
1

��������	
���
��
���
�
����

� ����������
��
������
��������� !
���
"�� �!!
������#
$� %�&
��
'�()#
*� +�� �
,��-��!��&
��
.�!� �#
	�-�/��

��������	
���
��
���
�
����

.���
.0	*1(�#
2�3��
$,*4�

0"*���5�*�0�
0$
(0�.
��	��*�)(�*�0�
'�	��
0�
��0,	*��
'��.)(0,��
0$
�(�66��)
�������

�������

�	
� ������ ��������� �� ���� ��� ���
���
��� �
�	����� ���������� ���� ��� ����
������� �	
� ���
�� �
�����
�� �	
� �
�����
�� �
�
���	� ��� ���� �� ����� �
������	���� �
��

�� ������� ��������� ���� ����� ������� �� ��������� ���	��
�� �	
� ��� 
������������
����	����

�� �������
����� �	
��������������� ��
������
�
�������	���!�����
��
���"
� ��

�������� 
����� ������
����� �	
� ����������
���������	
� �
�
���	� ��� �	��� ��
���	����

�����
���
!�
���
�������������� ������
#������������ ����
��	����
����
�� ��������"������
�$���
������ ���
��� ��
������%� �
"������������������	
��%
�
���	� �� ��������%� ���
%� ��
�%� �������� ���������&���
����
�
��� �� �������� �������� 	�"
� �

�� ��
�� "
��� �
����� 
"
��� ����� �
�
�� �
������ ''()�� &��� �	��� �
����
�
��� 	�"
� �

�� ���
��
�� �������� ��
�������� �	
�� �
� ��

����� �
������	���� �
��

�� ������� ������ �� ��������� ���� ��������� �� �������� ��
�������#�� ���
� �� 
!�
�� 
�
����� �
�����%� �
� ���� �������
� �	
� ������� ������ �������$� *�� ��	�
"
� �	
� �������� ����
�
��
� �
��

�� �	


+��"��
��� ����� �
"
����� �	
� �������� ���
���
��������� �	
� �
��
�
�����"
� ��
+�
������	
��
��
�
�����"
� ��
+�
���
�
�
��
��
�� �� ���
� �� �	
� ���,��-
���
�	�� ���
�� �� �	
�
� �
������	���� 
����
�� �	
� ������� ������ �� ��������
���	��
�����������
����
���������� ������������

�������	$���������������%��������� ��
���%����������������

#.����/01�23���#14��5-0�-0���6�7
-��.#4���809��-�/01����:-�7���6����21-9:#����1�-��4�;<;293

#����
� �=���������
� ���>� ?
��� ����=� �=���=
�	���@� �
�	����@� �� �A�������
� �� ��@B
���� ���
���� ������>
����?
� ������� �������� =��
B�C��� ���D�=�� ���������� �=���������
�� ���>� �� �����>
�� �������=���� ���=D�=��
�=�������?@�
��� 6���
����� �������=��?�� ?
��� ��������=��?�� ������=�
?� 
�
����� ���=��� �=����������� ��=�
��D��C��� �=����������� =� ���������@� 
�
�����C��@�� 5������� ��=
�����=�� ��� 
���
���
�������� ���������
������=����#��������� ����
������������� �
?
����?
� ����D��?@�
� �����
���$� ��>D� ���������
��>�%� ����� �� 
�=D�=��� �=�������?@�
�%� �>��CE� ���
���%� �=��%� ��%� �����>� �������=���� .��=��� 
���
���
��A�� �B��� �=�?����
�=���� �����>�� �������=�
�� �
������ ''()�� .������ �
� ��>�B�>�� �� ��=���=
���� ����� �������=���	� ���
��
�=������������ .�=�� ��=��������� =��
B�C��� ���D�=�� ���������� ��
�����
�� ��D��C��@� ����@� ���=D�=��
�� =
����
�� ����� �������=���	� =�>B�� ��������@� �AB���D� ���D�=�� ����
�� �������=���� ���
�� ��
��>�� ��=�
?
�� ���	�� ?�>���� �� ���=��� ���
��� �=����������%� ��=�� ?
�������	� �����
����	� 
���������?���	�� 8���
�������=�
� =��
B�� ��
� ����� �� �����
��A�� 
���������?���	� ��
��>�%� ��
� ���B
� ��=�?�� �=��������
?� ���>��� ��
���� �
���� ������ ��� �����
?� =��
B�C��� �=����� ��� ��
�����
� �������
� ���=��@� �=������?@�@� ��>@�=��

����������
� �����>���������=�
��


������������$���
��
��
� ���>%� �����>��������=��%���
��
��
��������


�������	
����	�

The processes of mineral mining and underground drilling
belong to energetically demanding processes. In these pro-
cesses, the method of rock separation by rotary drilling is
widely used. Therefore it is necessary to investigate these
processes from the viewpoint of the energy costs reduction.

