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1. Introduction

Defects and failures in structures, which are detrimental of
human life and financial resources, can be eliminated through
structuraldamageidentification methods that have been studied
previously through the literature. Among these methods, modal
analysis methods are very popular due to practicality. These
methods are based on the fact that modal parameters (natural
frequency, mode shape, and modal damping) depend on the
physical parameters (mass, damping, stiffness) and therefore
any changes in physical parameters can lead to a change in
modal parameters of the structure [1-2]. Typically, primary
data for the comparison can be derived from the measured
data of the intact structure or the finite element model. The
modal parameters used to identify structural defects include
frequency function, natural frequencies, mode shape curvature,
modal bending, and so forth [3-6]. Any damage detection
system is divided into several sections such as damage
identification, identification of damage location, damage rate
detection, and prediction of the damaging lifetime. In order to
obtain an efficient performance, the presence of a very precise
mathematical modelling of the monitored systems is vital.
Modelling errors can affect performance of damage detection
systems, especially in nonlinear monitored systems. The use
of computational intelligence methods may compensate the
modelling errors to provide a good approximation of nonlinear
systems. Lia Ding et al. at Western Australian University
evaluated the dynamic vehicle axle loads on bridges with
different surface conditions. The innovation of this study was
the application of the "evolutionary spectral method” to assess
dynamic loads of the vehicles on the beam moving on a rough
surface of the beam at constant velocity [6]. Jean-Charles et al.
at the Civil Engineering department of the University of Tokyo
proposed a method for prediction of vehicle-induced local
responses and application to a skewed girder bridge [7]. Law et
al. worked on identification of the vehicle axle load on the bridge
deck at the Hong Kong Polytechnic School of Engineering. The
axial loads applied to the beam were estimated based on an
irregular road surface profile [8]. Neves et al. at the University
of Porto used a direct method for analysing the vertical vehicle—
structure interaction. Their proposed method is more suitable
for systems with high structural volume than those that
are constantly updated [9]. Law et al. studied the statistical
prediction of the dynamic response of a beam structure with
uncertain properties due to random passage of moving loads.
The uncertain properties of the beam structure were assumed
to be Gaussian and were modelled using the finite element
method. The uncertain properties of the vehicle with Gaussian
distribution were presented using the Karhunen—Loéve
Expansion. Na et al. used the Genetic Algorithm (GA) to detect
stiffness changes in a twenty-story shear frame [11]. Marano
et al. used the GA method to detect damage in a shear frame
with incomplete measurements [12]. Mosquera et al. used GA
to detect displacement changes on a two-span bridge in El

Centro [13]. Loh et al. modelled a three-dimensional crack in a
structure and used wavelet and Fourier transforms to identify
damage in an RC frame employing a shake table test [14].
Ganguli et al. presented the damage as stiffness reduction in
modulus of elasticity and detected the location and the severity
of damage on a helicopter blade by using a fuzzy logic system
[15]. Among modal parameters, natural frequency is the most
commonly used since it can be easily and accurately measured.
In the present study, a new intelligent portable mechanical
system is proposed for damage detection in beam-shaped
structures using the fuzzy-genetic algorithm. The advantages
of this technique are as follows:
- It could be applied for the mixed type of structures due to the
system’s simplicity and efficiency.
- The EMD (Empirical Mode Decomposition) method and
Short-time Fourier Transform are utilized to extract natural
frequency, which is different from previous works.

The current technique is able to identify the location and severity
of damage in diverse modes. In this paper, a moving load
including a concentrated mass and a linear elastic spring with
constant velocity is used to excite a simply-supported beam
dynamically. The acceleration-time history is extracted from
three points of the beam by using the accelerometer sensors.
To convert the acceleration-time history into usable information
for damage identification, the EMD method is utilized. In this
manuscript, the empirical method of signal decomposition into
the main modes is firstly introduced and the capabilities of the
method for damage detection are investigated. Then the signal
components known as intrinsic mode functions (IMFs) gained
by the EMD method are converted to the frequency range
using the short-time Fourier transform method. The dominant
frequencies of each IMF are used as features of the Fuzzy-
Genetic Algorithm (FGA) to detect the location and severity of
damage in the structure.

