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Abstract. In the present study, a two-step approach comprised of wavelet transform and model
updating method for multiple structural damage localization and quantification in beams is
proposed. The first step is commenced with applying wavelet transform to axial components of
mode shapes so as to predict where the damages are located. During this step, wavelet transform
might mistakenly detect a number of elements as impaired due to both sampling interval and
middle support effect. In the next step, by defining a damage sensitive objective function
consisting of natural frequencies and mode shapes, damage intensities at predicted locations will
be computed via model updating method employing ECBO (Enhanced Colliding Bodies
Optimization) algorithm. The problem with mistakenly predicted damaged locations will be
addressed by reported damage intensities during the second step. The present study also indicates
that this two-step method greatly assists in reducing the number of variables during model
updating process leading to more precise results. Three numerical examples with multiple
damages and noisy modal data are studied in order to guarantee the efficacy of the method.
Moreover, one numerical example is solved with a number of other Meta-Heuristic algorithms
including GA (Genetic Algorithm), CSS (Charged System Search), Pattern Search and Cuckoo
algorithm whose results are compared to ECBO algorithm with the intention of ensuring the
veracity of ECBO results. The results vividly demonstrate that this method is highly efficient even
in the presence of noise.

Keywords: wavelet transform, model updating, ECBO algorithm, middle support effect,
sampling interval, Damage Detection, Structural Health Monitoring, sampling interval, Genetic
Algorithm, Pattern Search and Cuckoo algorithm.

1. Introduction

Due to various loading conditions, structures may undergo some damages which might be
either partial or significant. As a result, Structural Health Monitoring (SHM) and Damage
Detection methods perform a pivotal role in ascertaining the location and intensity of possible
damages. In this respect, researchers and scholars have made a great effort to bring forth new
approaches that are able to spot the location of the damage and identify its intensity. Amongst
them, it may be referred to Local methods including Acoustic, Ultrasonic, Radiograph, Microwave,
Thermal field. Of the Global methods, it could be pointed to Frequency Based, Mode Shape based,
Model Updating, and Wavelet Analysis and so on. A comprehensive summary about multifarious
methods by which damage could be diagnosed is provided in [1-3].

Wavelet transform has been a robust and apposite method of choice by a number of
researchers, which owes its credit to high capability of pinpointing singular points both in signal
itself and its derivatives, irrespective of what type of signal it is -either stationary or non-stationary,
as opposed to other mathematical transforms [4] such as Fourier. References [5-7] were possibly
the first scholars analyzing numerical and experimental deflection in a damaged simply supported
beam with wavelet, and also demonstrated that damage will be expressed in a deflection curve in
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the form of a singular point (in both deflection and its derivatives), and as a result, wavelet
transform could be utilized in the process of detecting damage. A comprehensive review of
wavelet transform and its applications could be seen in [8].

In the roughly most literature of damage detection methods by wavelet, location and not
severity of damages are just diagnosed. An illustration of this is in [9, 10] in which wavelet
transform was employed to spot damage in beams, and the same method was used in [11-13] to
detect damage in plate structures. Other researchers could be named like [14, 15], who assisted to
develop the capability of wavelet transform to pinpoint damages. In reference [16] mode shape
curvature modification and denoising are studied to enhance the resolution of wavelet, and it was
benefitted from a complex mother wavelet in Euler Beams in [17] in order to spot multiple cracks
more precisely.

However, in a handful of references, some indirect and statistical methods are proposed to
identify damage severity by wavelet transform. An indication of this would be seen in
[10, 13, 18, 19] in which the intensity of damage is estimated by a linear regression between the
maximum value of wavelet coefficient and related damage intensity. In this regard, apart from
statistical methods, a number of two-step methods have been proposed, which have received more
attention among scholars. An indication of this is in [20] which propounds an automated procedure
based on wavelet and meta — optimization process for fault diagnosis in sandwich structures. In
[21] a damage detection method comprised of wavelet analysis and Artificial Neural Network
(ANN) with respect to modal response is offered, which applies wavelet transform on vibrational
responses to spot the position of damages while ANN was employed to find out damage
intensities. A two-step technique is discussed in [22] recruiting EMD (Empirical Mode
Decomposition) to decompose the modal response to its mono-component signals and then, the
characteristics of damages will be identified by exerting wavelet on that mono-component signals.
Another example of two-step method would be observed in [23] through which two dimensional
wavelet is applied on a plate mode shape to disclose the position of damages and then, PSO
algorithm was utilized to quantify the severity of damages.

