 GPa.
In this example, damage in the beam is simulated as a relative reduction in the elasticity
modulus of individual elements. For constructing the objective function, an impulse load-
ing of 200 N is applied to impact point of the beam shown in Figure 5. Five time history

Table 1. The parameters of DEA for different examples.

Parameters 15-element beam 31-bar planar truss 15-element planar frame 45-element planar frame
np 60 75 45 60

mc 0.7 0.6 0.6 0.7

cc 03 03 0.1 0.1

Kmax 3000 3000 2000 2000

o] [11] (2] [3] [14] [15]

I 274m 1

Figure 5. 15-element beam with impact point.
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acceleration response vectors from the vertical direction of five measuring points of the
beam are used for constructing the objective function. The total number of time steps is
set to 1800 with an integration time step of 0.003 s, giving a total record time of 5.4 s. The
parameters used for the DEA are given in Table 1. The convergence of the algorithm is
met when the objective function reaches —1 or the maximum number of generations is
attained.

Example 2: 31-bar planar truss

The 31-bar planar truss [16, 23] shown in Figure 6 is modelled using the conventional finite
element method without internal nodes, leading to 25 active degrees of freedom as depicted
in the figure. The numbers of elements and active nodes of the beam are displayed in the
figure. The material density and elasticity modulus are 2770 kg/m® and 70 GPa, respec-
tively. Damage in the structure is also simulated as a relative reduction in the elasticity
modulus of individual bars. An impact vertical force of 1000 N is applied at the impact
point (node 13) and the accelerations of the truss are recorded at three measuring points
as time history response. The total number of time steps is set to 300 with an integration
time step of 0.01 s, giving a total record time of 3 s. All optimization parameters are listed
in Table 1 and the convergence criteria are as the first example.

Example 3: 15-element planar frame

A simple frame as shown in Figure 7 is considered as the third example. The numbers
of elements along with the numbers of active nodes are depicted in the figure. The modulus
of elasticity is 210 GPa and the material density is 7860 kg/m>. An impact horizontal force
of 500 N is applied at the impact point as shown in Figure 7 and the horizontal accelerations
of the frame are recorded at two measuring points as response time history data. The total
number of time step is set to 400 with an integration time steps of 0.005 s, giving a total
record time of 2s. For this example, all the optimization parameters are summarized in
Table 1 and the convergence criteria are similar to former examples.

{1213) (14,15) (16,17) {18,19) {20.21) (22,23) {24,25)
7 8 9 0

Figure 6. 31-bar planar truss with impact point.
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‘6] [7] [8] [9] [0

11]
[4]
1m
(1]

|
I 1m \

Figure 7. 15-element planar frame with impact point.

4.1. Sensitivity study

4.1.1. Sensitivity to noise

In order to investigate the noise effects on the performance of the proposed method, a
sensitivity study respect to measurement noise is considered here. For each example, as
listed in Table 2, a damage scenario with two damaged elements is considered. Acceleration
responses are extracted from measuring points given in Table 3 and contaminated with
uniformly random noise with levels of 1%, 3% and 5% as:

nois
a Y __

4 =44 [1+ (2random — 1) noise] (15)

where a;msy and ay are the noisy damaged acceleration and damaged acceleration, respec-
tively, noise is the level of noise considered and symbol random denotes a uniformly
distributed random number on the interval [0 1].

Table 2. Damage scenarios for noise sensitivity study.

Example Element number Damage ratio
15-element beam 4 0.2
12 0.2
31-bar planar truss 1 0.3
2 0.2
15-element planar frame 5 0.2
13 0.2

Table 3. Measuring points for noise sensitivity study

Example Measuring points
15-element beam 1,4,7,10,13
31-bar planar truss 4(82),7(12%),10(19%)
15-element planar frame 3,12

2DOF of truss
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For the beam example, all acceleration data are extracted from vertical DOFs; for the
frame, all the data are extracted from horizontal DOFs; and for the truss example, the accel-
erations are extracted from either of horizontal or vertical DOFs. The damage detection
results of noise-free data along with noise contaminated data are shown in Figures 8-10 for
beam, truss and frame, respectively. The results demonstrate the high efficiency of AROF in
collaboration with DEA for determining the damage site and extent. The results presented