2. Modelling beam vibration system and moving
oscillator

2.1. Equation of motion of moving oscillator

Figure 1 shows a moving oscillator that is a half-oscillator

model with 4 degree of freedom with the constant speed v on

a simply supported beam. The free diagram of moving oscillator

for Figure 1 is shown in Figure 2. The four degree of freedom of

this moving oscillator include:

- The vertical motion y, of the unsprung mass m,

- The vertical motion y, of the unsprung mass m,

- The vertical motion y, of the sprung mass m, that is known
as the vertical movement

- Angular momentum 6, of the sprung mass

This is the vibration system of the basic activation function
that is provided by y, and y, displacements. All displacements
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Figure 2. Free diagram of moving oscillator
P(t) = (Cer)ya + (Kt1)Y4] _ [Pl(t) _
(Ce2dys + (Ki2)ys P, (t)

are measured against their static situation, and 6, is considered
to be small. The equations of motion of every four degree of
freedom of the moving oscillator are modeled using Newton's
second law, which is obtained as follows after simplification:

m, 0 s1+ Csz 1gCs; — 15Csy —Cs1  —Cs Vv
[ (U ] [IF 52— 18Cs1 15°Csy +15°Ces~ 18Cs1 —leCsz GV]

0 0 ml 0 V1 —Cs1 1pCsy Ca1 + Cu 0 V1

00 0 mlly, —Csz  —IeCsz Cs2 + Cea Ly

Ksl + Ksz lFKsz - lBKsl _Ksl s (1 )
IpKs; — 15K 15°Kgy + 167Kz IgKs; _1FK52
—Kg1  1gKg Ks1 + K l [(Cn)h + (Ke1)ya
—Ks2  —leKs2 0 ke, + Kiz (Ce)¥s + (Ke2)ys

Because y, and y, values are not known, A(f) matrix can be
defined as follows:

(mr+a;m )G+ (VWG (0,013 ) +Cur (-0 0.0)] @)
(mz*asm,)g+Ke (¥, W(E().D-1(%2(1) ) +Ce (¥,-W(%:(0.0))

Accordingly, P(t) is obtained from the sum total of static forces
resulting from the moving oscillator and of the forces resulting
from the beam-moving oscillator interaction.

In Equation (2), r(x) is the surface roughness of the beam at the
point X, X;(t)and X, (t) are the location of front and back axles
of the moving oscillator, respectively, at the time t; g denotes
the acceleration of gravity; w(fq(t),t) and w()“(2 (t),t) are the
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vertical deflection of beam body at the points where the front
and back forces are exerted, respectively, at the time t. Point (.)
indicates the time derivative. The following notations are made
to simplify the forms of equations of motion:

M =[mv 0]'M =[m1 D]Ac _[ CatCs 1chz—lncs1],c =[—Cs1 —Cs2 1.
VETLo LI TVETL0 mol Y T ey, —1Cy  15%Ce +1eCol Y2 T lsCr —1eCeal

I5Csy ] Cuz = [Csl +Cu 0 Ks1 +Kez IeKez — 15K ]
' 0

—C,
Cyzr = [ st ] 1Ky = ] H
VAT -C,  —liCsp Coo +Ceal” "V 7 K, — 15Ky 15%°Ksq + 16°Kso

(3)

—Ks1 K IgKs ]

- Ks2 . _ _ [Ks1 +Ka
Kuiz = []BKSI —lFKsz] Kz = Ko —IKs; Kua = [ 0

0 1.._
ksz +Kt2] Ge=

0 Ce Kl ” 77 7 U(m, +aymy)g Y1

S ea 2 ,PO_{(ml"’azmv)g};Y:Fi];
Y2

Thus, Equation (3) may be rewritten as Equation (4) that is the
equation of motion of the moving oscillator.