In the present study, two-step method composed of wavelet approach and model updating via
ECBO algorithm is propounded so as to reveal the intensity of damages as well as locating them.
In the first step, wavelet transform will be applied on axial mode shape in order that the location
of damages would be nominated. During this step, a handful of regions would mistakenly emerge
as damaged in wavelet coefficient; however, this issue will be tackled in the second step where an
objective function is presented based on which the intensities will be computed via ECBO
algorithm and model updating.

2. Background
2.1. Step 1: Locating damaged elements
2.1.1. Continuous wavelet transform (CWT)

Owing to multi — resolution properties of wavelet transform, wavelet is able to perform as a
magnifying glass of signal which could closely scrutinize both stationary and non-stationary
signals more precisely in order to reveal details of signal, which is one of its merits in comparison
with other traditional signal processing tools. Below, a concise introduction to mathematical
definition of wavelet transform is provided. The mathematical definition of wavelet transform was
first defined in [24] as below:

+00

1 _(x—b
CWTcoers = Wr(a,b) = =) fCOY (XT) dx. (1)

In above, Y(x) is a mother wavelet function with zero mean value for which satisfying two
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essential conditions is imperative [25]. In above equation a > 0 and a, b are both real. The
variable “a” represents mother wavelet width (scale), which stretches or shrinks mother wavelet,
and variable “b” represents the translation along length axis. 1 (x) is the conjugate complex of
Y(x), Wf(a, b) are wavelet coefficients of f(x).

The crucial and striking point which should be taken into account is that spotting damaged
regions via wavelet transform is viable with different displacement components (translational —
rotational — axial) either in statically or free vibration analysis. Different components of
displacement in free vibration of a beam are schematically shown in Fig. 1 and Eq. (5). Both
translational components and rotational ones have been used by wavelet transformation [26] while
damage detection by axial components and wavelet had not been used for beams before, and in
the present study its usability for damage detection and sensitivity to noise will be verified. It
should be noted that longitudinal free vibration mode shape was used for rods to detect damage
location by wavelet [26] as well as in walls by Curvelet transform [27].

In a group of references, wavelet transform is applied on the subtraction between
characteristics of the intact structure and the damaged one [28-31] and [16], which, in turn, sheds
more light on damage location. Similarly, in this paper, the process of damage detection is applied
on subtraction of axial components for intact and damaged beam, whose results are compared to
translational and rotational components to evaluate its usability. More numerical examples will be
given in the following sections:

results
Frequency analysis —— mode shape matrix,

[fl]] = [{f}lﬂ {f}Z' ey {f}n]' (2)

T
{f}l, = [T'l,Tz,... ,Ul,vz,...,al,az,...] )
n component

where [fl- j] is mode shape matrix, n number of mode shape and degree of freedom, 7 is rotational,
v is vertical or translation, a is axial components.
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Fig. 1. First mode shape of a clamped — simple beam
2.1.2. Edge effect (outer support effect)

Aside from damaged area, another area might appear as damaged in wavelet coefficients which
would be attributed to signal border points which is resulted from the fact that wavelet transform
is an integration from minus infinity to plus infinity while deflection curve or signal length is
defined through a finite length. This problem, which is called edge effect or border distortion,
would be simply tackled by extending the signal virtually. New and traditional approaches of
omitting border distortion is reviewed and discussed in [16, 32].

2.1.3. Middle support effect (inner support effect)

Another issue for pinpointing damage location is middle support effect. There are, indeed,
other locations emerging in the deflection curve as singular (damage) whereas they are intact.
Interestingly, an illustration of this would be observed in free vibration of two span beams in axial
mode shapes (Fig. 9-11, Fig. 14, Fig. 15) during which the middle support will appear as damaged
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in wavelet coefficient since in each mode, the left hand slope and the right hand one are not
identical at middle support, so it will cause fluctuation in wavelet coefficient.

