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Abstract. The coefficient of ultrasound attenuation is noted for sufficient
sensitivity to provide high-quality characteristics of rocks. Efficiency of
transforming electromagnetic signals into elastic oscillations of the
ferromagnetic rock and backward depends on magnetic permeability of
the rock, i.e. the content of the ferromagnetic component. The suggested
method enables receiving additional data on concentration and structure
of the ferromagnetic component distributed in the rock. To use the method
one does not need either borehole liquid or any specific devices to
introduce elastic oscillations into the rock, this fact facilitating its
extensive application.

1 Introduction

There are over 80 prospected iron ore deposits in Ukraine. Its basic reserves — 70% in total
and 80% mined — are concentrated in Kryvyi Rih iron ore basin with about 90 enterprises of
ferrous metallurgy industries [1].

Commercial reserves of the country make up over 30 bln t of iron ore ensuring the
functioning of enterprises for about 95 — 100 years ahead. Seven of ten largest iron ore
enterprises of Ukraine are situated in Kryvyi Rih region — the PrJSC “Inhuletskyi GZK”,
the PJSC “SOUTHERN MINING FACTORY”, the mining department of the PJSC
“ArcellorMittal Kryvyi Rih”, the PJSC “Centralnyi GZK”, the PJSC “Pivnichnyi GZK”,
the PJSC “Kryvbaszalizrudkom” and the PJSC “Sukha Balka”. These enterprises of Kryvyi
Rih iron ore basin meet over 90% of Ukrainian metallurgical needs in raw materials [1 — 5].

In general, iron ores occur in three basic types [1, 6 — 9] — rich martite, ferruginous
quartzite and brown iron clay. Ferruginous quartzite, which is the main raw material reserve
of Kryvyi Rih iron ore basin, refers to the Sklevatskyi geological-industrial type.
Depending on availability of bands, magnetite ferruginous quartzites are divided into
several types of various technological value. These includes magnetite quartzites with
almost no silicates and carbonates; silicate-magnetite quartzites with the subordinate
number of silicate bands; hematite-mica-magnetite quartzites with the subordinate number
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of hematite bands; magnetite-silicate quartzites with the subordinate number of magnetite
bands; poor quartzites on the boundary of industrial value; carbonate-magnetite quartzites;
silicate-carbonate or carbonate-silicate magnetite quartzites.

In some mineral deposits (coal, some construction rocks), qualitative characteristics
change within either pit boundaries or large blocks slightly, this fact enabling mining ores
of homogenous composition. In most cases, quality indices vary greatly within deposits
[1,2, 6 —9]. In such deposits, sampling is conducted both during exploration and mining
stages to detect and clarify deposit boundaries, determine the character of mineral types
distributing within the massif and their qualitative characteristics as well as to control
changes in quality of useful minerals engaged in technological processes [11 — 13], identify
mathematical models of technological processes, and synthesize optimal, adaptive and
robust control [16 — 18].

In general, industrial boundaries of useful minerals including their division into types
and their separate blocks are distinguished by drilling exploratory boreholes followed by
sludge or kern sampling, blasthole sludge sampling, trench-channel sampling or that by
using various geophysical means [10 — 13].

Mechanical drilling speed is a quite dynamic indicator characterizing rock properties
[19]. The disadvantage of this approach is its insufficiency in complicated geological
structures of iron ore deposits, that requiring analysis of more data to confirm research
results [20, 21].

Determination of the rock type in drilling by means of two indices — mechanical drilling
speed and torque suggested in [20]. There is a disadvantage of this approach implying that
required accuracy of rock type recognition is possible under the binary geological structure
as indicated parameters accurately point out homogenous character and hardness of the
rock. In case of several mineralogical and technological types, application of this approach
can be complicated.

In [22], to monitor drilling, the following parameters are used: horizontal and vertical
vibrations, axis pressure, torque, drilling speed, rotation, etc. The disadvantage of this
method can involve controlled parameters among which only those of the drilling rig are
available, while direct or indirect measurements of rock characteristics are ignored.
A similar approach is used in [23] to recognize the ternary geological structure that includes
three rock types drilled. Yet, as in the previous work, recognition of the rock types is
mostly performed through a single indicator (hardness) and parameters of a drilling rig
without measuring characteristics of the rock itself.

