rrPHMNYNM BICHMNK

dacHoBaHUM y 1966 podi
MNepiognyHiCTb BUMYCKY: 2 pa3u Ha piK

Tom 59,N2 1

Kpnenn Pir
2025



ISSN 2306-5435 DOI: 10.31721/2306-5435-2025-1
YOK 622

3aCHOBHMUK:
KpurBOPpi3bKKiA HaLLiOHANbHWI YHIBEPCUTET

PexomeHa0BaHO [0 APYKY Ta NOLWMPEHHS
yepes Mepexy |IHTepHeT BueHoto pagoto
Kpu1BOpi3bKOro HaLioHaNbHOMO YHiBEPCUTETY
(npotokon N2 16 Big 30 uepsHs 2025 p.)

[epxxaBHa peecTpauis:
lneHTndikaTop Meaia R30-04964.
PiweHHs HauioHanbHoi pagy YKpaiHu 3 nuTaHb TenebaveHHs
i paniomosnerHs N2 1501, npotokon N2 15 (09.05.2024 p.)

HaykoBwuii )xypHan BKaOUYeHO Ao KaTteropii «b» Mepeniky HaykoBux ¢axoBux BuaaHb YKpaiHu.
CneuianbHocTi: 121 - IHXeHepis nporpaMHoro 3abesneveHHs, 122 — Komm'lotepHi Hayku, 123 — Komm'toTepHa
iHxeHepis, 131 - MNMpuknagHa MexaHika, 133 - lany3ese MawnHobyayBaHHs, 136 — MeTanypris,

151 - ABTOMaTtU3aLis Ta KOMM'IOTEPHO-IHTErPOBaHi TexHonorii, 183 — TexHonorii 3axncTy HaBKOJIMLLHbOTO
cepenosuwa, 184 - lpHuuteo, 192 - byniBHMUTBO Ta UMBINbHA iHXeHepis, 193 - leoaesia Ta 3eMneycTpin,
263 - LnBinbHa 6e3neka, 274 — ABTOMOBGiNbHUI TpaHcnopT, 275 — TpaHCNOpTHI TeXHONOrii (33 BUAAMM)
(Haka3 MOH Ykpainu Big, 17 6epesnsa 2020 poky N2 409)

XypHan iHpeKCYeTbCS B HAYKOMETPUUYHUX 6a3ax AaHMUX:
HauioHanbHa 6ibnioteka Ykpainu imMeHi B. |. BepHaacbkoro (HBYB), Google Akanemis, IHCTUTYT npobnem peectpadii
iHbopmauii HauioHanbHOT akageMii Hayk Ykpainu, Dimensions, bibnioteka YHiBepcuteTy Ocno, Litmaps,
Ulrichsweb, Open Ukrainian Citation Index (OUCI), J-Gate

KoHTakTHa agpeca:

Kpu1BOPpi3bKKiA HaLLiOHANbHWIA YHIBEPCUTET
50027, Byn. B. MatyceBunua, 11, M. Kpusuii Pir, YkpaiHa
E-mail: info@mining-journal.com.ua
https://mining-journal.com.ua/uk


https://mining-journal.com.ua/uk

MINING JOURNAL
of Kryvyi Rih
National University

Founded in 1966
Frequency: 2 times a year

Volume 59, No.1

Kryvyi Rih
2025



ISSN 2306-5435 DOI: 10.31721/2306-5435-2025-1
UbDC 622

Founder:
Kryvyi Rih National University

Recommended for printing and distribution
via the Internet by the Academic Council
of Kryvyi Rih National University
(Minutes No. 16 of June 30, 2025)

State Registration:
Media identifier R30-04964.
Decision of the National Council of Television
and Radio Broadcasting of Ukraine No. 1501, Minutes No. 15, dated 09.05.2024

The scientific journal is included in category "B" of the List of scientific specialised publications of Ukraine.
Specialties: 0532 - Earth sciences, 0613 - Software and applications development and analysis,
0712 - Environmental protection technology, 0714 - Electronics and automation, 0715 - Mechanics
and metal trades, 0724 - Mining and extraction, 0732 - Building and civil engineering,

1032 - Protection of persons and property, 1041 - Transport services
(Order of the Ministry of Education and Science of Ukraine No. 409, dated 17.03.2020)

The journal is indexed in databases:
Vernadsky National Library of Ukraine (VNLU), Google Scholar, Institute of Information Registration Problems
of the National Academy of Sciences of Ukraine, Dimensions, University of Oslo Library, Litmaps, Ulrichsweb,
Open Ukrainian Citation Index (OUCI), J-Gate

Address for contacts:
Kryvyi Rih National University
50027, 11 Vitalii Matusevich Str., Krivyi Rih, Ukraine
E-mail: info@mining-journal.com.ua
https://mining-journal.com.ua/en


https://mining-journal.com.ua/en

N AL

inHa Koneris

Mukona CrynHik

Amutpo bpoeko

Anb6epT A3apsH
Anatoniii bepe3oBcbkuii
Napuca Bapasa

lOpiii Binkyn

leoprii [y6iH

Cepriii XXykoB

OneHa 3iHYeHKO

BceBonop KaniHiueHko

Biktop KoBanbuyk

Irop Kotos

Mukona KissHoBcbKuit
Anppini Kynin
Onekcanap JlanwuH
TeraHa OniitHuK
AnboHa Manamap

Bonoaumup lMeperynos

o! " e

lonoBHuUI pepakTop

PekTop, BOKTOp TeXHIYHWMX HayK, npodecop, akageMik [pHUYOi akageMii HayK YkpaiHu,
KprBopi3bkuit HaLioHanbHKUt yHiBepcuTeT, M. Kpusuit Pir, YkpaiHa

HauioHanbHi unenu pepkonerii

[OKTOp TEXHIYHMX HayK, npodecop, NPOPeKTOp 3 HAYKOBOi poboTH, AOLEHT Kadeapu
OyaiBeNbHUX reoTexHonorii, KpuBopisbkMi HauioHanbHUI yHiBepcuTeT, M. Kpusuii Pir,
YKpaiHa

[lokTop TexHiuHUX Hayk, npodecop, npodecop Kadeapu MOAENOBAHHS Ta NPOrPaMHOro
3abe3neyeHHs, KpMBOpi3bKMii HaLioHanbHW yHiBepcuteT, M. Kpueuii Pir, YkpaiHa

[oktop reonoriyHux Hayk, npodecop, npodecop kadeapu reonorii Ta ekonorii,
Kpu1BOpi3bkuit HauioHanbHUI yHiBepcuTeT, M. Kpusuii Pir, YkpaiHa

[loKTOp eKOHOMIYHMX Hayk, npodecop, 3aBigyBay KadeLpu MeHeLXMEeHTy i
afMiHicTpyBaHHS, KpMBOpIi3bKKi1 HalioHanbHUI yHiBepcuTeT, M. Kpusuii Pir, YkpaiHa

[lokTOp TeXHiYHUX HayK, Mpodecop, naypeat [lepxaBHoi npeMii B 061aCTi HayKu | TEXHIKH,
ronoBa HarngnoBOi paau yHiBepcuteTy, KpuBOpi3bKMIA HALLiOHANbHUIM YHIBEPCUTET,
M. Kpusuit Pir, Ykpaina

[loKTOp TexHiYHMX Hayk, npodecop, 3aBigyBay Kadeapu MeTanyprii YHOpHUX MeTanis
i nuMBapHOro BMPOGHWUUTBA, uneH Akagemii ripHMuMx Hayk YkpaiHu, Kpusopizbkui
HaLuioHanbHUI yHiBepcuTeT, M. Kpueuii Pir, YkpaiHa

[loKTOp TexHiYHMX Hayk, npodecop, 3aBigyBay Kadeapu BigKPUTUX FipHUUMX POBIT,
KpurBopi3bkuii HauioHanbHKUI yHiBepcuTeT, M. Kpueuii Pir, YkpaiHa

[lokTop ekoHOMiuHMX Hayk, npodecop, npodecop Kadenpu iHaHCIB Cyb'ekTiB
rocnofaproBaHHSA Ta IHHOBALLIMHOMO po3BUTKY, KpUBOPI3bKMiA HaLliOHANIbHUI YHIBEPCUTET,
M. Kpusuit Pir, Ykpaina

[loKTOp TeXHIYHMX Hayk, Npodecop, 3aBifyBay kadenpu nia3eMHoOi po3pobku poaoBMLL
KOPUCHWUX KomanuH, KpuBopi3bKMit HauioHanbHUi yHiBepcuTeT, M. Kpuuii Pir, YkpaiHa

[okTop TexHiYHMX HayK, npodecop, npodecop Kadenpu eKOHOMiKM, Opradisauii Ta
ynpasniHHA nignpuemMcTeamu, KpuBopisbkuid HauioHanbHW yHiBepcuTeT, M. Kpueuii Pir,
YkpaiHa

[lOKTOp TeXHIYHMX HayK, OOLEHT, AOUEeHT Kadeapu MOAENIOBaHHA Ta MPOrpamHOro
3abe3neveHHs, KpnBopi3bkuiA HaLioHanbHWI yHiBepcuteT, M. Kpusuit Pir, YkpaiHa

[lokTop TexHiYHUX HayK, npodecop, npodecop Kadenpu TEXHONONiT MaWIMHODYLYBaHHS,
Kpu1BOpi3bKknit HauioHanbHUi yHiBepcuTeT, M. Kpueuii Pir, YkpaiHa