Despite the fact that applying signal extension methods [33] is able to exclude the edge effects
effectively, it is not efficient to deal with middle support effect. Using modal updating via
optimization algorithms in the second step of the present article, presuppose that these points
(middle elements) are hypothetically damaged, yet it will be clarified that damage intensities in
these points are zero. Thus, by this innovative method the middle support effect will be tackled
(Section 3.2.2 and 3.2.3).

2.1.4. Sampling interval effect

One of the most important factors aiding in detecting damage location with wavelet transform
is sampling interval or structural elements size. Damage detection with wavelets is heavily reliant
upon the size of elements (sampling intervals) as well as size of damage in a way that if the number
of elements along the beam are inadequate, the possible damage might be overlooked. Similarly,
in case that damage is very small, it might remain masked during damage prognosis process. In
[33, 34, 35] this problem is discussed.

In order that sampling interval effect would be observed, a simply supported beam with 3
damages (0.8-1, 2-2.2, 3-3.2) is modeled with two different sampling intervals, one of which has
125 elements and the other one is modeled with 25 elements, and as is clearly presented in Fig. 2,
the resolution of model with 125 elements is far more than the other one. But in this paper, this
drawback is reciprocated by using model updating via ECBO algorithm mainly because a handful
of peripheral elements to damaged area might mistakenly be presumed to be impaired, yet damage
intensities resulted from model updating via ECBO algorithm divulge whether or not suspected
elements were damaged.

x10* . . . x 10"

- 4 5 +
o= =
(5] [
3 8o
2 z
Q (]

L 1 1 L -5 L L 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5
length of beam length of beam
a) 125 elements b) 25 elements

Fig. 2. Damage detection in a simply supported beam. Effect of sampling interval
could be vividly observed due to different element size

2.2. Step 2: Quantifying the intensity of damage
2.2.1. Objective function

So as to propose an efficacious damage detection method based on model updating, which
could be both in accord with a variety of optimization algorithms and capable of determining
various damages, an appropriate and efficient objective function is requisite. The efficacious
objective function ought to be not only inclusive of structural parameters sensitive to impairment
even to negligible damage but also insensitive to other parameters like noise.

The initial step to generate an effectual objective function is that the following equation should
be satisfied:

([Kd] - (A]d)[M]){d)Jd} = 0, ] = 1, e, N (3)

In this equation, [K;] and [M] are representative of Global stiffness matrix and Global mass
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matrix in damaged condition, respectively; /1;1 and @; delineate square of jth natural frequency

and mode shape, respectively, corresponding to jth mode of damaged structure. Number of natural
modes is regarded as “n”. It should be noted that during damage process, mass is considered
immutable:

[M] ~ [Mg]. “

Stiffness reduction is formulated in following equation. Reduction factor d, is a scalar variable
varying between 0 and 1 in which 0 means no damage and 1 means completely wrecked:

[KG] = [K](1 —de). (&)

In Eq. (5), [K§] and [K€] are local matrices or element matrices related to damaged element
and undamaged ones respectively.
Desired objective function is defined as below:

Fopj =1— MTMAC. 6)
In which:
N
MTMAC = HMTMAC-, (7
j=1

F ’({(Dnumi }' {q)exm' })

MTMAC; = 7
( r 2 \? ®)
1+ ( expj ‘;mm})

2
wexpj + wnumj

2 (| )
T )+ () 60 ©

2.2.2. ECBO algorithm

CBO algorithm is a sort of Meta-Heuristic algorithms elevated by Kaveh and Mahdavi [36]
and resulted from collision physical laws. Each solution candidate X;, which consists of
abundance of variable, is considered as a colliding body. The bodies bifurcate to two distinct
groups, moving bodies and inert ones (Fig. 3). The moving bodies follow inert ones till a collision
occurs between them. Due to this impact, firstly, the position of moving bodies will be modified,
and secondly, it pushes inert bodies to better locations. Aftermath of collision, both velocity and
position of colliding bodies will be reconsidered and updated with regard to collision laws.

