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Some problems in control of the quality of the proess of rotary drilling
of rocks by using suitable visualization of concurent vibrations

Patrik Flegner', Katarina Feriantikové&, Edita Lazarov4 andlgor Le3$d

The process of separation of a rock massif by yothilling belongs to the most frequently used gebhologies. Since their energy
costs are significant, it makes sense to pay seffficonsideration to the subject of an efficiemtd of drilling. Only an efficient drilling
mode can guarantee the overall quality of this pexc This contribution builds upon previous workthe authors in the area of utilization
of abstract Hilbert spaces in control of specifimgesses. In this paper, some possibilities andeetspof visualization of concurrent
vibrations with respect to efficient control of lting are pointed out. The result of implementihg vibration signal as a vector in Hilbert
space is the algorithm for recognition of the clas® which the rock being separated belongs basedts geomechanical properties.
The algorithm is based on geometrical interpretatiof time or frequency characteristics of the conent vibrations. The method
was applied to concurrent vibrations from drillingn an experimental stand and also from tunnelinge BRchieved results confirm
the suitability of the proposed algorithm for itgpdication in the system of automated setting oéfficient mode of drilling of rock massif.

Keywords quality of rotary drilling process, effectivelyiatrol rotary drilling, control chart, visualizatio of concurrent vibrations, Hilbert
space as signal space

Introduction

Rotary drilling of rocks belongs to one of the mestely applied technologies of rock fragmentation
in mining and geotechnical applications. Drilling ia very energy- and material-demanding process,
and its efficiency might be expressed by specifitimg energy. The process of rock drilling hasi® controlled
in order to achieve the efficient operational regjioonsidering the energy consumption. The drilliagime
itself is usually controlled by the thrust forcetbé drilling bit, revolutions of the drilling béand by the amount
and quality of drilling mud. Conventional method$ process control (based on direct measurement
of the process variables) are used only seldondirast measurement of specific energy is not féasilsing
common means. Heterogeneity of drilled rock tymesariety of drilling bits and different drillingoaditions
cause that it is almost impossible to determinali velationship between the drilling regime atdéfficiency.

The paper outlines a feasible approach for cowfreauch complex process as rock drilling, usingdigmal
of vibration emissions accompanying the rock drijlprocess as the main source of information omltiagacter
of rock drilling process. Previous research of atghproved that the signal of measured vibrationssions
corresponds to the geomechanical parameters of aodkalso to the applied drilling regime. Acquisiti
of information from signals requires extracting @mber N of specific features, which characterize ¢hrrent
state of the process in N-dimensional real stadeesp

The authors developed a complex and potentially emefficient methodology: Every realization
of the vibration signal is considered as a timecfiom in mathematical description, thus fulfillitige conditions
of algebraic vectors of functional space of Hilktyrde. Consequently, using strong structures oh salistract
spaces based on the definition if a scalar prodfustpossible to compare the individual realiaati of vibration
signal in the geometrical description, e.g. relatedhe drilled rock type, to the drilling regime the specific
drilling energy, etc. The character of the vibratisignal in both time and frequency domains detiniis
position in space by a unique definition.

The paper presents modeled relations for expressficm metric distance between the pair of vibration
signals, expressing the measure of their differamcsimilarity. It also covers a modeled relatidntlee angle
between the geometrical representation of the qgfauibration signals expresses the measure of #pzctral
difference.
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Moreover, a modeled relation for the norm of thgnal is presented, expressing the measure
of the effective value of the signal, i.e. its aerAnalyzes of the three signal parameters intional space
provide a possibility to acquire the knowledge e telations between the rock types and regimetheaif
drilling processes. The paper also describes a adetbgy for visualization of the presented relasion
The proposed methodology shows a precise resolofidested rock types and enables to capture apdpiret
the dynamics of the rock drilling process, thuswaeing a possibility of a real-time rock class#tmon during
the drilling process.

