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Abstract. The paper presents the results of research on the vibration-acceleration signal of the ball mill drum
bearing support depending on its load when grinding mineral raw materials. Investigations of vibration sensor readings,
installed on the bearing support of the mill drum, and amplitudes of the vibration-acceleration signal from the volumetric
filling of the installation drum have been carried out. The dependences of vibro-acceleration signal amplitudes on the
frequency spectrum of Fourier series at different volumetric filling of the mill drum in the interval of loads from 0 t/h to
18 t/h are investigated. In research on the interrelation of a signal of vibro-acceleration and consumed power of an
electric drive of a drum depending on the degree of its volume filling, their averaged values are established. According to
the values of averaged numerical values of amplitudes of vibro-acceleration signal amplitudes, the graphs of their
dependence on the frequency spectrum of Fourier series in the range from 0 to 30000 Hz are obtained, the
dependences of the consumed power of the ball mill and the amplitude of the vibro-acceleration signal on the volumetric
filling of the drum are established, the algorithm of determining the level of filling of the mill drum is developed, the
dependences of the vibro-acceleration signal and consumed power on the level of filling of the ball mill in volumetric
units are established. It is established that the filling of the mill drum by the consumed power of the electric drive can be
controlled up to 0.7 of the volumetric filling of the mill drum. At the same time, the value of volumetric filling of the mill
drum, expressed through the signal of vibration velocity of the bearing support, smoothly grows in the whole range of
drum filling from 0.0 to 1.0. In this case the reliability of the received information on vibration acceleration of the mill drum
support with deviation from the approximating curve, not exceeding 5-6%. Tracking of the level of filling of the mill drum
is provided by the signal of the vibration sensor, which allows to maintain of optimal performance, grinding quality, and
power consumption. The obtained results give grounds to use the vibration acceleration signal in the system of
automatic control of the coal grinding process as a criterion for evaluating the degree of filling of the mill drum during its
operation.
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1. Introduction

Disintegration of mineral raw materials in the world annually consumes at least 5%
of all produced energy. At the same time, the efficiency of crushing and grinding
equipment does not exceed 2%, and disintegration processes are characterized by high
energy losses and low efficiency. The absence of control systems for raw material
grinding leads to its overgrinding, loss of a significant part of surface energy and
reduction of efficiency of the process of subsequent enrichment. The technical and
economic performance of ball drum mills (BDM) requires improvement, especially at
the grinding stage [1]. Therefore, improving the preparation of mineral raw materials
of the required grinding quality, reducing energy consumption and increasing
efficiency to maximize the performance of ball mills is an urgent scientific and
technical problem [2].

Ball mills are widely used in many branches of industry. They are of special
importance for thermal power plants (TPP) operating on hard coal [3]. As a rule, the
methods of controlling the process of ore grinding in BDM are insufficiently effective
due to the lack of methods for measuring the main parameters of the grinding process.
For example, the amount of loaded coal, productivity, and determination of the pre-
accident condition of the apparatus, when it is overloaded with the crushed material.

© Stasevych R.K., Zberovskyi V.V., Ahaiev R.A., Tyshchenko Ye.M., Savochenko R.O., Yelatontsev D.0.2023


https://doi.org/10.15407/geotm2023.167.013

14  ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 167

This leads to a sharp decrease in the productivity of the units and the need for manual
regulation of the grinding process by reducing the coal supply. As a result, the
inefficiency of the technological cycle of grinding leads to an increase in the energy
intensity of the process as a whole [4]. The solution to many design problems, energy
consumption problems, analysis of vibration data and mill dynamics using acoustic
beamforming and numerical modeling, and operating conditions of the BDM is
considered in [5-10].

The existing control systems [11-14] do not provide reliable prevention of possible
overfilling of the mill with raw materials. The instability of this process does not allow
to provide a constant particle size distribution of coal and completeness of filling the
drum of the ball mill.

The search for a technical solution to this problem led to the conclusion that its
solution is possible by controlling the load of the ball mill by the signal of the vibration
sensor installed on the bearing support of the mill drum, and the power consumption of
the electric drive of the drum from its volumetric filling with coal.