My; O ] [Cvu Cvu]' [Kvu Kv12] [ 0 ]
Y Y Y= N
[ 0 My, * Cva1 Cya2 + Kva1  Ky2z P(t) (4)

2.2. Equation of beam

Mass and stiffness matrices of beam elements are derived
using the Hermit splines shape functions. The result for each
element can be expressed as follows, Equations (5) and (6):

6 31 -6 3l
_am[ 3] 22 —3] P2
Ke=F126 231 6 —31] (5)
3 2 -3 21
156 221 54 —13I
_pa| 221 412 131 -3P2
Mi=1%| 54 131 156 —221] 6)
131 32 —221 4P

By integrating matrices for each element in a general matrix,
the mass matrix and stiffness of the entire structure have been
achieved. By considering the Rayleigh damping for beam and
boundary conditions, the equation of the vibrating beam can be
written as:

MyR +CyR +KyR = H,P (7)

In Equation (7), M,, C, and K, are the matrices of mass, damping
and stiffness of the beam structure, R and R" and R" are the
displacement, velocity and acceleration vectors, respectively.
H,P is equal to force vector on the node which comes from the
interaction of the beam and the moving oscillator. By combining
the Equations (7) of the beam and the moving oscillator, the

vibration Equation (8) can be written as follows:
M(t)Z +C(t)Z + K(t)Z = F(t) (8)
M(t), C(t) and K(t) are the matrices of time-varying vibration

system of the beam and the moving oscillator and F(t) is the
force vector, Equation (9).

M, 0 HyMy,
M(t) = [ 0 My, 0
0 0

Co  HypCyz Hp(Cyzz —Cy)
;c=| 0 Cya1 Cviz

My, CHY  Cyvar Cyvzz
H,PO (9)
Ky HyKyay  Hp(Kyzz = Co) 0
K(t)= 0 Ky Kyiz ® = PR .
KHI + CHT  Kyy Kya2 C[lr(xl(t))xl(t) + Ky r(2,()

anr(iz(t))f'(z () + Keor(R (1)

Z,Z,7 are vectors of the displacement, velocity and acceleration
of the beam vibrating system and the moving oscillator.

The Newmark-f3 method is used to obtain dynamic response
of the nodes in the beam due to the passing of the moving
oscillator. Then acceleration-time history is obtained from the
beam midpoint. The signals are then decomposed into the
main modes using the EMD method, as explained in the next
section.

2.3. Properties of beams and moving oscillator

A simply supported beam with a moving oscillator is used for
this purpose. The beam is divided into 8 parts using the finite
element method. Tables 1 and 2 shows geometric and physical
properties of the beam and the moving oscillator.

Young's modulus 70 GPa
Cross-sectional area 200 mm?
Length of beam 820 mm

| = 1666.67 mm.
|, = 6666.67 mm*

2700 kg/m?

Moment of Inertia

Density

Table 1. Properties of beams

v=2m/s;m, =0.5kg m =m,=0.05kg; | =0.0083 m*
s=005m;a, =a,=05m;K_ =K, =490.5N/m; K, =K, =4900.5 N/m

C,=C,=C,=C,=02;1=0000167 m*

Table 2. Properties of moving oscillator
3. EMD method

The EMD method is based on simple assumption that each

signal consists of some fundamental components. According to

this method, each signal can be decomposed into a number of

signals that must satisfy the following conditions [16]:

- The number of the zero crossings and the extrema are equal
or differ at most by one, and

- Theaverage value of the local extrema and the minima of the
envelopes is equal to zero.

These decomposed signals are called IMFs. In order to
decompose the time domain signal and to gain IMFs, the
following steps should be considered:

- Determining all local maxima and minima of the signal.

- Connecting the maxima points together using the cubic
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spline interpolation technique and repeating the same
procedure for the minima points.

- Calculatingthe meanvalue of the functionlines corresponding
to the maxima and the minima of m, and related difference
with the value of the main input signal related to the
vibrations x(t), whichis setto h, [16].

x(t)—m, =h, (10)

where h, is the first member to be checked for IMF
requirements. For this purpose, two above IMF conditions
must be considered. If it is supposed as an IMF, h, is
separated from the original signal as of the first IMF and is
called c,. The residue is called r,. Through the next step, r,
is treated just like the original signal and the above process
is repeated [16].

r,=x()-c, (11)

n1 " Cn= r.n (12)
If h, is not an IMF, it should be treated as the original signal
and the same steps (1 to 3) need to be iterated. The iteration
continues till k-steps to make sure that is an IMF.

