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near the crack. The natural frequencies of a cracked beam are determined experimentally
and numerically using the Finite Element Method (FEM). The optimization algorithm is

Iég‘clvkogist'ection programmed in MATLAB. The algorithm is used to estimate the location and severity of
Vibration analysis a crack by minimizing the differences between measured and calculated frequencies. The
Particle swarm optimization method is verified using experimentally measured data on a cantilever steel beam. The
Finite element method Fourier transform is adopted to improve the frequency resolution. The results demonstrate
Experimental modal analysis the good accuracy of the proposed technique.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

In order to identify the location and depth of a crack in a beam, various experimental studies have been conducted, and
several methods were proposed by many authors in recent years [1-8]. Structural Health Monitoring (SHM) using vibration
analysis is based on five levels, which are: 1) detection; 2) localization; 3) classification; 4) assessment, and 5) prediction.
Many previous works for most of these levels are available in the literature. Beams are essential parts of a structure in
various fields of engineering and are considered in mechanical, civil, as well as aerospace engineering. In the vibration-
based SHM, it is very critical to extract modal parameters information based on the structural response measurements.
The information of a structure provides accuracy and critical data for determining the health of a structure, for which the
vibration-based SHM plays an essential role. Doebling et al. [9] presented a review on crack identification, damage detection,
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and localization in structures using vibration analysis. The estimation methods were predominately based on the changes
in natural frequencies [10-12]. The multiple damage detection in cantilever beam and complex structures using the co-
ordinate modal assurance criterion combined with an optimization technique was presented by Khatir et al. [13]. The crack
has been modeled as a spring with bilinear stiffness by Ballo [14]. Different detection procedures for damage identification
in rotors using damage parameters such as the crack depth and location were identified in [15,16]. Based on changes in nat-
ural frequencies, Messina et al. [17] calculated the Damage Location Assurance Criterion (DLAC) to identify single damage,
which was later extended to identify multiple damages [18]. Lee [19] proposed a technique for the identification of cracks
in a beam using Boundary Element Method (BEM). The detection of a crack in a beam was designed in such a way that the
crack was not modeled as a massless rotational spring, and then the problem was solved based on natural frequencies using
BEM. Deokar and Wakchaure [20] performed experimental tests for the purpose of crack detection in beam-like structures
using natural frequencies.

The above technique is called the response-based approach since the response data are directly related to damage |3,
21]. This approach is therefore fast and inexpensive. Another method known as the model-based approach [22] has been
proposed to detect damage based on updating certain parameters to get perfect agreement between the experimental
measured modal parameters and an initial finite element model. For damage detection in a beam using Genetic Algorithm
(GA) and vibration data, three objective functions were used by Khatir et al. [23]. Khatir et al. [24] presented a new damage
detection and quantification technique based on the changes in vibration parameters using BAT and PSO algorithms to
detect single and multiple-damage positions and the rate of damage in structural elements. The simplest method in a Finite
Element (FE) model is to use a reduced stiffness to simulate a small crack [25-27]. Cam et. al. [28] presented a technique for
damage detection, in which the vibrations as result of impact shocks were analyzed. Friswell and Penny [29] have presented
different approaches to model cracks, and showed that for SHM using low frequencies produced good results.

This paper is divided into five main sections. After the introduction section, the damage detection algorithm is presented
in the second section. Numerical examples of a 1-D cantilever beam and of a 2-D frame structure are illustrated in section 3.
In section 4, experimental validation using a laboratory steel beam is presented. Finally, the paper is concluded with some
remarks in section 5.