ECBO (Enhanced colliding bodies optimizations) is, in fact, ameliorated version of CBO with
the intent of augmenting fastness and heightening accuracy of algorithm. In other words, it utilizes
a memory to keep the optimum CBs and also employs a technique to escape from local
minima [37].

a) o

b)
Fig. 3. The moving bodies a) before the collision b) after the collision [38]

Steps of ECBO algorithm could be succinctly observed as below:
Step 1: the position of each CB would be randomly opted in m dimensional space:

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716 1501



1986. A TWO-STEP METHOD COMPOSED OF WAVELET TRANSFORM AND MODEL UPDATING METHOD FOR MULTIPLE DAMAGE DIAGNOSIS IN
BEAMS. REZA ABBASNIA, BORHAN MIRZAEI, SEYEDMOHAMADMAHDI Y OUSEFBEIK

x) = Xppin + random (Xpmax — Xmin), i =1,2,..,1. (10)

In which x? is initial solution vector for CB; and Xpin , Xmax are boundaries for design
variables. “rand” is a random vector between [0, 1].
Step 2: each CB’s mass is calculated according to following equation:

1
= thl(k) o

an

Step 3: the best CBs’ vector, mass, value of objective function will be stored in CM (Colliding
Memory), then they will be added to population and equal number words CBs will be omitted
[38, 39]. Finally, CBs will be sorted in ascending order (Fig. 4(a)).

The stationery The moving

b X X -~ X

The pair objects
a) b)
Fig. 4. a) CBs sorted in increasing order b) Colliding bodies pair [38]

Step 4: CBs will be divided into two separate groups namely inert and moving (Fig. 4(b)).
Step 5: velocity of moving masses and inert ones for the situation prior to collision will be
computed by:

v, =0, i=12,..,

NS

(12)

n
V=X n—x;, 1= +1,§+2,...,n. (13)

i-z

NS

Step 6: velocity of moving masses and inert ones for the situation subsequent to collision will
be computed by:

(mi+E tem,, %) Uiyl

n
v = 2 i=12.,5 (14)
m;+m, n 2
2
(ml—em g) n n
Vi=— 2 = —4+1,=42,..,n (15)
m;+m;_n 2 2
2
iter
e=1—- . (16)
iterax

Step 7: the new position of CBs will be calculated by following equations:

n

X" = x;+randv], i=1,2, s a7

X =x,_n+randv), i =-+1,5+2,..,n (18)
i-5 2 2
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Step 8: a parameter like “Pro” is introduced between (0, 1) and it will be determined that
whether any component of CBs would be changed or not. For every CB, Pro will be compared
with rn; (i =1, 2,..., n) which is between (0, 1). If rn; < Pro, one-dimension form CB; will be
chosen randomly and its value will be regenerated as below:

Xij = Xjmin T random(xj‘max — xj,ml-n). (19)
Step 9: checking the condition of whether or not algorithms would be stopped.

3. Illustrative and numerical examples

3.1. Finite element modeling and wavelet characteristics

The main objective of this paper is to propose a two-step technique based on which both
location and intensity of damage would be identified at shorter time and higher accuracy level.
Proposed strategy firstly initiates with estimating location of probable damages with wavelet
transform. At this step, a number of elements might be erroneously deemed as damaged such as
middle support or peripheral area of a damage location owing to reduction of wavelet coefficient
resolution (part 2.5). In the next step, damage intensities for suspected areas will be computed via
model updating and ECBO optimization algorithm. The chief merit for the second step is for those
areas that are mistakenly supposed to be damaged in former stage because the damage intensity
of zero would be indicative of the fact that former assumption was wrong, in this way the problem
with middle support effect and wavelet coefficients’ resolution will be tackled. Another initiative
in this paper is damage diagnosis via wavelet and axial components of mode shape in beam
structures. This point has never been dealt with in other references, yet longitudinal components
were used for rod structures [26]. It should be noted that the entire procedure (identifying location
and intensity) could be done just by using model updating via optimization algorithms(alone), yet
on the condition that model updating would be used only, instead of using a two-step approach,
the number of variables would grow greatly leading to declining the accuracy and convergence
rate. But if wavelet transform is utilized to predict where damages are situated at first, number of
variables would reduce significantly for model updating process which in turn, contributes to the
fact that optimizer algorithm works faster with more precision.

