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USE OF BACKSCATTERING ULTRASOUND PARAMETERS
FOR IRON ORE VARIETIES RECOGNITION

Purpose. Development of the method for recognizing the main mineral-technological varieties of iron ore in the deposits being
developed by selecting an analytical model for the spectral characteristics of the received ultrasonic echo signals and quantitative
assessment of their parameters.

Methodology. The work uses methods for modeling the processes of propagation of ultrasonic waves in a randomly heteroge-
neous medium. The process of backscattering of ultrasound in mineral structures formed by inclusions of iron ore of various vari-
eties and associated rock was considered. The estimated parameters of the spectral characteristics of the inversely scattered probing
ultrasound pulse were studied.

Findings. A method for recognizing the main mineral and technological varieties of iron ore of the deposit being developed,
based on the parameters of the propagation of ultrasonic waves in the studied samples, was proposed. This is achieved by selecting
an analytical model for the spectral characteristics of the received echo signals and quantifying their parameters. The amplitude of
the echo signal and its spectral properties depends on the size and concentration of the scatterers, i.e., the structural and textural
features of the iron ore sample under study. Taking into account these factors, the extracted parameters of the model were used to
identify the main mineralogical and technological varieties of iron ore of the studied deposit.

Originality. The proposed method for recognizing mineral-technological varieties of iron ore differs from the known ones in
that the amplitude, central frequency, and bandwidth of the amplitude spectrum of the Gaussian parametric model of the mea-
sured echo signals are used as evaluation parameters.

Practical value. The proposed scientific and technical solution allows for operational non-destructive control of the main min-

eralogical and technological types of iron ore in the process of its extraction and processing.
Keywords: u/trasonic analysis, backscattering, iron, mineral varieties

Introduction. Iron-containing ores are an important raw
material for the mining and metallurgical industries. They are
a complex combination of mineral formations and associated
rock. Mineralogical analysis of iron ore is necessary at all stag-
es of its extraction and preparation for metallurgical process-
ing, for example, for operational control and effective control
of beneficiation processes [ 1]. Modern control systems of min-
ing production processes work in conditions of incomplete
and unclear information about processed raw materials [2].
Therefore, the development of methods for operational assess-
ment of mineralogical characteristics of iron ore that is mined
and processed is an important scientific and technical task [3].

Ultrasonic methods are a powerful tool for solving this task,
since ultrasonic waves are absorbed and scattered by mineral
formations, and the measurement and further analysis of these
and other interrelated parameters allow evaluating the physical-
mechanical and chemical-mineralogical characteristics of the
ore. The intensity of scattered ultrasonic waves largely depends
on the frequency. This can be used to characterize the studied
ore by spectral analysis of reflected waves (measurement of
acoustic echo parameters) or waves (measurement of transmis-
sion parameters) that passed through the studied volume [4].

Literature review. In the practice of ultrasonic measure-
ments, the inhomogeneity of the acoustic impedances of the
structural formations of the sample under study leads to the
scattering of the sounding ultrasonic pulse |5]. The spatial po-
sition of the scatterer causes a phase difference due to the su-
perimposition of waves. Such regularities are determined and
described by first- and second-order statistics.
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Scattering occurs during the propagation of elastic waves
in an inhomogeneous medium, which is determined by ran-
dom spatial fluctuations of its elastic properties. While classi-
cal analytical studies are based on lower-order scattering as-
sumptions, numerical methods, in contrast, do not have such
limitations because they inherently involve multiple scattering.
However, most studies have generally been limited to two or
one dimension due to computational limitations [6].

Quantitative methods of ultrasound analysis have been devel-
oped and evaluated based on the envelope of backscattered ultra-
sound. The envelope of scattered ultrasound can be modeled as a
superposition of signals scattered from individual scatterers in the
environment being studied [7]. Thus, the envelope signal is statis-
tical in nature. By applying the model to the amplitude distribu-
tion of the envelope, it is possible to obtain information about the
scatterer number density and the organizational structure.

Investigation of the statistics of envelope harmonic signals
in order to relate the parameters of the distribution to the non-
linear coefficients provided in [8]. The main results show that
the distributions show different behavior for fundamental and
harmonic signals and that environments with different nonlin-
earities can be distinguished when using the Nakagami statis-
tic for the harmonic signal.