[loKTOp TEXHIYHMX HayK, Npodecop, 3aBiayBay kadeapu KOMM'KOTEPHUX CUCTEM Ta MEPEX,
KpuBOpi3bKkuit HauioHanbHUi yHiBepcuTeT, M. Kpueuia Pir, YkpaiHa

[oKTOp TexHiIYHMX HayK, npodecop, 3aBiayBay kadenpu OXOPOHWM Npaui Ta UMBINbHOI
6e3nekun, KpnBOpi3bkuit HauioHanbHUI yHiBepcuTeT, M. Kpueuii Pir, YkpaiHa

[okTop TexHiYHMX HayK, npodecop, 3aBigyBay kadenpu 36aradyeHHs KOPUCHMUX KONanuH
i Ximii, KpuBopi3bkunit HauioHanbHUi yHiBepcuTeT, M. Kpueuii Pir, YkpaiHa

KaHanpat TexHiYHMX Hayk, [OOLEHT, AoueHT Kadeopwu
HauioHanbHuI yHiBepcuTeT, M. Kpueuii Pir, YkpaiHa

[okTop TexHiyHMx Hayk, npodecop, 3aBigyBay kadenpu reopgesii, IHCTUTYT no
NPOEKTYBaHHI  MIANPWMEMCTB  TiPHWMYOPYAHOI  MpoMucnoBocTi  «KpubacnpoekT»,
M. Kpueu# Pir, YkpaiHa

reogesii, KpuBopi3bkui



Cepriii CaBenbes

Oner CiHuyk

Bikrop CupopeHko

Anna TkaueHko

CraHicnas Tonmauos

Anatonini Typuno

Onekcanap Yuutenb
MaBno ®epopeHko

AnboHa llaxHo

Onekcanap Lnwkin

Bapum LLokiH

Bonoaumup MopkyH

PapxeHnppaH Lo6ra
ARXuH

Amutpo 3y60B
Hikonae Inbsic

[okTop TexHiYHUX Hayk, npodecop, 3asiayBay kadenpu MeTanyprii YHOpHUX MeTanis i
NMBApHOro BMPObHWMUTBA, KpMBOpi3bKMi HauioHanbHUIM yHiBepcuTeT, M. Kpusui Pir,
YkpaiHa

[oKTop TexHi4HMX Hayk, npodecop, 3asigysBad
€NeKTPOMEXaHIYHMX CUCTeM B MNPOMUCIOBOCTI Ta
HauioHanbHui yHiBepcuTeT, M. Kpusuit Pir, YkpaiHa

Kagenpu aBTOMATM30BAHMX
TpaHcnopTti, KpuBopi3bkuit

[okTop TexHiYHMX Hayk, npodecop, npodecop kadeppu reopesii, naypeat LepxkaBHOi
npemii YkpaiHu B ranysi Hayku i TexHiku, akagemik [ipHMYOoi akazemii Hayk YKpainu,
KprBOpi3bkuii HaUioHanbHKUI yHiBepcuTeT, M. Kpusuit Pir, YkpaiHa

[oKTOp eKOHOMIYHMX HayK, npodecop, 3asigyBay kadeppu NigNPUEMHMULTBA, TOPriBi
Ta O6ipxxoBoi AisnbHOCTI, HauioHanbHWI  yHiBEpCUTET «3amnopi3bka MOMAITEXHIKa,
M. 3anopixeks, YkpaiHa

LoKTOp TeEXHIYHMX HayK, Npodecop, npodecop Kadeapun enekTpoMexaHiku, KpuBopisbkui
HaLioHanbHWi yHiBepcuTeT, M. Kpusuii Pir, YkpaiHa

[okTop eKOHOMiYHMX Hayk, npodecop, npodecop kKadeapu iHaHCIB CyO’eKTIB
rocrnoAaploBaHHSA Ta iIHHOBALIMHOIO po3BUTKY, KpMBOPI3bKMiA HaLiOHaNbHUI YHIBEPCUTET,
M. Kpmeu# Pir, YkpaiHa

[okTop TexHiyHMx Hayk, npodecop, npodecop Kadeapu eNeKTUYHOI iHXeHepii Ta
aBToMaTtu3auii, KpuBopisbkui HauioHanbHMI yHiBepcuteT, M. Kpusuii Pir, YkpaiHa
[okTop TexHiYHMX Hayk, npodecop, 3aBigyBay Kadenpu Mapkuwengepii, KpnBopisbkuii
HaLioHanbHWi yHiBepcuTeT, M. Kpusuii Pir, YkpaiHa

[OKTOp eKOHOMIYHMX Hayk, npodecop, 3aBigyBay Kadenpu eKOHOMIKM, opraHisauii Ta
yMpaBniHHA nignpuemMcteamn, KpnBopisbKunin HauioHanbHMI yHiBepcuTteT, M. Kpusuii Pir,
YKpaiHa

[ oKTOop TeEXHIYHMX HayK, Npodecop, 3aBigyBady kadenpu TexHonorii byaiBenbHUX BUpobiB,
MaTepianiB Ta KOHCTPYKLiN, KpMBOPi3bKMI HaLiOHaNbHWMIA yHiBepcuTeT, M. Kpueuit Pir,
YKpaiHa

[oKTOp TeXHiYHMX HayK, npodecop, aMpekTop HaykoBO-AOCNIAHOrO TipHUYO-PYAHOro
iHCTUTYTY, KpMBOPIi3bKMIA HaLiOHaNbHWUI YHiBepcuTeT, M. Kpmueuit Pir, YkpaiHa
MixHapopgHi uneHu pegkonerii

[okTop TexHiYHMX HayK, npodecop, npodecop Kageapm KOMM'KOTEPHMX HAYK, aBTOMATUKH
Ta CMCTEM ynpasniHHA, baponTCbkuii yHiBepcuTeT, M. banpoiT, HiMmeuumHa

KaHpuoat Hayk npo 3emno i nnaHeTW, AOCAigHWK, (DNOpeHTIMCbKMIA YHiBEpCUTET,
M. DnopeHuis, ITanis

[okTop TexHiYHMX HayK, npodecop, YHiBepcuTeT LleHTpanbHoi A3ii, M. HapwuH, Kupruscrax

LokTop TexHiYHMX Hayk, npodecop, YHiBepcuTeT MNeTpoLwaHi, M. lNeTpowaHb, PymyHis



Mykola Stupnik

Dmytro Brovko

Albert Azaryan
Anatoliy Berezovsky
Larysa Varava

Yuriy Vilkul

Georgiy Gubin

Serhii Zhukov
Olena Zinchenko
Vsevolod Kalinichenko

Viktor Kovalchuk

Igor Kotov

Mykola Kiyanovskiy
Andrey Kupin
Oleksandr Lapshin
Tetyana Oliinyk

Alena Palamar
Volodymyr Peregudov

Sergiy Saveliev

Editor-in-Chief

Rector, Doctor of Technical Sciences, Professor, Academician of Mining Sciences Academy
in Ukraine, Kryvyi Rih National University, Kryvyi Rih, Ukraine

National Members of the Editorial Board

Doctor of Technical Sciences, Professor, Vice-Rector for Research, Associate Professor of
the Department of Construction Geotechnology, Kryvyi Rih National University, Kryvyi
Rih, Ukraine

Doctor of Technical Sciences, Professor, Professor of the Department of Modelling and
Software, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Geological Sciences, Professor, Professor of the Department of Geology and
Ecology, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Economics, Professor, Head of the Department of Management and
Administration, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Laureate of the State Prize in Science and
Technology, Chairman of the Supervisory Board of the University, Kryvyi Rih National
University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Ferrous Metallurgy
and Foundry, Member of the Academy of Mining Sciences of Ukraine, Kryvyi Rih National
University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Open Pit Mining,
Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Economics, Professor, Professor of the Department of Finance of Business
Entities and Innovative Development, Kryvyi Rih National University, Kryvyi Rih, Ukraine
Doctor of Technical Sciences, Professor, Head of the Department of Underground
Mining, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Professor of the Department of Economics,
Organisation and Management of Enterprises, Kryvyi Rih National University, Kryvyi
Rih, Ukraine

Doctor of Technical Sciences, Associate Professor, Associate Professor of the Department
of Modelling and Software, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Professor of the Department of Mechanical
Engineering Technology, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Computer Systems
and Networks, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Labour Protection
and Civil Safety, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Mineral Processing
and Chemistry, Kryvyi Rih National University, Kryvyi Rih, Ukraine

PhD in Technical Sciences, Associate Professor, Associate Professor of the Department
of Geodesy, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Geodesy, Institute
for the Design of Mining Enterprises "Kryvbasproekt’, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Ferrous Metallurgy
and Foundry, Kryvyi Rih National University, Kryvyi Rih, Ukraine



Oleg Sinchuk

Viktor Sidorenko

Alla Tkachenko

Stanislav Tolmachev
Anatoliy Turylo
Oleksandr Uchitel
Pavlo Fedorenko
Alyona Shakhno

Oleksander Shishkin

Vadym Shchokin

Vladimir Morkun

Rajendran Shobha Ajin
Dmytro Zubov
Nikolae Ilias

Doctor of Technical Sciences, Professor, Head of the Department of Automated
Electromechanical Systems in Industry and Transport, Kryvyi Rih National University,
Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Professor of the Department of Geodesy,
Laureate of the State Prize of Ukraine in Science and Technology, Academician of the
Mining Academy of Sciences of Ukraine, Kryvyi Rih National University, Kryvyi Rih,
Ukraine

Doctor of Economics, Professor, Head of the Department of Entrepreneurship, Trade
and Exchange Activities, National University "Zaporizhzhia Polytechnic”, Zaporizhzhia,
Ukraine