The mutual disadvantage of the considered sampling methods is reduction of data
authenticity because of division of operations into sampling and analysis, huge labour
intensity and absence of operational efficiency. The most efficient solution of the problem
is logging — complete recording of data collected during drilling by applying geophysical
methods. The data allow creating a complete picture of a geological section covered by a
given borehole.

2. Methods

Logging is performed by electric, magnetic, nuclear-physical, thermal, ultrasonic and other
methods [24 —27]. While conducting them, along the borehole shaft by means of
geophysical sensors lowered on the cable, there are some values measured depending on a
single or several physical properties of rocks crosscut by the borehole. Sensor signals are
transmitted to the surface and recorded by mobile surface devices in an analog or digital
form [28 — 32].

Ultrasonic logging is based on studying velocity and attenuation of elastic waves in
rocks. Velocities of elastic wave propagation in rocks vary in a wide range and depend on
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physical properties, structure, texture, condition and other internal and external factors
[33 — 35]. Propagation velocity of longitudinal waves in hard rocks varies mainly from
1500 to 7000 m/sec, that of transverse waves — from 800 to 5000 m/sec [25, 26].

The ratio of propagation velocities of longitudinal and transverse waves in different
rocks varies within a wide range [25]. In case of igneous and metamorphic rocks, it usually
makes C,/C;=1.7/1.9. When full water saturation occurs, this ratio C,/C; slightly increases.
Sedimentary rocks have this ratio changed from 1.5 to 2.0 and more.

Generalized results of investigating into rocks under atmospheric pressure are presented
in [36]. Basic experimental data are given in Table 1 that indicate great changes in
propagation velocity of longitudinal and transverse waves in rocks in spite of a small
difference in their density.

Table 1. Velocities of the longitudinal (¢;) and transverse (c,) ultrasonic waves, density, elasticity
modules £ and g, the Poisson coefficient o for some rocks.

Medium ¢, m/sec | ¢, m/sec | p, g/cm3 E, kg/mm2 u, kg/mm2 o
Marble 6150 3260 2.66 7 360 2820 0.305
Mica 7760 2160 2.81 3820 1310 0.458
Granite 4450 2780 2.62 4870 2060 0.18
Basalt 5930 3140 2.72 6990 2680 0.306
Diabase 4970 — 2.79 7010 — -
Syenite 31 5050 3020 2.72 6170 2550 0.22
Dolomite 9 4450 2870 2.52 4990 2110 0.18
Labradonite 44 5450 3370 2.68 7390 3110 0.19
Diorite 39 6130 3140 2.91 7720 2930 0.32
Gabbro 38 6320 3330 2.96 8770 3340 0.31
Gypsum 4790 2370 2.26 3600 1270 0.338
Gneiss 7870 3010 2.66 6810 2410 0.414
Anhydrite 4900 - 2.93 7450 — —
Limestone 6130 3200 2.70 7240 2760 0.313

Unlike propagation velocity of elastic waves, physical dispersion of which is absent in
most rocks, the attenuation coefficient is determined by frequency of elastic oscillation [36,
37]. In a wide range of frequencies — from 1 Hz to 10 MHz — the attenuation coefficient in
different rocks varies from 1-10® to 2-10* m™'. The attenuation decrement in the same range
of frequencies changes from 1-107 to 1.0 on average. The attenuation coefficient increases
with the rise of frequency. Yet, there is no clearly expressed unambiguous functional
dependency of ultrasound attenuation on frequency for rocks.