Attenuation is one of the main analyzed parameters of the
ultrasound propagation process, as its value is closely related to
the characteristics of the studied environment. Attenuation esti-
mates are characterized by high variance due to the stochastic
nature of the scattered ultrasound signal, and some special pre-
processing methods are used to improve the quality of the ob-
tained estimates. The paper [9] presents the application of spatial
compounding (SC), frequency compounding (FC) and their
combination. The obtained parametric results are compared by
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root mean square errors. The analysis shows that the combined
SC and FC methods significantly improve the quality and accu-
racy of parametric attenuation distribution estimation results.
Time-of-flight (TOF) is widely used in ultrasonic non-
destructive examination (NDE). In [10], a model-based
method for estimating the parameters of the ultrasonic echo is
proposed. It is assumed that the ultrasound signal consists of
an unknown number of Gaussian echoes distorted by Gauss-
ian white noise. The Hilbert transform is used to extract the
envelope of the signal. The quasi-maximum likelihood meth-
od is used to estimate the parameters of the signal envelope.
The number of echo signals is estimated using the agreed in-
formation criterion of Akaika [11]. Two measures are used to
evaluate the effectiveness of the proposed method: the proba-
bility of detecting reflected echo signals and the error of the
estimated flight time. The proposed approach is compared
with the methods of cross-correlation and maximum likeli-
hood, in which the output signal is used. Simulated and ex-
perimental signals are used to evaluate the performance of
each method. Both experimental and simulated results show
that the proposed method can improve parameter estimation,
which ultimately improves damage detection and assessment.
Ultrasonic control of heterogeneous media largely de-
pends on the quality of simulation of the expected signals for
detection and correct interpretation of the structure of the
sample under study. In work [12], disturbing factors affecting
the parameters of ultrasonic waves in polycrystalline media are
studied. One of them is scattering due to the granular micro-
structure of the polycrystal. The resulting microstructural
noise varies depending on the granulometric composition and
the frequency of the ultrasonic waves used in [13]. A method
for simulating this noise by means of geometrical modeling of
the granular microstructure to determine its influence on the
scattered ultrasonic signal is presented. For this purpose,
Laguerre mosaics are used, generated by random packing of
spheres that divide the space into convex polyhedral cells.
Data acquisition time and storage requirements become
increasingly important in signal processing applications as data
sets grow in size. Compressive Sensing (CS) has emerged as an
alternative processing method because the original signals can
be reconstructed using fewer data samples collected at frequen-
cies below the Nyquist sampling rate. However, further analysis
of CS data in both the time and frequency domains requires the
reconstruction of the original data form in the time domain,
since traditional signal processing techniques are designed for
compressed data. In paper [14], a signal processing framework
is proposed that extracts spectral properties for frequency do-
main analysis directly from undersampled CS ultrasound data.
Thus, the theoretical and practical results of the analysis of
the process of ultrasound propagation in heterogeneous media
allow us to draw a conclusion about the feasibility of using the
scattering parameters of probing signals to assess their struc-
tural and textural properties.
Purpose. The purpose of the presented work is to develop
a method for recognizing the main mineral and technological
varieties of iron ore of the deposit being developed. This is
achieved by selecting an analytical model for the spectra of the
received echo signals and quantifying their parameters.
Methods. Iron ore is a randomly heterogeneous medium
containing mineral formations with densities and compress-
ibility that vary relative to the host rock and other inclusions.
Currently, the methods for evaluating the characteristics of
iron ore based on measurements of the propagation parameters
of ultrasonic waves have become widespread. The speed of
propagation and the amount of attenuation of ultrasound are
most often used. Thus, according to the results of research con-
ducted on samples of various mineral varieties of iron ore of the
Kryvyi Rih iron ore basin, the propagation speed of longitudi-
nal ultrasonic waves was 4100—5800 m/s, transverse — 2300—
2900 m/s, and the attenuation was 23—44 dB/m. These depen-
dencies are an estimate of the physical and mechanical charac-

teristics of the ore. At the same time, it should be noted that for
the successful recognition of at least the main mineralogical
and technological types of ore of the studied deposit, the spec-
ified parameters and their interrelationships are not enough.
Thus, according to the results obtained for the studied deposit,
the correlation coefficient between the velocities of longitudi-
nal (C;) and transverse (Cy) waves and the density p of rocks is
0.53—0.72, between C;, Crand elastic characteristics (Young’s
modulus, coefficient Poisson, shear modulus) — 0.55—0.94
and the correlation coefficient between the attenuation coeffi-
cient with the same characteristics does not exceed 0.71 [15].