The solution to this problem will significantly improve the technical and economic
performance of the mill and the TPP as a whole, as well as the working conditions of
the operating personnel.

Proceeding from the accepted technical solution the purpose was set - to investigate
the vibration acceleration signal of the mill drum bearing support and the power
consumed by the electric drive of the drum in the process of its filling with coal.

In the process of research the following tasks were solved:

1. study of the scheme of installation of measuring devices on the technological line
of preparation of pulverized coal mixture to supply steam boilers of TPP LLC
"Kramatorskteploenergo";

2. Development of the structural scheme for data acquisition and processing from
the vibration sensor installed on the bearing support of the mill drum 2;

3. Research of parameters and criterion for estimation of the degree of filling of the
mill drum in the process of its operation at coal grinding;

4. Development of an algorithm for determining the level of filling of the mill drum
and the system of automatic control of feeding the grinding raw material into the mill
drum.

2. Methods

The results obtained in this work were achieved using:

- experimental study of ball drum mills operation parameters at different volumes
of their loading;

- fast Fourier series transformation of vibration signals of bearing support vibration
acceleration and power consumption of the electric drive of the mill drum from its
volumetric filling with coal;

- method of heuristic search of regularity between the level of coal loading of the
drum, vibration signals of the bearing support and power consumption of the electric
drive of the mill drum.
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3. Theoretical and/or experimental parts

To study the operation parameters of ball drum mills at different volumes of their
coal loading, the analysis of the vibration-friction signal of the mill drum bearing
support was used. Experimental-industrial researches were carried out on the
technological line of preparation of pulverized coal mixture for the supply of steam
boilers of TPP "Kramatorskteploenergo". The principal scheme of the pulverized coal
mixture mill is shown in Figure 1.
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F— feeder; S—separator; BDM- ball drum mills; ED- electric drive

Figure 1 — Dependence of the vibration acceleration signal amplitudes and power consumption on the
filling level of BDM in volumetric units

The vibration sensor (accelerometer AP-100-VM) is installed on the bearing
support of the BDM and connected to the archiving unit. A general view of the sensor
installation location is shown in Figure 2.

1 — permanent magnet; 2 — accelerometer AP-100-VM; 3 — connecting cable; 4 — ball drum bearing
support

Figure 2 — Location of accelerometer mounting
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The structural diagram of blocks for calculating the filling level of the mill drum
depending on the vibration acceleration of the bearing support of BDM is shown in
Figure 3.
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SE — accelerometer; ACP — analog-to-digital converter; DB — database of numerical data;
FTB — fast Fourier transform block; DB 2 — database of numerical data 2; CB — calculation block
A0 — is the amplitude of the vibration acceleration signal of the empty BDM; A1 — amplitude of
vibration acceleration signal at loaded drum, dB;

Figure 3 — Structural diagram for vibration acceleration data acquisition and processing

To determine the dependence of the amplitude of the vibration acceleration signal
of the ball bearing support on the volume filling of the drum, the signal of the empty
mill drum is chosen as the zero reference point.

The amplitude of the vibration acceleration signal 44, is defined as the difference
of numerical values obtained by fast Fourier series expansion for the empty and filled
ball mill drum. The calculation of 44, was performed using the following equation:

My = Ay~ 4, = (G, ) (1)

where 4y — is the amplitude of the vibration acceleration signal of the empty BDM,
dB; A4, — amplitude of vibration acceleration signal at loaded drum, dB; G,— drum
filling volume, t/h.

The data obtained are summarized in Table 1.

The dependence of the vibration acceleration signal amplitude of the BDM
bearing support on the Fourier series frequency spectrum in the load-interval from
0 t/h to 18 t/h is shown in Figure 4.

Figure 4 shows that the magnitude of the vibration acceleration signal amplitude
measured by the accelerometer in the range from 0 to 10000 Hz is unstable, and in
the range from 10000 Hz to 30000 Hz is more uniform.