The attenuation coefficient of transverse waves in crystalline rocks is usually equal to
the attenuation coefficient of longitudinal waves or about 1.5 —2 times larger [36]. Wet
clays and water-saturated sand have a considerable difference in attenuation coefficients of
transverse and longitudinal waves (up to 5 and higher). If velocities of longitudinal and
transverse waves in rocks are greater, attenuation coefficients of these wave types are on
the contrary smaller. It should be noted that if propagation velocities of elastic waves in
most solid monolithic rocks vary by just 40 — 60%, their attenuation coefficients are 2 — 4
times larger [25, 26]. This circumstance indicates the fact that the attenuation coefficient of
elastic waves is a more sensitive parameter for high-quality characteristic of rocks than
ultrasound velocity. Yet, here it should be taken into account that ultrasound attenuation is
affected by many disturbing factors.

To stimulate elastic oscillations in ferromagnetic rocks of the massif, we suggest using
the acoustic transducer of the electromagnetic type [37]. It is a distributed structure (Fig. 1)
comprising a constant magnetic field source, sources of alternating magnetic field, some
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amount of the ferromagnetic component of the rock where some transformation of the
electromagnetic field energy into that of elastic oscillations of medium particles occurs.
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Fig. 1. The acoustic transducer of the electromagnetic type: 1 —the constant magnetic field source;
2 — alternating magnetic field sources; 3 — the rock with the ferromagnetic component.

With elastic waves excited, the electromagnetic transducer transforms electromagnetic
signals into elastic oscillations of the ferromagnetic rock due to the magnitostrictive effect
and the ponderomotive action of the electromagnetic field. In some point of the
ferromagnetic with coordinates x;, the constant magnetic field of H°(x;) intensity and the
alternating one are formed (under the action of the electromagnetic impulse of a certain
amplitude, duration and frequency) with H (x, ¢) intensity at # moment. Deformations are
formed in magnetic fields H (x;, 7) and H(x;) in the ferromagnetic. The energy passes
further by elastic waves in the area of deformation formation. The acoustic transducer of
the electromagnetic types forms elastic waves directly in the area of measuring
characteristics of ferromagnetic rocks in the massive. As there are no other intermediate
elements to deliver formed elastic waves into the medium, there are no errors of measuring
its characteristics conditioned by these factors.

The transformation chain of electromagnetic waves into elastic oscillations of the
ferromagnetic rock looks as follows [38]:

u(xm’t) :F;l (Ijl* (xk’t)®]j10 ('xk)|Cka1’p0’rnn1’mqul’/’lfs);
H (x,,t)=F, (I*(t)); ()
[* (t) :F} (Uin (t))’

where U, () is the difference of electric potentials at the electric input (on the terminals of
the electric contour) of the ultrasonic electromagnetic transducer; I (¢)is the electric

current changing with time (¢ symbol) in the electric contour of the transducer; H" (x,.1)is

the intensity vector of the alternating magnetic field formed by the electric field of the
ultrasonic transducer in the point with coordinates x, in the physical coordinate system;

H’(x,)is the intensity vector of the constant bias field that determines the structure of

piezomagnetic constants and the character of the stress-strain state of metal in the close
proximity to the point with coordinates x;; cﬁ,, Po>TumsM s My, are physical and

mechanical constants of metal in the domain of alternating and constant magnetic fields :
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H

18 the tensor component of elasticity modules, determined experimentally under the

c

constant intensive magnetic field; w4 is the tensor component of magnetic permeability

determined experimentally under constant deformations at the assigned intensity of the bias
field. Under reception of ultrasonic waves propagating in the ferromagnetic polarized by

the constant magnetic field H°(x, ), the following transformation chain [38] occurs:

(
v, r70 H £ (2)
M(xk’t) :FM (gij ('xk’t)®H ('xk)|cijkl’p0’rnm’mqul’ rs);
& (x.1)=F, (ﬁ(xk,t))

where i (x,,t) is amplitude values of the translation vector of material particles of the

deformed metal, M (x,,¢) is dynamic magnetism of the ferromagnetic, ®(¢) is

displacement flux through the electric contour of the alternating magnetic field receiver,
U, () is the difference of electric potentials at the output of the alternating magnetic field

receiver.

