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ABSTRACT: Flanged joints’ looseness is among the common causes for the failure of industrial
structures with flanged joints such as wind turbines or transmission line pipes the timely detection of which
can prevent the imposition of heavy, financial losses and in some cases property damage. Conventional
methods for detecting this fault, such as torque control methods, have high error of measurement, or
impedance-based measurement methods, have high expenses, or vibration or ultrasonic methods which
lack accuracy due to the use of linear phenomena in fault detection. Vibro-acoustic modulation method
is one of the nonlinear fault detection methods that detect and evaluate looseness of flanged connection
with high precision through the measurement of the intensity of the vibrational and ultrasonic signals
modulation applied to the structure. Although the published papers in recent years have often identified
the cracking, delamination, or corrosion and decay of parts using this method, in this paper the efficiency
of the vibro-acoustic modulation method in the detection and evaluation of flanged joints of simulated
wind turbine towers has been numerically investigated by defining an index for modulation intensity and
bond relaxation. Then, the effect of parameters such as ultrasonic and vibrational frequency, amplitude
of ultrasonic and vibrational stimulation, sensors and actuators position, as well as preload force, on
the method performance has been studied. Finally, in order to reduce the simulation time in ABAQUS
software, the modeling of the neural network was performed using MATLAB software and the obtained
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results were compared with numerical results.

1- Introduction

Vibro-acoustic modulation method is one of the non-
destructive nonlinear methods that has attracted researchers’
attention in recent years [1]. In this method, as shown in Fig.
1, the ultrasonic signals (high frequency) and vibration (low
frequency) stimulate the connection simultaneously and, in
case of any looseness in the connection, a modulation in the
structure response will be clearly observable by measuring
of which the amount of looseness in the connection can be
estimated [2-5].

The method of Vibro-acoustic modulation has often been
used in the detection and evaluation of cracks in industrial
structures, and except for a few articles that proved the
method’s efficiency in detecting the looseness of simple
static bolt. In this paper, along with the modeling of a flange
connection of a turbine tower with twelve bolts and nuts, the
efficiency of the Vibro-acoustic modulation method in the
detection and evaluation of flange connection bolt has been
numerically investigated. In addition, the effect of parameters
such as ultrasonic and vibrational excitation frequency,
ultrasonic and vibrational stimulation amplitude, location
of sensors and actuators, as well as preloading force on the
method’s performance has been studied [5-9].

*Corresponding author’s email: m_yadavarnik@sbu.ac.ir

2- Numerical Simulation and Methodology

As shown in Table 1 and Figs. 2 and 3, a flange joint
consisting of twelve nuts and bolts has been utilized to model
the flange joint of the wind turbine tower, connecting two parts
of the turbine tower of 2 meters in diameter. The tower body as
well as the bolts and nuts are all considered to be made of steel,
and no material or intermediate part between the two flanges
is considered. In this occasion, at each run of the program, the
vibrating signal obtained from the turbine performance is applied
as a transverse force to the upper tube of the tower at a frequency
of 3 Hz; simultaneously, the ultrasonic harmonic signal, for
instance, with the help of actuator 1 at a frequency of 150 kHz
stimulates the system and the responses are received with the
help of 12 sensors located on the other side of the flange. This
process is repeated for every single operator, and there will be
144 responses per sensor for each ultrasonic stimulation applied
by each operator. If investigated in the Fourier space, modulated
signals will exhibit sidebands around the ultrasonic frequency.

3- Results and Discussion

As mentioned above, the method of Vibro-acoustic
modulation, due to the nature of its non-linearity, has not only
more precision compared to other conventional methods,
such as ultrasonic methods, impedance-based measurement
methods or vibration-based methods but also impose relatively
low costs on inspectors due to the simplicity of inexpensive
required equipment. In addition, it was observed that when
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Fig. 1. Comparison of received signals from healthy and faulted
structures [5]

Fig. 2. Simulated flanged joint in ABAQUS

the connection becomes loose, the vibrations occurring at
the junction during ultrasonic wave propagation will cause
modulation which can be detected well by the Vibro-acoustic
modulation method.

There are significant parameters that can influence the
effectiveness of the method, the most notable among which are
ultrasonic and vibrational frequency, vibrational and ultrasonic
wave amplitude, sensors, actuators, and vibrations. As stated
before, the more ultrasonic and vibrational frequencies are
closer to the natural frequencies of the structure, the more
method efficiency will be; however, in general, increasing the
ultrasonic frequency will reduce the relative looseness index,
while increasing the vibrating frequency will result in a slight
increase in the looseness index. The behavior of the index of
relaxation versus increasing the amplitude of ultrasonic and
vibrational stimulation is approximately the same and will
increase in both cases. Moreover, the proximity of the actuator
to the bolt and nut as well as the sensor’s distance will result
in a better performance of the Vibro-acoustic modulation
technique in detecting and evaluating the looseness of the
joints.
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Table 1. Simulation parameters of valuation

Physical Parameters

The diameter of tower pipes 2 meter
The material of the pipes Steel
Flange thickness Scm
Nuts and bolts number 12
The material of nuts and bolts Steel
The internal diameter of nuts 5 cm
and bolts

Type of Piezoelectrics PZT

Stimulation Parameters

Ultrasonic frequency 150 kHz
The vibrational frequency of 3Hz
the turbine performance

Ultrasonic stimulation SON
amplitude

Vibrational stimulation 100 N
amplitude

Axial force applied to the loose 500 N
joint

Axial force applied to other 1000 N
joints

* actuator place

Fig. 3. Location of sensors and actuators in simulated flanged
joint
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Fig. 7. Comparison of modulation indexes received from different actuators
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Fig. 9. Effect of bolt torque on modulation index
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Fig. 10. Effect of bolt torque on looseness index
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Fig. 15. Effect of vibration amplitude on modulation index
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Fig. 17. Effect of ultrasonic amplitude on modulation index
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Table 2. Comparison of looseness index which calculated by ABAQUS and ANN
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Fig. 21. Comparison of looseness index which calculated by ABAQUS and ANN
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