Doctorof Technical Sciences, Professor, Professor of the Department of Electromechanics,
Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Economics, Professor, Professor of the Department of Finance of Business
Entities and Innovative Development, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Professor of the Department of Electrical
Engineering and Automation, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Surveying, Kryvyi
Rih National University, Kryvyi Rih, Ukraine

Doctor of Economics, Professor, Head of the Department of Economics, Organisation
and Management of Enterprises, Kryvyi Rih National University, Kryvyi Rih, Ukraine

Doctor of Technical Sciences, Professor, Head of the Department of Technology of
Building Products, Materials and Structures, Kryvyi Rih National University, Kryvyi Rih,
Ukraine

Doctor of Technical Sciences, Professor, Director of the Research Mining Institute, Kryvyi
Rih National University, Kryvyi Rih, Ukraine

International Members of the Editorial Board

Doctor of Technical Sciences, Professor, Professor of the Department of Computer
Science, Automation and Control Systems, University of Bayreuth, Bayreuth, Germany
PhD in Earth and Planetary Sciences, Researcher, University of Florence, Florence, Italy
Doctor of Technical Sciences, Professor, University of Central Asia, Naryn, Kyrgyzstan
Doctor of Technical Sciences, Professor, University of Petrosani, Petrosani, Romania



3MicT /'Contents

7 %/ | |

0. Zelensky, 0. Donchenko
Research and application of polynomial models in the development
of an automated geological and mine surveying support system for open-pit mining

0. 3eneHcbkuit, 0. JoHYeHKO
[ocnipKeHHs Ta BUKOPUCTAHHA NONIHOMIANbHUX MoAenen

npv po3pobLi aBTOMATU30BaHOMO re0n0ro-MapKLenaepcbKoro 3abesneyeHHs ripHUUmMX pobiT y KAPEPi...rennne..

V.Yaroshenko
Assessment of the impact of soil water saturation at the Malyshevske deposit
on the stability of quarry structures

B. lpowweHko
OuiHka BNAMBY BOAOHACUYEHHS I'PYHTIB ManuwleBCbKOro pogoBuLLa
Ha CTiMKiCTb KOHCTPYKLIM Kapepy.

B. Andreev, Ye. Bryzhevskyi
Overview of technologies and prospects for underground uranium mining

b. AHapeeB, €. BpuxKeBCbKUiA
Ornsp, TeXHONOrIM Ta NepcnekT1BM NiA3eMHOro BUA00YTKY ypaHOBOI CUPOBUHM

T. Oliinyk, L. Skliar

Beneficiation of technogenic phosphorus-containing raw materials as a source of mineral fertilisers.........ccoo.....

T. OniiiHuk, J1. Cknap

36arayeHHsl TEXHOreHHOi (OCPOPBMILLYHUOT CUPOBUHM K IKEPENA OTPUMAHHS MiHEPANbHUX JOOPUB.......cceveeee..

D. Bitiukov
Investigation of the influence of dynamic loads on the fastening of underground mine workings
[. biTiokoB

[ocnifxeHHs BNAMBY AMHAMIYHMX HAaBAHTAXXEHb HA KPiMJeHHS MiA3eMHUX FiPHUYMX BUPOBOK

10

10

22

22

33

33

55

55



page: https://mining-journal.com.ua/en

MININGJOURNAL Vol. 59,

202

of Kryvyi Rih National University

/

Received: 15.02.2025; Revised: 2705.2025; Accepted: 30.06.2025

UDC 004.4:622142:622.271 DOI: 10.31721/2306-5435-2025-1-10-21

Oleksandr Zelensky”

Doctor of Technical Sciences, Professor

State University of Economics and Technology
50005, 16 Medychna Str.,Kryvyi Rih, Ukraine
https:/orcid.org/O000-0001-8780-587X

Oleksii Donchenko

Master,Assistant

State University of Economics and Technology
50005,16 Medychna Str., Kryvyi Rih, Ukraine
https:/orcid.org/0009-0002-4671-2823

Research and application of polynomial models in the development
of an automated geological and mine surveying support system
for open-pit mining

® Abstract. The relevance of the research was determined by the necessity to improve the accuracy and efficiency
of geological and mine surveying operations under conditions of complex geological structures and limited
resources for field investigations. The development and implementation of automated software enabled the
prompt analysis of large data volumes, optimisation of the testing network, and reduction of exploration costs.
The aim of the research was the development of software for polynomial models of curves and surfaces with
a proposed simplified algorithm for implementing the least squares method. The desktop application software
was developed in Microsoft Visual Studio 2019 using the Microsoft Foundation Classes library. The mobile
application was developed in Android Studio. For 3D graphics, the OpenGL library with shaders was employed,
ensuring high operational performance. Parameters for evaluating the adequacy of the model were defined, as
standard standalone packages provided insufficient objectivity. It was demonstrated in automated mode that
the Lagrange polynomial represents a particular case of the developed polynomial model in curve construction.
Furthermore, the interpolation method for surface construction was improved by incorporating spatial variability
of indicators through the use of autocorrelation functions. During the construction of autocorrelation functions,
spatial variability was assessed based on autocorrelation coefficients between values at adjacent control points,
as well as the critical correlation radius, which made it possible to evaluate the predictive potential beyond the
polynomial construction zone. The application of critical correlation radius in the automated geological and mine
surveying system for analysing the testing network of all boreholes (exploratory and blasting) was described. It
was noted that the network parameters should reflect the natural variability of the studied indicators. In cases
where the deposit depth exceeded the bench height, the feasibility of predicting qualitative characteristics based
on the results of blasting boreholes located above the mineral deposit was considered, allowing for a significant
reduction in the scope of costly exploratory works. It was established that the multi-module automated geological
and mine surveying system had been developed and implemented over many years in open-pit mines, particularly
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at the Erdenet enterprise (Mongolia), which develops a copper-molybdenum deposit. The results of the conducted
research were utilised in the educational process and in the automated geological and mine surveying system for
planning and managing mining operations in open-pit environments

® Keywords: regression model; autocorrelation function; least squares method; Lagrange method; frame model;

critical correlation radius; indicatrix

® Introduction

Under conditions of increasingly complex subsurface
geological structures, limited resources for field-
work, and the necessity for prompt engineering deci-
sion-making, emerged an urgent need for the imple-
mentation of automated tools for analysing geological
and mine surveying information. The enhancement of
the efficiency of such operations was directly associ-
ated with the use of modern mathematical methods
and software, which enabled a reduction in explo-
ration costs and an improvement in the reliability
of forecasts. Particular attention was paid to the ad-
vancement of spatial interpolation models adapted to
real-world environments, where the indicators exhibit
complex variability, and traditional statistical methods
proved insufficiently effective.

Regression analysis, as highlighted by D. Mount-
gomery et al. (2021), represented a powerful statistical
instrument widely applied in the natural, technical, and
socio-economic sciences. I. Pardoe (2021) emphasised
the role of the coefficient of determination R? as a key
metric for assessing a model’s capacity to explain the
variation of the target variable. Meanwhile, the studies
of I. David et al. (2020) demonstrated that traditional
adequacy criteria could be complemented by new ones,
such as median squared error prediction and robust
model efficiency, which better accounted for the pres-
ence of extreme or leading data.

According to the findings of S. Lapach (2025), the
least squares method (LSM) remained one of the most
effective techniques for parameter estimation in re-
gression analysis, particularly in the presence of large
data scatter. It was also emphasised that under condi-
tions of heteroscedasticity, various methods produced
significantly different results, and the choice of model
ought to be based on the characteristics of the dataset.
This was supported by the research of V.V. Khlivnyi &
C.V. Bazilo (2023), which substantiated the appropri-
ateness of using the Fisher criterion and the multiple
correlation coefficient R? for verifying the informative-
ness of metamodels.

In the field of geoinformation modelling, an es-
sential aspect involved the consideration of spatial
autocorrelation. As demonstrated in the works of P. Bid-
iuk et al. (2020), effective modelling of temporal and
spatial processes was achieved through the application
of the Box-Jenkins methodology as well as intelligent
approaches that allowed for the refinement of regres-
sion model structures. These approaches ensured high

modelling accuracy through the analysis of autocorre-
lation and partial autocorrelation functions.

Special attention was paid to the issue of inter-
polation model accuracy. In the study by O. Prokaza &
0. Kuznetsova (2022), it was justified that high model
significance could be attained through the inclusion of
a greater number of relevant factors. At the same time,
the insufficient significance of individual parameters
was attributed to the influence of random disturbances
and unaccounted variables. In the context of improving
model accuracy, the approach of J. Bell (2020) appeared
appropriate, where in unique orthogonal polynomial
estimators were proposed to strike a balance between
minimising the mean squared error and ensuring result
stability under dynamic conditions.

Despite existing achievements, the automation of
assessing the spatial variability of geological indicators
using critical correlation radius, and their integration
with interpolation models, remained insufficiently ex-
plored. Likewise, limited attention had been given to
the possibilities of predicting the qualitative character-
istics of mineral resources based on limited or indirect
data, particularly from blasting boreholes. The research
focused on the development of automated software for
constructing polynomial models of curves and surfac-
es, incorporating spatial autocorrelation and evaluating
the boundaries of reliable forecasts beyond the zone
of direct measurements. The aim of the study was to
construct polynomials y =f(x) and z=f(x, y), which most
accurately described the dependency of the resultant
indicator on the selected factor.