One of the ways to cut energy costs of rock disintegration
is to create a know-how. The common use of optimization
requires the measurement of several quantities since we are
dealing with multi-parameter optimisation [1]. The aim of
the research running from 1999 to 2002 was to reduce the
multi-parameter optimization into single-parameter one.

A phenomenon accompanying the process of rock sepa-
ration through drilling is the creation of noise. And this
noise can be the ideal parameter for optimization. Put in
other words, based on the measurement of sounds emitted
in this process an optimum control of rotary drilling should

be achieved. The results of research hinted at the possibility
of using the sound emission analysis for rock identification.
Rock identification is of double significance. The first one
consists in the choice of suitable drilling tool (indentor) for
the particular rock. The second one is in improving the geo-
logical knowledge (geological map) of rocks.

��	���������	����������

The aim of analysis was the investigation of objective func-
tion on independent variables (force, revolutions) and de-
pendent variable (the acoustic signal).

The optimization criteria are various:
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The optimization criteria were formulated as follows:
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where:
P – performance [W],

V – drilled rock volume [m3],

w – deformation work [J·m–3],

τ – time [s],

v – average drilling rate [m·s–1].

The optimization criterion (2) is is a complex criterion.
From measurements of the thrust, the drilling volume, the
drilling rate and performance, the values (1) and (2) can be
computed in some time.

Further in the paper we deal only with optimization of
rock disintegration from the viewpoint of energy cost mini-
mization.
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The goal of the experiment carried out at the Slovak Acade-
my of Sciences (SAV) laboratory at the trial stand was to
determine the effects of changes in the mode of disintegra-
tion and of the acoustical behavior of the environment and
evaluate these changes in dependence on the optimal mode
of disintegration. For these experiments, the Mediator 2238
sound meter of the Brüel Kjaer company has been used.

The research in this field has been made on experimental
drilling stand (see Fig. 1).

The stand is situated in horizontal level. The rock is
fixed in the head 3. The drilling tool 2 is fixed in
the drilling head 1. The aim of research was to investigate

the influences of thrust and revolutions changes at drilling
regime.

 Our monitoring system has measured following va-
riables:
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The monitoring system has been realized by PLC cards
and standard PC.

In ordinary cases of closed space it can be assumed that
the sound field is a diffusion field. If the sound source is
located in the closed space then the waves emitted from the
source reflect from the enclosing surfaces. In the enclosed
space there is a large difference in acoustic pressure de-
pending on the location the sound meter in part of the re-
mote field, i.e. the region where mutual interaction of the
waves propagating directly from source and reflected
waves occurs.

Sound meters are widely used in the technology of sound
measurement. During the measurement sound levels (A) or
acoustic pressure levels are determined at individual mea-
surement points, distributed uniformly along the hypotheti-
cal, simply definable surface completely enclosing the mea-
sured instrument for which the measurement is taken.
A suitable surface can consist of five faces of an imaginary
rectangular prism whose dimensions are chosen so that the
faces in which the measurement takes place are at most 1 m
away from the outline of the machine.

 The sound level (A) at the reference distance is a fre-
quent piece of data on the noise level of machines or devic-
es. It can be determined exactly with one of the measure-
ment methods of acoustic output with the weight filter “A“
switched on.

In our case the sound meter of the type Mediator 2238 by
the Brüel Kjaer company was used.

Based on the measured values of the equivalent sound
level A ( also average sound level A ) it is defined as follows

( )
2

2 2
, 0

1

1
10log [dB]

t

Aeq T A
t

L p t p dt
T

−
⎧ ⎫⎛ ⎞⎪ ⎪⎜ ⎟= ⎨ ⎬⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭

∫ (3)
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T = t2–t1;

pA – current acoustic pressure of the sound
signal, which is frequency-weighted with
weight filter A;

p0 – frequency acoustic pressure 20
μ���
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The measurement was evaluated in octave bands while

. [Hz]d uf f f= (4)

where:
fd – down limit of band frequency,
fu – upper limit of band frequency.

