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ABSTRACT: This paper presents a new algorithm for structural damage identification and quantification
in seismic-induced structures through an optimization approach. In the method, a sensitive cost function
is proposed by means of statistical components of the recorded displacement time history of a structure
under earthquake excitation. Earthquake duration is divided into several sub-intervals, and a statistical
parameter named moment generating function is employed for extracting main information of the
response time history. The optimization problem is introduced by means of fitting data strategy, and the
problem is solved by a new evolutionary optimization algorithm, named the competitive optimization
algorithm. This optimization algorithm is a new global search strategy, which has recently been presented
for dealing with different optimization tasks. In the presented method, not only we can detect the location
and severity of damages, but also the time of damage occurrence can be identified. To illustrate the
efficiency and robustness of the proposed method, different numerical examples were considered. Most
of the obtained results show the good performance of the algorithm for damage identification and
estimation.

1. Introduction

Seismic and wind excitations may cause some structural damage in mechanical and civil engineering
structures that should be identified to insure further use of structures after earthquake or storm event.
Moreover, in active or semi-active control of engineering structures excited by earthquake ground motions
or wind, it would be helpful for accurate and effective control of a structure if an online damage
identification algorithm can identify the exact stiffness of the structure by analysing the measured
structural responses during an excitation.

There are different studies in the literature which are aimed at identifying structural damage by time
domain analysis. Some researchers employed signal processing techniques by means of the empirical
mode decomposition (Xu and Chen, 2004; Yang, Lei, Lin and Huang, 2004), the wavelet transform (Hou,
Noori and Arnand, 2000; Demetriou and Hou, 2003), and the combination of the wavelet transform and
the empirical mode decomposition (Li, Deng and Dai, 2007) for estimating some information about the
time of damage occurrence from structural response’s time histories. Shinde and Hou (2005) presented a
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sifting process via the wavelet packet analysis for decomposing structural response’s signals into their
components with different frequency contents. They inspected the reliability of approach by comparing
obtained results with those coming from the empirical mode decomposition-based approach and verified
the method by numerical and experimental studies. It can be concluded that the method has a good
performance when it is incorporated with the classical Hilbert transform. Also, Dong, Li and Lai (2010)
proposed a damage index using the empirical mode decomposition and the vector autoregressive moving
average for structural damage identification. The main idea of their method can be summarized in
attempting for identifying damage by inspecting the related abrupt changes in the energy distribution of
structural responses at high frequencies. It is worth saying that although in all of the mentioned signal
processing-based methods the presence of some spikes in decomposed structural response’s signals
can detect some structural damages; these methods cannot provide any other information about the
details of detected damages. To overcome this limitation, recently, Yang and Nagarajaiah (2014)
developed a free-baseline and output-only damage identification method based on the wavelet
transformation and the independent component analysis for estimating damage location and the instant of
damage occurrence. However, it is impossible to estimate damage magnitude by using this approach. On
the other hand, other researchers proposed algorithms based on the least-squares method (Yang and
Lin, 2005), the time-window technique (Lin, Wang, Wu and Wang, 2005), neural networks (Park, Kim,
Hong, Ho and Yi, 2009), the auxiliary particle filtering technique (Xue, Tang and Xie, 2009), for localizing
and quantifying damages as well as estimating damage occurrence time.

This paper is aimed at presenting a novel method for damage localization, quantification, and for
estimating the time of defect event in structures induced by earthquake accelerations. Damage detection
problem is defined as an optimization problem and an objective function is introduced based on the
calculated statistical Moment Generating Function (MGF) of the displacement response’s time histories
for a given time segment. For finding an optimal solution, a powerful evolutionary optimization algorithm,
the Competitive Optimization Algorithm (COA) (Atashpaz-Gargari and Lucas, 2010), is employed. For
investigating the capability and reliability of the presented algorithm, two numerical examples included a
one-bay one-story steel frame and a two-span concrete beam with different damage scenarios were
studied.

2. Competitive Optimization Algorithm

The COA is a global search optimization method that is inspired from a socio-political competitive event
(Atashpaz-Gargari and Lucas, 2010) and was used in a number of studies for optimization tasks (Bagheri,
Ghodrati Amiri and Haghdoust, 2014; Zare Hosseinzadeh, Bagheri and Ghodrati Amiri, 2013). Some of its
main advantages are listed below:

e It can simultaneously search several points of the solution domain with a considerable speed.
e |t can provide a list of optimum variables instead of just a single solution.
e |tis well organized for parallel computers.

e It has a simple mathematical approach for searching solution domain and is a derivative-free
algorithm.

