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Abstract—The knowledge about rock layers thickness, especially
above drilled mining pavements is crucial for workers safety. The
measuring systems used nowadays are generally imperfect and there
is a strong demand for improvement. The application of a new type
of a measurement system called Self-excited Acoustical System is
presented in the paper. The system was applied until now to monitor
stress changes in metal and concrete constructions. The change in
measurement methodology resulted in possibility of measuring the
thickness of the rocks above the tunnels as well as thickness of a
singular rock layer. The idea is to find two resonance frequencies of
the self-exited system, which consists of a vibration exciter and
vibration receiver placed at a distance, which are coupled with a
proper power amplifier, and which operate in a closed loop with a
positive feedback. The resonance with the higher amplitude
determines thickness of the whole rock, whereas the lower amplitude
resonance indicates thickness of a singular layer. The results of the
laboratory tests conducted on a group of different rock materials are
also presented.
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I. INTRODUCTION

MONG the most important features, safety of workers in

mines and in every type of activities involving tunnel
building and its exploitation is one of the basic requirements.
One of the crucial operation is the assessment of the type and
thickness of rock layers above tunnels.

The simplest method of the rock assessment is traditional
drilling which involved extracting, examining and testing
a limited number of core samples. The obtained material is the
best indicator of the rock state and layer thickness.
Unfortunately, the drilling, by its nature, is only the punctual
rock examination. The high cost and slow pace associated
with drilling during creating the whole net of examined points
has prompted the researchers to investigate other low cost, fast
and efficient non-destructive techniques (NDT).

The most common NDT techniques are ultrasound methods.
A typical pulse-echo hardware configuration is mostly used
where the energy is introduced by an emitter and propagates
through the materials in the form of waves. The signal delay
time can indicate the layer’s thickness. Thickness
measurement is best obtained by placing the receiver and
transmitter probes in close proximity on a clean surface and
applying with the broadband input [1]. That is why in many
cases the usage of the system in a real underground
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environment is troublesome. The ultrasonic techniques are
also used in mines to control thickness of shotcrete — the
concrete placed with high velocity on the rock mass to support
it. The use of shotcrete in hardrock mines has increased
substantially during the last decade. Large shotcrete thickness
variations are caused by the irregular rock mass surface, which
is bound to induce considerable thickness variations over large
spans in an underground tunnel [2]. The measurement method
is a seismic technique based on the analysis and interpretation
of propagating transient stress waves. In particular, the
velocity and frequency of the P- and S-waves are critical to the
success of this method due to their dependence to the
properties of the examined material. However, the problem is
to measure their speed (about 5000 m/s) [3]. The wave flight
(transition) times measure requires a nanosecond accuracy and
as a result, a very sophisticated apparatus is necessary.

Among other methods the gravity method is also quite well
known. Sets of diagrams of the normalized peak gravity effect
of exposed rock bodies can be used to determine the depth or
thickness of rock [4]. The advantage of the method is
applicability to any shape rock bodies but the measurement
signal can be easily noised by environment conditions.

An interesting method of using a radar coal thickness sensor
deserves should be also presented. The non-contacting
electromagnetic technique uses spatial modulation created by
moving a simple sensor antenna along each axes whereas the
complex reflection coefficient is measured. Measurements
made of coal, rock, concrete, granite, and salt have shown that
the technique can measure thickness up to 1.5m with high
accuracy; however, it cannot be used at the moment for longer
distances [5].

As an alternative method of assessing the rock thickness we
propose the Self-excited Acoustical System which has been
developed at the Department of Process Control at the AGH
University of Science and Technology in Poland [6], [7]. The
preliminary research of the system has proven its high
measurement sensitivity.

