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Abstract

Signal of vibrations accompanying the rotary drilling of three rock types (andesite, limestone and granite) by diamond core-drill bits
was processed and evaluated in order to track the signal characteristics of tested rock types. Mathematical procedures of Hilbert’s
abstract space were applied to express the differences between the rock types based on vibration signal. Experiments were performed
using the laboratory drilling rig designed and constructed at the Institute of Geotechnics SAS providing automated continuous moni-
toring of key process parameters (thrust force, rotation speed, torque, advance rate, etc.). Nominal regime of thrust force 5000 N and
rotation speed 1000 rpm was used in the experiments along with monitoring with sampling frequency 17 kHz. The vibration signal
was recorded by accelerometers in three orthogonal directions: axial in the drilling directions and two radial directions in horizontal
and vertical planes. For the purposes of evaluation, only the vibrations in axial direction were assessed as their signal exhibits the
highest entropy. A method providing the expression of mutual differences between the vibrations formed during the drilling of different
rock types was developed, which enables to set the differences in abstract space to the planar visualization.
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Introduction

The long-term research of mechanical rock at the Institute
of Geotechnics SAS is focused on the study of interaction
between the rock and cutting tool with a view to identify the
significant characteristics and parameters of the rock-tool
system, which provides possibilities for efficient control of
rock cutting process even in complicated geological condi-
tions (Krupa et al., 2008, Lazarova et al., 2008).

Our previously developed monitoring and processing sys-
tems of rock cutting were based on a direct measurement of the
input process regime variables (thrust force, rotation speed and
torque of the drill bit, specific cutting/drilling energy), neces-
sary for identification of rock conditions and for control and
optimization of the cutting process in real in-situ conditions
(Krtpa et al., 2011, Krapa et al., 2011, Krepelka et al., 2010).
In recent years the main focus of our research switched to vi-
brations accompanying the drilling process due to action of
internal and external forces on mechanical parts of the drilling
equipment and rock. Vibrations formed in mechanical drilling
increase the cutting effect on rock, bear the information on the
cutting mechanism, applied regime and condition of drilling
tools (Kumar et al., 2011, Miklasova et al., 2008, Vardhan,
2009, Miklusova et al., 2009). Accompanying vibrations en-
able to detect the failure of drill bit and its components, drill
bit wear and to identify the inefficient drilling process (Brett,
1991). Various evaluation techniques have been used for ana-
lysing of vibration signal, both in time and frequency domains
(Wang et al., 2014, Kreuzer, 2012, Shi, 2004).

Research of vibration signal was performed in collab-
oration with the Institute of Control and Informatization of

Production Processes of FMEPCG, Technical University in
Kosice (Lesso et al., 2012, Lesso et al., 2014). Previous the-
oretical knowledge verified by experiments implied the pos-
sibility to use the monitored vibro-acoustic signal for char-
acterization of rock drilling process (Miklasova et al., 2011,
Krepelka et al., 2011, Lazarova et al., 2015, Ferian¢ikova et
al., 2015). Use of vibro-acoustic emissions for efficient drill-
ing process control would potentially lead to decreasing the
number of scanned signals needed for optimization and con-
trol from minimum 4 to 1 single signal.

The paper described the issues of representation of rock types
in form of their accompanying vibration signals as elements of
Hilbert’s metric space, being an application of a functional anal-
ysis for rock classification based on accompanying vibration sig-
nal from rock drilling process. The vibration signals of analyzed
rock types were measured in equivalent nominal drilling regimes
in order to analyse the effect of geomechanical properties and
their differences related to the drilling process itself. Spatial di-
vergences between three distinct rock types were analysed using
the metrics generated by a norm of the Hilbert’s space.