® Materials and Methods
A simplified algorithm for implementing the LSM in the
construction of polynomial models y=f(x) and z=f(x, y)
was proposed. This approach eliminated the need for
calculating partial derivatives, as presented in the
textbook by E. Manoukian (2021), where the procedure
was described in detail. The task was reduced to the
elementary formulation of a system of linear equa-
tions based on the proposed algorithm. As outlined in
the textbook by V.M. Horbachuk & O.l. Kushlyk-Dyvul-
ska (2023), this system was solved using the Gaussi-
an elimination method. The adequacy of the polyno-
mial model was subsequently evaluated. This study
introduced enhancements to polynomial models and
provided an assessment of their accuracy, along with
interpolation methods that accounted for indicator

lipHuynii BicHnk. 2025. Tom. 59, Ne. 1

11



12

LocnigkeHHs TQ BUKOPUCTAHHS MO/IIHOMIQIBHUX MOAEEN. .

variability in constructing surfaces using polynomial
and frame-based models.

Mathematical modelling is typically conducted in
various standalone software packages. These tools are
often difficult to integrate as components within larger
systems, particularly in the context of automated gen-
eration of input data and transmission of results with-
in a system. Furthermore, such packages usually offer
insufficient assessment of model adequacy. Within the
geological and mine surveying software (GMSS) mod-
ule, the following methods for curve construction were
implemented: 1) Polynomial method (based on the
least squares method); 2) Lagrange polynomial; 3) Cu-
bic spline interpolation; 4) Hermite spline interpolation;
5) Bézier curves; 6) B-splines. For surface modelling,
the following methods were developed: 7) Polynomi-
al method (based on the least squares method); 8) In-
terpolation method (grid-based and frame-based);
9) B-splines (NURBS surfaces); 10) Nearest neighbour-
hoods (polygons).

In methods 2 to 4, the curves strictly passed
through the control points. Methods 5 and 6 ensured
that the curves passed exactly through the first and last
points. In many cases, these constraints were unnec-
essary. However, for solving a range of problems, the
involvement of all control points in curve and surface
construction was essential. These conditions were sat-
isfied in polynomial models. Nevertheless, these mod-
els did not account for values located between adjacent
points, which significantly affected the evaluation of
model adequacy. This factor had to be considered when
assessing the spatial variability of indicators during
borehole testing for the selection of test networks, re-
serve estimation, and ore body delineation along quarry
horizons. An example of generating a curve polynomial
y=f(x) could be found in Microsoft Excel, although such
tools typically failed to provide any evaluation of varia-
bility between control points.

The article proposed methods for evaluating mod-
el adequacy, ensuring a more accurate selection of a
polynomial model. Similar to time series, polynomi-
al construction was considered under the condition
X, > X, Particular attention was given to the B-spline
method (methods 6 and 9), where a dynamic control-
lable model was formed through the adjustment of
weights at the control points. This method was im-
plemented in the construction of the open-pit surface
based on the coordinates of bench edges. The GMSS
had been continuously expanded and improved, both
in terms of software and calculation accuracy. This ful-
ly applied to the curve and surface modelling module,
which was employed in tasks such as assessing spa-
tial variability of indicators, resource estimation (both
operational and complete), ore extraction accounting,
forming the information base for mining planning and
management, and modelling of the deposit and open-
pit contours.

In its initial implementation, O. Zelensky & V. Ly-
senko (2022) introduced the GMSS module at the
Erdenet enterprise (Mongolia), which develops a cop-
per-molybdenum deposit. The new version was devel-
oped for the conditions of an iron ore deposit, using
the example of the Southern Mining and Processing
Plant (Southern MPP). In this context, significant im-
provements in software and mathematical support
were made by O. Zelensky (2023). To construct the
polynomial model, an array of control points was uti-
lised, generated either automatically from shuffled or
sequential data. A sinusoidal function was selected for
forming sequential data due to its continuous, period-
ic,and smooth nature, without phase shift as observed
in the cosine function. Based on the sine function, a
clear relationship between data values was identified,
resulting in a high level of model adequacy. This vis-
ibly demonstrated the relevance of the developed in-
dicator system.

To determine the acceptable level of model ade-
quacy, dozens of test scenarios were conducted, allow-
ing the identification of deviation levels from stand-
ard indicators. The number of points N did not directly
influence the performance of the system, but it was
taken into account when constructing the model and
determining the maximum degree of the polynomial.
The desktop application software for constructing pol-
ynomial models was developed in C++ using the Mi-
crosoft Foundation Classes (MFC) library. Model visual-
isation was performed with the OpenGL library. User
interaction was facilitated through the graphical inter-
face of the MFC application. Peripheral devices such as
a keyboard and mouse were employed for parameter
control, as further detailed in the Results section. Users
were provided with the ability to adjust the polynomi-
al degree and the number of control points. All com-
putational algorithms were implemented manually by
the authors, without reliance on additional libraries. To
support comprehensive research execution, a mobile
application for the Android operating system was also
developed (Zelensky, 2023), offering functionality sim-
ilar to the desktop version. The article provided an in-
depth investigation of the polynomial method and the
Lagrange polynomial, while other methods were de-
scribed in the works of O.Zelensky (2023) and O. Zelen-
sky & V. Lysenko (2022).

® Results

When constructing curves, it is necessary to determine
such a function y =f(x) that most accurately character-
ises the dependence of the resulting indicator on the
chosen factor. To obtain a polynomial curve, the LSM
was used, which ensures the minimisation of the sum
of squared deviations of the given indicators from the
resulting curve. The following formula was used (1):

=2 (v - 32-)2 — min, (1)
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where y; - the actual value of the resulting indicator;
y,; - the computed value of the indicator; n - the num-
ber of observations. In general, the curve formula has
the following form (2):

S0 = Ag+ A+ Ao+ Al o, fix) =SHAXI, (2)

where M - the degree of the polynomial. Obtaining A,
by the least squares method is reduced to solving a sys-
tem of linear equations consisting of M+ 1 linear alge-
braic equations (3):

AgoAg + ag1 Ay +x%x +agy Ay = b,
04y + a; 4, ¥+ +a,, Ay = by
sksk sk skook skook skeosk skoskosk skosk skesk skosk skokosk skesk sksk skoskosk skk kk

ayAo + ay1Ay xxx +ay, Ay = by (3)

When determining the coefficients a; and b;, the
literature often provides a rather complex solution al-
gorithm. O. Zelensky & V. Lysenko (2022) proposed a
simple method for obtaining these coefficients using

the formula (4):

—yn i+], —yn i
@ =Xk-1x, by = ZRoy X Vi (4)
Check Points Generation X
Chedk points amount: Generation mode:
9 Q) sequential data
| O shuffied data

Cancel

where x,, y, - the coordinates of the input control
points; n — the number of control points.

Further, solving the system of linear algebraic
equations using classical methods is not difficult, that
is, obtaining the values of the coefficients A, In the pro-
gram developed by the authors, the Gauss method was
used. For the study of the polynomial curve, the sine
wave y=sin(x) in the range from -3m to 3m was used as
the source data. The input data is the number of control
points N. In this case, the value of the control points (y)
starts from the point x=-3m, y=0.Then y is determined
by increasing the argument x by 6m / (N-1). Naturally,
the last point will have the value y=0, x=3m. The ob-
tained control points are used in two variants: sequen-
tial data and shuffled data.

In the first case, the sequence of control point for-
mation was described above, in the second - their or-
der is randomly changed. Figure 1 shows the dialog
window for generating input data to build two polyno-
mials. The number of control points for the first calcu-
lation is 9, and for the second - 101. In this case, the
data is not “shuffled”. The location of the control points
is shown in Figure 2.

Check Points Generation X
Check points amount: Generation mode:

101 © sequential data

| O shuffied data

Cancel

Figure 1. Message box for generating input data

Source: software developed by the authors

POLYNCMIAL

{

/)
: m?t-rf*-ﬂg\é-s- ;

/

/

POLYNOMIAL

Figure 2. Location at 9 and 101 point

Source: software developed by the authors

In Microsoft Excel, the degree of correspondence
between the model and the real data is determined
by the coefficient of determination, R% In other words,
this is a measure of the model’s accuracy. R? is calculat-
ed using formula (5):

I 0i-90®

1
R =1 -3 pr Y =% )

where n - the number of input data points; y, and y, -
the actual and predicted values of the indicator.
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If R? =1, this corresponds to a perfect model in
which all observation points lie exactly on the regres-
sion line - that is, the sum of squared deviations is zero.
If R2=0, there is no relationship between the variables
in the polynomial model, and instead, the mean of the
observed values can be used to estimate the output
variable. A model with R? in the range of 0.5 to 0.8 is
considered satisfactory. If R?>0.8,the model is regarded
as highly reliable. Values below 0.5 indicate that the
model is ineffective. A polynomial passes through all
control points when its degree is maximal - that is, one
less than the number of input data points. Figure 3 pre-
sents an 8™-degree polynomial for 9 control points.

b

©
&

Figure 3. Polynomial of degree 8
Notes: below is the equation of polynomial of degree 8
Source: software developed by the authors

As shown in Figure 3, the polynomial passes
through all control points, and in this case R? = 1. How-
ever, the use of such a polynomial is impractical due to
sharp fluctuations between the control points. In this
case, it is proposed to compare the variances of the
data and the curve using formula (6):

o = =¥ (X - X)% (6)

These values are presented in Figure 3. Here, the
variance of the input data is 49.9, and the estimated
variance of the curve (based on the function values at
increasing arguments with a fixed step) is 176.3. In this
case, even though R?=1, adopting such a model would
be incorrect. Therefore, in addition to R?, the variance
ratio should be considered. It is proposed that the ac-
ceptable difference in variances should not exceed 20%,
although this may vary depending on the specifics of
the domain under study. Figures 4 and 5 show 7t- and
10"-degree polynomials constructed for 40 input points.