The amplitude of vibration acceleration at given loads was calculated by the
frequency spectrum of the Fourier series and the magnitude of the signal amplitude
(see Table 1) according to equation (2):

n—1
4,=1.% 4, (2)
n iz

where A. — average value of vibration acceleration amplitude, dB; n — smoothing
interval; Aq — 1s the value of the random variable at the moment #;, dB.
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Figure 4 — Dependences of vibration acceleration signal amplitudes on the frequency spectrum of
Fourier series at different volume filling of the mill drum

Graphs of vibration acceleration amplitude by the values of the averaged
numerical values obtained with the help of equation (2) are presented in Figure 5.
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Figure 5 — Dependences of the averaged amplitudes of the vibration acceleration signal on the
frequency spectrum of Fourier series and drum volume filling
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Table 1. Dependence of vibration acceleration signal amplitudes on drum volume filling in the in-
terval of the Fourier series frequency spectrum from 0 to 30000 Hz

” < < < < < = = < <
Es | 2| | T | | 2| = | | I S
sz | 8 8] 8] 8] 8] 8| &| & | &
EE & 2| 2| 3| & %] & g 2
S S T < S~ < O
Freqﬁzncy, Vibration acceleration signal amplitudes, dB
5.86 2.83 | 6.02 6.54 7.61 10.51 | 10.50 | 10.36 | 10.00 | 9.86
11.72 292 | 6.15 6.57 7.45 10.18 | 10.05 | 10.13 | 9.40 9.48
17.58 264 | 6.17 6.49 7.02 9.68 9.57 9.88 9.15 9.46
23.44 281 | 6.24 6.61 7.67 9.54 10.10 | 10.27 | 9.13 9.30
29.30 2.63 | 594 6.77 7.82 9.67 9.95 10.04 | 9.28 9.37
35.16 244 | 593 6.51 7.48 9.63 9.27 9.37 9.00 9.10
41.02 235 | 541 5.62 6.94 8.68 8.41 8.58 8.07 8.24
46.88 2.52 | 5.19 5.77 6.81 8.03 8.29 8.43 7.75 7.88
52.73 2.70 | 5.56 5.48 6.84 8.38 8.38 8.46 7.92 8.00
58.59 238 | 5.11 5.10 6.40 8.07 8.22 8.24 7.47 7.49
64.45 1.91 | 4.61 4.71 5.87 7.89 7.60 7.69 7.31 7.41
70.31 222 | 4.87 5.22 6.29 8.01 7.69 7.98 7.63 7.91
76.17 2.70 | 5.19 5.78 6.68 8.22 8.32 8.58 8.34 8.60
82.03 2.53 | 5.16 5.68 6.59 8.47 8.48 8.57 8.81 8.90
87.89 2.52 | 4.93 533 6.75 9.03 8.62 8.55 8.79 8.72
93.75 2.59 | 5.67 5.65 6.72 9.44 9.14 9.16 8.96 8.98
99.61 241 | 5.86 5.67 6.71 9.25 9.32 9.36 9.25 9.29
105.47 244 | 5.70 5.65 7.16 9.63 9.46 9.62 9.51 9.67
111.33 298 | 6.21 6.41 7.54 10.25 | 9.93 10.01 | 10.03 | 10.11
117.19 3.08 | 6.20 6.73 7.76 10.80 | 10.20 | 10.12 | 10.47 | 10.40
123.05 266 | 591 6.18 7.49 9.99 10.36 | 10.31 | 10.17 | 10.12
128.91 2.02 | 531 5.57 6.93 9.07 9.56 9.66 9.14 9.24
134.77 1.82 | 5.12 5.22 6.99 8.99 9.10 9.13 9.08 9.12
140.63 2.00 | 5.61 5.59 7.23 9.77 9.43 9.68 8.99 9.24
146.48 1.91 | 5.50 5.79 7.23 9.91 9.59 9.56 9.72 9.69
152.34 2.09 | 542 5.52 6.86 9.75 9.51 9.52 9.96 9.96

As a result of the research, it was found that the most informative section of the
degree of filling of the mill drum is the frequency spectrum of the Fourier series with
amplitudes greater than 10000 Hz. This section of the spectrum is characterized by
more uniform amplitudes of vibration acceleration signals. It allows to establish the
optimal level of loading of the mill drum with the ground raw material.
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When studying the relationship between the vibration acceleration signal and
power consumption of the electric drive depending on the degree of its volume
filling, equations (3) and (4) were used:

a=L3 (- 4), 3)
nizo
where 4y — amplitude of oscillation of the exhausted BDM, dB; 4, — amplitude of
oscillation of i-th frequency, dB;
AN =

(Vo) )

i=0

S |-

where Ny — power consumption of the exhausted BDM, kW; N; — power consumption
of i-th load, kW.
The data obtained are summarized in Table 2.