Three models each of which has different scenarios are employed to pinpoint multiple
damages. Density is p = 2500 kg/m?, modulus of elasticity is E = 3¢10 N/m?, and Poisson’s ratio
equals to 0.3, cross section of beam is rectangular shape with height of 50 cm and width of 40 cm.
Beam model was constructed in ABAQUS using two-dimensional elements (B21) and modal data
were achieved by the frequency analysis. Mode shape components and natural frequencies are
extracted from ABAQUS at first in order to be used through two-step method. Then, the following
steps are applied on them. Firstly, by interpolation technique of order 3 [16], number of points
was extended to 256. This process, as illustrated in reference [16], will lead to least possible noise
resulted from data acquisition. The process continues with signal extension which cancels out
edge effects. The process is followed by subtraction of components of intact and damaged beam
(Eq. (21)). Noises are added to characteristics of damaged beam (natural frequencies and mode
shapes) and its formula is depicted in Eq. (22). It should be noted that in order to evaluate proposed
method more precisely, two kinds of noise level are considered one of which will be added to
mode shape (1,) and another one will be added to natural frequencies (1,). Input data for CWT:

— da
Apyj = byj— bu)s

Apr; = b — b1, (20)
Apoj = da;— 4
(¢d)noisy = ¢d(1 + 7718); (wd)noisy = wd(l + 7728)1 (21)

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716 1503



1986. A TWO-STEP METHOD COMPOSED OF WAVELET TRANSFORM AND MODEL UPDATING METHOD FOR MULTIPLE DAMAGE DIAGNOSIS IN
BEAMS. REZA ABBASNIA, BORHAN MIRZAEI, SEYEDMOHAMADMAHDI Y OUSEFBEIK

where j is mode number, v is vertical or translational, r is rotational, a is axial, 7) is noise level, €
is random value between (0, 1), w is natural frequency, ¢ is mode shape.

@, = Interpolated and extended translational components of mode shape.

@, = Interpolated and extended rotational components of mode shape.

@, = Interpolated and extended axial components of mode shape.

Subsequently, continuous wavelet transform (cwt) is applied on differences between
components of the intact and the damaged beam. Mother wavelet coif2 with 4 vanishing moments
and scale 8 is used for desirable performance [34].

3.2. Numerical examples
3.2.1. Simple-clamped beam

Table 1 delineates two different damage scenarios. The first scenario is noise free while in the
second scenario, mode shapes of damaged beam are disturbed by 0.5 % noise (17, = 0.5 %) and
natural frequencies are contaminated by 5 % noise (1, = 5 %). The method through which the
noises are exerted in mode shape data and natural frequencies was explicated in former section.
The beam is schematically depicted in Fig. 5. The possible regions of multiple damages in simple
— clamped beam are firstly revealed by the applying wavelet transform on different mode shape
components (Fig. 6(a)-(c)), and then, unmasked damaged areas will be used in the next step. As
is vividly observed in Fig. 6(c) axial components identify the location of damages as well as
translational and rotational components in noise free scenario.

Table 1. Model 1 damage scenarios with aggregate 30 element

Damage pattern 1 Damage pattern 2 (7, = 0.5 %, 7, =5 %)
Location (m) | Element | Damage intensity (%) | Location(m) | Element | Damage intensity (%)
1.4-1.6 8 10 1.8-2 10 10
4-4.2 21 15 3.2-34 17 15
4.4-4.6 23 20
12 3 4

2 ‘5‘6‘7‘8‘9‘10‘11‘12‘13‘14‘15‘16‘17‘18‘19‘20‘21‘22‘23‘24‘25‘26‘27‘28‘29‘30L

JAN

— 6.0 m —

Fig. 5. Model 1 composed of 30 elements

In the next step, the intensity of damages for those nominated areas will be calculated by model
updating via ECBO algorithm with 1000 iterations (Fig. 6(d)). In this process, the ECBO
algorithm only scrutinizes those nominated areas suspected to be damaged. This procedure greatly
enhances the precision of the algorithm and significantly diminishes the number of variables. As
is clearly shown in (Fig. 6(b)), the ECBO algorithm reports the intensity of damages as much as
they are in table.1 for 1, 3 and 5 modes.