It was visually evident that the 10"-degree polyno-
mial model proved to be more effective. This was also
confirmed by quantitative evaluation. As observed from
the data presented in Figures 4-5, the variance of the
input data equalled 50. The variances of the 7™- and

10%-degree polynomials amounted to 32.2 and 48.4,
respectively.The deviations of the variances of the 7™-de-
gree and 10™-degree polynomials from the variance of
the input data (k, and k,,) were determined as follows:

For the 7*-degree polynomial:
k,=(50-32.2)/50-100=35.6%

For the 10t™-degree polynomial:
k,,=(50-48.4)/50-100=3.2%

The value of k,, was significantly below 20% in
comparison to k,.

POLYNOMIAL

Autocorrelation function

Figure 4. Polynomial of degree 7
Source: software developed by the authors

POLYNCMIAL

i ok points amount; 40
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Figure 5. Polynomial of degree 10
Source: software developed by the authors

As shown in Figure 5, the same input data were
used (N=40, degree =10), but they were arranged in a
random order. These were generated by selecting the
“Shuffled data” option in the dialogue window (Fig. 1).
In this case, the polynomial variance ratio equalled
(Fig. 6): k,,=(50-16.2)/50- 100 =67.6%. Such a model
could not be considered acceptable.

As previously indicated, a polynomial passed
through all N control points if its degree equalled N -
1. This was demonstrated in Figure 3, which presented
an 8"-degree polynomial for 9 control points. The curve
was represented by a line comprising alternating red
and yellow segments. In this case, the constructed pol-
ynomial fully coincided with the Lagrange polynomial.
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Figure 6. Polynomial of degree 10 (“shuffled data’)
Source: software developed by the authors

This polynomial strictly passed through all con-
trol points. This result indicated that the constructed
polynomial was sufficiently universal for any given de-
gree and, in particular, coincided completely with the
Lagrange polynomial when the degree equalled N- 1.
In the Lagrange polynomial, for N+ 1 numbers (x,, y,),
(X3, Ya)s -5 (X, ¥,), there existed a unique polynomial of
degree N such that (7):

L0 =270y L (X), )
where [(x) was defined by formula (8):
li(x) =
_ TIn X—Xj  x-xg X—Xi—1 X~Xi+1 X~Xn
B Hj:o'jﬂXi—Xj_ Xi—xo | Xi=Xi_1 Xi—Xiy1  Xi—Xn ®)

For any i=0,...,n,the polynomial [, had a degree of
n and satisfied the condition (9):

©

Hence, L(x) was a linear combination of the poly-
nomials [;(x) and had a degree of no more than n, while
also satisfying L(x;) =y, During the study of polynomial
models, an important indicator for evaluating spatial
variability was examined. For this purpose, the auto-
correlation function (ACF) was utilised. Quantitatively,
the ACF could be measured using autocorrelation co-
efficients. The ACF was a function r,, = f(m), where r,
represented the autocorrelation coefficient between
the initial sequence of control points and the sequence
shifted relative to the initial one by a lag of m. For ex-
ample, the initial sequence included n numbers. In this
case, n=8 with the following values: 5, 8,1,9,4, 6,9, 10.
For a shift m=1, the autocorrelation coefficient (degree
of association) was determined between n - m pairs of
numbers:5,8,1,9,4,6,9-8,1,9,4,6,9,10.For m=2,the
autocorrelation coefficient was determined between
n-mpairs:5,8,1,9,4,6 -1,9,4,6,9, 10, and so forth.
Thus, in constructing the ACF, the values of r,, (autocor-
relation coefficients for increasing m) were used. The
value of r,, was determined by formula (10):

ro= LT (= %) (Kigm—%2) ’ (10)

S G0 G2

where X, - the arithmetic mean of the initial sequence
(from the first to the n — m elements), and x, - the arith-
metic mean of the “shifted” sequence (from the m-* to
the n-t elements).

It was noted that with each increment of lag m
by one, the number of value pairs used to calculate
the ACF coefficient decreased by one. Therefore, the
maximum lag (m) was usually recommended to be
equal to n/4. The ACF reached its maximum value of
1 at m=0 (indicating full self-correlation of the series),
and equalled 0 when the initial sequence and its shift-
ed counterpart were uncorrelated. The faster the auto-
correlation function decreased with increasing m, the
weaker the autocorrelation was, and vice versa. The ACF
gradually decreased and intersected the abscissa axis
at a distance r, from the origin. The parameter r, was re-
ferred to as the critical correlation radius. At the initial
shift (m=1), r, was defined as the autocorrelation coef-
ficient between values at adjacent control points. When
r,>0.7, a consistent trend in the variation of the stud-
ied parameter was observed. When r, £0.7, the dataset
was considered a set of random, independent variables.
Figures 4-6 illustrated the autocorrelation functions
and their corresponding critical correlation radius. The
number of control points equalled 40. Figures 4 and
5 employed identical input data; therefore, the results
of the autocorrelation analysis were also identical: the
autocorrelation coefficient between adjacent values in
the input data was r, =0.88; the critical correlation ra-
dius equalled r,=3.36. In Figure 6, using the same 40
input values but arranged in random order, the results
were as follows: r,; =0.039,r,=1.78.

Three factors were identified as determining the
adequacy level of the polynomial model: 1) the coeffi-
cient of determination, which depended on the degree
a; 2) the ratio of the variances between the curve and
the control points; 3) the autocorrelation between ad-
jacent values in the input data (r;). Among these, the
second and third factors were of greatest significance.
Moreover, these factors were interrelated. The model
was considered effective when r, > 0.7 and the ratio of
the variances between the curve and input data was
less than 20%. While r; depended solely on the input
data, the variance ratio depended on the selected pol-
ynomial degree o.

When evaluating the spatial variability of indica-
tors, the critical correlation radius r,, as described by
O. Zelensky & V. Lysenko (2022), was regarded as an
important parameter. This value allowed for the esti-
mation of forecast capability beyond the polynomial
construction range. The application of r, was further
examined within the GMSS system. For many years, the
GMSS system, as part of an automated quarry manage-
ment system, had been implemented in non-ferrous
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and iron ore deposits. In this context, the input data
mainly comprised the coordinates from borehole collar
surveys, bench edges, tracks, and other objects, as well
as the results of blast hole testing and both detailed
and operational exploration.

Implementation experience demonstrated that at
non-ferrous deposits, blast hole testing was carried
out almost comprehensively, i.e. for all boreholes. The
critical correlation radius r,, determined in the study of
variability of total copper content (Cu,,) in the porphyry
copper ores of the Erdenet GMSS, were presented in
Table 1. In this case, the network of blast and explo-

ration boreholes revealed the natural characteristics
of the studied parameters along the quarry horizons,
as the correlation radius exceeded the testing inter-
vals. In terms of deposit depth, the critical correlation
radius was significantly less than the bench height
(15 m), indicating the appropriateness of forecasting
quality parameters based on blast hole test data from
the overlying horizon for the purpose of operational
resource estimation under conditions of limited ex-
ploration data availability. This approach allowed for
significant cost reduction in conducting expensive ex-
ploration operations.

Table 1. Critical correlation radius for Cutotal (in meters)

By the area of the deposit
Test Network By depth
along the strike across the strike
By blast borehole, 8x8 24%7 20%12
120£20
By exploration borehole, 3060 130%40 100£40

Source: developed by the authors on the basis of their own research

Anisotropy is present, and to evaluate it, an indic-
atrix in the form of an ellipse is used, which illustrates
the variability of parameters in different directions. The
indicatrix is constructed based on the critical correla-
tion radius in various directions. Figure 7(a) shows the
autocorrelation function and the corresponding indica-
trix. The use of indicatrices to assess the variability of

\\”‘-.,\
0.8 \\‘\
N .
NN
0.6 A\ <.
% |
0.4 ‘\ e
0.2 \
. \ 1\
V[N
0 \ .
5 0 15 20 25 30 Lm
a B r" }

a key parameter in the mining face-based on blast hole
testing data from the digital model of the deposit-al-
lows for a reduction in fluctuations of the parameter
in the ore flow by selecting the mining direction along
the major axis of the indicatrix. In Figure 7(b), the arrow
indicates the direction of the least variability, which is
the proposed mining direction.

0

»
>

Blast faces direction

Figure 7. Indicators of variability of indicators

Notes: a - autocorrelation function; b - indicatrix
Source: software developed by the authors

The construction of a surface based on a poly-
nomial model is presented in the works of O. Zelen-
sky (2023). These works also provided a simplified al-
gorithm for implementing the least squares method.
The core of the algorithm is minimising the sum of
squared deviations of the function z=f(x, y) from the
input data. Figure 8 shows two degree-4 polynomials
(surfaces) based on 25 input data points. In Figure 8(a),

model adequacy can be assessed using the coefficient
of determination. However, this is a specific case where
the indicator values change smoothly. In cases of more
complexvariability,a second indicator must be used: the
deviation between the variance of the input data and
the variance of the fitted surface. This is evident in the
example shown in Figure 8(b). A detailed selection of
surface construction methods requires further research.
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X -0.44y -0.04xy 0.00x*2
0.18y*2 0.00x*3 0.00x*2y 0.00xy*2 0.00y"3

ormula:
z=1.93 0.03x -0.00y 0.02xy -0.09x"2
0.05y*2 0.00x*3 0.00x*2y 0.00xy*2 -0.00y"3|
0.00x*4 0.00x*3y -0.00x*2y*2 -0.00xy*3

b 0.00y*4

Figure 8. Building a surface with a polynomial of degree 4
Notes: a - sequential data; b - shuffled data
Source: software developed by the authors

The construction of a surface within a specified
contour by pit horizons is carried out as follows. The
user defines a contour that is covered with a regular
grid of a given step size. At each grid node Z,, the in-
dicator value is interpolated based on test data from
the nearest boreholes. The algorithm for finding these
nearest boreholes is described in the work of O. Zelen-
sky & V. Lysenko (2022). The indicator value at a node
is determined using the inverse distance method (11):

2?]= 1Zi-d i_a
Za =N g (11)
where o - the interpolation power (usually a=2); d, -
the distance between the node and the /-th closest
borehole; Z, - the indicator value at the i-th borehole;
N - the number of nearest boreholes to the node.