Hilbert space as signal space and its geometry

The highest degree of generalization and abstraatiothe physical spacd=; represents the classes

of functional spaces called Hilbert spaces. Theand&fn of Hilbert space is the following: Hilbegpace
is a complete space with an inner product. It cannffinite-dimensional and complex. This definitioantains
notions whose detailed explanation at this poimoispossible [1], [2], [3], [4], [5].

For a significant class of functional spaces (dtedal, spaces) it is a necessary condition for the funstio

as elements of the space to be integrable. Thbédause the definition of the inner product in ¢hepaces
has the form of an integral. The classical Riemanagral cannot be used for many important funcion
Therefore, the Lebesgue integral is consideredgiwisi more generally applicable while it is basadie notion
of ,measure”, and so-called measurability of thaction is assumed. So the space of Lebesgue-ittiegra
functions has a defined inner product. The expjicitated condition of the existence of the inneodoict
in the definition of Hilbert space shows its sigraihce for these spaces since the inner productrgess
the norm of space and the norm in turn generatesétric. Consequently, Hilbert space is a nornieeat
vector space with metric.

The completeness of space means that every Caedgisce of functionéfi}i"‘;1 in this space converges

to a function that is an element of this spacethnd is also Lebesgue-measurable. The Hilbert splaaecter
of being complex means that a function as an elememctor can, in general, be a complex functiba oeal

variable, so thatf OC® for tD[a,b] OR . This property of space is important for a pradtipoint of view

in the analysis of frequency Fourier spectra that eomplex functions of real frequencies. The iitdin
dimensionality of this space follows from two mutyaelated facts. The functiorf takes on infinitely many

function values — coordinates in its domain — aloseal interva[a,b]. The base of this space also consists
of infinitely many mutually orthogonal functions.
The properties of functional spaces, especiallybéitl spaces, yield many application possibilities.
A condition for using the theory of Hilbert functial spaces in signal processing is that the sigoald
be interpreted as afunction that satisfies the ditimms for being an element of Hilbert space
of the corresponding class. Therefore, it is ustefgtudy general properties of each physical signa
Each electrical signal of the sensor has the fafigwproperties:
« Signal is a physical manifestation of physical gitsirof the process,
e Signal can take on non-zero values only in a fitiitee interval (physical signal is finite),
e Signal values — amplitudes are bounded (finite),
« No physical signal has complex character,
e Signal can be described with a unique continuoakfumction of time.

Only signals with these properties can be techlyicatalized. Moreover, in a digital processing
of the physical signal, the boundedness of thedifice of its amplitude is important.

The physical signal can have a different form iwhtécal systems. From our point of view, the twassks
of electrical information signals are importantmey analog and sampled signals that are relatdiyitzation.
For both classes of signals, it is necessary td fire corresponding function as their mathematmatel.
In the following, we consider the most general €laksignals, i.e. analog signals.

As follows from the above, the mathematical modglpfoximation) of the analog signal, defined indim

interval [O,T]DRS,T <o, can be auniquely bounded absolutely integrabdaticuous real function
X = (x(t);t :0|—>T) of real variable t. A finite number of so-calledsabntinuities of the first kind is also

permitted. In this case, at isolated points of aliginuity, the function as a model of the signas karo energy.
Then for this point, the value is the right-handtloe left-hand limit or their arithmetic averagehefe can be
no discontinuity points in the original signal, hewer.

In the mathematical processing of the signal, weriabstract procedures employing complex numbers
are used. Transformations (Fourier, Laplace or éit)pbare frequently used to transform the real fiomnc

as a vectorxJC”® to a complex function as a veciJC”. Because of this, it is preferable to consider,
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for a mathematical model of the analog signal, gdhea complex functionXE(x(t);t :0»—>T)DC°° of a real

variable with all above-mentioned properties awas with the real function. A suitable type of Hitb space
given the above-mentioned functimras a model of the analog signal is the s;h:g&&T]. This Hilbert space is

the set of all measurable real or complex functichefined for all reak O [O,T] such that:
T
j|f(t)|2dt<oo 1)
0