12 3 45 6 7 8 9 1011121314 15
Element Number
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(©

° 0.3 ° 03

© ©

5 02 5 02

j=2} jo2}
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o 9 e Wl e (=] 0 SN | I | | E—

12 3 456 7 89 11112131415 172 3 456 7 8 9 10 111213 14 15
Element Number Element Number
‘l:l Identified Damge B Induced Damage ‘ ‘El Identified Damge @ Induced Damage ‘

(a) (b)

o 0.3 o 0.3

[ o

o 021 5 02

g g

g 0.1 g 011

© ©

o g || — = I

12 3 45 6 7 8 9 1011121314 15
Element Number

‘D Identified Damge @ Induced Damage ‘

(d)

Figure 8. Damage prediction of the beam for noise levels of (a) 0%, (b) 1%, (c) 3% and (d) 5%.
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Figure 9. Damage prediction of the truss for noise levels of (a) 0%, (b) 1%, (c) 3% and (d) 5%.
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Figure 10. Damage prediction of the frame for noise levels of (a) 0%, (b) 1%, (c) 3% and (d) 5%.

in the figures express that the proposed method is capable of identifying the damage loca-
tion and severity for various levels of noise. It is observed that the optimization process
can obtain the actual site and extent of two damaged elements of the structures even in the
high levels of noise.

4.1.2. Sensitivity to the number of damaged elements

In order to investigate the capability of the proposed method to detect the damage of vari-
ous elements, a sensitivity study is conducted. For this purpose, four damage scenarios are
defined as listed in Table 4 with different numbers of damaged elements. Then acceleration
responses are extracted from measuring points of each structure listed in Table 3 and con-
taminated with 3% noise. Then, the data are used for constructing the objective function.
The predictions of the various damage scenarios using the proposed method are shown
in Figures 11-13 for beam, truss and frame, respectively. It can be seen that for damage
cases with various numbers and locations of damaged elements, the method can predict
the damage elements with high accuracy.

Table 4. Damage scenarios for damage case sensitivity study.

Example
Damage scenario 15-element beam 31-bar planar truss 15-element planar frame
1 4(0.2)2-12(0.2) 1(0.3)-2(0.2) 5(0.2)-13(0.2)
2 4(0.2)-8(0.4)-12(0.2) 1(0.3)-2(0.2)-11(0.25) 1(0.4)-5(0.2)-13(0.2)
3 4(0.2)-8(0.4)-12(0.2)-14(0.4) 1(0.3)-2(0.2)- 1(0.4)-5(0.2)-
11(0.25)-25(0.15) 7(0.4)-13(0.2)
4 4(0.2)-6(0.7)-8(0.4)-12(0.2)-14(0.4) 1(0.3)-2(0.2)-11(0.25)- 1(0.4)-5(0.2)-7(0.4)-
16(0.3)-25(0.15) 13(0.2)-14(0.2)

aThey represent damaged element (damage ratio).
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Figure 11. Damage prediction of the beam for damage scenario (a) 1, (b) 2, (c) 3 and (d) 4.
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Figure 12. Damage prediction of the truss for damage scenario (a) 1, (b) 2, (c) 3 and (d) 4.

4.1.3. Sensitivity to measuring points
Since the acceleration responses are extracted from a limited number of measuring points,
the selection of proper sensor places, including the most informative data, is of importance.
In order to investigate the effects of the sensor places on the accuracy of damage detection
method, four random sensor networks are considered and a sensitivity study is conducted.
For this purpose, for each structure, the damage scenario with two damaged elements given
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Figure 13. Damage prediction of the frame for damage scenario (a) 1, (b) 2, (c) 3 and (d) 4.

Table 5. Sensor networks for measuring point sensitivity study.