Table 2. Averaged values of amplitudes of vibration acceleration signal and power consumption of

BDM from drum load
Load, t/h 18.1 | 16.1 | 14.0 | 12.0 | 10.1 7.9 6 4 0.3
Power consumption, kW 1406 | 1389 | 1372 | 1340 | 1329 | 1322 | 1291 | 1275 | 1254

The average value of vibration

acceleration, dB 12.1 | 109 | 9.7 | 8.6 6.2 57 | 39 | 2.6 0

The dependence of the electric drive power consumption on the volume filling of
the pulley is shown in Figure 6.
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Figure 6 — Dependence of the power consumption on the volume filling of the BDM

The graphical dependence presented in Figure 6 illustrates the ambiguous
dependence of the volumetric filling of the mill on the power consumption of the
electric drive. It is expressed in the fact that at the load above 14 t/h and reaching the
maximum volumetric filling of the mill drum, the power consumption of the electric
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motor of the ball mill decreases and gives false indications of filling. Further loading
of the mill drum leads to blockage and complete stoppage of the ball mill. In
industrial conditions, taking into account that the properties of the ground material in
the process of operation change randomly, but at the same time the abrasion of
grinding balls and wear of armor plates are preserved, the unit is forced to work at the
underestimated loading of 10 t/h.

The conducted research on the vibration acceleration signal of the mill drum
bearing support allowed us to study the character of the vibration acceleration signal
amplitude variation in the whole range of volume filling of the mill, including its
emergency section from 14 to 18 t/h. The dependence of the vibration acceleration
signal amplitude on the volume filling of the mill drum determined by the
experimental data is shown in Figure 7.

f=

Volumetric filling of a BDM,
dB

0 2 4 6 8 10 12 14
Attenuation of vibration acceleration amplitudes, dB

Figure 7 — Dependence of the vibration acceleration signal amplitude on the volumetric filling of
the BDM

4. Results and discussion

Based on the conducted research the following results is made. The amplitude of
the vibration acceleration signal of the mill drum bearing support is proportional to
the amount of coal in the mill drum. It allows to carry out calculations of volumetric
filling of the mill drum as a function of the consumed power of the electric drive,
according to the equation:

AV =(Ngp = Ny )k, ()
rae Ng, — power consumption of the electric drive of the BDM, kW;

N, — current power consumption of the actuator, kW;

k. — correction coefficient.

The amplitude of the vibration acceleration signal amplitude of the drum bearing
support A of the mill depending on the volume filling ¥ is determined according to
the algorithm shown in Figure 8 (f — frequency of the vibration acceleration signal of
the bearing support, Hz).
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Figure 8 — Algorithm for determining the BDM filling level

The obtained data calculated by formula (5) using the algorithm for determining
the level of filling of the mill drum (see Figure 8) are shown in Table 3.

Table 3. Results of research on vibration acceleration signal amplitude and electric drive power
consumption from the volume filling of the mill drum
Load, t/h 0 2 14060 | 80 [10.1]12.0]139]159|16.1]18.0
Power consumption, kW | 0 |1.24|2.71 |3.91|5.50|6.33|7.58/9.2210.5[10.7|11.2

dAgerageamphtudevalue’ 0 |12]26139|57|65|86197102]108]12.8

The established dependences of the amplitudes of the vibration acceleration signal
of the bearing support and the power consumption of the electric drive of the mill drum
on its volume filling are presented in Figure 9.
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Figure 9 — Dependence of the vibration acceleration signal amplitudes and power consumption on
the filling level of BDM in volumetric units
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The analysis of the established dependences allows us to conclude that by the
signal of vibration acceleration of the bearing support and by the power consumption
of the electric drive it is possible to control not only the filling of the drum of the mill
but also estimate the efficiency of the coal grinding process at different stages of its
volumetric filling.

