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Abstract

The high sensitivity of spectral strain estimation has made it a powerful tool for
early detection of failures and dynamic nonlinear instabilities. In this study, first,
the modal analysis of a free-free aluminum beam was addressed in the form of
three experimental, analytical, and numerical approaches. In the modal section,
the dynamic responses of the beam were recorded at six points with a calibrated
hammer impact test. The experimental results were combined with signal analysis
and advanced algorithms to obtain modal parameters, including natural
frequencies, modal vectors, and frequency responses, with an accuracy of more
than 90% compared to the analytical and numerical results. Numerical modeling
in Abaqus showed that the results at frequencies of 80 to 1800 Hz corresponded
with acceptable accuracy and were able to simulate the vibration behavior of the
system with low error. In the second section, the analysis of dynamic signs and
spectral strain of the frequency response function signal was performed using
wavelet transform and short-time Fourier transform methods. The results of this
analysis showed that at a frequency of 255 Hz, there is a significant dynamic
anomaly in mode 2 with a high quality factor (more than 25) and a strain in the
range of 4.5 to 6.5, indicating the possibility of cracks, loosening, or stiffness
changes in the structure. This anomaly is stable over time and is associated with
mode interaction and nonlinear phenomena.
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1- Introduction

Structural damage detection is one of the most
important ~ fields  for  investigating many

dynamic characteristics [1, 2].
frequencies have a theoretical relationship with the

Since natural

multidisciplinary fields for structural safety. Cracks
in beams lead to a decrease in stiffness, frequency,
and a change in damping. The location and depth of
the crack can be identified through changes in

location and size of the crack, it can be concluded
that changes in the first two natural frequencies
provide sufficient data to identify the type and depth
of the crack [3]. The use of aluminum sections due
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to their high tensile strength, corrosion resistance,
and high fracture toughness can have a significant
impact on preventing crack growth in various
structures [4]. In numerical methods, Monte Carlo
simulation is a method based on the statistical
description of the system response under random
inputs that provides insights into the behavior of the
system under various uncertainties in the simulation
output [5]. For large-scale engineering structures,
small-scale modal analysis cannot be used, so
parameter estimation methods based on acceleration
and displacement should be used. Spectral Kurtosis,
as an effective signal processing method, is applied
to analyze the vibration and anomaly of the system
by first decomposing it into the time-frequency
domain, after which the stretching values are
determined for each frequency band. The concept of
spectral stretching analysis was first developed by
Dwyer, a tool capable of identifying non-Gaussian
features in different frequency bands using the
fourth-order moment of the real part of the short-
time Fourier transform (short-time Fourier
transform). Dwyer only investigated the application
of spectral stretching to stationary processes, while
he did not consider the non-stationary vibration
signals typical of rotating machines' effect on
employee creativity, with its moderating role of
creative efficiency. To examine this hypothesis, the
structural equations modelling with the partial least
squares method and SPSS and Smart PLS software
have been used. This research also examines sub-
hypotheses [6]. The main distinguishing point of
this research is the simultaneous application of the
short-time Fourier transform and the wavelet
transform in the spectral elongation method for the
analysis of random signals, while previous studies
mainly used a single method for deterministic
signals. This combined approach has a unique
ability to identify nonlinear behaviors, low-
amplitude frequency oscillations, and local
instabilities of the structure that cannot be detected
by traditional methods.

2- Research Methods

In this study, the modal analysis laboratory setup
consists of an aluminum beam with free-end