Measuring points

Example Sensor network 1 Sensor network 2 Sensor network 3 Sensor network 4
15-element beam 1,4,7,10,13 1,5,79,14 2,3,713,14 3,579,111
31-bar planar truss 4(8),7(12),10(19) 1(2),6(11),12(22) 2(4),5(10),7(13) 3(6),7(13),11(20)
15-element planar frame 3,12 2,3 6,8 12,13

aThey represent node number (DOF) of the truss for measuring acceleration.

in Table 2 is considered. Then, four different sets of sensor networks are defined as given
in Table 5 and acceleration response vectors are extracted from these points. The time his-
tory response data are contaminated with 3% noise and used for constructing the objective
function. The damage detection results are shown in Figures 14-16. As shown in the fig-
ures, for all the networks, the proposed method can predict the damage extent and location
with high accuracy, which means that the damage prediction outcomes are independent
from the measuring points.

4.2. 45-element frame

The 45-element frame [28] shown in Figure 17 is considered to assess the performance
of the proposed method when a larger structure and a high level of noise are investigated.
The numbers of elements and nodes are shown in the figure. The Young’s modulus and
the material density are 210 GPa and 7780 kg/m?, respectively. The section used for the
columns is (W14x145) and for the beams is (W12x87). An impact horizontal force of
1000 N is applied at node 6 and the horizontal accelerations of the frame are recorded at
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Figure 15. Damage prediction of the truss for sensor network (a) 1, (b) 2, (c) 3 and (d) 4.

three measuring points (nodes 4, 10, 11) as response time history data. The integration
time step is set to 0.03 s and the total record time is 3 s. All optimization parameters are
summarized in Table 1 and the convergence criteria are similar to the first example. Three
damage scenarios are considered as given in Table 6.
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Figure 16. Damage prediction of the frame for sensor network (a) 1, (b) 2, (c) 3 and (d) 4.
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Figure 17. 45-element frame subjected to an impact point.

The performance of the method without considering noise and with contaminating 10%
and 15% noise are displayed in Figures 18-20, respectively. Results show that the pro-
posed method can properly identify when noise is ignored; also it is observed that the
outcomes considering 10% noise possess adequate precision. Even though, considering
the 15% noise makes some disorders to find damage in case 1, however, damage cases 2
and 3 are appropriately identified.
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Table 6. Damage scenarios for the frame.

Scenario 1 Scenario 2 Scenario 3
Element Damage ratio Element Damage ratio Element Damage ratio
10 0.25 14 0.35 9 0.30
30 0.20 28 0.30 18 0.20
40 0.25 38 0.35 36 0.25
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Figure 18. Damage prediction of the frame without considering noise for (a) Scenario 1, (b) Scenario 2
and (c) Scenario 3.
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Figure 19. Damage prediction of the frame contaminating 10% noise for (a) Scenario 1, (b) Scenario 2
and (c) Scenario 3.
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and (c) Scenario 3.

5. Conclusion

This paper presents a thorough investigation of a vibration-based damage detection tech-
nique, which utilizes an efficient optimization algorithm in combination with acceleration
responses-based objective function, to identify the location and severity of multiple dam-
ages in structures. Firstly, the damage detection problem is formulated as a standard
optimization problem aiming to minimize an objective function for finding continuous
damage variables. The objective function has been defined based on a vector containing
acceleration responses extracted from a limited number of measuring points. The DEA
as a global optimization algorithm is utilized to properly solve the optimization prob-
lem. In order to assess the competence of the proposed approach for structural damage
detection, four illustrative examples are numerically tested. Up to 15% noise is added
to numerical data to consider uncertainty, and a noise sensitivity study is conducted to
investigate the noise robustness of the developed method. Numerical results consider-
ing the measurement noise demonstrate that the combination of AROF and DEA can
provide a robust tool for structural damage detection, even in high noise levels (15%).
The results of parametric studies show that the damage identification scheme devel-
oped is robust with respect to measuring points. In other words, the influence of sensor
places to the damage prediction outcomes is negligible in small structures. In addition,
the method is capable of identifying various numbers and places of damaged elements.
The proposed method has the capability to cope with incomplete vibration data obtained
from a limited number of measuring points. In comparison with modal based method-
ologies, the method requires much less post-processing on the recorded data and fewer
measuring points; which makes the proposed method more suitable for online health
monitoring.
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