It has been established that the filling of the mill drum by the power consumption
of the electric drive can be realized up to some limiting value, not more than 0.7 of
the volume filling of the device (see Fig. 9, curve 1). Further increase of volume
filling gives false readings on the level, which leads to blockage of the mill drum. At
the same time, the value of the volume filling of the mill drum, expressed through the
vibration acceleration signal of the bearing support, increases smoothly over the
entire range of drum filling from 0.0 to 1.0 (see Figure 9, curve 2). This dependence
clearly illustrates the reliability of the obtained information on the vibration
acceleration of the mill drum support with the deviation from the approximating
curve not exceeding 5—6%.

Experimental data on the study of the vibration acceleration signal of the support
bearing of the mill drum show that the amplitude of the signal after its processing by
the block of fast Fourier transform shows the real level of drum loading.

Thus, as a result of the conducted research it is established that the node of
bearing support of the mill drum is determinant in the structural scheme of blocks for
controlling the level of its volumetric filling. Measurement and processing of the
vibration acceleration signal of the bearing support allows to automatize the control
of the grinding process and control of the ball mill.

5. Conclusions

1. The dependence of the vibration-acceleration signal amplitude of the mill drum
bearing support on the completeness of its loading with the grinding material has
been experimentally established.

2. The established dependences of the amplitude of the vibration-acceleration
signal amplitude of the bearing support and the consumed power of the electric drive
of the mill drum on its volumetric filling with coal allow us to make a scientifically
justified decision on the use of the vibration-acceleration signal of the bearing
support as a determining parameter of the control system of the coal grinding process,
in ball-drum mills.
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OOCNIMKEHHS PEXUMIB | NAPAMETPIB MPOLIECY NOAPIEHEHHA MIHEPANbHOI CUPOBUHU Y
KYNbOBUX BAPABAHHUX MITUHAX

Cmacesuy P.K., 36eposckkull B.B., Acaee P.A., TuweHko €.M., CagoyeHko P.O.,
€namoHuyes [1.0.