This well-known formula does not account for the
natural component of indicator variability. This can
be addressed by incorporating the indicatrix, which

reflects the presence of critical correlation radius in all
directions. In this case, the inverse distance method is
refined as follows (12, 13):

IN_ . zi-d 7%t
7, ==l o 12
A Z?I=1d i_aoti ( )
Tki
ot; = , 13
¢ Tkmax ( )

where r,; - the critical correlation radius in the j-th di-
rection; r,,,, — the maximum critical correlation radius.

One of the modules of the developed automated
GMSS for the conditions of the Southern MPP includes
an interpolated 3d model, shown in Figure 9. The user
defines a contour, which is covered with a regular grid
with a defined step size sh. For each grid node, rectan-
gular prisms are constructed, with heights equal to the
interpolated Fe,,,, values, and the base being a square
with side length sh. The coordinates x, y of the square’s
centre correspond to the x, y coordinates of the grid
node. An alternative to the interpolation model is a
wireframe model (Fig. 10), where interpolated values
are simply connected by straight lines.

-
wl
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o/ w

[ =L
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Figure 9.nterpolation model of Fe,,, variability
Source: software developed by the authors

Figure 10. Wireframe model of Fe,,,, variability
Source: software developed by the authors
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Particular attention within the conducted study
was devoted to the assessment of the adequacy of a
polynomial model reflecting the relationship between
input and output data in forecasting tasks. The results
obtained during the experiments confirmed the neces-
sity of a more thorough analysis of both the accuracy of
the models themselves and the interpretability of the
resulting coefficients, taking into account the spatial
and statistical properties of the data.

One of the fundamental tools for assessing model
quality was the coefficient of determination (R?), which
is used, in particular, within the Microsoft Excel soft-
ware environment. However, its application was not
always sufficient for adequate evaluation, especially in
cases involving spatial or temporal variability of data
between control points. In this study, the problem was
partially addressed through additional analysis of spa-
tial variability by means of the autocorrelation function
and variance ratio, which enabled the assessment of
model smoothness and stability in the intervals be-
tween known values. This approach shared common
features with the method of statistical modelling of
random fields proposed by Z.Vizhva et al. (2023), where
emphasis was likewise placed on accounting for struc-
tural heterogeneity and constructing adequate realisa-
tions to supplement incomplete data. The distinction
lay in the application area (geophysics versus gener-
al-purpose regression modelling); however, the ap-
proach to handling the spatial components of the data
was conceptually similar.

At the same time, as noted by B. Sencer (2024), Excel
possesses significant limitations in regression analysis,
particularly concerning the assessment of non-linear
models. The author pointed to the systematic overesti-
mation of the coefficients of determination in the case
of non-linear functions approximated as linear. In this
study, such issues were addressed through the use of R?,
root mean square error, and mean absolute error calcu-
lations within an external environment, which allowed
the avoidance of misleading conclusions typical for
Excel’s built-in functions. Hence, the obtained results
confirmed the need for a critical evaluation of stand-
ard statistical analysis tools, especially in the context
of complex models. An alternative perspective was pre-
sented by U. Srilakshmi et al. (2024), who, working in the
field of predictive modelling in healthcare, proposed an
innovative approach to improving the efficiency of lin-
ear regression models by reducing the dimensionality
of variables. Unlike traditional methods, this approach
involved a preliminary transformation of input data,
which significantly reduced the sum of squared errors.
The research described in this article did not involve
prior dimensionality reduction; however, the influence
of the random component on model accuracy was tak-
en into account. Moreover, both studies indicated the
advantage of using non-parametric methods in cases
where classical assumptions were violated.

To support this, reference may be made to the con-
clusions of W. Laverty & I. Kelly (2021), who compared
the least squares method with the non-parametric Ken-
dall and Theil approach. In cases where data exhibit-
ed heteroscedasticity or asymmetry, the latter method
provided high estimation efficiency. In the cases con-
sidered in this article, some datasets displayed signs
of non-normality, making the application of adaptive
or non-parametric modelling approaches particularly
relevant. This aligned with the findings of O. Tkachen-
ko (2021), who proposed an approach for adaptive
regression parameter estimation using higher-order
statistics. Such an approach enabled the adjustment
of models to real data violating Gaussian assumptions,
which were not accounted for in classical regression
analysis within Excel. These considerations were further
supported by the conclusions of D. Tadashi et al. (2024),
who focused on the development of local polynomi-
al models of software reliability. Although the applied
domain differed, their approach to polynomial degree
control and adaptive forecasting was highly relevant
in terms of modelling complex dependencies in data.
The idea of using semi-parametric models could also
be adapted within general regression tasks to achieve
greater flexibility in model construction.

In the study by O. Zorin & V. Palahin (2023), a new
approach to the statistical processing of RZ-signals
was proposed, based on the use of moment-cumulant
models for describing the fine structure of random pro-
cesses. Although the subject area differed slightly, the
proposed method involved constructing polynomial
stochastic solvable rules with coefficient optimisation
based on a moment criterion. The practical implemen-
tation and testing of such algorithms became possible
through MATLAB tools, which were detailed in the work
of 0. Romanyuk et al. (2024). The MATLAB environment
provided the necessary functionality for implementing
numerical methods, system modelling,and visualisation
of results, which was critically important for evaluating
the effectiveness of new reception methods under com-
plex noise conditions. This once again highlighted the
importance of polynomial models and their feasibility
of implementation across various programming envi-
ronments or mathematical software packages.

Thus, the comparative analysis of the results of the
study presented in this article with existing approach-
es in the literature enabled several important gener-
alisations to be drawn. Standard analytical tools, such
as Microsoft Excel, remained limited in the context of
evaluating complex models, particularly in cases of
non-linear or adaptive regression. Spatial or statistical
data analysis between control points allowed for im-
proved modelling accuracy, as confirmed both in this
study and in the works of other authors. The applica-
tion of adaptive and non-parametric approaches, such
as those proposed by W. Laverty & 1. Kelly (2021), O. Tka-
chenko (2021), and U. Srilakshmi et al. (2024), opened
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new possibilities for improving model accuracy, espe-
cially when classical statistical assumptions were vio-
lated. The development of more sophisticated models,
including semi-parametric or local polynomial types,
enabled effective modelling of complex systems, with
wide-ranging applications not only in engineering or
economics, but also in healthcare, software reliability,
and geophysics.

In summary, it may be stated that the effective
application of methods for assessing the adequacy of
polynomial models under modern conditions required
a comprehensive approach, combining classical tech-
niques with adaptive methods, the use of new spatial
data processing tools, and non-parametric statistical
approaches. The obtained results confirmed the poten-
tial for further research into the improvement of model
quality assessment, taking into account the spatio-tem-
poral heterogeneity of data, which had become particu-
larly relevant in interdisciplinary areas of mathematical
modelling application.

® Conclusions
The article presented a study of polynomial functions
y=f(x) and z=f(x, y) of a given degree. The implementa-
tion of the polynomial model was based on the method
of least squares. Due to the complexity of the task, a
simplified algorithm was proposed, which reduced the
problem to solving a system of linear equations. The
adequacy of the polynomial model was assessed using
integrated packages of the coefficient of determination
R?, as implemented in Microsoft Excel. However, this
assessment remained limited, as it did not take into
account the nature of the curve’s behaviour between
control points. This significant drawback was addressed
by two additional indicators. The first indicator involved
the ratio of the variances of the input data and the curve
points. The second indicator comprised the assessment
of spatial variability of indicators using an autocorrela-
tion function. All studies described in the article were
carried out in an automated mode, which considerably
simplified the process and enabled the simulation of
a substantial amount of data for obtaining results. An
example included the construction of a polynomial

curve of a selected degree a, equal to one less than
the number of control points (N - 1). In this case, the
curve passed precisely through the control points. An
identical curve was obtained using the Lagrange meth-
od. When constructing the autocorrelation function, the
assessment of spatial variability of the indicator was
determined by the autocorrelation coefficient between
values at neighbouring control points, as well as by the
critical correlation radius r,, which enabled the evalua-
tion of the forecasting capability beyond the construct-
ed polynomial. In the automated HMSS system, criti-
cal correlation radius was used for assessing the test
network across all boreholes (exploratory and blasting).
The parameters of the network had to reflect the natu-
ral characteristics of the studied indicators.