(13)

h1 -my = h11

c=h, (14)
This process of decomposition is supposed to be completed

when the last residue r, has at most one local extremum [16].

2
h t)—h, (t
-3 s ()=t (0) | (15)
f ha 4 (t

)

where n is the steps of the process and ¢ is considered to be
between 0.2 and 0.3. If the function r satisfies the previously
mentioned conditions, the algorithm stops, otherwise, the
previous steps should be repeated. As the decomposition steps
are passed, the main signal can be represented as follows [17-
19].

4, Short-time fourier transform (STFT)

In dealing with non-stationary signals, it can be assumed
that there are some stationary components. If the
stationary part of the signal is too small, appropriate small
size windows should be used. In this method, the signal is
divided into small enough components that are supposed
to be stationary. For this purpose, a step is chosen in which
the width of the step is equal to the part of the signal that
its stationary assumption is variable. This step is initially

placed at the beginning of the signal t = 0. Assuming the
step width as T seconds, at time t = 0, the step will cover the
first T/2s of the signal. In the next step, a step is multiplied
by the signal. If the step is supposed to be a rectangle with a
value of 1, the product will be equal to the same part of the
signal. This product is then processed as an independent
signal by Fourier transform.

STFT™ (tw) = [f(t)x Wt —t’)} xe Mgt (16)

where f(t) is the signal, w(t) is a window function (step), and *
is the sign of complex conjugate of the function. If the signal
separated from the main signal is stationary, its Fourier
spectrum can be considered as an accurate representation of
the frequency content of the first T/2 s of the signal. Then the
step needs to move into the next part of the signal and the
same procedure repeats. This process continues until the end
of the signal.

5. Beam and moving load modelling

An aluminium beam 2 m in length and 20x10 mm in cross
section is tested experimentally. Both ends of the beam are
attached to two half-meter columns as shown in Figure 2. The
self-weight of the aluminium beam and any applied loads are
entered into the ball bearings at both ends which precisely
have the same behaviour of simple joint support. A reverse
vehicle is used to model the dynamic excitation system as

shown in Figures 3 and 4 in the laboratory and schematically,
respectively.
Figure 3. Simple support

According to Figure 4, the proposed vehicle consists of two
Teflon-type wheels to be in contact with the beam during the
experiment due to its self-weight. Two 0.5 kg masses called m,
and m,, connected to a 2 kg mass by using two tensile springs,
are attached to the wheels. The vehicle is driven by an electric
motor including a gearbox at a constant speed of 1m/s, causing

GRADEVINAR 73 (2021) 7, 693-704
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“\ /’ \ / Figure 5. Location of crack in beam
E
= Accelerometer Sensors (Type 4507) are installed at the upper
part of the beam at 168, 94, 54 cm of the beam length. The
test is implemented with a sampling frequency of 6.4 kHz, as
the sensors have the capability of recording even the slightest
£ vibrations. The vehicle is driven by an electric motor at a constant
§ speed of 1m/s and passes the entire length of the beam to
generate vibrations along the beam. The signals are stored by the
accelerometers. To increase reliability, each test is repeated 20
times. On the other hand, during each test, the signals extracted
M ,=05kg M ,=05kg E from all three sensors at different locations are repeated twenty
E
N
[}
M=2kg E
|

|| |
vibration in the beam. The shape and location of cracks are
presented in Figure 5.