AHoTauif. Y cTatTi HaBegeHo pesynbTaTh JOCNIMKeHb curHany BibponpuCKOPEeHHs onopu niawunHuka 6apabaqa
KyNbOBOrO MiMHA 3aMneXHO Bif MOr0 HaBaHTaXEHHS NPy NOAPIOHEHHI MiHepanbHOi cMpoBKHU. MpoBegeHO AOCTIMKEHHS
nokasaHb [JaTyuka Bibpallii, BCTAHOBNEHOrO Ha OMopi migwwnHuka 6apabaHa MnWHa Ta aMmnniTyd curHany Bibpo-
MPUCKOPEHHs1 Big 06'eMHOro 3amoBHeHHs GapabaHa ycTaHOBKM. [ocnimkyBanucs 3anexHocTi amniiTyq curHanmy
BIOPOYCKOPEHHS Bif, 4acTOTHOro cnekTpa pagis Oyp'e npu pisHomy 06'eMHOMY 3anoBHeHHI bapabaHa MnuHa B iHTepBani
HaBaHTaxeHHs Big 0 T/rog go 18 1/roa. Mpw gocnimkeHHi B3aEMO3B'A3Ky CUrHamy BiBPONPUCKOPEHHS Ta CNOXWBAHOI
NOTYXHOCTi enekTponpueogy GapabaHa B 3aneXHOCTI Bif CTyMeHs 110ro 06'eéMHOM0 3anOBHEHHS, BCTAHOBIEHI iX CepepHi
3HaYeHHs. 3a BENUYMHAMN YCepeHEHUX YNCENbHUX 3HAYeHb amnniTys curHany BibpONpPUCKOPEHHS OTPUMaHi rpadiku
iX 3anexHoCTi Big YacTOTHOro cnekTpy paais ®yp'e B gianasoHi Big 0 fo 30000 'y, BCTAHOBIEHI 3aNEXHOCTI CNOXUBAHOT
NOTYXKHOCTI MIMHA i amnnitygu curHany BiGponpuckopeHHs Big 06'eMHOro 3anoBHeHHs GapabaHa, po3pobneHui
anroputm 6apabaHa MnvHa, BCTAHOBIEHI 3aneXHOCTi CurHany BibpONPUCKOPEHHS Ta CNOXMBAHOI MOTY)XXHOCTI Bif, PiBHA
3aMoBHEHHS MNWHA B 0B'€EMHNX OAMHULAX. BcTaHoBNEHO, WO CTyniHb 3anoBHeHHs GapabaHa MAnMHA 3a CNOXMBAHOM
MOTYXHICTIO eNeKTPONpUBOAY MOXHa KoHTpomtoBaTi Ao 0,7 06'eMHOro 3anoBHeHHs 6apabaHa MnmHa. Y TOM Xe vac,
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BenuYMHa 06'eMHOM0 3anoBHEHHS GapabaHa MNuHa, BUPaXeHa Yepes curHan BibpPOMPUCKOPEHHS OMOpW MiALUMIHMKA,
MMaBHO 3pocTae y BCbOMY Aiana3oHi 3anoBHeHHs Gapabana Big 0,0 go 1,0. Mpu UbOMY OOCTOBIPHICTE OTPUMAHOI
iHbopmauii 3 BibGponpuckopeHHs onopu OGapabaHa MIMHA Mae BIOXWIEHHS Big anpPOKCUMYKMOI KPUBOI, sike He
nepesulye 5-6%. BigcTexeHHs piBHs 3anoBHeHHs 6apabaHa MnuHa 3abe3nevyeTbes CUrHanom aatymka Bibpaii, Wo
[03BOISIE NIgTPUMYBATW ONTUMAnbHI MOKA3HWKM NO NPOAYKTMBHOCTI, SIKOCTI NMOMENY i CMOXMBaHi enekTpoeHepril.
OTpumaHi pe3ynbTaTM [alTb MiACTaBY BUKOPWUCTOBYBATWM CWUrHanm BiGPOMPUCKOPEHHS B CMCTEMi aBTOMATUYHOrO
KepyBaHHs1 NPOLLECOM NOAPIOHEHHS BYTINNSA AK KPUTEPIA OLIHKM CTYNeHs 3anoBHeHHs1 6apabaHa MnvHa B Mpoueci 1oro
ekcnnyarauji.
KntoyoBi cnoga: kynbosuin 6apabaHHWin MIUH, NOAPIGHEHHS, aMnniTyAa curHany BibponpucKopeHHs, Byrinns.