2. PSO algorithm

Khatir et al. [30] presented a new approach for detecting and locating single damage based on the FEM and the Proper
Orthogonal Decomposition method with Radial Basis Function (POD-RBF) coupled with Genetic Algorithm (GA) and PSO
algorithm. The results of both algorithms showed that PSO could be used to detect damage with height accuracy. The PSO
method was based on swarm intelligence and has been used widely in recent years. It was developed based on a variety of
versions that could handle the majority of optimization problems [31,32]. In this study, we used PSO for damage detection in
1-D and 2-D structures. The swarm is modeled as a number of individual particles chosen based on the problem description
for a global optimum. The particles communicate with their neighbors over the progress made so far and adjust their
moving velocity according to the information given. First, a population of candidate solutions is created randomly, each
of which is considered to be a particle moving through the multidimensional design space in search of the position of a
global optimum. The particle can be characterized by its physical position in the space and its velocity vector, while it has
the ability to remember two important pieces of information, namely; a) the best position has passed so far or a personal
best (P_best) and b) the best position that any other particle of the swarm has passed so far or a global best (G_best). The
acceleration coefficients of PSO, ¢ and cy, represent the degrees of confidence in the best solution found by the individual
particles. The updated equations for the speed and position of a particle are:

Vie+ D) =w{vi®) +cilr) x ([} = (¥ ©)}) + c2fra) x (]x°°} = {¥ ©}) (1)
Ke+D)={x¥©O)+vic+1 2)

where w is an inertia weight parameter, {x"*-/} is a vector of the personal best location found by the particle j until current
iteration, {x°P} is a vector of the global best location found by the entire swarm up to the current iteration, {vi(t)} is the
velocity vector of particle j at time t, {x/(t)} is the position vector of particle j at time t, and ry, r, are vectors containing
random numbers with uniform distribution in the interval [0, 1].

The fitness of each particle shows the quality of each solution and is evaluated by an objective function. In every iteration,
the speed of the particle is updated in a stochastic way. In this paper, we use PSO as an inverse problem for detecting and
locating damage using measured and calculated natural frequencies. The objective function (OF) is presented in the following
form:

0F = 3_((0] — o)/ (01)) ®

where, n is the number of modes, ! are the frequencies calculated by PSO-FEM, and o are the experimentally measured
frequencies.



112 S. Khatir et al. / C. R. Mecanique 346 (2018) 110-120

The loss of rigidity (damage level) and
position proposed by PSO

Updating the position and velocity of
each particle

{

FEM of a beam using elements = {e; ,
€2,€3,€4 €1}

FEM

Frequencies calculated by PSO H
for each iteration Input the measured

frequencies

0

Evaluation (best results) using objective
function by comparing the frequencies
calculated and measured

|

Find best position and level of damage
according to the number of selected generation

Objective
Function

Results

Fig. 1. Methodological approach for damage detection using PSO-FEM.
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Fig. 2. Beam discretized into 10 elements.

The PSO approach is used with population size of 200 individuals and maximum generation number of 100. The principle
of the methodological approach can be more easily seen through the flowchart given in Fig. 1.

3. Numerical examples

In this section, the results of two configurations, a cantilever beam and a 2-D frame structure, are presented using
simulated data. The number of iterations for the cantilever beam was set between 10 and 25, while for the 2-D frame
structure the number of iterations was set between 30 and 40. The fitness tolerance was introduced to be equal to zero.
This proposed method was implemented in MATLAB, on a PC with an Intel I5 Processor 5.0 GHz and 8 GB RAM.

3.1. A cantilever beam

For this first example, the model under study is a fixed-free beam divided into 10 elements and 11 nodes, with two
damage scenarios, D1 and D2, as it can be seen in Fig. 2. Only two degrees of freedom, a vertical translation y and a rotation
6, are allowed. The length of the beam is 0.7 m, the cross-section area is 0.0001 m?, the Young modulus is 200 GPa, and
the density is 7800 kg/m>.

The results of a single damage with 30% loss of rigidity at element 3 (D1) are shown in Fig. 3, and in Fig. 4 for a single
damage at element 8 (D2). The results show that for both damage scenarios, positions and levels were determined with
high precision after only 10 iterations.

3.2. Atwo-dimensional frame

A 20-bar complex 2-D frame structure, shown in Fig. 5, is studied as a second example. The length of each horizontal
bar is 1 m, and the length of the vertical bar is 0.8 m. The cross-section area of each bar is 0.006 m?, the Young modulus
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Fig. 4. Fitness and damage in elements for D2 with 30% damage level.

is 200 GPa, and the density p is 7800 kg/m>. The total numbers of elements and nodes are 20 and 15, respectively, and
two damage scenarios D3 and D4 are considered as shown in Fig. 5. The results of the 2-D frame structure for damage with
30% loss of rigidity at element 5 (D3) are shown in Fig. 6, while the results for damage at element 19 (D4) are shown in

Fig. 7. These results demonstrate that this approach can detect the damage positions and severity accurately for a complex
structure after 30 iterations.