Figure 4. Physical model of moving load

scenarios. A scheme of the laboratory is shown in Figure 6.
6. Extraction of vibration signals

Figure 6. Beam in laboratory
To extract vibrational signals of the beam, three B&K
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Figure 7. Acceleration time history for safe beam in first test
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Figure 8. Acceleration time history for safe beam in second test

Three cracks, which are made by using low thickness saws,
are placed on the beam at 1/4, 1/2 and 7, of the length of the
beam with damage intensities of 50 % and 80 % (d/h). The test
is repeated twenty times on each one of the cracks. In the first
case, the intact beam is tested by moving the vehicle twenty
times over the beam at a constant speed of 1 m/s, and the
acceleration results are stored in each experiment separately.
The vehicle passage results are shown in Figures 7 and 8 for the
intact beam.

As shown in Figures 7 and 8, the beam oscillated as the vehicle
began to move along the beam, and the oscillations diminished

Test 1 - Sensor 1

with the passage of the vehicle to a non-vibrating state. By
assessing the signals of the twenty experiments, it can be
concluded that the system is reproducible. In the second case,
the crack is placed at 1/2 of the length of the beam with 50 %
and 80 % of damage and the same experimental procedure of
the intact beam is repeated. The results of the test are stored
for all twenty times of repetition distinctly. The results of the
first two experiments with 50 % of damage intensity are shown
in Figure 9. In the third and fourth cases, the cracks are placed
at 1/4 and 3/4 of the length of the beam with 50 and 80 %
of damage intensities. The same steps of vehicle passing are

Test 1 - Sensor 2 Test 1 - Sensor 3
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<
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Figure 9. Acceleration time history for beam damage in first and second test
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repeated over the beam and the results are stored separately.
However, the results are not presented due to similarities.

As illustrated in Figure 10, the acceleration signal obtained
from the first experiment in the first sensor is converted to

g 20

£ of + H-+ 4

E -
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g 20

3 ok Gip g fiaica sl
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31 frequency ranges, and only the first five components are
presented in this figure.
Figure 10. IMFs extracted from acceleration time history signal

According to Figure 11, the sum of the frequency range and
frequency of the main signal fit perfectly. The results of the
EMD are converted to the frequency range using the short-time
Fourier transform method and then the dominant frequencies
of each IMF are obtained, and are used as features for the
FGA. It should be noted that at this stage thirty-one IMFs are
gained from each signal. Then the dominant frequency of each
component is obtained by using the Fourier transform. On the
other hand, three signals are gained per test, and each of them
includes 31 dominant frequencies. Lastly, 1860 frequencies are

a) 150 -
[
S 100 I )
i
g s0 |y H‘
< alm T »
o i L | 4TS W am, i - A, a
0 200 400 600 800 1000 1200 1400
Frequency [Hz]
b) 150
<
S 100
=
g' 50 | “\‘
< f .
0 200 400 600 800 1000 1200 1400
Frequency [Hz]

achieved by considering twenty repetitions in each case.

Figure 11. Compliance of two frequencies from sum of 31 IMFs: a)
the frequency of EMD; b) the frequency of original signal

with PSD

Since this number of features is too high for the FGA, only
3 frequencies are extracted from each signal and, based on
the current assumption, 9 frequencies are acquired. Also, as
mentioned, the FGA must be trained and then verified after
completing the test process and the percentage of the correct
answers can be expressed. For this purpose, the first 10 tests are
considered foralgorithm trainingand the next 10 for the validation.
The frequencies of the intact beam for the first experiment and
thefirst sensor areillustrated in Figure 12 by using the short-time
Fourier transform. It should be noted that the three-dimensional

Frequency [Hz]

time-frequency-value figures are presented as two-dimensional
frequency-value plots in Figure 12.

Figure 12. STFT diagram of time-frequency value of intact beam for
all IMFs in first test in sensor 1

7. Genetic-fuzzy algorithm

Based on the created membership functions, fuzzy logic (FL) is
a high-capacity algorithm for the classification of data. Due to
the FL requirement for the values of the mean and the standard
deviation of data, which can be optimized by the GA, the
combination of the FL and GA results in an efficient algorithm.