To improve the quality of operational mineralogical analy-
sis of iron ore, it is proposed to use the parameters of the pro-
cess of propagation of backscattered ultrasonic waves formed
in the studied environment.

In the works by Lazarenko O. K., Pirogov B.I. and other au-
thors, a description of the mineral composition, as well as the
size of individuals and aggregates in the layers of hornblendes
and jespilites of the magnetite deposits of the Kryvyi Rih iron ore
basin is given. Magnetite is one of the most common minerals of
the Kryvyi Rih Basin. It is part of iron ores and ferrous rocks as
an important ore-forming mineral. The distribution of types of
magnetite aggregates in some ore formations is given in Table 1.

In mineral varieties, individual types of magnetite aggre-
gates are unevenly distributed (Table 2).

Magnetite aggregates contain a significant number of indi-
viduals characterized by a multifaceted structure (polyhedral).
Aggregates and individuals with tortuous and irregular contours
are also present, differing in the morphology of aggregate types:
solid, ribbon, polyhedral, branched, granular interspersed
(Fig. 2). Moreover, 50—80 % of magnetite in corneas is repre-
sented by aggregates and grains of various degrees of idiomor-
phism. Magnetite grains often acquire an elongated lenticular,
rectangular shape and uneven winding intergrain boundaries.

The given information indicates that the texture and struc-
ture of mineral formations in iron ore can be used to identify
its mineralogical and technological varieties.

The influence of absorption and scattering on the propa-
gation process of the echo signal received by the ultrasonic
sensor manifests itself in the aggregate as a decrease in its am-
plitude. The process of ultrasound scattering in rock depends
on many geometric factors, such as the size, shape and spatial
distribution of the scattering objects, as well as on physical fac-

Table 1

Characteristic of the mineral composition and size of
individuals and aggregates by layers of magnetite hornblende
and jespilites of the Skelevatsky magnetite deposit

Magnetite Quartz
Size, mm g

qunefil‘s and Types of | - 8 ®
jespilites layers £ - DR = e
5| §|38|53|3¢8

Magnetite Rudney 0.15 | 0.35 90 | 0.04 | 8.5
mixed 0.11 | 0.18 | 37.5 | 0.04 | 59.5

Non-ore 0.06 | 0.00 3 0.07 95
Table 2

Distribution of types of magnetite aggregates in ore layers of
hornblendes and jespilites

Unit type

—_— =

. s - <

Corneals and jespilites 3 & = g E

S| 5| 2|28

£ = 2 | A E
Magnetite 50 40 5 5
Carbonate-chlorite-magnetite 50 35 15 0
Hematite-magnetite 80 10 5 5
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tors, such as the elastic characteristics and density of the mate-
rial from which these objects are composed. Fig. 1 schemati-
cally presents the process of ultrasonic wave scattering on
structural formations in a heterogeneous environment [16].

An ultrasonic wave 7 falls on a representative scattering site
with density p and compressibility k. The scattering location of
the inclusion is surrounded by a medium with density p, and
compressibility «,. In real conditions, both separate forma-
tions (mineral inclusions) and fragments of the environment
(for example, accompanying rock) can have their own proper-
ties. Any point in space within the scattering is denoted by the
position vector r. The scattered ultrasonic wave is observed at
a spatial point denoted by the position vector r,. It propagates
in the 6 direction and is characterized by the distance R from
the scattering point. The scattering angle between the direc-
tion of the incident and scattered waves is denoted by 0. Fall-
ing it propagates in the direction 6 = 0°.

Depending on the ratio of the ultrasound wavelength and the
size of the scatterers in the studied sample, three types of scatter-
ing are distinguished. Specular scattering occurs when the size of
the scatterers is much larger than the wavelength of the ultra-
sound. At the same time, the ultrasonic wave can be reflected or
transmitted through the boundary between the diffuser and the
environment. Diffuse scattering occurs when structural entities
are much smaller than the wavelength of the ultrasound. And,
finally, with diffraction scattering, the wavelength of ultrasound
and the size of the scattering formations are commensurate. In
this case, the incident wave is equally dispersed in all directions.