In the case of non-ferrous metals, tests were gen-
erally conducted on blasting boreholes. If the deposit
depth exceeded r,, i.e. the height of the bench, it was
considered appropriate to forecast the qualitative indi-
cators based on test data from blasting boreholes of the
overlying horizon. This significantly reduced the need
for costly exploratory operations. Based on r, values in
different planar directions, an indicatrix was construct-
ed. Its use enabled the implementation of interpolation
and framework models that accounted for the spatial
variability of indicators. The construction of curves and
surfaces was performed for both desktop and mobile
applications and was successfully implemented at
non-ferrous and iron ore deposits as part of an auto-
mated geological and mine surveying system. Future re-
search prospects involved improving spatial forecasting
algorithms using surfaces as an example, and integrat-
ing the software with artificial intelligence for adapting
results to various geological and technical conditions.
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Hdocnig>xeHHs Ta BUKOPUCTaAHHA NosliHOMianbHUX Mogeneun
npu po3pobLi aBToMaTU30BaHOIro reosioro-MmapKLuenaepcbkoro
3abe3neuyeHHs ripHuumnx pobirty kap’epi

® AHoTauifi. AKTya/IbHiCTb LOCNIAKEHHS 3yMOB/IeHa NOTpe6oto B NiABULLEHHI TOYHOCTI Ta ePEeKTUBHOCTI reonoro-
MapKLleiaepcbkux pobiT B yMOBax CKafHOI reonoriyHoi 6ynoBM Ta OOMeXeHMX pecypciB A/S MOMbOBMX
pocnimpkeHb. Po3pobka Ta BMpoOBafXeHHs aBTOMATM30BAHOrO MpoOrpamMHoOro 3abesneyeHHs Hajanu 3Mory
OMnepaTMBHO aHani3yBaTu BenuKi 06caru AaHMX, ONTUMI3yBaTU Mepexy BUMNPOOYyBaHb i 3MEHLUIUTU BUTPATU Ha
po3BigyBanbHi pobotn. MeToto pocnigxeHHs Oyna po3pobka nporpaMHoro 3abesneyeHHs MNOAIHOMiaNbHUX
Mofenei KpUBMX i MOBEPXOHb i3 3aMpOMNOHOBAHMM CMPOLEHUM ANroOpuTMOM peanisauii Metoay HalMeHWux
KBagpartiB. [lporpaMHe 3abe3nevyeHHs AN LECKTOMHOro AoAaTtky po3pobneHo B cepepoBuili Microsoft Visual
Studio 2019 Ha 6as3i 6ibniotekn Microsoft Foundation Classes. Mo6inbHuit oaaTok po3pobneHo B cepefoBuLLi
Android Studio. Ins po6oTu 3 3D-rpacdikoto 3actocoByeTbCs Hibnioteka OpenGL 3 BUKOPUCTAHHAM LieiaepiB, WO
3abe3nevye BUCOKY NPOAYKTUBHICTb eKcnyaTaLii. byno BM3HaueHO napaMeTpu AN OLiHKM aleKBaTHOCTI Mozeni,
gKa B CTaHLApTHMX aBTOHOMHUX NaKeTaxX HeAoCTaTHbO OOEKTMBHA. B aBTOMaTM30BaHOMY peXxuMi NMokKasaHo, Lo
noniHom JlarpaHxa € OKpeMnM BUNAAKOM po3pobneHoi noniHoMianbHoi Mogeni npu nobyanosi kpusux. Kpim Toro,
BA,OCKOHANIEHO iHTEpNOAsLiMHUIA MeTo, Npu NobyaoBi noBepxHi. [pu LLbOMY BPaXOBYETbHCA MPOCTOPOBA MiHAMBICTb
NMOKAa3HWKIB 3 BUKOPWUCTAHHAM aBTOKOpensauinHux @yHkuin. Mpu nobynosi aBTOKOpensiuinHUX dyHKUiM 6yno
3AiMCHEHO OLiHKY NPOCTOPOBOI MIHAMBOCTI MOKa3HMKA Ha OCHOBI KoedilieHTIB aBTOKOpensuii Mix 3HaYEeHHAMM
Yy CYCiAHIX KOHTPONbHMX TOYKAX, @ TAKOX KPUTUYHOrO pafiyca Kopensuii, Wo [ano 3MOry OUiHMTM noTeHuian
NPOrHO3yBaHHS 32 MexaMu 30H1 NobyaoBM NosliHoMa. byno onucaHo 3aCcTocyBaHHSA KPUTUUHUX PafiyCiB Kopenauii
B aBTOMaTM30BaHi/i CMUCTEMi reonoro-Mapkluenaepcbkoro 3abesneveHHs AnS aHanisy mepexi BunpobyBaHb
yCiX CBEpPANOBUH (BUOYXOBMX i po3BidyBanbHMX). byno 3a3HauveHo, WO NapamMeTpu Mepexi MaloTb BigobpaxaTtu
NPUPOAHY BapiaTUBHICTb AOCNIAXKYBAHUX MOKA3HUKIB. Y BMNALKaX, KOMM rMMOUHA NOKNAAIB MepPeBULLYE BUCOTY
ycTyny, 6yn0 po3rnsHYTO AOLINbHICTb MPOrHO3YBaHHS SKICHUX XapaKTEPUCTMK 3a pe3ynbTaTaMu BUMpobyBaHb
BMOYXOBMX CBEPAOBUH, PO3TALLOBAHUX BHULLE 3ansraHHs KOPUCHOI KOManWMHK, WO [03BONSE CYTTEBO CKOPOTUTH
obcarn pgoporux po3BigyBanbHMX pobiT. byno BcTaHoBneHo, wo 6aratomMoAynbHa aBTOMATM30BaHa CUCTEMaA
reonoro-mMapkLenaepcbkoro 3abesnevyeHHs NpoTaromM 6araTbOX POKiB YAOCKOHAMKETbCSA Ta BMPOBALXKYETHCS
Ha Kapepax, 30KkpeMa Ha nianpuemctBi «EpaeHeT» (MoHronis), ske po3pobnse MiLHO-MoNibAeHOBE POLOBMLLE.
Pe3ynbtatn npoBefeHuX AOCNIAXKeHb BMKOPUCTAHO Y HaBYaNbHOMY MpoLeci Ta B aBTOMATU30BaHIW CUCTEMI
reosioro-mMapKkLueniepcbkoro 3abesneyeHHs Npu NiaHyBaHHI Ta KepPyBaHHI NipHUUYMX pobiT y kapepi

® KniouoBi cnoBa: perpeciiiHa Mofenb, aBToKopensauiiHa GyHKLiS; MeTon HalMeHWMX KBagpaTiB, MeTop
JTarpaHa; kapkacHa Moaenb; KPUTUYHUIM padiyc Kopensiuii; iHaukaTpuca
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Assessment of the impact of soil water saturation
at the Malyshevske deposit on the stability of quarry structures

® Abstract. A high groundwater level and significant wettability of ore sands at the Malyshevske deposit create
substantial risks for the stability of foundations, base soils, and structures within the quarry field. The study of
these factors is critically important for ensuring the safety and reliability of mining and construction facilities.
The objective of the paper was to determine the physical and mechanical properties and to assess the influence
of ore sands on the stability of foundations, base soils, and structures within the quarry zone of the Malyshevske
deposit, as well as to develop recommendations for their stabilisation. A comprehensive set of research methods
was applied, including hydrogeological, geophysical, hydraulic analyses, and mathematical calculations. The
investigation of hydrogeological conditions was used to identify the groundwater level and its impact on
structural stability. Testing of ore sands was conducted to determine their physical and mechanical characteristics,
including permeability and filtration properties. Key factors affecting foundation stability in high moisture zones
were identified. Recommendations were developed to increase the bearing capacity of base soils and foundations
through drainage systems, soil injection stabilisation, and the use of special materials with low permeability. The
actual average filtration coefficient of ore sands at the Malyshevske deposit was determined using the piezometric
head method. For the first time in this region, integrated measures were proposed that include a combination of
drainage and filtration systems to reduce groundwater levels, along with mathematical modelling to forecast the
impact of these changes on the stability of quarry structures. The study has considerable practical significance
for the design and operation of quarries under conditions of elevated groundwater levels and high soil moisture
saturation. The proposed methods and measures allow for effective risk reduction associated with fluctuations
in groundwater levels and ensure the stability of quarry structures, which in turn enhances the safety of mining
operations and reduces maintenance costs for engineering facilities

® Keywords: hydrogeology; groundwater; wettability; drainage; soil stabilisation; safety

® Introduction
The stability of foundations and bases under complex groundwater level and considerable wettability of ore
hydrogeological conditions is a critically important sands at the Malyshevske deposit pose significant en-
factor for the safe operation of industrial and con-  gineering challenges, directly affecting the reliability of
struction facilities within the quarry area. The high structures and the safety of personnel working in the
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extraction zone. Deformation of water-saturated soils
in an open-pit environment can lead to subsidence,
uneven settlement of foundations, loss of bearing ca-
pacity of structures, and the development of landslide
processes. This poses a threat both to the integrity of
infrastructure and to the lives of workers located within
the hazardous zone. Additional negative factors include
atmospheric precipitation, the hydrodynamic impact of
filtration flows, seismic loads, and seasonal fluctuations
in the groundwater level, which may lead to uncon-
trolled deformations and emergency situations.

D. Babets et al. (2020) studied the impact of water
saturation on the strength characteristics of sedimen-
tary rocks. They found that increased moisture signif-
icantly reduces rock strength, which may cause defor-
mation and failure of structures founded on such soils.
This highlighted the importance of considering water
saturation in the design of foundations and other en-
gineering structures. H.N. Ngugi et al. (2021) examined
the effect of soil moisture variation on deformation and
differential settlement of frame structures in the Nai-
robi area. They concluded that moisture changes can
lead to significant differential settlement, negatively
affecting building stability and integrity. This study un-
derlined the importance of moisture control in soils to
ensure structural stability.