As seen in the ground plan of the laboratory in Figure 2
the source of noise is not only the trial stand with the driving
aggregate and noise generated during interaction of the in-
dentor with rock, but also the hydrogenerator and the pump.

������������������	��
�����������	�

In the sequel the energy aspects of erosion and disinte-
gration will be considered the starting point for the process
of disintegration. From this viewpoint disintegration is
a process in which the action of forces overcomes the bond-
ing forces of the building blocks of the material and gives
rise to new surfaces. This is the simplest definition of disin-
tegration. Before the disintegration is accomplished, how-
ever, the forces acting on the material cause its deformation
up to the breaking strength and perform deformation work.

3
2 [J·m ]W k V −= ⋅ (5)

where:
V – volume of disintegrated rock,
k2 – constant.

Relation (5) has become the foundation of the so-called
energetic strength theory which has a broad applicability in
practice in evaluation of the energy costs of the process of
rock disintegration.

The larger part of the isintegration energy, according to
the current interpretations of this theory, is consumed in the
formation of new surfaces of the generated products during
disintegration or in plastic deformations. The main part of
thed isintegration energy goes into the processes of erosion
in the neighboure zone of creation of tension and deforma-
tions, i.e. in the contact zone.

Dependence of the instantaneous speed of progress and
depth of rock cleaving, on the pressure are identical in char-
acter, because of the formula

v
h

n
= (6)

where:
n – revolutions [s–1],
h – depth of drilling per one revolution [m],
v – speed [m·s–1].

The above discussion of separation output and instanta-
neous speed of separation element movement suggests gen-
erally valid properties of specific volume work of rock sep-
aration. Its general behaviour in relation to the behavior of
instantaneous rate is shown in Figure 3 [2]. Then the work-
ing capacity of the separation tool can be defined as

v

w
ϕ = (7)
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In Figures 4 and 5 are plots showing the dependence of
the working capability of separation tool on the pressure at
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In the plot of Figures 6 and 7 are shown the measured
equivalent levels of sound at the drilling of andesite on the

frequency at various revolutions (the order of column dia-
grams in individual octave bands represents the mounting
pressure and the dark colour repres���
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Then, for the purpose of optimization, we could extend
the representative frequency to the frequency band

1 1,d uf f f∈ (8)

which in our case will be fd1=1000 Hz and fu1=4000 Hz.
Considerable increase in equivalent sound level can be ob-
served in Figure 6 also for the bands 31.5 and 63 Hz.

In Figures 8 through 10 are the plots showing the change
of equivalent sound level at idle mode and equivalent re-
volutions in andesite drilling. Their common characteristic
is the steady increase of the equivalent sound level in the
1000 Hz band. Dramatic increase of the equivalent sound

level for all modes occurs in the 2000 through 4000 Hz
bands.

In plots (Figs. 8–10) are compared LAeq ���
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and 10 then the characteristic of the optimum
control is as follows: To achieve the minimum difference be-
tween the equivalent sound level at the load and idle modes
only at the representative frequency ( f = 1000 Hz).
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In Figures 11 through 13 are the plots showing the
change in equivalent sound level at idle mode and equi-
valent revolutions in granite drilling. Their common cha-
racteristic is a steady increase of equivalent sound le-
vel in the 500 Hz band and increase in equivalent sound
level for almost all modes in the 2000 through 8000 Hz
bands.

From the more detailed analysis of the results analogous
qualitative conclusions were drawn as with andesite. The
fundamental difference consists in the definition of repre-
sentative frequency ( f = 500 Hz), at which ( thrust, revolu-
tions) the optimum mode of drilling will be sought, which
means finding again the minimum difference LAeq between
the idle and load modes of the drilling machine.
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The optimal regime can to be determined by following
algorithm.
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Experimental measurements show the possibilities of utiliz-
ing acoustic signals for optimal control drilling machine.

Results of research in this field were used for creating of
algorithm of optimal control. This algorithm was verified in
laboratory. The equivalent level for representative frequen-
cy depends also on types rock (see Figs. 8 to 10 and 11 to
13). Therefore LA,eq can be used for identification of rock
type.
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