II. PRINCIPLES OF SELF-EXCITED ACOUSTICAL SYSTEM

The principle of the Self-excited Acoustical System (SAS)
is based on the self-excitation phenomena. A vibration emitter
and a vibration receiver are placed in a distance, and are
coupled with a proper power amplifier, which operate in
aclosed loop with a positive feedback. This causes the
excitation of the system. The change of velocity of wave
propagation, which is associated with the change of the
resonance frequency in the system, is caused by the
deformation of the examined material. Stress changes manifest
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themselves in small but detectable variations of frequency. In
the previous articles the system was used to assess the stress
changes in materials: sandstone, concrete, steel [6], [7]. The
SAS system allows to operate in the range of a dozen or so
kHz which is easily reached in practical applications.

The self-excitation phenomena are used also in devices
named autooscillators. The principles of operating of an
autooscillator can be presented by using a familiar doorbell,
which can help to understand the principles of the SAS
system. A doorbell is one of the simplest systems where self-
excited vibrations are created. As every autooscillator it
consists of three main parts: energy source, oscillating system
and control valve of energy supply. In the case of a doorbell a
source of energy can be a battery, the oscillating system
consists of a movable part hitting a bell whereas a control
valve is a coil with its armature (Fig. 1). Between the
oscillating system and controller the positive feedback loop is
created. The main function of this feedback is to supply the
energy to the system to cover the energy dissipation. As the
result the movable bell part realizes the steady-state self-
excited vibrations which last as long as the energy is supplied.
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Fig. 1 Electric doorbell as an ex ample of self-excited system

Similarly to the doorbell, the presented SAS system is
subjected to the self-excited phenomena in which the
resonance frequency is reached. The frequency depends
mainly on the examined material property such as Young's
modulus E, the stress level ¢ or the sample length /. The
change of one of those parameters will result in changing the
resonance frequency of the SAS system.

Fig. 2 presents the SAS system scheme, where the emitter
(E) is a piezoelectric shaker while the receiver (R) is
a piezoelectric accelerometer. The acoustical wave is sent into
a tested material by the shaker and received after some delay
by the receiver. A conditioner and an amplifier are used
adequately to condition and amplify the signal obtained from
the receiver. The emitter, the conditioner and the amplifier
with the shaker at the end create a positive feedback loop. The
mechanical principia described in [9] allow to state that the
longer is the delay time (wave flight, transition time) the lower
resonance frequency is reached. The delay time is directly
associated with the thickness of the tested material. It means
that thicker tested material indicates the lower frequency of
the system.

The main advantage of the SAS system in comparison to
the classic ultrasonic systems is fact that it uses the close loop
structure. That is why, from the whole spectrum of frequencies
only one frequency is dominant and vibrations at this

frequency have amplitude much higher than the vibrations at
the other frequencies. This way interpretation is much more
convenient and reliably than in open loop ultrasonic systems.
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Fig. 2 The self-excited acoustical system scheme where: E- emitter
and R — receiver

Moreover, the system can measure not only the total
thickness of the tested material but also the thickness of the
singular layer. In most of the cases the rock consists of
different material layers. The wave propagating through the
material reaches not only the receiver but also will be reflected
by any of the surface of discontinuity which physically is the
border between two layers [9], [10]. In the case of the SAS
system they can be observed as aresonance peaks with
smaller amplitude and frequency than the main peak but still
easily distinguished from the rest of the frequency spectrum.
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Fig. 3 The idea of the SAS system in layer thickness monitoring for
shallow tunnels

As it was mentioned the delay time which depends on the
thickness of particular layer is crucial for the resonance
frequency. It is possible to calibrate the SAS system to focus
on the particular layer by using band-pass filters, so the
resonance frequency associated with the examined layer can
be the dominant frequency of the system. In this way, the
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calibrated system can monitor the selected layer thickness
simply by moving the receiver and shaker along the given
distance. For a drilled tunnel the described idea is presented in
Fig. 3. Because of its nature, the self-exited system requires
much less energy than the non-exited systems but still the
possible maximum distance between the emitter and the
receiver is to discover. At the moment the first tests carried on
the monolith samples of 10m in diameter have proven the
applicability of the proposed system at least for the tested
range.