boundary conditions, which is suspended
horizontally by thin wires from six strategic points.
This suspension allows the beam to be in a near-free
condition without any physical restraints, and its
natural vibrations are measured with minimal
disturbance. A PCB 0803 impact hammer with a
medium-tip head is used to excite the structure,
which is equipped with a piezoelectric sensor to
simultaneously measure the applied force. Impacts
are applied to the aluminum beam at six marked
points to allow the identification of all vibration
modes in the desired frequency range. To measure
the response, a PCB 352C22 single-axis
accelerometer with a sensitivity of 10 mV s
installed at the center of the bottom surface of the
beam. A PCB 378B02 precision polarized
microphone is also placed at a certain distance from
the beam to record the acoustic response of the
structure. The signals received from the sensors are
amplified by a PCB 480E09 signal amplifier and
then transmitted to a four-channel data acquisition
system, model NI 9234, with a sampling accuracy
of 24 bits and a sampling frequency of 25.6 kHz.
The collected data are processed in the STAR modal
analysis software environment, so that frequency
response functions (FRF) are calculated using fast
Fourier transform, and modal parameters, including
natural frequencies, damping ratios, and modal
shapes, are extracted using modal identification
algorithms such as POLY MAX. To increase
accuracy, each experiment is repeated three times
with different numbers of nodes, and the average of
the results is closest to the numerical and analytical
solution results. In signal processing, to reduce
spectral leakage, a Henning window is applied to
the force signal and an exponential window is
applied to the response signal. This laboratory setup
allows for accurate identification of the dynamic
properties of the beam with minimal error, which
can be used to validate finite element models and
predict the behavior of similar structures.
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Figure 1: Graphical schematic of a free-free beam under impact
excitation

Figure 2: Experimental setup of a free-free beam under impact

3- Results

The data collected from the experimental test can be
run as a file in the Star signal analysis software, and
After analyzing the resonances across the frequency
range, the results of the frequency response function
analysis show that the system under study has six
dominant resonance modes at frequencies of 93.2,
254.8, 474.1, 835.9, 1307, and 1712.7 Hz, which
form a complex pattern of dynamic behavior. A
detailed examination of the frequency distribution
of these modes indicates the existence of a multi-
stage dynamic structure in which the spacing
between successive modes does not follow a regular
pattern, but rather indicates the effect of various
physical parameters such as mass, stiffness, and
damping in different regions of the system. Figure 3
shows the frequency response function diagram of
the excited beam.
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Figure 3: Frequency response function diagram of the system under excitation in Star software
The results of the fast Kurtogram show that the Hz. Examination of the spectral Kurtosis

distribution at different bandwidth levels indicates
the presence of significant anomalies in the second

system has six distinct resonant modes at
approximately 93, 255, 474, 836, 1307, and 1713
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mode (255 Hz), which, with a stretch value of 7.5,
shows the highest sensitivity to possible defects.
Due to its high quality factor (Q=25) and limited
bandwidth, this mode is capable of detecting small
changes in the dynamic response of the system.
Comparing the Kurtogram pattern at different levels
shows that the 1307 and 1713 Hz modes, with
Kurtosis values of 6.0 and 7.2, respectively, have a
higher bandwidth and moderate sensitivity to
defects. The first mode (93 Hz), with an elongation
of 4.8 and a relatively wide bandwidth, shows the
least sensitivity for detecting anomalies. The energy
distribution in the Kurtogram indicates that possible
defects in the system are more detectable in the
higher frequency range and with a narrower
bandwidth. The results of this analysis demonstrate
the importance of continuous monitoring of the 255
Hz mode as a key indicator for early detection of
failure in the vibration system under study.
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Figure 4: Kurtogram resulting from the system’s frequency
response function

4- Conclusion

The spectral elongation study of the free-free beam
frequency response function has been carried out
using two different methods, each of which provides
a different view of the dynamic behavior of the
system. In this study, the natural frequency and
mode shapes of the shock-excited system were first
obtained using three analytical, numerical, and
experimental methods. The frequency results show
that the natural frequencies of the system in all three
cases have been recorded as acceptable values in the

range between 0 and 1800 Hz with an error rate of
less than 10%. Comparing the results obtained from
the spectral Kurtosis analysis with the two wavelet
transform and short-time Fourier transform methods
for the signal resulting from the system frequency
response function shows that the wavelet method
provides a larger and smoother picture of the system
behavior and identifies the main peaks related to the
lower modes well, while the short-time Fourier
transform method shows more details of the
frequency oscillations and is also able to identify
sub-resonances and harmonics. The sharpness of the
signal in the second mode (approximately 255 Hz)
indicates that this mode is more susceptible to
dynamic instability and system anomalies than the
other modes. The overall distribution of the
recorded strain values of the system has an almost
normal shape with a mean of about 3, which is
consistent with the statistical properties of Gaussian
signals. The engineering applications of these
studies are of great importance in modal
identification, structural health monitoring, damage
and crack detection, and investigation of the
nonlinear behavior of dynamic systems. High strain
values at certain frequencies can indicate high
energy concentration or nonlinear behavior, which
is very important in the design of vibration control
systems.
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