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The contribution describes the new solution of the control of rotary drilling process as some elementary pro-
cess in geotechnics. The article presents the first results of research on the utilization of acoustic methods in
identification process by optimal control of rotary drilling.
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Nova naéela procesne kontrole u geotehnici akustiénim metodama. Clanak opisuje nova rieSenja u kontroli
rotacionog busenja kao poznat jednostavni postupak u geotehnici. Daje se poc€etni rezultat rabljenja akusti¢ne

metode u identifikaciji procesa opimalne kontrole rotacionog busenja.
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INTRODUCTION

Technological process control assumes that enough
information about static and dynamic properties of the
process and also information about its current state during
its control is available. To the amount and quality of avail-
able information then corresponds the structure and the
principle of the control system. The design of the control
system is preceded by process identification the result of
which is a process model, comprising its static and most
of the time also the dynamic properties.

ROTARY DRILLING OF ROCKS

The process of rock separation by rotary drilling, from
the viewpoint of process control, is a dynamical one,
with strong stochastic component. From the viewpoint of
measurability of state quantities there is a problem since
the essence of the rotary drilling process is cutting and
cleaving of the material by using a separation tool [1, 2].
These elementary mechanical processes are very difficult
to measure under production conditions and their math-
ematical modeling has more theoretical significance than
practical use in the control [3]. Because of this, in practice
we encounter drilling and tunneling devices, whose work-
ing mode is defined in advance by the device manufacturer,
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or at best it is set by the operating personnel on the basis of
average geomechanical properties of the rock massif.

In the framework of grant research the possibilities were
investigated of utilizing the concurrent acoustic signal as
integrated information source about the state of separation
process. The original idea was that periodic mechanical
vibrations, and also stochastic mechanical shocks occur at
the indenter - rock boundary during the process of drilling,
which correspond to elementary mechanical processes of
cutting and material cleaving. There is an assumption that
the character of these processes corresponds to the geo-
mechanical properties of particular rock formation. These
vibrations and shocks subsequently create corresponding
noise. On the basis of this idea an assumption was made
that the signal of mechanical vibrations as well as the cor-
responding noise signal contain in them the information
about the conditions and the rock separation process, which
could be put to use in process control.

The above idea of vibration or noise utilization relied
on the application of analysis of vibro-acoustic signals in
the area of technical diagnostics (e.g. so-called condition
monitoring).

The problem of optimum control of the rock separa-
tion process by rotary drilling was worked out in [4]. The
control quantities in this case are the revolutions » of the
drilling tool (rpm) and contact force F'/ N. The objective
function J is the ratio of the drilling speed v / (mm/s) to
the specific energy of separation w / (J/m?). The criterion
of optimum control of the drilling process during the time
t — T'is then given by the relation:
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where C, are C  are constants of the ratio (weight coef-
ficients).

At the same time, basic limitations given by the drilling
technology itself must be satisfied.
In Figure 1. is shown the behavior of objective func-

tionJ(n, )|, __ ., where there exists the optimum drilling

mode in the sense of (1).
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Figurel. Dependence of measured objective function value upon
drilling mode

Slikal.  Ovisnost mjerenih objektivnih vrijednosti pri metodi
busenja

A condition for the control of the rock massif drilling
process in the above sense is the possibility to set the value
of the objective function J for specific values of 7 and F. An
analytical expression of this function is not realistic in view
of the character of the process; therefore it is necessary to
look for the possibility to measure this criterion function,
directly or indirectly, under real production conditions. The
finding of a suitable measurement method would enable the
subsequent use of some known numerical gradient method
for the purposes of optimum control of the drilling process.
The aim of the objective research is to analyze the possibili-
ties of indirect measurement of objective function J on the
basis of the concurrent acoustic signal processing.

ACOUSTIC SIGNAL AS
INTEGRATED INFORMATION
SOURCE OF DRILLING PROCESS

The experiments were conducted at the drilling stand

of UGT SAV in Kogice which is equipped with a digital
regulation system enabling to stabilize the revolutions and
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pressure at the required level. Moreover, it is equipped with
a measurement and monitoring system providing the col-
lection and preprocessing of basic process data [1]. There
the behavior of the objective function was measured and
is shown in Figure 1. The noise created in rock drilling
is picked up by an electret microphone and subsequently
digitized with the aid of an AD converter with 24 bit
resolution at sampling frequency of 44 kHz.