4. Experimental validation
4.1. Experimental set-up

To verify the accuracy of our approach for crack identification in beam-like structures, an experimental setup was de-
signed using a steel beam (Fig. 8). The dimensions and material properties of the beam are given in Table 1. A Bruel and
Kjaer type 8206-001 impact hammer, a Bruel and Kjaer DeltaTron™ type 4507 accelerometer and a National Instruments
NI 9234 analog-to-digital converter were used. The transversal accelerations at different locations on the beam, caused by
the impact hammer at another location, were measured.

To find the eigenfrequencies experimentally, spectral analysis is performed on the measured input and output. The input,
the force of a hammer strike at a specific location, should have a sufficiently broad bandwidth to include all required
modes. If this is the case, the output, the transversal acceleration at different locations, will contain many modes. For the
input, the discrete Fourier Transform (DFT) is performed to analyze its bandwidth. For the output, the Frequency Response
Function (FRF) at the measured positions caused by an excitation at the location of the strike, is used to determine the
eigenfrequencies. The FRF is a relative measure, expressed in per applied force at a specific frequency, and is more useful
than the DFT of the output as not all frequencies are excited with the same magnitude.

The FRF is estimated with the so-called H1 estimator, see Fig. 9. Here, the measured output y(t) is assumed to be:

y(©) = u(t) +n(t) = h(t) * x(t) + n(t) (4)
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Loss of rigidity in element 5 (D3) and element 19 (D4)
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Fig. 5. Two-dimensional frame discretized in 20 elements.
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Fig. 8. Experimental set-up.

Table 1
Dimensions and material properties.
Properties Mean value
Length (m) 0.75
Width (m) 0.025
Thickness (m) 0.006
Young modulus (GPa) 200
Density (kg/m?3) 7800
Poisson’s ratio 0.3
n(f)
x (9 N k() u(®)
H(f) y@®

Fig. 9. H1 linear system [33].

where x(t) is the input, h(t) is the impulse response function, n(t) is the white uncorrelated noise and * is the convolution
operator. The following relation between the (cross) power density spectra exists:

Syx = 8k (iw) Sxx + Snx (5)

where Syy is the power spectral density of the input (= the load at element ), S is the cross-power spectral density of the
input and the output (= response at element k), and gy (iw) is the FRF at input k caused by the force at I, which is the FT
of the impulse response h(t). The cross-power spectral density of the input and the noise S,y is zero as n(t) is uncorrelated
noise. Equation (5) is then simplified as:

Syx = g (iw) Sxx (6)

from which the FRF gy (iw) is estimated.
4.2. Intact beam

A strike of an impact hammer approximates an impulse, which theoretically has a FT of 1 for all frequencies. Fig. 10
plots the time and the DFT of an impact test on the position 50 cm for an undamaged beam.

In the time domain, the impact approximates an impulse and in the frequency domain, it has a large bandwidth. Equa-
tion (4) is applied on the applied strike at 50 cm and on the measured acceleration at 70 cm, with the estimate FRF as
shown in Fig. 11. Note that only the first four modes are considered.

A FE model for this cantilever beam was constructed using Euler-Bernoulli beam elements as mentioned earlier. The
boundary conditions of the beam are free-free, as in the experimental setup the beam was suspended using a very flexible
spring. The optimization problem using PSO is solved as described in section 2. The algorithm is firstly applied to the intact
beam in order to achieve perfect match with the experimentally measured natural frequencies. The updated parameter
in this case was the global Young’s modulus of the beam, which was found to be 2.0786 x 10'!. The converged natural
frequencies are listed in Table 2 and compared to the experimentally measured ones. Excellent match can be seen.
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Table 2
Numerical and experimental natural frequencies of undamaged beam.
Modes FEM Experimental PSO-FEM
1 55.51 56.75 56.75
2 153.02 156.39 156.43
3 300.07 306.19 306.75
4 496.51 506.15 507.56