Efficiency of transforming electromagnetic signals into elastic oscillations of the
ferromagnetic rock and backward depends on magnetic susceptibility of y ore, i.e. on the
content of the ferromagnetic component.

Experimental dependency of specific magnetic susceptibility of y ore on external magnetism
of the field H is provided in Fig. 2.
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Fig. 2. Dependency of specific magnetic susceptibility of y ore on external magnetism of the field H.

This dependency is obtained when testing ferruginous quartzites of Kryvyi Rih iron ore
basin in the industrial laboratory of online control over mineral quality headed by
A.A. Azarian in Kryvyi Rih National University.

4 Results and discussion

While conducting experimental investigations, the following parameters of drilling are used
as input variables — two inputs: drilling speed and torque; three inputs: drilling speed,
torque, specific destruction power; five inputs: drilling speed, torque, specific destruction
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power, horizontzl and vertical vibrations; seven inputs: drilling speed, torque, specific
destruction power, horizontal and vertical vibrations, deviation of drilling speed, deviation
of axis load; eight inputs: drilling speed, torque, specific destruction power, horizontzl and
vertical vibrations, deviation of drilling speed, deviation of axis load, results of ultrasonic
measurements.

Table 2 contains measurement results of density of five ore types mined and processed
at one of the deposits of Kryvyi Rih iron ore basin. The following symbols of ore types [39]
are accepted: 1 — magnetite hornfels; 2 — silicate-carbonate-magnetite hornfels; 3 — red-
banded magnetite and hematite-magnetite hornfels; 4 — semioxidized and oxidized hornfels;
5 — silicate shists, barren hornfels and quartz.

Distribution of mineral components in ore types is presented in Fig. 2.
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Fig. 3. Mineral composition of ore types.

The velocity of propagating longitudinal ultrasonic waves in the given samples makes
4600 — 6000 m/sec, that of transverse waves — 2830 —3810m/sec, the velocity ratio is
¢,/cs=1.75. This dependency is an averaged characteristic of content and structure of
distributing the ferromagnetic component in the rock, physical and mechanical
characteristics and condition of the rock massif, i.e. its mineralogical composition. In order
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to identify the mineralogical type of the ferromagnetic rock under study on the basis of
obtained measurement results, the measurements of other parameters mentioned above are
used.

The obtained results are compared to similar measurements in reference samples. When
identifying five ore types with the various number of input parameters, the following values
of accuracy indices are obtained: for two inputs — 55%, for three inputs — 68%, for five
inputs — 77%, for 7 inputs — 83%, for 8 inputs — 91%. Thus, to identify five ore types in the
rock, it is reasonable to consider eight input signals, this enabling accuracy of recognizing
91% of ore types.

5 Conclusions

Ultrasonic logging is based on investigating into parameters of acoustic waves propagating
in monolithic rocks including their velocity and attenuation rate. The velocity of ultrasonic
wave propagation is measured in a wide range and depends on physical properties,
structure, texture, condition and other internal and external factors. In spite of a
comparatively small difference in density of rock types, velocity of wave propagation
varies within a wide range. Yet, the coefficient of wave attenuation is a far more sensitive
parameter for high-quality characteristic of rocks. Besides, the coefficient of ultrasound
attenuation is affected by a great many number of disturbing factors.

Efficiency of transforming electromagnetic signals into elastic oscillations of the
ferromagnetic rock and backward is dependent on magnetic permeability of ore, i.e. the
content of the ferromagnetic component. Thus, the suggested method enables obtainment of
additional data on concentration and structure of distributing the ferromagnetic component
in the rock. To use it, one does not need any boring liquid or specific devices to introduce
elastic oscillations into the rock massif, this fact facilitating its wide application.

During experimental investigations into identification of ferromagnetic rock types,
drilling parameters including ultrasonic measurements are used as input variables. The
number of considered parameters varies from 2 to 8. When identifying five ore types,
auxiliary application of ultrasonic logging allows increasing accuracy of recognition of ore
types from 83 to 91%.

The authors express their sincere gratitude to the Kryvyi Rih National University for support in
conducting the research.
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