Rotary drilling of rocks

Rotary rock drilling represents a dynamic process with a
strong stochastic compound regarding its control. Measurabil-
ity of status variables is quite problematic, as the mechanical
processes are usually difficult to measure in industrial condi-
tions and hence their mathematical models are rather based
on theory, which brings drilling rigs with operational regimes
pre-defined by producer or set according to average geome-
chanical properties of rock mass (Krapa & Pinka, 1998).
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Fig. 1. Experimental drilling rig with detail of ADASH 3900-II vibration monitoring system
Rys. 1. Instalacja laboratoryjna oraz system monitoringu ADASH 3900-11

Vibration sensors

Fig. 2. Scheme of accelerometer installation
Rys. 2. Schemat instalacji akcelerometru

As any process in simplification, rock drilling is consid-
ered as system characterized by a set of input and output vari-
ables. On the input side, thrust force and rotation speed of
drill bit are the most important parameters, whereas drilling
speed and specific drilling energy stand on the output side.

Search for relation between two sets of values of various
process variables is a complicated and long procedure deliv-
ering also inaccuracies; there have been attempts to find the
algorithms for processing of vibro-acoustic signal as integral
container for process information (Le$So, 2004).

Advanced methods of multidimensional data evaluation
and artificial intelligence means have been introduced to
search for such algorithms and in such, the output analog sig-
nal of process variable monitored by transducer is considered
for information container (Ferian¢ikova, 2012, Ferian¢ikova
et al., 2014).

Experimental part of this research was performed at the
Institute of Geotechnics, Slovak Academy of Sciences in
Kosice, using the unique laboratory drilling rig equipped with
facilities for monitoring the drilling process (Fig.1).

Relevant process or regime characteristics measured
during the experiments involve:

a.  rotation speed of the drill bit are set by a continuous
regulation of electric drive unit ranging from 0-2220 revolu-
tions per minute (rpm),

b.  thrust force acting on rock specimen is regulated
continuously from 0-20 000 N, measured by a pressure cell
at the hydraulic cylinder,

c.  drilled length measured by a magnetostrictive lin-
ear position sensor Baluff BTL7 Micropulse Transducer with
accuracy 10 um installed at hydraulic cylinder,

d.  vibration sensors of oscillation motion of the drill-
ing rig installed on the fixing frame of rock specimen, pro-
viding data on vibration acceleration in three orthogonal di-
rections (Fig.2): accelerometers Wilcoxon 784A-3 and CTC

AC102-1A, accompanied with the on-line vibration monitor-
ing system Adash 3900-11,

e.  torque and cutting forces in rock drilling measured
by a 4-component dynamometer Kistler 9272 providing three
orthogonal force components and torque, along with multi-
channel charge amplifier for multicomponent force measure-
ment Kistler 5070.

Automatic mode provides the operator with possibility to
take over control of the whole drilling process from a single
computer by setting the required rotation speed and thrust
force using the own designed software.

Methodology for assessment of rock drilling process data

One of the most sophisticated methods of signal process-
ing is the vector quantization of abstract mathematic space
with elements that represent the realizations of analyzed
signals. The functional analysis stands as the theoretical
baseline, with main idea to consider the function as a point
representing an element in abstract mathematical space. The
function in this case is represented by the information signal
(Taylor, 1973, Naylor & Sell, 1981).

Functional analysis (involving also theory of abstract Hil-
bert’s space) delivers the possibility to solve various technical
and natural science problems as geometric tasks. Functional
analysis considers any mathematical function (i.e. physical
signal of any process) as an algebraic vector, and hence uses
the algebraic, topologic and geometrical structure of these
spaces (Zlatos, 2011). Due to that it is possible to examine the
mutual angles, dimensions and distances between the vectors,
i.e. signals. Based on such geometric relations it is possible
to define the algorithm of classifier for process conditions.