(Lebesgue-integrable in square root). This funeti@pace has all four structures of a linear normettic
space with inner product, i.e. set, algebraic @metopological and geometric structure. Thenmfrthese
structures, the following arithmetic relations withportant geometric interpretation according tg.Hi follow
for a given space:

T
« inner (scalar) product: <>§ ,xj>:J‘>q(t)xj thtOC, (2)
0
key algebraic operation between two points of space
T
«  norm: I, = J.|x(t12dt OR§, 3)

0
gives the distance of the point from the point zsdhe origin of the coordinate system.

*  metric: pz(x ,xj)=||xi = X; || = (4)
gives the distance between two points of space.
e the cosine of the angle subtended by a couplecatilon vectors:
¢, X
Cos¢i,j :MD[QI_T} , (5)
Peleff, L2

gives the size of the angle subtended by two podftspace as vectors; the relation uses the Cauchy-
Bunyakovsky-Schwarz inequality (so-called CBS iraify).

x, kg

:
r.

L,[0,T]cC”

I 1

Fig. 1. Geometric interpretation of structuresHiibert space as signal space.

The above geometric structure of Hilbert spaceigisat space is a high abstraction of functionallysis.
However, it enables to make some ,special distidinit of signals based on the measure of their mutua
similarity or difference in the set of physical séds, represented by corresponding model functeanpoints
in space. The mutual locations of signals, conakittes way, are quantifiable by using functions {@)(5).
The problem is, however, that these quantitatiygressions do not provide a visual picture of suskridution
of particular signals in an infinite-dimensionabspLz[O,T]. A possible solution to this problem appears to be

the definition of a suitable mapping of Hilbert spd_, [O,T] into classical Euclidean physical spa€g that we
can visually perceive. In some cases, we can evemitth the mapping into spade, or E; .

So the goal is to find a suitable mapping that wWaasdsociate individual signals of the Hilbert sigsace
with corresponding positions in the visual Euclidespace in such a way that the mutual positionthe$e
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points as images of signals will express the measfr mutual similarity of the corresponding signals
as the originals of mapping. In the design of soEpping, methods of analytical geometry, applietHilbert
signal space, will be used. In the following part,example of such mappings is shown.

Visualization of signal distribution on signal spae based on the measure of their mutual similarity

Map F;: LZ[O,T] - E; -this map has the best capability to distinguistividdial signals. In this case, three
measures of differentiation of signal location ased at the same time, namely thejy norm and a couple
of angles subtended with two reference signals. Mhp F; determines a location in a bounded part of space

E;= R3 to each signal. The procedure is as follows (E)gln the signal spacez[O,T], we define a suitable

reference signalx,,; and we construct an orthogonal vectgf to the signal. Then, we have the following
for their mutual inner product:

<Xref,XrDef> =0.
(6)

Further, let us choose a Cartesian system of ommm.ﬁ(o;ex,eY,eZ) with a triple of coordinate axes
(X,Y,Z) in spacek;. This way, the Euclidean space is divided intdeartants.
Assume that for the location vectors of imagesathlveference signals in the mappiRgwe have:

Mxer = (”Xref”zex Oey 0e; ) (7)

r o= (OeX Oey, ,€2 ) . (8)

Xref
In this way, we located a couple of images of milyuarthogonal reference vectors onto the axes & An
Let us further introduce a spherical system of d'cmites(o;r,¢,z9), associated with the defined Cartesian

coordinate system according to Fig. 2, in spdeg Subsequently, there exist well-known transforomati
relations between Cartesian coordinates and sgteoordinates of the same point in spage

0
Xref

L,[0,TjcC”

Fig. 2. Map of Hilbert signal space into space.