In the following example 7, = 0.5 % and 17, = 5 % noise are added to mode shape and natural
frequency respectively. The main purpose of making data noisy is first to assess that which of
three mode shapes components are able to successfully divulge where the damages are located in
the presence of noise. As is vividly observed in Fig. 7, both rotational (Fig. 7(a)) and axial
components (Fig. 7(c)) are capable of handling 0.5% noise level in mode shape; however, 0.5 %
noise added on the translational components (Fig. 7(b)) leads to masking the areas where damages
are situated. In addition to that, reporting impeccable results with noisy modal data is illustrative
of the fact that proposed objective function is both able to deal with noisy data and sensitive to
damage. As it is presented in Fig. 7(d), even in the presence of noise both in mode shape and
natural frequency, proposed two-step method accurately revealed not only where the damages are
positioned but also how much damage intensities are.

1504
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Fig. 6. Damage detection in model 1, simple — clamped beam, scenarios 1 (noise free): a) second mode
rotational components, b) second mode vertical components, c) first mode axial components,
d) damage intensities reported for 1, 3 and 5 modes
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Fig. 7. Damage detection in model 1, simple — clamped beam, scenario 2 (7, = 0.5 %, 7, =5 %):
a) fourth mode rotational components, b) first mode vertical components,
¢) third mode axial components, d) damage intensities reported for 1, 3 and 5 modes

3.2.2. Two-span beam with simple supports

As it was demonstrated in Section 2.1.3, owing to internal support (Fig. 8), a number of
singular points might be generated in the axial mode shape that are deemed as damage erroneously
during first step because the slope in left hand and right hand sides of the middle support are not

1505
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identical as is shown in Fig. 9(a), Fig. 9(b), Fig. 10(a) and Fig. 10(b). Consequently, this point
(middle support) is unintentionally supposed to be damaged when wavelet transform is applied to
axial components (Vividly shown in Fig. 9(e), Fig. 9(f), Fig. 10(e) and Fig. 10(f).

It is better to be noted that “edge effect” or outer supports problem will be effectively annulled
by means of signal extension methods; however, signal extension method is not efficacious for
middle support effect since middle support is positioned at the inner area of the beam. The second
step of the two-step method is the solution to tackle this problem; that is, damage intensity of zero
for those mistakenly assumed damaged areas will proof that these elements are intact (Fig. 9(g),
Fig. 10(g)). In Table 2, two damage patterns are considered to exemplify this problem.

25 elements 25 elements

- 50m ——— - 50m —————————

Fig. 8. Model 2 composed of 50 elements
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Fig. 9. Damage detection in model 2, scenarios 1 (noise free): a) axial 1st mode shape of 2 span beam — left
span is active, b) axial 2nd mode shape of 2 span beam — right span is active, ¢) second mode rotational
components, d) third mode vertical components, e) first mode axial components, f) second mode axial

components, g) damage intensities reported for 1, 3 and 5 modes

Another phenomenon that occurs in vibration of a two span beam, which would be observed
in Fig. 9(a), Fig. 9(b), Fig. 10(a) and Fig. 10(b), is that in each oscillatory mode, half part of a
beam is active while the other part is passive-its deformation is equal to zero — which is caused by
middle support. That one half of the beam is active in one mode while the other one is inactive, is
actually where the “middle support effect” arises from, due to the fact that it leads to inequality of
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the left hand slope and the right one. Interestingly, this fact also shows that in each mode, the only
detectable damaged points are those points which are extant on the active part, so the damage
detection process should be made up of observing two mode shapes simultaneously in each of
which one part is active and the other is passive. In the Fig. 10(e) and Fig. 10(f) middle support
effect is depicted.