The aim of this algorithm is to find a global minimum or maximum of the argument y of a given function
f(y). Similar to other evolutionary optimization algorithms, this algorithm is started with an initial population
that called ‘country’. Some of the best countries are selected as the main countries, which are the initial
candidates for the optimal solution. The rest of the initial population is considered as ‘colony’ and are
divided among the main countries. After the initialization process, the main countries begin to improve
their colonies and attempt to absorb new colonies. This is called the assimilation process, which is
modeled by moving all of the colonies toward the main country along different optimization axis. To
ensure that many positions are explored in search of the minimal cost, the assimilation of the colonies by
the main countries does not occur through the direct movement of the colonies toward them. A random
path is induced by a random amount of deviation which is added to the direction of the movement
(Atashpaz-Gargari and Lucas, 2010). If during the assimilation process, a colony reaches a position with
lower cost than the main country, they will switch their positions and the algorithm will continue with the
main country in the new position. The presenting approach and the competition among the main countries
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for absorbing different colonies continue in an iterative scheme. Finally, the optimal solution will be
reached when only one point is available on the searching domain and almost all countries are added on
that point. More details of this optimization approach can be found at (Atashpaz-Gargari and Lucas, 2010;
Bagheri, Razeghi and Ghodrati Amiri, 2012).

3. Proposed Method

3.1. Extracting Main Information of Structural Responses

This section is aimed at introducing an effective parameter for extracting the main information of the
structural displacement time history by dividing it to several segments. Assume the structural
displacement time history U(t) is divided into Ns segments. For the i-th segment, the displacement
response is presented as:

U; ) =U(; <t <t;,,) @

Eg. (1) can be rewritten by considering structural response for each DOF as below:

Ui(t)z[ui,l(t) up o) ... ui,Nd(t):|T (2

where u;; is the structural response’s time history of the j-th DOF for the i-th time segment. Based on a
statistical function named the MGF, we attempt to assign a unique amount for displacement responses in
a given time segment which can reflect the basic information of the structural response in a meaningful
way. The most important property of the MGF is its dependence on the variance and mean values of
data. The MGF is a function that can produce each order of statistical moment. This function is defined
based on the Riemann-Stieltjes integral as below (Shilov and Gurevich, 2012):

MGF = Ie“xp(x)dx (3)
where x is the considered signal, p(x) denotes the Probability Density Function (PDF) of x, and a is a

positive integer number. By knowing the MGF, one will be able to define the probability distribution,
completely. For a random variable with normal distribution, the PDF can be expressed as:

(x=p)?
e 202 4)

p(x) = —

where p and o2 are the mean and variance values of x. For this distribution, the MGF can be presented as
below:

2 2
Ho+

MGF =e"~ 2 (5)

Therefore, by having a displacement time history, we can divide it to several segments and calculate
MGF for each segment by sampling some points of the response via basic statistical relations for
estimating mean and variance values. The MGF is calculated as:

ol ia?
4y jot L

MGF, ; =e 2 (6)

where pij and o2 are the mean and variance values of the structural displacement response of the j-th
DOF for the i-th segment, respectively.

3.2. Damage Detection Approach

In the previous section, we introduce the MGF as a unique variable, which can represent the main
information of the time history response in the different time segments. This section explains the basic
premise of the proposed method for damage identification. The main contribution of our method is
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defining damage detection problem as an optimization problem by introducing a cost function, which is
based on minimizing the error function between calculated MGF from measured and numerical structural
displacement time histories. In the following, at first, the mentioned two set of MGF are introduced, then
the cost function is presented.

By means of Eq. (6), we can express the MGF vector for the measured structural responses in the i-th
time segment as below:

MGF" ={MGF} MGF" .. MGF" | @)

In the numerical model of the structure, it is assumed that damage appears by some reduction in the
stiffness matrix of damaged element. Thus, in the analytical model of damaged structure, the stiffness
matrix of elements can be defined as:

KY =(-d,)K: ©

whereas K¢¢ and K¢ are the damaged and undamaged stiffness matrices of the e-th element,
respectively; de is the damage severity of the e-th element which is a number between 0 and 1 for healthy
and fully damaged elements, respectively. By assembling the stiffness matrix of all elements and
calculating the global structural stiffness matrix for a known set of damage severities, we can find
structural time history responses under a known external excitation. Then, we can calculate the numerical
MGF vector for a given set of damage severities as:

MGF, ,

)

MGF! ={MGFi L

Al(dpdyndy )
where MGF{¢ is the MGF vector for the analytical structural responses of the i-th time segment, and MGF;;
is the MGF for the analytical structural displacement of the j-th DOF for the i-th time segment. Finally, the
error function e for the i-th time segment is defined using the MGFs computed from the numerical model
and the monitored structure as follows:

&, =MGF" -MGF (d,,d,,...dy ) (10)
and the objective function for the i-th time segment is formulated as:
Cost; (d;,d,,...dy )=norm {e; } (11)

We solve this objective function by the COA to find the global minimum point, which is the result of the
damage localization and quantification for the i-th time segment. After that, we can obtain the result of
damage magnitude in all structural elements for earthquake duration by repeating the presented
procedure for all time segments.