The location of the signal point x in this EuclidespaceE; is then defined in the spherical coordinates
by its location vector, = 0|xl|2,¢,z9) with the starting point at point 0. The lengthtln& location vector is equal
to the norm|X|, of the vector x in spaced,[0,T] and represents the distance of point x from pole 0

of the spherical system of spd€g. The coordinatep represents the magnitude of the oriented anglesdbd
by axis X with the vertical projection of the lowat vector r, into the pIanéX,Y). It is determined
by the magnitude of the oriented angte= ¢(xref,x) in the signal spadeQ[O,T]. The coordinated represents
the magnitude of the oriented angle subtended kg @xwith the location vectar, . It is determined

by the magnitude of the oriented angle- ﬁ(x,gf,x) in the signal spade, [O,T].
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By using well-known transformation relations betwespherical and Cartesian coordinates, we canalefin
the following for the Cartesian coordinates of signal point x in spacg;:

X = (]|x|| ) sin(ﬁ)cos(¢),||x||2 sin(zS’)sin(¢),||><||2 cos(:?)). (9)
And for the location vector of this signal point Wave:

r, = (]|><||2 sin(#)codg)ey AR sin(9)sin(g)e, AR(R codd)e, ) . (10)

Application of map F3

Some properties of the above mBp were analyzed so as to avoid erroneous interprataf results while

working practically with the map, to avoid unexpttdistortions of mutual positions of the vectoesnhg
visualized and to avoid resulting disappointmeis. experiment was realized with the signal of canent
vibrations of the process of separation of rocksiidsy rotary drilling on a special drilling stan@ihe mapF;

was applied to this concurrent vibration signal.

The process of rotary drilling of rock massif geates concurrent vibroacoustic emissions that cpores
to the character of the rock separation [6], [fle Bensor of these vibrations (accelerometer) geagea random
analog signal at its output with the shape of earius random fluctuations (Fig. 3) [8], [9]. By dtuations
of the stochastic signal, we understand the randaniation of its amplitude around the mean valfi¢hé rock
massif is homogeneous enough and the mode ofndrifitabilized (constant rotations and pressurea) this
process of drilling or separation is a stationaspdom signal. Moreover, this signal should be eigod
The above concurrent signal can be considered ta tBndom function of time that represents a model
of the inner process of separation of rock massif.

R

o

X (t)

@ & b v ow b a e

'
o

t(s)

Fig. 3. The signal of concurrent vibrations frole fprocess of rotary drilling of rock.

A hypothesis was formulated that the stabilizedcpss of separation of the homogeneous massif &f roc
on an experimental stand is a stationary randorogs®and that the corresponding random sig('(a) obtained

is an ergodic stationary random signal (functidn)general, these properties of the process sigaad great
significance for its digital processing. The valdbf this hypothesis was verified with a standandthod
in accordance with the theory of random process.

The above method was experimentally used in thetisal of the task of effective control of the prese
of rotary drilling of rock massif [10], [11], [12][13]. The essence of the proposed control algoriis
a classification of the rock being separated on lihsis of concurrent vibration signal [14]. Recoigmi
of the class of the rock based on the concurrentogsicoustic emissions, in which also its geomedani
properties are manifested, subsequently enablefdose the corresponding mode of drilling thatffcient
for given class of rock from the table of experts][ [16]. The mode will provide minimal specifianergy
of separation at a maximal speed of drilling [1Ftom realizations of concurrent vibrations of thegess
of separation of four types of rock (A — andesite; limestone, Z — granite, B — concrete), the posmectra
were calculated. They represent, in the sense eofatiove considerations, the functions — vectorslitifert
space. Given random, but stationary character,ettpsver spectra were averaged for each rock from
30 realizations of the signal. The mode of drill{pgessure, revolutions) was stabilized duringrtteasurement.
By the above procedure, the calculation of theldripf digital positional characteristics was penfied
for the centroid of each rock. Then, those chareties determined a unique location in 3-D spdeig.(4)
for the centroid of each rock.
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)

Fig. 4. 3D Visualization of differentiability ofgeparated rocks represented by concurrent vibnat@s vectors in Hilbert space.