7.1. Damage indicator modelling

The damage indicator is considered as the difference between
ninety dominant natural frequencies obtained from the short-time
Fourier transform output for both intact and the damaged cases
in the beam. This is defined in a non-dimensional form as follows:

700

GRADEVINAR 73 (2021) 7, 693-704



Structural health monitoring of beams with moving oscillator: theory and laboratory

u d
Aw = % (17)
[0}
where Ao is the frequency difference in non-dimensional form,
®" denotes the dominant natural frequency of the intact case,
and o is the dominant natural frequency of the damaged case.

7.2. Damage detection system design

In this system, natural frequencies of each scenario are
subtracted from the frequencies of the intact beam and then
divided by the same intact case frequencies. The values are
normalized between zero and one as listed in Table 3. Therefore,
one intact and six damaged scenarios are defined. The fuzzy
system input is taken as the normalized frequency difference,
and the output is defined as the location and severity of damage.
However, the main objective is to find the relationship between
the inputs and the outputs. The first step in defining the fuzzy
system is fuzzification of the existing data into a linguistic
expression. For this purpose, each normalized frequency
difference is converted into five sections as shown in Table 4.

The next step is to define membership functions. A membership
function is a function that is based on the input data, and a value

Table 3. Normalized frequency difference between 0 and 1

between zero and one is specified for the output. In this paper,
Gaussian membership functions are used for input variables.
This function can be defined as follows:

p(x)= e_o's[xgm] (18)

where m is the midpoint of the fuzzy function and § is the
standard deviation related to the variables. Gaussian fuzzy
membership functions are very common in fuzzy systems. The
midpoints for these functions must be chosen in such a way
that the frequency range is covered appropriately.

The selection of standard deviation for fuzzy functions is highly
important due to its great effects on the performance of the
fuzzy system. A rule is specified to obtain the fuzzy rules by
converting the numerical frequency difference into linguistic
expressions at any location and severity of damage. Based
on the membership function defined in the previous step, the
degree of the membership associated with each frequency
difference is gained.

Each frequency difference is assigned to a membership function
with the maximum value. Following the above-mentioned
process and considering the linguistic expressions defined in
Table 2, seven rules are achieved as listed in Table 3. These rules

AM90 AM?2 AM1 Intensity [%] Damage location
0.05 0.15 0.49 50
in 50 cm
0.56 0.29 0.53 80
0.67 0.34 0.45 50
in100 cm
0.56 0.56 0.65 80
0.09 0.87 0.98 50
in 150 cm
0.34 0.56 0.34 80
Table 4. Fuzzy-Gaussian functions to fuzzify numerical values
0.87-1 0.62-0.87 0.37-0.62 0.12-0.37 0-0.12
Very high (VH) High (H) Moderate (M) Low (L) Very low (VL)
Table 5. Fuzzy system rules
AM90 AM2 AM1 Severity of the damage [%] Damage location
N N N Safe Safe
VL L M 50
in50 cm
M L M 80
L M 50
in 100 cm
M M H 80
VL H VH 50
in 150 cm
L M L 80
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can be interpreted for specific cases as follows:

If M, L, and VL are the first frequency difference, the second
frequency difference, and the frequency difference of 90,
respectively, the intensity of the damage in 50 cm of the length
of the beam is equal to 50 %.

The rules related to other damage cases can be interpreted in
the same way. As listed in Table 3, each rule has a unique effect
which is completely different from other rules. Therefore, the
defined fuzzy system can be considered as a good classifier.
These rules generate basic knowledge and show how an expert
uses the interpretation of frequency changes for damage
detection.

After rules definition, the GA, which is highly different from
traditional methods, is used for the optimization of membership
functions. In this algorithm, the design space must be converted
into a genetic space. Therefore, GA works with a set of coded
variables. This algorithm is used in this manuscript to find the
midpoints and the standard deviation of the specified fuzzy
Gaussian functions. For this purpose, the cost function must
first be defined for finding the minimum. The objective function
is defined and described as follows:

211211 ﬁ’/

27x9

(19)

where a is the optimal output value of the fuzzy system and
B is the actual output value of the fuzzy system. The optimal
output is assumed in such a way that if the fuzzy system data
is applied to a damage case, the related rule of the mentioned
damage outputs the value one, and the other rules are taken
as zero.