Digital processing of physical signal, regardless of Hil-
bert’s space, the limiting of its amplitude difference is im-
portant. Such physical signal is either an analog signal as a
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Fig. 3. Geometric relations between the pair of signals as vectors — points in Hilbert space (Lesso et al., 2012)
Rys. 3. Zalezno$ci geometryczne pomiedzy wektorami par sygnatow
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Fig. 4. Positions of images of 30 realizations towards the vector xC in time domain
Rys. 4. Pozycje obrazéw 30 realizacji w kierunku wektora xC w dziedzinie czasu
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Fig. 5. Positions of images of 30 realizations towards the vector X . in frequency domain
Rye. 5. Pozycje obrazoéw 30 realizacji w kierunku wektora X . w dziedzinie czgstotliwosci

continuous time function or a signal as a discrete function
with discrete time. The first signal class is made by analog
technique, the second class by digital technique. Both class-
es require to find the corresponding function expressed as a
mathematical model. In case of analog signal, such mathe-
matical model may be represented by a limited, absolutely
integrable continuous real function of a real variable. No
physical signal has a complex character. In processing of such
signals, the constructions are made, which represent the com-
plex functions of a real variable, such as a complex frequency
spectrum.

The Figure 3 shows vectors x,, i=1,2,... , i.e. realizations
of accompanying vibration signal from rock drilling. The

metrics p expresses the distance between two signal realiza-
tions. Let’s assume that in such space, all realizations of ac-
companying vibration signals from drilling of all considered
rock types covering their geomechanical properties are pres-
ent (Durove & Maras, 2000), and that every vibration signal
realization as a vector of such space represents a specific rock
in nominal drilling regime.

For every rock class it is possible to calculate a centroid of
the class x , as a mean vector of all vectors classified in the i-"
class. Then the actual measured vibration signal from drilling
is assigned with the closest centroid, i.e. minp(x.x).j=1.2...¥
Such algorithm of drilled rock classification is denoted in
literature as algorithm of vector quantization (Taylor, 1973).
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Figure 3 shows three basic geometric parameters between
the pairs of vectors, i.e. their lengths, mutual distance and an-
gle between them. The base of such geometric structure is the
scalar product. Its application provides for definition of length,
distance and angles of vectors in finite dimensional, but also
infinite dimensional vector spaces, and hence its use for assess-
ment of effective regime of rock drilling (Lesso et al., 2012).

Signals of vibrations accompanying the drilling process
of three distinct rock types, andesite, limestone and granite
were measured and analyzed. Experiments were performed
using the laboratory drilling rig at Institute of Geotechnics
SAS under nominal regime of thrust force 5000 N, rotation
speed 1000 rpm. Vibration signals were monitored by accel-
erometers in three directions (drilling direction and two di-
rections orthogonal to drilling axis) with sampling frequency
17 kHz as shown in the Fig. 2. As the axial direction exhibits
the highest entropy, which was confirmed from previous ex-
periments, only the signal from drilling direction was eval-
uated.

Signals were sampled with a constant sampling period
T, (s). Sampled signal was digitally processed by individual
realizations of signal, where each realization is considered
as a sequence of successive n-samples of vibration signal,
where n represents the number of samples in realization and
it is called the length of realization. Realizations of length
n=1024 signal samples were used in processing. As sampling
used the constant sampling period, the length of realization is
expressed as T=n.T .

Mathematical expression of this task issues from assump-
tion that every realization of signal xi(t) of i rock is a contin-
uous function in closed interval [0,T]. Then such function is
considered as a vector of Hilbert space of class L, [0,T] and
the space is a complete Banach space with scalar products,
involved in Hilbert space.

Every drilled rock type was represented by 30 realiza-
tions of accompanying vibration signal. The main goal was
to confirm or deny the differentiability of rock types in ab-
stract space. Each realization of every drilled rock represents
a vector. These values of signal define the unique position of
vector in the space L, [0,T].

Then it is possible to examine the geometric relations
between the individual realizations, their norms, angles and
distances. There is assumption that the norm of vibration sig-
nal is a significant feature of drilling process, as it is a mea-
sure of energy of damped vibration of drilled rock block with
polyharmonic excitation of the oscillating system from the
drill bit. The calculations of geometry structure presented in
algebraic structure were transformed to discrete form due to
digital realization.