The above method of visualization was also usedetmonstrate the fact that the concurrent vibrations
contain information not only about the class of theck being separated, from the viewpoint
of its geomechanical properties, but also inforovatiabout the current mode of drilling. The trajegto
of the movement of the power spectrum of concurrebtrations as a vector of Hilbert space, namely
at a gradual increase of pressure, is shown ing-ig.
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Fig. 5. The trajectory of concurrent vibrationstb& process of drilling limestone at a gradualreese of pressure.

Geometry interpretation of non-stationary characterof tunneling process of Branisko by functional
analysis

Engineering-geological investigation classified theks in the course of excavated tunnel basedroilas
properties into the 42 geological sections (GS) emtd lithology defined by 12 engineering-geolodicack
types. The paper presents the results of 22 gexalbgictions covering 5 engineering-geological typles:

« A -rock formation represented by dominant amphibslas part of the biotitic-amphibolic and ampliio
gneisses (13 geological sections),
*  Rbp - biotitic and plagioclase gneisses (2 sec}jons
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* Rab - amphibolic to biotitic-amphibolic gneisseségtions),

KMy — geological sections comprising mylonites fésg from tectonic faults, only local positions up
to 20-30 m length (3 sections),

« G - granitoids in the form of dike systems and bedil3 geological sections).

Every geological section is represented by a ci&htcalculated as the arithmetical mean of a certain
number of realizations of the accessory signal.s€hmosition vectors are compared relatively toptaperly

selected reference position vector. The horizoptaition (¢i = 0) of the centroid vector of certain geological
section means that the geological section showk cotting process very similar to the referencecpss.

If the centroid vector of GS is inclined at a Iatr@ﬁgle@)i >O), this shows the larger difference from
the reference process. The length of the GS centrector compared to the length of the referencetove
expresses the energy of the rock cutting process.

The Figures 6 and 7 present the position vectoesoéssory process signal corresponding to theichdil
geological sections. The whole evaluated sectios diaided into two separate figures for better itfar
Such visualization method of the accessory signabath time and frequency domains documents the non
stationary character of the rock cutting processed by inhomogeneity of the rock mass in geoldgieeations.
The data analysis showed that there were someasimgéological sections and several sections with th
completely different character of the rock cuttprgcess.

The presented method of visualization enables tayaa the rock cutting process also by assessing
the energy demands during the tunnel excavation. |&hgths of position vectors in the Fig.6a) b)responds
to the amount of energy consumed for rock cuttingnidividual sections. Similar information is inved
in the Fig.7a), b), whereas the length of the mmsivector expresses the mean cutting energy comsyoar one
revolution of the TBM cutter head.

Trajectory of process|. (time domain) Trajectory of process Il. (time domain)

erbp || 3
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- bl . 50
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Fig. 6. a) b) Visualization of rock mass inhomagjgnbased on the accessory process signal analpzbe time domain.

Trajectory of process |. (frequency domain) Trajectory of process I, (frequency domain)
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Fig. 7. a) b) Visualization of rock mass inhomagjgnbased on the accessory process signal analpzbe frequency domain.

288



Acta Montanistica Slovaca dlume20(2015), numbe#, 282-289

Conclusion

The above methods of processing physical signatg ike so-called new mathematics enable the soluti
of many complex problems. Functional analysis, HgriBlbert spaces, makes it possible to analyzeai
as functions and generalize geometric relationsrgrtbem. However, the fact that these geometriaticels
of signals as vectors in Hilbert space cannot bpigecally perceived as in the case of vectors inBllidean
space is problematic. This contribution tries towlone of the possible solutions to this problem.
The proposed method of a unique map of vectors itfieH space into the 3D space was applied
to geophysical vibration signals from the proceksotary drilling of rock. The differentiability ofour kinds
of rock on the basis of vibrations and also thessmity of the location of vibration signal in Hiért space
on the mode of drilling were visualized.
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