Existing models of ultrasound scattering allow obtaining
numerical parameters describing the number of scatterers and
their spatial distribution from the information contained in the
characteristics of the enveloping echo signal. The work [17]
describes the characteristics of the most commonly used mod-
els of ultrasound scattering. The simplest scattering model is a
discrete model, in which a wave propagates in a homogeneous
medium with inclusions whose properties depend on the
properties of this medium. The ability of a point object to scat-
ter a wave is described by one parameter — the scattering cross
section. Also used is the backscattering coefficient, which is a
measure of the power scattered by the object in the direction
opposite to the direction of the incident wave.

The point model of the signal s(#) assumes separate sourc-
es located in the resolution cell as scatterers

N
s(t)= Za,, cos(wyt +9,),
n=1
where w; is the average frequency of the excitation pulse; N is
the number of scatterers.

Phases are modeled as uniformly distributed [0; 2], and
the amplitude is usually assumed to be normally distributed.
The fully diffuse scattering model assumes the presence of a
large number of scatterers, so the diffuse echo signal can be
expressed as &,n

_ Scattering sites

Incident wave

1—

P

Background
medium Observation point
Ko, Po ro=Ro

Fig. 1. Scheme of ultrasound scattering on structural formations
in a heterogeneous environment

s(i) = X cos(wyt) + Y'sin(wyt),

where X and Y are identical Gaussian distributions with zero
mean.

In the event that the backscattered echo signal has a fair ex-
pression, we have the Rayleigh distribution [ 18], the probability

density of which has the following expression R=v X2 +Y?

fﬂr)zée’zr?u(r),

where u(-) is the Heaviside step function defined as
0, x<0
u(x)= .
1, x<0
With the previously made assumption about a large num-
ber of effective scatterers, but in the presence of resolvable
structures in the resolution cell (mirror component), X and ¥
become nonzero Gaussian distributions. In this case, the shell

no longer follows the Rayleigh distribution, but corresponds to
the Rice distribution [19].

r ¢ (e
fRician(r) :726 2° 10 [2ju(r)’
(e} (e

where /,(-) is a modified Bessel function of the first kind.

The Rice distribution transforms into a Gaussian distribu-
tion and into a Rayleigh distribution in the extreme cases of
very large and very small signal-to-noise ratios.

The K-distribution models the case when the number of
scatterers is itself a random variable, which is modeled as a
Poisson distribution, the local mean of which is a gamma dis-
tribution [20]. The K-distribution is formed by joining two
separate probability distributions [17]. The model used to rep-
resent the observed intensity X involves the union of two gam-
ma distributions. The probability density function of the gam-
ma distribution has the form

1 7)(

e ;
bT'(a)

where I'(x) is the material Gamma function

f(x;a,b)=x"

s

I(x)= j e dt, x>0.
0

Parameter a can be considered as a shape parameter and b
as a scale parameter.

Unlike the previously discussed models, Nakagami’s
model is not based on physical arguments. However, empiri-
cally it has shown better performance than the Rayleigh and
Rice distributions. The probability density of the Nakagami
distribution has the form [21]

L)
P (W) = F(ﬁiu X len”
where w = E(X?) is a positive parameter controlling the spread,
E*2(X?) . 1
p= W is a shape parameter, > 7

The shape parameters of the K-distribution and the Na-
kagami distribution are directly related to the effective num-
ber of scatterers. The shape parameter of the gamma distri-
bution also depends on the density of scatterers, but not lin-
early [17].

The given mathematical expressions of ultrasound scatter-
ing models can be used to analyze and evaluate real distribu-
tions obtained from experimental data and, in particular, to
determine envelope parameters.

The envelope of the signal in the time domain is its instan-
taneous amplitude, which changes in time [22]. In the time
domain, the real part of the analytical signal x,(t), is just the
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output signal x(7), and the new imaginary part x,(f) is calcu-
lated using the Hilbert transform x,,(f) = HT{x(t)}, which sup-
presses negative frequency components, i.e.

x,(1) = x(1) + jx;, (7).