4. Numerical Studies

4.1. One-Story Steel Frame

As the first example, consider a one-span one-story steel frame as shown in Fig. 1. Finite element model
of this structure consists of three elements (two columns and one beam) with two free nodes and six
DOFs. For all elements, modulus of elasticity and mass density of structural material are equal to E=200
GPa and p=7850 kg/m3, respectively. For columns, mass per length, the moment of inertia, and cross
section area are considered as m=117.75 kg/m, 1=3.3x10* m?#, and A=1.5x102 m?, respectively; for
horizontal beam, those are considered as m=119.32 kg/m, 1=3.69x10*4 m*, and A=1.52x102 m?2
respectively. Two damage scenarios under the 1940 El-Centro earthquake and the 1994 Northridge
earthquake were simulated in this example which are presented in Table 1. The length of time interval is
0.5 sec for the 1994 Northridge earthquake excitation while it is 1 sec for the 1940 El-Centro earthquake
excitation.
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Fig. 1 — Finite element model of the one-story steel frame

Table 1 — Damage scenarios for the one-story steel frame.
Damage scenario Earthquake Scenario explanation

1 1994 Northridge | 10% damage at t=8.5 sec in element 1

10% damage at t=26.0 sec in element 1, and
2 1940 EI-Centro 20% damage at t=15.0 sec at element 3,
+10% damage at t=26.0 sec at element 3

Obtained results for two damage patterns in an ideal case (free noise state) are shown in Figs. 2 and 3. It
is obvious that not only can the presented method identify the time of damage occurrence, but also it can
quantify damages with a high level of accuracy. In real SHM programs, structural responses are
contaminated by random noises. Therefore, inspecting the applicability of the proposed method in the
presence of noises is desirable. For this purpose, we repeated above-mentioned scenarios when the
input time histories are polluted with 2% of normal distributed random noises. It worth noting that we de-
noise input signals using wavelet-based de-noising approach for decreasing the effects of noises on the
applicability of the method. More information about de-noising approach can be found in (Rizzo and
Lanza di Scalea, 2006). Figures 2 and 3 show the obtained results in this case. It can be concluded that
although the input data were polluted with random noises, the proposed method is able to identify
damage properties with high level of accuracy. It is worth noting that although there are few time instants
which report some damages in the healthy elements, the values of damage severity are so little and they
are not more appreciable.
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Fig. 2 — Damage detection results for the one-story steel frame for the first scenario
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Fig. 3 — Damage detection results for the one-story steel frame for the second scenario

4.2. Two-Span Concrete Beam

The second example is devoted for damage identification in a two-span concrete beam. Figure 4 provides
the finite element model of this structure. As can be seen, the finite element model consists of ten beam
elements and eight free nodes that each of them has two DOFs, and this structure has 19 DOFs. Material
properties for all elements of this beam were considered as following: Young’s modulus E=25 GPa, and
mass density p=2500 kg/m?2. In addition, cross sectional area and the moment of inertia of elements are
A=0.35 m?, 1=0.01429 m*, respectively. For this beam, two damage scenarios were considered that are
listed in Table 2. The length of time segment are same as the previous numerical example.

Obtained results for two damage scenarios with an ideal condition are shown in Figs. 5 and 6. These
identified defects are exactly same as the simulated defects in the beam. Same as the results shown for
the previous example, the results of this part are emphasized the robustness and efficiency of the
proposed approach for structural damage identification in time domain.

L,2,6,@6 6,7 ® 0, 4

% 10.0 % %—
Om 10.0 m

Fig. 4 — Finite element model of the two-span concrete beam

Table 2 — Damage scenarios for the two-span concrete beam.
Damage scenario | Earthquake Scenario explanation

1 1994 Northridge | 10% damage at t=5.5 sec in element 2

20% damage at t=14.0 sec at element 5, and
2 1940 EI-Centro 10% damage at t=19.0 sec in element 7, and
15% damage at t=25.0 sec in element 1.
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Fig. 5 — Damage detection results for the two-span concrete beam for the first scenario

5. Conclusions

In this paper, an effective and new damage prognosis algorithm in time domain was presented which is
applicable to engineering structures induced by earthquake accelerations. The identification method was
based on an optimization way that the objective was to minimize the error between the MGFs computed
from the numerical model and the monitored structure. The presented method is able to localize and
guantify damage and also estimate the time of damage occurrence during seismic excitations.

The capability and efficiency of the presented algorithm were numerically validated by means of two
numerical examples, namely a one-bay one-story steel frame and a two-span concrete beam. These
structures were studied with several damage scenarios which were induced with the 1940 El — Centro
earthquake and the1994 Northridge earthquake. The obtained results introduced the proposed algorithm
as a robustness and viable method for damage identification in time domain for seismic-excited
structures.
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Fig. 6 — Damage detection results for the two-span concrete beam for the second scenario
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