4.3. Damaged beam

The damaged beam considered herein has a crack at a position of 375 mm with a depth of 1 mm (case 1) and a depth
of 3 mm (case 2). The crack is generated using a thin saw cut to a thickness of 0.5 mm as shown in Fig. 12. The FRF of
the damaged beam (case 1) is shown on the left-hand side of Fig. 13. If zoomed in, only the third eigenfrequency seems to
have shifted significantly (right-hand side in Fig. 13). The FRF of the damaged beam (case 2) is shown in Fig. 14. Herein,
a clearer shift in the third mode is seen, as well as a small shift in the first mode.

4.4. Modeling of damage

In the FE model of the laboratory beam, the crack is simulated by calculating a stiffness reduction exponential function,
El(x), for a rectangular beam, which represents the variation in stiffness, given by [34]:

El

EI(X) = 1+ Ce((—2a|X—XcD/d) (7)

where C = (I — I¢j)/I¢j for Io=wd3/12 and Ic = w(d — dc)*/12.
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Fig. 12. Cracked beam using a saw cut.
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Fig. 14. FRF of damaged beam with 3-mm crack depth (left), zoomed in (right).

As shown in Fig. 15, w and d are the width and the depth of the beam, respectively, d. is the crack depth, X is any
position along the beam, X, is the position of a crack and « is a constant, which is estimated from the experiments to be
0.667 [19]. Equation (7) is integrated within the approach presented in Fig. 1, section 2.

4.5. Validation results

In the first validation example, case 1 is considered, i.e. crack depth is 1 mm at a position of 0.375 m. The convergence of
the position and the depth of the crack is shown in Fig. 16, and the convergence of the fitness is shown in Fig. 17. From the
results, it can be seen that, after 10 iterations, both depth and position are converged to the experimental values and the
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Table 3

Natural frequencies (Hz) of a damaged beam having a crack depth
of 1 mm at a position of 0.375 m.

Modes Experimental PSO-FEM
1 56.3835 56.3097
2 156.3035 156.2323
3 305.4699 305.4152
4 506.0238 506.1066

fitness is converged to zero. The converged natural frequencies using PSO are compared with the experimentally measured
ones in Table 3, from which excellent match can be seen.
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Table 4

Natural frequencies (Hz) of a damaged beam having a crack depth
of 3 mm at a position of 375 mm.

Modes

PSO-FEM

1

2
3
4

54.1621

156.3835
295.9844
505.7671

20

In the second validation example, case 2, the crack depth is increased to 3 mm at the same position of 0.375 m. For
this case, the convergence of the position and depth of the crack is shown in Fig. 18 and that of the fitness is illustrated in
Fig. 19. After four iterations, both depth and position are converged to the experimental values and the fitness is converged
to zero. Comparing these results to those obtained for case 1, it can be concluded that the convergence rate is faster for
larger crack depths. This is a logic conclusion as the larger the crack depth the easier to detect using modal data. The
converged natural frequencies using PSO are compared with the experimentally measured ones in Table 4 for the case of a

crack depth of 3 mm. Again, excellent match can be seen.

As a general conclusion, from the results, it can be seen that the performance of our approach, when a single crack is
present, is very good. The depth and location of the crack are very accurately estimated using the measured data of the

free-free steel beam.
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5. Conclusion

In this paper, a non-destructive method for the estimation of both the location and the depth of a crack in beam-like
structures, based on an inverse vibration problem, has been presented. The approach was based on PSO-FEM and experi-
mentally measured modal data for damaged and undamaged beams. The change in the natural frequencies of the structure
due to the presence of a crack was used as an objective function. A numerical study using simulated data of two examples,
namely a cantilever beam and a 2-D frame structure, were presented. Furthermore, the proposed approach was validated
using vibration experiments on a free-free laboratory beam. It has also been observed from our results that the estimation
of the crack position and depth was very accurate.
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