III. MEASURING STAND

The first laboratory tests were carried out on four different
rock materials. In Fig. 4 the samples in a form of plates of
yellow sandstone (right side) and oolite (sedimentary type
rock — left side) are shown. At the beginning the sand stone
sample of 25mm and oolite of 60mm thickness were placed
singularly between the emitter and the receiver according to
the diagram in Fig. 2. After this stage the samples were
pressed together by clamps and examined by the SAS system.
The first results have proven the theory that the thicker
material results in measurement as the lower frequency of the
self-excited system.

Yellow
sandstone
layer

(b)

Fig. 4 Materials under examination with SAS system: (a) front view,
(b) side view

The tests made on the coupled rocks confirmed that the
wave reflection occurs in the frequency spectrum as the
additional vibrations (peaks). They are in the lower frequency
range and have much smaller amplitude in comparison to the

vibrations derived from the unreflected wave transmission
(direct wave propagation between emitter and receiver).

The studies on the different materials were conducted in the
next step. The material plates were made of marble and
concrete. The experiments were carried out for variable
thickness of the marble layer.

IV. RESULTS

In the first stage of the experiment conducted on coupled
sandstone-oolite layer plates, three different signals showing
the vibration accelerations in time domain were acquired as
aresult of measurements. The signals were transformed with
Fast Fourier algorithm to the frequency domain showed in
Fig. 5. The vibration measurement was made using
a piezoelectric accelerometer without unit conversion; hence
the amplitude unit is in volts not in m/s>.

For a single oolite sample, which was the thinner one, the
obtained resonance frequency was 2198 Hz. For more than
twice as thick single plate made of yellow sandstone, this
frequency was 1980 Hz. The smallest frequency was measured
for a coupled oolite-sandstone layers and was determined as
1427 Hz.
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Fig. 5 FFT Frequency spectrum for three kinds of material using SAS
system

The resonance peak related with the phase boundary
reflection wave (between two layers) cannot be noticed in
frequency spectrum with the linear ordinate axis because it has
too small amplitude compared to the main resonance
frequency peak (the direct wave propagation between the
emitter and the receiver). That is why the logarithmic
frequency spectrum for the signal obtained from two layers
coupled oolite-sandstone plate is shown in Fig. 6.

The greatest advantage of self-excited systems applied in
the rock layers thick measurement can be explained by the
presented spectrum. The amplitude of the vibrations related to
the main wave transmission is the only one magnified by the
system. It is more than a hundred times larger than the
magnitude of vibrations related to the transmission of the
reflected wave. Also the third frequency can be marked in the
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frequency spectrum - result of the upper material top wave
reflection. The presence of three resonance peaks is easy to
explain by the wave reflection phenomenon. The highest
amplitude peak occurring at the frequency of 1427 Hz is
associated with direct transmission of the acoustic wave. The
second peak with a significantly lower amplitude and reduced
frequency of 1087 Hz comes from the wave reflected at the
oolite-sandstone phase boundary. The third peak is related to
the reflection of the acoustic wave at the oolite-air phase
boundary. We can conclude that this wave had to travel the
longest distance to be registered by the receiver. The longest
distance induces the longest delay - time of flight of the wave,
and thus, the lowest frequency of the self-excitation.
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Fig. 6 Logarithmic FFT Frequency spectrum for coupled oolite-
sandstone plates

The first stage of research proved that the SAS system can
indirectly measure the rock single layer thickness. In the next
step the tested materials were changed to marble-concrete
layers. The studies were performed in two configurations with
the thickness of the cement layer remained constant (200mm)
while the thickness of the marble layer was changed. In the
first configuration the marble layer was 80mm thick and then
it was changed to 100mm. The measurement results are shown
in Fig. 7.

Arrpltuck [V)

Fig. 7 FFT frequency spectrum for coupled concrete-marble material
in two configuration of marble thickness

The frequency spectrum of the self-excited system
presented in Fig. 7 clearly indicates the dominant amplitude of
vibrations connected with the direct wave flight. It occurs at
frequency of 2750 Hz for a thinner coupled layers (80mm
marble and 200mm concrete), and 1170 Hz for the thicker
sample (100mm marble and 200mm concrete). The resonance
peaks induced by the wave reflections are also visible. They
occur at frequencies of 409 Hz for the first set of layer
thicknesses and 867 Hz for the second configuration. The
change of the position of both peaks in both configurations,
not just the smaller one related to the reflection wave, is
associated with the total sample thickness increase: from 280
to 300mm.