The mathematical definition of the Hilbert transformation
x(?) is carried out according to the expression

x(7)
(t—1)

xh:va

—0

s

where pv is the principal value of the Cauchy integral.
Then the envelope of the signal F is defined as the ampli-
tude of the analytical signal

E = \|x(t)* +x,(1)*.

An alternative approach is presented in the works by Mar-
ple S.L. It is based on the calculation of parameters of analyti-
cal signals of the discrete time domain based on spectral prop-
erties. In this procedure, X|m| are the coefficients of the N-
point discrete Fourier transform (DFT) of the output signal
x|n] and is defined as

N-1
X[m]= TZx[n]exp(—j2nfn T),
n

where x[n] = x(nT).
Thus, the DFT coefficients of the analytical signal Z[m]

can be obtained from X[m] as follows [22].

X[0], for m=0

2X|m], for ISmS%—l
Z =
Lm] X ﬁ, for m=£
2 2

0, for %-ﬁ-lSmﬁN—l

The envelope is calculated directly from the real and imag-
inary parts of the complex analytical signal with discrete time
x[n] and x,[n], respectively, as follows

E=\x[n]? +x,[n].

Results. Simulation of the ultrasonic field in iron ore sam-
ples was carried out using the k-Wave software package for
MATLAB. A direct model of the propagation of acoustic waves
in the time domain for acoustically heterogeneous media with
a static absorption law was used. Fig. 2 shows the visualization
of the ultrasonic field in the studied iron ore sample.

When conducting experimental studies, the methodology
given in works [23] was used. Measurements were carried out us-
ing an ultrasonic transducer with a nominal central frequency f,
=1 MHz and an aperture diameter D= 16 mm. A converter with
a large bandwidth of 6 dB was used, which made it possible to
perform high-quality time gating and analyze echo signals over a
relatively wide frequency range. A generator/receiver combined
in one unit was used to generate and receive ultrasonic probing
pulses. The received signals were digitized using an analog-to-
digital converter (ADC) with a resolution of 14 bits and a fre-
quency of 10 MHz. Digitized data were transferred to a personal
computer (PC) for further digital processing and analysis.

Each digitized echo signal was synchronized before spec-
tral analysis to analyze only the backscatter of the ultrasound
probe pulse in the iron ore. For this purpose, the Hamming
window function was applied in the range of axial distances
from 75 to 125 mm. First, the amplitude spectrum of each
individual temporal echo signal was calculated using the short-
time Fourier transform (STFT). The obtained amplitude
spectra of echo signals were averaged in order to suppress their
random fluctuations. Then the parametric model was fitted to

x-position [mm]
o
=
Pressure [MPa)

-20 -10 0 10
y-position [mm]

a

02

0.15

0.1

Pressure [MPa]

x-position [mm]
N N
w o

0.05

-20 -10 0 10
y-position [mm]

b

Fig. 2. Visualization of the ultrasonic field in the studied iron
ore sample:

a — transverse projection; b — longitudinal projection

the average amplitude spectrum. An important advantage of
using the Gaussian model is that there is an analytical and un-
ambiguous mathematical solution for the calculation of the
least squares method for any given spectral data measurements
[24]. At the last stage of the selected model, quantitative pa-
rameters are derived: amplitude A, central frequency w,, band-
width Aw at the level of -6 dB. The amplitude spectra of the
Gaussian parametric model of the measured echo signals are
completely described by these three parameters.

It was shown in [25] that the propagation of the pulse
through the attenuating medium results in a shift of its average
frequency towards lower frequencies. This allows you to calcu-
late the attenuation coefficient of ultrasound using the follow-
ing expression

1 A, L df,

3
o3 Ax &0 o dx

a; =

where Af,, = f,, — /o is the change in the average (central) fre-
quency when the pulse travels the distance Ax; o3 is spectral
dispersion of the signal.