	Sb # 167 (2).pdf
	1. Prvan Kumar Katiyar, Prince Kumar Singh, Rityuj Singh and A.lava Kumar (2016), “Modes of failure of cemented tungsten carbide tool bits (WC/Co): A study of wear parts”, International Journal of Refractory Metals and Hard Materials, vol. 54, pp.27–3...
	5. Xian-Wei Dai, Zhong-Wei Huang, Tao Huang , Peng-Ju Chen, Huai-Zhong Shi, and Shuang Yan (2023), “Experimental inves-tigation on the cuttings formation process and its relationship with cutting force in single PDC cutter tests”, Petroleum Science, v...
	1. Bulat, A., Skipochka, S., Yalanskij, A., Palamarchuk, T., Illiashov, M. and Levit, V. (2011), Metodicheskie rekomendacii po ekspres-opredeleniyu uprugih i prochnostnyh svojstv neobrabotannyh obrazcov gornyh porod i elementov geokompozitnyh konstruk...
	2. Lyashenko, V.I., Skipochka, S.I., Yalanskij, A.A. and Palamarchuk, T.A. (2012), “Effective instrumentation and methodological support for geomechanical safety of mining operations”, Byulleten nauchno-tehnicheskoj i ekonomicheskoj informacii "Cherna...
	3. Lyashenko, V.I., Skipochka, S.I., Yalanskij, A.A., and Palamarchuk, T.A. (2012), “Geomechanical monitoring during underground development of deposits of complex structure”, Izvestiya vysshih uchebnyh zavedenij. Gornyj zhurnal [News of higher educat...
	4. Krukovskyi, O.P., Skipochka, S.I., Serhiienko, V.M. and Palamarchuk, T.A. (2023), “Science and practice for assessing the state of underground structures support by vibroacoustic method”, Key trends of integrated innovation-driven scientific and te...
	5. Brady, B.H.G. and Brown, E.T. (2004), Rock Mechanics for Underground Mining, Kluwer Academic Publisher, New York, Boston, Dordrecht, London.
	6. Thuro, K., Plinninger, R.J., Zäh, S. and Schütz, S. (2001), “Scale effects in rock strength properties”, ISRM Regional Symposium EUROCK 2001, Espoo, Finland, 4-7 June 2001, pp. 2–8.
	7. Bieniawski, Z.T. and Van Heerden, W.L. (1975), “The significance of in situ tests on large rock specimens”, International Journal of Rock Mechanics and Mining Sciences and Geomechanics Abstracts, no. 12, pp. 101–113. https://doi.org/10.1016/0148-90...
	8. Goodman, R.E. (1980), Introduction to rock mechanics, New York, Wiley and Sons.
	9. Bažant, Z.P. and Chen, E.P. (1997), “Scaling of structural failure”, Applied Mechanics Reviews, no. 50(10), pp. 593–627. https://doi.org/10.1115/1.3101672.
	10. Hoek, E. and Brown, E.T. (1997), “Practical estimates of rock mass strength”, International Journal of Rock Mechanics and Mining Sciences, no. 34(8), pp. 1165–1186. https://doi.org/10.1016/S1365-1609(97)80069-X.
	11. Rocha, M. (1978), Analysis of the Fundations of Concrete Dams, Symposium on Rock Mechanics Related to DamFoundations, Rio de Janeiro, v. 2, pp. III.1–III.70.
	12. Schultz, R.A. (1996), “Relative scale and the strength and deformability of rock masses”, Journal of Structural Geology, no. 18(9), pp. 1139–1149. https://doi.org/10.1016/0191-8141(96)00045-4
	13. Mostyn, G. and Douglas, K. (2000), “The shear strength of intact rock and rock masses”, An International Conference on Geotechnical and Geological Engineering «GeoEng 2000», Melbourne, Australia, 19-24 November 2000, v. 1, pp. 1389–1421.
	16. Glushko, V.T. and Borisenko, V.G. (1978), Inzhenerno-geologicheskie osobennosti zhelezorudnyh mestorozhdenij [Engineering-geological features of iron ore deposits], Moskva, Nedra, USSR.

	About the authors
	Serhiienko Viktor Mykolaiovych, Candidate of Technical Sciences (Ph.D.), Senior Researcher, Senior Researcher in Rock Mechanics Department, M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine (IGTM of the N...
	Bulich Yurii Yuriiovуch, Master of Science, Researcher in Department of Rock Mechanics, M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine (IGTM of the NAS of Ukraine), Dnipro, Ukraine,  bulicurij@gmail.com.
	25. Collivignarelli, M.C., Carnevale Miino, M.,  Bellazzi, S., Caccamo, F.M., Durante, A. and Abbà A. (2022), “Review of rheological behaviour of sewage sludge and its importance in the management of wastewater treatment plants”, Water Practice & Tech...
	26. Hong, E., Yeneneh, A. M., Sen, T. K., Ang, H. M. and Kayaalp, А. (2018), "A comprehensive review on rheological studies of sludge from various sections of municipal wastewater treatment plants for enhancement of process performance", Advances in C...
	27. Vachoud, L., Ruiz, E., Delalonde, M. & Wisniewski, C. (2019), "How the nature of the compounds present in solid and liquid compartments of activated sludge impact its rheological characteristics", Environmental Technology (United Kingdom), vol. 40...
	28. Nishiguchi, K. and Winkler, M. K. H. (2020), "Correlating sludge constituents with digester foaming risk using sludge foam potential and rheology", Water Science and Technology, vol. 81(5), pp. 949-960. https://doi.org/10.2166/wst.2020.180
	29. Numkam, G. L. and Akbari, B. (2019), "Effect of surfactant chemistry on drilling mud performance", Journal of Petroleum Science and Engineering, vol. 174, pp.1309-1320. https://doi.org/10.1016/j.petrol.2018.11.075