V.MODELING

The construction of the emitter and the receiver of the SAS
system were based on piezo-stack technology. The emitter was
a piezoelectric actuator and the receiver was a piezoelectric
accelerometer. Piezo-elements have the advantage of fast
response, high precision and generation of large forces [8].

The actuating work of piezoelectric stack can be described
by the constitutive equation (1)

{S =sET +dE (1
D =dT + ¢"E

where S is the strain tensor, s is the elastic compliance matrix,
T is the stress tensor, d is the piezoelectric constant matrix, £
is the electric field vector, D is the electric displacement
vector and ¢ is the permittivity at a constant stress.

The model of a piezoelectric actuator can be simplified
considering only one-dimensional lumped parameter behavior,
so S, T, E and D would be scalar values.

The basic principle of a sensor operation is the piezoelectric
effect, which occurs as electric charges during piezo-element
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elastic deformation. Total electric charge Q stated by (2) is
induced acting force F, along electrical axis (longitude effect).

Q = kyE )

where k, is a piezoelectric module for the accelerometer.

The frequency response of the piezoelectric accelerometer
is determined by operation of mechanical system, which is
asecond order oscillator and the electrical system, which
operates as a high pas RC filter. Transfer function H(s) of the
accelerometer is given thus by (3)

kpRCs

U(s)
H(s):Tz):

(1+RCS)<1+2—ZS+LSZ) (3)
o (u%
where R is the resistance and C is capacity of the electrical
circuit, w, is natural frequency of mechanical system and ( is
a damping ratio. The system input is acceleration X, and the
system output is voltage U.

After obtaining mathematical model of the actuator and the
sensor, the SAS system can be modeled by the scheme showed
in Fig. 8.

Piezoelectric x(t) Wave X(t+T) . X
. . . '|  Piezoelectric
transducer matrix »  transmission > )
. transfer function
equations delay
7Y
u(t) Frequency u(t)
measurement

Fig. 8 Scheme of SAS system numerical model

The numerical model can be used to calculate the
dependence between the time of flight delay 7 and the
frequency of the Self-excited Acoustical System.

VI. CONCLUSIONS

The studies over the Self-excited Acoustical System allow
to conclude that thickness of a single layer in a multilayer rock
body as well as the thickness of the whole multilayer rock
structure itself can be measured indirectly by the frequency
measurement. The general rule is to find the dominant
frequency of the self-excited system associated with the direct
acoustic wave transmission. This frequency will determine the
total thickness of the layered rock. All the reflected waves will
have a longer distance to flight, and consequently, the related
resonance peaks will have much smaller amplitudes and
reduced frequencies. In a case of determining the thickness of
single layer in double - or multilayered rock, a researcher
should find additional resonance peaks at frequencies lower
than frequency of the dominant resonance peak, which would
allow defining the thickness of each of these layers separately.

This paper presents the results of the laboratory research
where the SAS system examined the layer thickness in yellow
sandstone — oolitic coupled layers system as well as in marble
and concrete configuration. The paper presents also

a simplified mathematical model for calculation of the
resonance frequency of total and single layer thickness. The
additional laboratory research to determine the material
thickness in the function of the SAS resonance frequency will
give results directly in length units by comparison the
measurement and the model.

Application of the pass band filter in the positive feedback
loop can solve the problem of selecting the appropriate
resonance peak resulted from the wave reflection. Filters will
allow the system to magnify the amplitude of the reflected
vibrations from a single layer, and improve the interpretation
of frequency spectrum results. Further research will focus on
implementation of intelligent and autonomous filters based on
fuzzy logic. At that moment the research on real rock
structures will be considered.
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