As it was shown above, the parameter of the process of ul-
trasound propagation in iron ore — attenuation, carries infor-
mation about its physical and mechanical characteristics. On
the other hand, the amplitude of the echo signal, and even its
spectral properties, depends on the size and concentration of
scatterers, i.e. structural and textural features of the studied
iron ore sample. Taking into account these factors, the ex-

Table 3
Results of analysis of different types of ores
9 Content, % density,
£ | Quartz | Magnetite | Martyt | Hematite | Siderite | kg/m’
1 63.7 30.9 0 1.4 3.8 3431
2 68.4 21.7 0 0.4 9.1 3248
3 64.5 30.2 0 1.5 3.8 3414
4 65.4 24.4 3.3 3.7 3.2 3412
5 60.8 314 0 5.4 2.5 3530
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Fig. 3. Characteristics of iron ore samples of the studied varieties:

a — and the results of their clustering; b — I cluster; ¢ — 2" cluster; d — 3" cluster; e — 4" cluster; f— 5" cluster

tracted parameters of the model were used to identify the main
mineralogical and technological varieties of iron ore of the
studied deposit. Reference measurements of ore samples with
known properties were used to calibrate the system.

In the process of experimental research, five main types of
iron ore were identified. Table 3 shows their main characteris-
tics. The following designations of ore types are used: 3 — red-
striped magnetite and hematite-magnetite hornblende; 4 —
semi-oxidized and oxidized corneas; 5 — hematite-magnetite
hornblende.

Recognition of mineralogical and technological varieties
of ore is carried out by means of fuzzy clustering of ore mate-
rial parameters, which are determined on the basis of ultra-
sonic measurements: amplitude A, (r,), central frequency w,
(ry), bandwidth at the level of -6 dB, (r;). Clustering of input
data was performed using the C-means algorithm in the MAT-
LAB package. A three-dimensional representation of the
characteristics of iron ore samples of the above mineralogical
and technological varieties is shown in Fig. 3 Aw.

Fig. 4 shows the dependence of the change in the values of
the target function (C-means functional) J on the number of
iterative calculation procedures n.

Partition Index (SC) and Xie and Beni’s Index (XB) were
used to quantify the clustering results. SC — the ratio of the

o

Objective function
&

0 5 10 15 20
Iteration

25

Fig. 4. The graph of changes in the objective function J values
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sum of compactness and separation of clusters, 0.2283. XB de-
termines the ratio of total variation within clusters and separa-
tion of clusters, respectively XB = 4.3145. The average recogni-
tion accuracy was 90.8 %.

Thus, the proposed method for recognizing the main min-
eralogical-technological varieties of iron ore with a sufficiently
high accuracy for practical purposes allows for operational
non-destructive control of ore in the process of its extraction
and processing.

Conclusions. Iron ore is a randomly heterogeneous medi-
um that contains multiple mineral formations with densities
and compressibility that vary relative to the host rock and oth-
er inclusions. To improve the quality of operational mineral-
ogical analysis of iron ore, the parameters of the propagation
process of backscattered ultrasonic waves formed in the stud-
ied environment were used.

The attenuation of ultrasound, which is determined by the
shift of the average (central) frequency, carries information
about its physical and mechanical characteristics. The ampli-
tude of the echo signal and its spectral parameters depends on
the volume and concentration of scatterers, i.e. structural and
textural features of the studied iron ore sample.

A method for recognizing the main mineral-technological
varieties of iron ore of the deposit being developed is proposed,
based on the parameters of propagation of ultrasonic waves in
the studied samples. This is achieved by selecting an analytical
model for the spectral characteristics of the received echo sig-
nals and quantifying their parameters. Fuzzy clustering of the
output data (amplitude, central frequency, bandwidth) was
performed using the C-means algorithm in the MATLAB
package. The average accuracy of recognition of the main
mineralogical and technological varieties of iron ore of the
studied deposit was 90.8 %.

The direction of further research should be considered to
be the use of additional parameters characterizing the nonlin-
ear properties of the studied environment and non-Gaussian
models in the analysis of the process of propagation of ultra-
sonic waves in rock.
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Meta. Po3po0Oxa MeTomy po3ItizHaBaHHsI OCHOBHUX MiHe-
PpajIoro-TeXHOJIOTIYHUX PiI3HOBUIIB 3aJ1i3HOI PyIU Y POJOBU-
11Ii, 110 PO3POOJISIETHCS, LIJISIXOM MiI00PY aHATITUYHOI MOJIe-
JIi 10 CHEeKTPaTbHUX XapaKTePUCTUK OTPUMAHUX YIbTPa3BY-
KOBMX €XO-CUTHAJIIB i KiJIbKiCHOT OLIIHKH iX ITapaMeTpiB.

