Sensitivity analysis for frequency-based prediction of
cracks in open cross-section beams

Constantin-Ioan Barbinta!, Cristian Tufisi?, Codruta Oana Hamat3, Dorian Nedelcu®,
Gilbert-Rainer Gillich®

Universitatea “Eftimie Murgu” din Resita, Resita, Romania

Corresponding author

E-mail: 'constantin.barbinta@yahoo.ro, *cristiantufisi@yahoo.com, *c. hamat@uem.ro,
4d.nedelcu@uem.ro, >gr.gillich@uem.ro

Received 21 August 2019; accepted 30 August 2019 ) Check for updates
DOI https://doi.org/10.21595/vp.2019.20969

Copyright © 2019 Constantin-loan Barbinta, et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. The paper presents a study dedicated to analyzing the sensitivity of structures with open
contours to cracks. For this purpose, we analyze the particular case of the I-beam made by welding,
for which we want to see how the frequencies of different modes of vibration change when a crack
occurs in the weld joint between the web and the flange. The research is done using numerical
simulations performed with the ANSY'S program, from which the natural frequencies are obtained
depending on the depth and extent of the crack. A large number of vibration modes and two types
of boundary conditions are taken into account. We found that the frequency changes are small but
still detectable and depend on the beam fixation mode. This makes it possible to detect cracks in
the weld joint if the vibration modes where the decrease in frequency is significant are analyzed.
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1. Introduction

Monitoring the integrity of structures is a constant concern of researchers and practitioners for
several decades. In most cases, global control methods are used, which are based on the analysis
of the vibration signals of the monitored structure. The parameters that are monitored and which
provide information about the integrity of the structure are the natural frequencies, mode shapes
and curvatures, and less often modal damping. Damage detection techniques that use these modal
parameters are available [1-5]. There are also techniques that consider the axial forces manifested
in the beam that appear due to environmental conditions [6] or operational loads [7-9]. All the
methods that use the vibrations are based on the deterministic link between the changes of the
beam geometry and its modal parameters. Mathematical relationships that formalize this link are
presented in the literature for a single [10-12] or multiple cracks [13, 14].

Although open cross-section beams are often used in engineering structures, there are few
studies that address the detection of cracks by vibration analysis for these types of structural
elements, see for instance [15]. The intention of the authors is to investigate the behavior of
I-beams with longitudinal cracks by involving numerical methods since these have been proved
as reliable and versatile [ 16]. In addition, these methods can highlight the small frequency changes
that are expected, and which are difficult to be observed in the initial stage of research by
experiments. However, we have developed methods to increase the accuracy of frequency
estimation [17-19] and the procedures to compare the modal parameters in the healthy and
damaged state [20], so that we appreciate that in a mature stage the method to detect longitudinal
cracks in weld joints of the I-beams will work efficiently.

2. Materials and methods

The research focuses on finding the effect of a longitudinal crack on the natural frequencies of
I-beams. To this aim, a steel beam with three different boundary conditions is taken into account
in this study. It has the geometrical dimensions are indicated in Fig. 1.
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Fig. 1. The geometry and dimensions of the I-beam

The relevant physical-mechanical properties extracted from the ANSYS library for a structural
steel are: Mass density 7850 kg/m?, Young modulus 2-10' N/m?, Poisson ratio 0.3, Tensile
strength 470-630 MPa, Yield strength 355 MPa, and Min. elongation 20 %.

The two boundary conditions are as follows:

— Case 1: fixed at the bottom flange exterior surface (Fig. 2.a);

— Case 2: fixed at the median cross-section of the web (Fig. 2.b).

In case 2, for simplicity and without losing on information, we consider just the upper half of
the [-beam.

The crack extends along the beam in longitudinal direction and is located in the corner weld
joint between the flange and the web of the beam as presented in Fig. 3.

a) b)
Fig. 2. The boundary conditions considered in this research
—
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Fig. 3. The I-beam and a zoom on the crack location, highlighting it dimensions

We consider 5 crack scenarios and study the effect of the different crack depths, starting with
the crack depth a = 1 mm and further increasing it with a step of 1 mm until it reaches the depth
a = 5 mm. The crack starts always from the exterior web surface of the I-beam, as illustrated in
Fig. 3.

In order to obtain the natural frequencies of the healthy and damaged structure, a modal study
has been carried out. The boundary conditions for the I-beam are imposed by applying the fixed
support constraint as indicated in Fig. 2, first at the flange and secondly on the cross-section
located at the mid of the web.

The intact beam was meshed by using hexahedral elements of 5 mm size, see Fig. 4(a). It
results a model with 113936 elements and 623810 nodes. For the beam with a crack, illustrated in
Fig. 4(b), the resulted mesh is even finer because the elements are deformed in the interface
between the intact beam and damage boundary.

The dynamic behavior of the I-beam was studied by means of the ANSYS software. For the
healthy beam and the beam with cracks of different depths we perform a modal analysis and
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determine the natural frequencies and mode shapes for the first thirteen vibration modes. The aim
is to find if a sufficient frequency drop is obtained in order to indicate the crack and in which
modes the biggest drop is obtained and qualify for the structural health monitoring.