The acoustic signal read-in (Figure 2.) has the charac-
ter of a periodic signal mixed with stochastic signal. The
periodic component of the signal corresponds to an excita-
tion through the periodic activity of the drilling stand; the
stochastic component corresponds to the random character
of the rock separation process itself.
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Figure2. Oscillogram of the concurrent acoustic signal at rock dri-
lling

Slika2.  Oscilogram istodobnog akustickog signala pri busSenju
stijena

This concurrent acoustic signal was analyzed in the
time and frequency domain. The influence was proved
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Figure3. Standard deviation of the concurrent acoustic signal as
function of revolutions of drilling tool (chamotte)

Slika3.  Standardna devijacija istodobnog akusti¢kog signala kao
funkcija okreta pribuSenju (S3amot)

of the drilling mode (revolutions #, contact force F) and
the influence of separated rock type from the viewpoint
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of geomechanics on the character of this signal (Figure
3., Figure 4.).
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Figure4. Distribution of the probability density of the concurrent
acoustic signal for different rocks (chamotte, brick)

Slika4.  Raspodjela moZebitne gustoée istodobnog akustickog si-
gnala za razlifite stijene (Samot, opeka)

The basis of the acoustic signal evaluation in the fre-
quency domain is the Fourier harmonic analysis or other
suitable transformations [5, 6]. The result of this analysis is
the frequency spectrum of the signal. During the research
frequency evaluations were made of concurrent acoustic
signals from the drilling of five types of rocks (the brick as
artificial rock, chamotte, marble, limestone, quartz). From
the signal of each rock, realizations were processed with
the length of N =512 samples at sampling frequency f, =
44 kHz by using the DFT algorithm. The resolution of the
AD converter used was 24 bits. In such a way, bright-line
RMS spectrum was obtained with the limit frequency of 22

kHz and frequency resolution of Af = % =86 Hz.For

comparison, in Figure 5. are shown linear spectra (RMS)
of the concurrent acoustic signal of brick and chamotte
separation by rotary drilling in the same mode. There is
an apparent difference in amplitudes and frequency rep-
resentatives in these spectra.
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The upper spectrum amplitude axis is linear; the lower
spectrum amplitude axis is logarithmic. The spectrum is
symmetric along the frequency line for N = 256.

For better documentation of the differences in spectra
of'the concurrent acoustic signal in the separation of rocks
with different geomechanical properties the realizations
of the signal of five types of rocks were grouped together
into one common record and subsequently this record was
subjected to time-frequency analysis.
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Figure5. Spectrum of concurrent acoustic signal of chamotte
drilling (up) and brick (down)

Slika5.  Spektar istodobnog akusti¢kog signala buSenog Samota
(gore)iopeke (dolje)

Denote by symbol r the number of signal realization
of the / th rock, let k be the serial number of the sample
in given realization. Then the r-th realization of the rock
signal / can be symbolically written as a sequence:

{xr,k }h = {xr (kTvz )}h . 2)

For each of the five rocks 15 realizations with 1024
samples were used. Thus we have: r =1,2, ..., 15, k=
0,1,2,.. 1023, =1, 2, ..., 5. Then the record which
was formed artificially by grouping together these signal
realizations can be expressed with the sequence
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{xe }- 3)
where k' =k + (h—1)1024x15.

The record (3) created this way has a non-stationary
character (Figure 6. above), since its individual parts cor-
respond to different geomechanical properties of the rock
being separated. By its time-frequency analysis a spectro-
gram was made (Figure 6. below). It can be seen from this
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Figure 6. Mutual comparison of oscillograms (top) of the concu-
rrent acoustic signal in the separation of five types of rock
by rotary drilling (from left, brick, chamotte, marble, li-
mestone, quartz)

Slika6.  Medusobna usporedba oscilograma (vrsak) istodobnog
akustickog signala u odjeljivanju pet vrsta stijena rotaci-
onim busenjem (s lijeva: opeka, Samot, mramor, vapne-
nac, kvarc)

spectrogram there is a marked difference in the properties
of the concurrent acoustic signal spectra depending on the
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type of the rock being separated. This fact makes it prob-
able that the concurrent acoustic signal will be a sufficient
source of information for the analysis of current conditions
of rock massif separation by rotary drilling with the aim
of using this information in the drilling process.

CONCLUSION

Experiments on the drilling stand have shown that
the concurrent acoustic signal read in during rock separa-
tion by rotary drilling has some different characteristics
depending on geomechanical properties of the rock being
separated. An important finding is that the signal dispersion
is sensitive to the working mode and its value is largest in
the mode close to the optimum mode [4]. The distinctness
of characteristic spectra in the five selected rocks was
proved by the spectrogram in Figure 6.

The present research is oriented toward deepening the
knowledge about the properties of concurrent acoustic
signal and toward the area of classification of drilled rock
massif form the viewpoint of its geomechanical proper-
ties and corresponding rational mode of separation. The
final goal of the research is to find the method of indirect
measurement of the objective function (1) by reading in
the concurrent acoustic signal [ 7] and the modern methods
of control [8, 9].
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