In order to use the two-dimensional illustration for visu-
alization of geometry relations between the rocks, it was nec-
essary to place a reference vector on horizontal axis. In the
first attempt, the white noise was used as a reference vector.
Later calculations showed that it was impossible to compare
the realizations with white noise as the distance of rock re-
alizations from white noise was too large. It showed that it
was more proper to compare the rocks mutually. Therefore
the reference vector was set as a centroid vector x. where k-th
component represents the arithmetic mean of k-" components
of all realizations of three examined rock types.

Figure 4 shows positions of 30 realizations of all three
rock types towards the reference vector x. in polar coordi-
nates based on calculated angles and norms in time domain.
Moreover, every rock is represented by its centroid (arith-
metic mean of realizations). This illustrates the location of
rock vectors in space, which brings a certain method for ex-
pression of mutual differences of vibration signals in abstract
space transferred to planar picture in 2D. The realizations of
vibration signal of limestone and granite are close to each
other and differ only slightly. On the other hand, andesite is
distinguishable from other rock types.

Similarly, the accompanying vibration signals were an-
alyzed in space towards the orthogonal base of harmonic
functions. Ever signal realization was transformed to ampli-
tude spectrum using the DFT algorithm. Considering that the
calculations were made in discrete form on digitalized real-
izations, the discrete forms were used instead of continuous
relations for @e(0,27f,.) . Calculated geometry parameters
of vectors in space were transferred to plane similarly to time
domain (Fig. 5).

Conclusions

Developed method showed good differentiability of rock
types based on the vibration signal accompanying the rock
drilling process, i.e. it was possible to differentiate the an-
desite from granite and limestone. Both time and frequency
domains appear to be proper for evaluation. Individual real-
izations of rocks are less differentiable in frequency domain
compared to time domain. In the developed method of visu-
alization of geometry relations to 2D space, the measure of
difference between the signals is represented by their mutual
position in plane. The visualization method enables to ob-
serve the drilling rock process states represented by the moni-
tored signals of vibrations accompanying the drilling process.
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Interpretacja geometryczna zroznicowania typow skat w przestrzeni Hilberta

Sygnaly drgan pochodzgcych z wierceniu obrotowego trzech rodzajow skat (andezyt, wapien i granit) za pomocq diamentowych
wiertet rdzeniowych zostat przetworzony i oceniony w celu sledzenia charakterystyk sygnatowych badanych rodzajéw skal. Zasto-
sowano matematyczne procedury przestrzeni Hilberta, aby wyrazi¢ réznice miedzy rodzajami skat w oparciu o sygnat wibracyjny.
Eksperymenty przeprowadzono na laboratoryjnej platformie wiertniczej zaprojektowanej i skonstruowanej w Instytucie Geotechniki
SAS, zapewniajgcej zautomatyzowane ciggte monitorowanie kluczowych parametréw procesu (sity ciggu, predkosci obrotowej, mo-
mentu obrotowego, predkosci posuwu itp.). W doswiadczeniach zastosowano nominalng wartos¢ sity nacisku 5000 N i predkosci
obrotowej 1000 rpm wraz z monitorowaniem czestotliwosci 17 kHz. Sygnat drgati zostal zarejestrowany przez akcelerometry w trzech
kierunkach ortogonalnych: osiowym w kierunkach wiercenia i dwoch promieniowych w plaszczyznach poziomej i pionowej. Do
celow oceny oceniono jedynie drgania w kierunku osiowym, poniewaz ich sygnat wykazuje najwyzszq entropie. Opracowano metode
wyrazania wzajemnych réznic miedzy drganiami powstajgcymi podczas wiercenia réznych rodzajéw skal, ktéra umozliwia prze-
niesienie réznic z przestrzeni Hilberta na wizualizacje dwuwymiarowq.

Stowa kluczowe: proces ciecia skaly, sygnaty wibracyjne, przestrzenie abstrakcyjne, przestrzeri Hilberta, relacje geometryczne
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