Fig. 4. A zoom on the left beam end for the intact beam a) and the damaged beam b),
highlighting the prismatic element’s distribution

3. Results and discussions

The simulation results presented in this section are processed in order to become relevant. This
means we had to check the similarity of the vibration modes because the software assigns mode
numbers according to the natural frequencies in ascending order, which is unsuitable for this
analysis. Therefore, we checked the shape for each vibration mode and reordered these to ensure
coherence. The frequencies acquired for the healthy beam and the beam with cracks are presented
in Table 1 for the I-beam fixed at the flange and in Table 2 for the I-beam fixed at the mid of the
web.

Table 1. The frequencies for the I-beam fixed at the flange

Mode No. | fiy (H2) | fip—2mm H2) | fip—1mm H2) | fip-amm H2) | fip—amm M2) | fip_smm (Hz)
1 46.12 46.122 46.125 46.126 46.124 46.12
2 52.701 52.671 52.639 52.603 52.566 52.526
3 218.5 218.52 218.53 218.54 218.55 218.54
4 267.74 266.4 264.3 261.03 255.92 247.00
5 277.14 275.82 273.76 270.63 265.72 257.21
6 307.27 305.91 303.86 300.81 296.23 288.47
7 344.47 343.41 34191 339.77 336.65 331.44
8 399.75 398.67 397.25 395.38 392.84 388.87
9 461.9 460.85 459.56 457.98 456.04 453.27
10 524.46 522.27 518.95 514.03 506.66 49491
11 534.6 533.52 532.3 530.92 529.42 527.57
12 614.58 613.44 612.15 610.69 608.87 594.72
13 670.89 664.29 654.46 640.49 621.05 592.80

We observe from Table 1 that the first three and several superior modes are less sensitive to
crack, while others attain big frequency drops even for a small crack depth. These latter vibration
modes belong to the group characterized by the displacement of the flange and can be best used
for structural health monitoring. The most relevant are modes five, six respectively twelve and
thirteen, which all attain a bigger frequency decrease that 20 Hz for the longitudinal crack with
depth a = 5 mm. In the mode thirteen the frequency decrease is 5 Hz even for the crack depth
a = 1 mm, which is easily measurable.

The results presented in Table 2 lead to a different conclusion. We observe that here just the
first three vibration modes are less sensitive to crack, while all superior modes attain big frequency
drops. Therefore, all superior modes are qualified for structural health monitoring.

A comprehensive view on the normalized natural frequency evolution with the crack depth is
presented in Fig. 5. The normalization is obtained by dividing the frequencies for the damaged
beams with the frequency of the undamaged beam for the corresponding mode, see for instance
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reference [6]. One can observe a quite similar evolution, the difference consisting of the level of
the frequency drop.

Table 2. The frequencies for the I-beam fixed at the mid of the web

Mode no. | fiy (H2) | fip—omm (H2) | fip—1mm H2) | fip—z3mm (H2) | fip—amm H2) | fip—smm (Hz)
1 126.06 126 125.91 125.75 125.38 124.88
2 133.96 133.87 133.76 133.6 133.31 132.98
3 255.83 255.55 255.19 254.58 253.36 251.81
4 457.03 451.51 444.02 431.35 404.31 375.11
5 463.59 456.18 446.59 431.63 407.11 380.77
6 471.94 465.13 456.65 443.62 423.19 403.72
7 492.9 485.99 477.23 463.08 438.98 415.52
8 536.03 529.58 521.45 509.11 488.16 467.61
9 598.59 592.28 584.54 572.68 553.06 533.35
10 656.47 654.6 652.31 647.98 629.27 610.74
11 673.43 667.1 659.48 649.07 644.13 639.96
12 756.85 750.59 743.15 732.07 714.49 697.32
13 849.84 843.62 836.31 825.68 808.94 792.9
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Fig. 5. Normalized frequencies evolution with the crack depth for the two fixing conditions
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Fig. 6. Normalized frequencies evolution with the mode number for the two fixing conditions

Fig. 6 shows the normalized frequency evolution with the mode number for the I-beam with
fixed flange and the mid of the web, respectively. This figure shows once again the mode shapes
for which a relevant frequency drop due to the crack is obtained. Because the fixing conditions
can be more conveniently ensured at the flange, and the beam suffers frequency drops big enough
to be read easily, we propose this approach for damage detection.

Fig. 7 illustrates six typical vibration mods with the beam fixed at the flange. In the figure the
positions were the accelerometers should be located for best frequency readability is indicated by
red arrows. It can be observed that the beam end is ideal to this aim and permits capturing signals
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with high amplitude for all considered modes. Obviously, depending on the vibration mode, some
other locations are also available. The results of this study permit concluding the cracks in I-beams
can be detected by vibration-based damage detection methods.

]

Fig. 7. The shapes for the vibrating I-beam for six relevant modes

4. Conclusions

This paper presents a study made to find out if longitudinal crack occurring in the weld joint
between the flange and the web of an I-beam are detectable by vibration-based damage detection
methods. We found that, for longitudinal cracks with a big extend, the frequencies of the
higher-order modes suffer important drops. These changes being around 20 Hz for the structure
considered in this study that are easily measurable, we conclude that the damage can be precisely
evaluated even for small crack depths. From the two applied fixing conditions we also found that
the rigid the web, the higher the frequency drop is.

Our next research will focus on a new fixing condition that makes the web and one flange
extremely rigid, so that actually just one flange can vibrate. A second future research will consider
internal cracks with short extent.
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