Table 2. Model 2 damage scenarios with aggregate 50 element

Damage pattern 3
Damage pattern 1 Damage pattern 2 (1 =3 % n, =5 %)
Location Damage Location Damage Location (m) Damage
m)  |ement ensity (%) | m) P intensity (%) element intensity (%)
2.4-2.6 13 20 1.4-1.6 8 5 Th 20
7476 | 38 15 36-3.8 | 19 10 e 10
772 | 36 15 gep 30
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Fig. 10. Damage detection in model 2, scenarios 2: a) axial 3st mode shape of 2 span beam — left span is

active, b) axial 4st mode shape of 2 span beam — right span is active, c) first mode rotational
components, d) first mode vertical components, €) third mode axial components, f) fourth mode
axial components, g) damage intensities reported for 1, 3 and 5 modes

In the following example 3 % noise is added to mode shape (n; = 3 %) and 5 % noise to
natural frequencies (1, = 5 %). As it was allegorized in the former section and could be observed
in Fig. 11(b), translational components of mode shape are much more sensitive to additive noise
in comparison with both rotational and axial ones, and it is not capable of exhibiting the location
of damages well in the presence of noise. Thus, according to Fig. 11(a), Fig. 11(c) and Fig. 11(d),
it is recommended that either rotational or axial components of mode shape data would be used in
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order to unmask where the damages are positioned in the presence of noise. In Fig. 11(e), it is
lucid that not only are the exact damaged elements identified but the intensity of those are also
accurately computed when both mode shape and natural frequencies are noisy. The accuracy of
damage intensities even in the presence of noise would be attributable to two characteristics. First
and foremost, it is not necessary for the optimization algorithm to probe the entire length of the
beam, but rather, it just scrutinizes the areas nominated by wavelet transform as damaged. The
second characteristic is pertinent to new introduced objective function which is heavily reliant
upon damages while not affected by noise. Both of these characteristics considerably assist in
diminishing the time of convergence and also to ameliorate the results.
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Fig. 11. Damage detection in model 2, scenarios 2 (; = 3 %, n, = 5 %): a) first mode rotational
components, b) first mode vertical components, ¢) third mode axial components,
d) fourth mode axial components, b: damage intensities reported for 1, 3 and 5 modes

It is worth to mention that as the number of used modes increases, the accuracy of results
would diminish when data are contaminated with additive noise stemming from the fact that
number of noisy data has grown which is vividly observable in Fig. 11(e). In order that a cyclic
method would be classified as reliable and robust, a number of characteristics should be observed.
The first and foremost property is attributable to being stable during the whole process which
means that the method should exhibit a smooth convergence curve. As it is lucid in Fig. 12, the
second step of the two-step method exhibits a smooth cyclic behavior till it converges to desirable
answers. Interestingly, with respect to value of the cost function, the fact that results using 1 mode
would be better than that of 3 modes, and results for 3 modes would be better than that of 5 modes,

1508 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716



1986. A TWO-STEP METHOD COMPOSED OF WAVELET TRANSFORM AND MODEL UPDATING METHOD FOR MULTIPLE DAMAGE DIAGNOSIS IN
BEAMS. REZA ABBASNIA, BORHAN MIRZAEI, SEYEDMOHAMADMAHDI Y OUSEFBEIK

can be observed in the iteration curve when noisy data are recruited.

Table 3 reports damage percentages for suspected elements in model 2, scenario2 with
n1 =3 %, n, =5 %. According to this table, in the first 50 iterations, convergence rate is the
highest; however, from then onwards convergence rate experiences downward trend and it can be
deduced that after the first 500 iterations, the answers do not alter considerably.