Metoauka. Y poOOTi BUKOPUCTaHI METOAM MOJIEJIIOBAH-
H$I POLIECiB MOUIMPEHHS YJIbTPa3ByKOBUX XBUJIb Y BUMTAIKO-
BO-HEOIHOpinHOMY cepenoBulli. Po3risiHyTo mporec 3Bo-
POTHOTO PO3CilOBaHHS YJIbTPa3BYKY B MiHEpaJIbHUX CTPYKTY-
pax, yTBOPEHUX BKJIIOYEHHSIMHU 3aJ1i3HOI pyIu Pi3HUX Pi3HO-
BUJIB i cynmyTHBOI mopoau. JJocmiaKeHi OLiHOYHI TapaMeTpu
CIIEKTPAIbHOI XapaKTepUCTUKU OOEPHEHO PO3CISTHOTO 30H-
IyBaJIbHOTO YJIbTPA3BYKOBOTO iMITYJIbCY.

Pe3ynbraTin. 3arpornoHoBaHO METO PO3Mi3HABAHHS OCHO-
BHMX MiHEPaTbHO-TEXHOJIOTIYHUX PI3HOBUIIB 3aJ1i3HOI pyIu
POIOBUINIA, 1110 PO3POOIISIETHCS, HA OCHOBI MapaMeTpiB MO~
PEHHS YJIbTPa3BYKOBUX XBWJIb Y JNOCTIIKYBaHUX 3pa3kax. Lle
JIOCSITAETHCS MiAOOPOM aHATITUYHOI MOJEJTi 10 CHEKTPATbHUX
XapaKTePUCTUK OTPUMAHUX €XO-CUTHAJIIB i KiJIbKICHOI OLIIHKH!
iX rmapaMeTpiB. AMIUTITYIa €XO-CUTHATY Ta HOro CIeKTpaibHi
BJIACTMBOCTI 3aJieXkaTh Bill po3Mipy I KOHIIEHTpaLllii po3citoBa-
4iB, TOOTO, CTPYKTYPHUX i TEKCTYpHUX OCOOJMBOCTEHN TOCHIi-
JIKYBaHOTO 3pa3ka 3aJ1i3HO1 pyu. 3 ypaxyBaHHSIM LIMX (pakTopiB
3a3HaueHi TapaMeTpy MOJIEJTi 3aCTOCOBYBAMCS LTS imeHTH(i-
Kallii OCHOBHMX MiHEepaJIOro-TeXHOJOTTYHUX Pi3HOBUIIB 3aJ1i3-
HOI pyau nociimkyBaHoro ponosuiia. CepeiHst TOUHICTb po3-
TMi3HaBaHHSI OCHOBHUX MiHEpaJIOro-TeXHOJOTiYHMX Pi3HOBUIIB
3aJ1i3HOI Py HOCTIiIKyBaHOro ponoBuiia ckiaaa 90,8 %.

Haykosa noBu3na. [IpornoHoBaHuil MeTON po3Mi3HABaH-
HSI MiHEpaJIOro-TeXHOJOTIYHUX PIi3HOBUIIB 3aJli3HOI pyaAu
BiIPi3HSETHCS Bill BiIOMUX THUM, 1110 B SIKOCTi OLIHOYHMX Ma-
pameTpiB BUKOPHUCTOBYIOThCSI aMILTITyda, LIEHTpajbHa Jac-
TOTa Ta IIIUPUHA CMYTU MIPOIYCKAHHS aMILUTiTYTHOTO CIIEKTPY
rnapamMeTpruuHoi Mojaesi ['layca BUMipsSIHUX €XO-CUTHaJIiB.

IIpakTyHa 3HAYMMICTb. 3arpoOrOHOBaHE HAyKOBO-TEX-
HiYHE PillleHHs TO3BOJISIE 3MiHCHIOBATY OTIEPATUBHUIT HEPYii-
HiBHUI KOHTPOJIb OCHOBHUX MiHEPaJIOrO-TEXHOJIOTTYHUX Pi3-
HOBU/IB 3aJ1i3HOI pyIu y TIpolieci ii BUIOOYTKY It epepoOKu.

KirouoBi caoBa: yasmpassykosuii ananis, 360pomue po3ci-
108aHH5, 3a0I3HA PYOa, MiHepanbHi pi3HO8UOU
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