To produce the next generation based on the values obtained
from the objective function, the best population of the present
generation is copied at the rate of one. However, genetic parts
of the algorithm should be used to produce the rest of the
population. The crossover operator, which is used to combine
the genetic information of two parents to generate new
offspring, consists of three operations:

- apair of strings are selected randomly

Table 6. Output of fuzzy rules with different frequency data

- acrossover point is chosen over the string
- finally in the third step the offspring are created by
exchanging the strings values based on the crossover point.
In this manuscript, the rate is set to 8 to produce the child.
Another operator in the GA is the mutation operator that is a
random modification of a child through the population in which
the rate of this operator is chosen as 2 in this paper. Therefore,
the optimum value for the fuzzy midpoints and the standard
deviation are gained after 100 iterations with the objective
function value of 0.69.
For reliability assessment of the designed fuzzy system, the
frequency difference values are utilized to define the system'’s
inputs. Also, to gain the fuzzy system output, the midpoint of
fuzzy sets corresponding to the 90 frequency difference outputs
is used as the fuzzy system output represented in Table 6. As
per Table 6, the fuzzy system can produce the maximum value
of one in each damage case. It means that the designed system
meets the preliminary requirement for predicting the damage's
respective location and severity.
After the training stage, implemented and validated by the first
ten experiments, the proposed method is applied for ten further
tests not included in the training phase. The most significant
point is that all signals in this stage are contaminated with
noise to satisfy the real-world noisy signals condition. Similarly,
the extracted properties, parameters and class numbers from
the tests are considered the fuzzy system'’s input and output,
respectively. By comparing this class number with the correct
class number in each simulation, the success rate S, can be
calculated as follows:

N,
S —C 1x100

where N is the total number of the simulated samples and
Nc is the number of the correctly detected samples in the
corresponding class in Table 5. The value of the success rate for
each damage case and the average success rate value are also
listed in Table 5. In order to study the effect of the measured
noise, different noise percentages are applied to the extracted
features, and then the success rate value is presented for

(20)

Output of Output of Output of Output of Output of Output of Output of Severity Damage location
Rules 7 Rules 6 Rules 5 Rules 4 Rules 3 Rules 2 Rules 1 of the damage g
0.32 0.97 0.08 0.63 0.76 0.34 1 Safe Safe
0.16 0.21 0.76 0.13 0.54 1 0.34 50 %
Damage in 50 cm
0.26 0.28 0.21 0.1 1 0.32 0.34 80 %
0.43 0.06 0.1 1 0.42 0.41 0.25 50 % )
Damage in 100 cm
0.32 0.08 1 0.42 0.27 0.42 0.31 80 %
0.14 1 0.31 0.59 0.44 0.54 0.13 50 %
Damage in 150 cm
1 0.19 0.23 0.60 0.54 0.68 0.12 80 %
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each class. Obviously, noise can cause errors in the measured
data. Although the use of modern equipment has reduced the
noise, it can never be eliminated. Therefore, the fault detection
system should not only work based on the ideal values but
should also be capable of working in the presence of noisy data.
In this study, uncertainties in modelling and measurement of
noise are added to the frequency difference values. Equation
12 is defined for this purpose in which the random number u
is selected in the range of {-1,1} and a denotes the noise level
[19]:

Ao, = Ao +au (21)
The o parameter specifies the maximum variance between the
value of Ao and the simulated value of Aw, . For instance, if
a = 0.1, the value of e can differ from the Aw value by ten
percent. Therefore, a is used to control the noise level in the
fuzzy system input data.

To assess performance of the damage detection system for
each noise level, the noise is added into the frequency data of
the beam by using Equation (12). Then the noise data is applied
to the fuzzy system and the accuracy of the damage detection
results is calculated. The rate of the correct results based on

a=03 a=02 a=0.1 o =0.05 Rule
81.9 88.3 91.2 98.3 1
76.4 81.3 89.4 99.3 2
70.3 74.3 81.3 97.4 3
69.9 76.6 85.5 98.5 4
71.1 86.6 90.4 96.8 5
61.2 71.2 88.4 92.5 6
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