2
10
— 1 mode
s 3 modes
4 5 modes
10 ¢ B
-6 .‘\_
10 = 3
8
10 | | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000

Number Of Iteration
Fig. 12. Iteration curve for model 2, scenarios 2 with 3 % noise
in mode shape and 5 % noise in natural frequency

Table 3. Damaged intensities captured for suspected elements for model 2, scenarios 2

. . Suspected elements
Number of iterations 3 19 s % 36
2 18.64 | 19.13 | 9.89 | 0.81 | 36.74
10 18.83 | 11.96 | 1.38 | 0.09 | 28.91
50 19.15 | 10.58 | 1.84 0 29.30
200 19.77 | 9.87 | 1.01 | 0.16 | 29.58
500 19.84 | 9.86 | 0.01 | 1.14 | 29.56
1000 20.04 | 9.88 0 0.52 | 30.14

3.2.3. Two-span beam with clamped supports - comparison between optimization algorithms

In the following model, a two span beam with two damage scenarios (Table 4) and clamped
connection at borders and simple support in its middle is considered (Fig. 13). Sampling interval
in this model is 30 cm. As it is clearly shown in Fig. 14, in the first scenario, wavelet transform is
exerted only on axial mode shape components with 1 % noise, and then, approximate locations of
damages are revealed. Five optimization algorithms scan these areas in order that the intensity of
damages would be illuminated. All of them in the presence of 1 % noise in mode shape and 5 %
noise in natural frequencies, report the intensity of damages with acceptable accuracy, yet the
ECBO algorithm possesses the minimum deviation from real damage value, so it will be
concluded that it is more in accord with this two-step procedure (Fig. 14(c)).

1 2 3 4 5 6 7 8

‘9‘IOAll‘12‘13‘14‘15‘16‘17‘18‘19‘20

AN

~——30m — === 30m =

Fig. 13. Model 3 composed of 20 elements

SRS
S

Table 4. Model 3 damage scenarios with aggregate 20 element

Damage pattern 1 (n; =1 %, 1, =5 %) Damage pattern 2 (n; = 0.5 %, n, = 10 %)
Location (m) | Element | Damage intensity (%) | Location (m) | Element | Damage intensity (%)
0.9-1.2 4 15 0.6-0.9 3 10
3.9-42 14 15 2.7-3 10 30
4.2-4.5 15 5
5.1-54 18 20
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c¢) damage intensities reported by five Meta-Heuristic algorithms
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In the second scenario (damage pattern 2), the level of noise in mode shape was halved to 0.5 %
while it is heightened for natural frequencies to 1s0 % and also one of the damages is deliberately
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placed near the middle support (element 10) to assess the fact that whether or not the two-step
method is able to detect damage positioned next to middle support in the presence of both noise
and middle support effect. This assessment is assumed because the middle support effect, as is
depicted in Fig. 15(b), is influenced by the damage fluctuation. Interestingly, all the optimization
algorithms identify the element 10 (adjacent to middle support) as damaged with difference that
ECBO algorithm shows more precise results (Fig. 15(c)).

4. Conclusions

The present study offers a new two-step method for damage detection of structures with
wavelet transform and model updating method. The process is initiated with applying wavelet
transform to axial components to identify where the damages took place. The second step
continues with exerting optimization algorithms in forms of model updating to unmask the
intensity of dubious points. To recapitulate succinctly, following results could be summed up
about the two-step method:

1) This two-step method appoints the role of finding damage locations to wavelet transform as
well as assigning the responsibility of identifying damage intensities to model updating method.

2) The process of spotting location of damages is verified by applying wavelet transform on
the axial components in beam structures. Moreover, its sensitivity to noisy data was evaluated.

3) A new phenomenon called “middle support effect” is both explicated and shown how to
tackle.

4) The problem with reduction of wavelet resolution due to “sampling intervals effect” is
tackled.

5) Due to employing this two-step method, the number of variables will drastically diminish
during model updating process, which, in turn, will result in reducing the process time and
augmenting the accuracy of results.

6) An efficient objective function, which uses natural frequencies and related mode shapes, is
proposed. Interestingly, it is heavily sensitive to damage while being insensitive to noise. Thus,
this objective function is highly recommendable and apposite for damage detection purposes.

7) Five optimization algorithms including GA, Pattern Search, CSS, ECBO and Cuckoo are
compared to one another with the the intent of finding the fact that which of them is more
compatible with two-step method, and according to the results ECBO algorithm is more in accord
with proposed method.

8) To simulate real world condition of data acquisition, a number of scenarios were solved
with different noise levels in all of which the two-step method was highly efficient.
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