L. He et al. (2024) analysed the mechanisms of
destabilisation and landslide prevention technologies
in open-pit mines with soft interlayers under the in-
fluence of rainwater infiltration. They found that water
infiltration into such layers significantly reduces their
strength, which can result in landslides and collapses.
The authors proposed a set of measures to improve
slope stability, including drainage systems and soil
reinforcement. V. lvanov et al. (2020) studied the role
of water in the stability of shallow landslides, based
on experimental tests. They found that increased soil
moisture reduces its strength and increases the risk
of landslides. The researchers emphasised the need to
consider hydrogeological conditions when assessing
slope stability and designing engineering measures.

The researchers J. Slusarek & M. tupiezowiec (2020)
analysed the influence of soil moisture on the stabil-
ity of buildings situated on slopes. They concluded
that increased moisture could lead to a reduction in
soil strength and foundation deformation, negatively
affecting the structural stability of buildings. The au-
thors recommended the use of drainage systems and
waterproofing to minimise the adverse effects of mois-
ture. The scientists M. Maknoon & M. Aubertin (2021)
studied the use of terracing to improve the stability of
mine waste embankments. They found that the crea-
tion of terraces reduces the rate of water infiltration
and enhances slope stability. This research highlights
the importance of structural solutions for managing
water saturation in mining dumps. The researchers
Y. Abramov et al. (2022) conducted a study aimed at

substantiating an experimental method for determin-
ing fluid percolation parameters in bulk materials.
They identified key relationships between infiltration
rate and the physical and mechanical characteristics
of porous media. This study is valuable for assessing
the water permeability of ore sands at the Malyshevske
deposit, which is an important factor in evaluating the
stability of quarry structure foundations.

The scientist T.K. Tokunaga (2020) proposed a sim-
plified Green-Ampt model for assessing soil permeabil-
ity and predicting infiltration processes. The researcher
studied water filtration mechanisms in porous media
and concluded that it is necessary to take capillary ef-
fects into account when modelling hydrogeological
conditions. These findings can be applied to forecast-
ing soil behaviour under quarry conditions with high
moisture levels. The research by V. Oliinyk et al. (2022)
was dedicated to developing a method for the experi-
mental determination of water infiltration parameters
in soil. The authors demonstrated that the structure of
the pore space and the moisture content significantly
affect the water penetration rate, which may be useful
for evaluating potential risks of foundation base ero-
sion under quarry conditions.

Thus, the analysis of scientific literature indicated
that previous studies have mostly focused on the phys-
icochemical properties of ore sand components, meth-
ods for their determination, and the influence of these
characteristics on technological processes. Despite the
considerable body of scientific research, the compre-
hensive impact of ore sand water saturation on the
stability of quarry structures at the Malyshevske depos-
it remains insufficiently explored. Systematic studies
that combine hydrogeological, mechanical, and math-
ematical aspects of structural stability forecasting are
lacking. The issue of developing effective measures for
stabilising foundations and bases under high moisture
conditions remains particularly relevant. In this context,
the aim of the study was to determine the physical and
mechanical properties of ore sands and assess their
influence on the stability of bases, foundations, and
structures within the quarry zone of the Malyshevske
deposit. As part of the study, recommendations were
also developed for soil stabilisation and groundwater
level reduction using drainage systems and specialised
construction materials.

® Literature Review
To assess the stability of structures under quarry condi-
tions, it is necessary to consider the effects of soil water
saturation, changes in their physical and mechanical
properties, as well as environmental aspects associated
with mining waste. Research in this area covers a wide
range of issues, from soil mechanics and geotechnical
fundamentals to slope stability analysis and long-term
environmental risks. This review considered recent sci-
entific studies that highlighted these aspects and are

lipHuynii BicHnk. 2025. Tom. 59, Ne. 1

23



24

OyiHka BBy BOOHACHYEHHS rpyHTIB Manuiwescskoro pogosuLya...

important for understanding the processes affecting
the safety of construction and operation of engineering
structures in mining regions.

M. Zotsenko et al. (2004), in their textbook on engi-
neering geology, examined soil mechanics, the funda-
mentals of foundation and basement structure design.
The authors provided a detailed analysis of the physi-
cal and mechanical properties of soils and their inter-
action with the surrounding environment. This work
serves as an important theoretical basis for assessing
the stability of building structures in areas with a high
level of soil water saturation, particularly under min-
ing conditions. Professor V. Suiarko (2019) investigated
engineering geology and geotechnical fundamentals,
focusing on the mechanical properties of soils, their
stability, and their use in the design of foundations and
structures. The author emphasised the importance of
hydrogeological analysis to ensure the stability of ge-
otechnical structures. This study is a valuable resource
for assessing the impact of high groundwater levels on
construction safety, which is directly related to the sub-
ject matter of this work.B.Vriens et al.(2020) underlined
the importance of sustainable management of mining
waste to prevent adverse hydrogeochemical processes
that may affect the environment and soil stability. Their
study also pointed to the necessity of monitoring and
controlling emissions from waste as a vital aspect of
mine safety. This research is significant as it provides an
assessment of the impact of waste on soil stability and
suggests measures to minimise negative consequenc-
es. B.0. Otunola & 0.0. Ololade (2020) investigated
the properties of clay minerals, which can significantly
enhance the processes of removing heavy metals due
to their adsorption characteristics. Their findings high-
lighted the importance of using clays for soil stabilisa-
tion and for reducing the concentration of pollutants in
hydrogeochemical systems. This is particularly relevant
in areas containing mining waste, where heavy metals
may affect the ecological balance and the structural
stability of constructions.

Y. Taha et al. (2021) studied the environmental
behaviour of concrete produced using mining waste,
in particular its ability to leach toxic elements. This
research made it possible to assess the long-term
environmental risks associated with the use of waste
materials in construction, and the impact of such ma-
terials on infrastructure stability in mining regions,
where soil stability is critically important for opera-
tional safety. G. Yang et al. (2023) examined the sta-
bility of slopes composed of water-sensitive shales
under different moisture conditions. They noted that
moisture significantly alters the physical and mechan-
ical properties of soils, which can lead to landslides
and slope failures. This study is essential for assessing
the impact of meteorological factors, particularly pre-
cipitation, on quarry slope stability and the safety of
mining operations.

L. Shu et al. (2024) emphasised that moisture sig-
nificantly affects the mechanical properties of materi-
als, particularly the strength of gas shales. Their study
showed that fluctuating moisture conditions may result
in a reduction in material strength, which is an impor-
tant factor when assessing the stability of geotechni-
cal structures. These findings are key to the subject of
this research, as they help to determine the influence
of moisture on the stability of soils and structures, es-
pecially under the high groundwater levels typical of
mining environments. A general analysis of the litera-
ture indicated that the stability of soils and materials
under mining conditions is largely influenced by mois-
ture content, hydrogeochemical processes, and the use
of mining waste in construction. ALl of these factors are
critically important for ensuring the safety of mining
operations, and the studies reviewed provide valuable
data for managing risks, maintaining structural stability,
and ensuring environmental safety in complex hydro-
geological conditions.

® Materials and Methods

The engineering protection of territories and buildings
from natural hazards is regulated by normative doc-
uments, in particular DBN V.1.1-46:2017 (2017) and
DBN A.2.2-1:2021 (2021), which include requirements
for environmental impact assessment and the preven-
tion of landslides and collapses. However, these reg-
ulations do not provide specific recommendations for
ensuring the stability of foundations and structures un-
der complex hydrogeological conditions, such as those
found at the Malyshevske deposit, characterised by a
high groundwater level. The Malyshevske titanium-zir-
conium ore deposit is located in an area of an active
aquifer, and its geological structure includes highly
permeable hydrophilic sands, which significantly com-
plicates mining operations and necessitates detailed
analysis of the stability of foundations and structures.
Within the scope of this research, the physical and me-
chanical properties of ore sands and their hydraulic
conductivity were analysed, allowing the assessment of
the influence of groundwater on the stability of quarry
slopes. A comprehensive approach was used, combining
hydrogeological investigations, geophysical measure-
ments, and experimental determination of water filtra-
tion parameters through ore sands.

To obtain reliable data on the hydraulic conductiv-
ity of the ore sands under investigation, experimental
tests were conducted in a specialised laboratory of the
Technical Control Department (TCD) at the Vilnohirsk
Mining and Metallurgical Plant (MMP). The tests were
carried out using one of the most widely applied meth-
ods - the hydraulic head analogy - which consists in
measuring the time required for water to pass through
a specific layer of ore sands.

According to the described methodology, the fol-
lowing stages were completed:
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1.Sample preparation. The selected samples of ore
sands were standardised by particle size and density.

2.Formation of a hydraulic system. Water was
passed through the ore sand sample under hydrostatic
pressure, implemented by creating a hydraulic head.

3. Measurement of filtration time. The time inter-
val required for water to pass through the sample was
recorded.

4. Calculation of hydraulic conductivity. The calcu-
lation was performed based on the obtained experi-
mental data using a formula that takes into account the
hydraulic radius and other parameters.

To calculate the hydraulic conductivity, Darcy’s law
was used, which describes the relationship between
the velocity of fluid flow through a porous medium and
the hydraulic pressure gradient. Darcy’s formula is ex-
pressed as:

0=-k-4-(%), (1)

dx

where Q - fluid flow rate through the test section,

m3/s; K - hydraulic conductivity coefficient, m/s; A -

. dh .
cross-sectional area of the sample, m?; o -hydraulic

pressure gradient.

The calculation was carried out for each sample,
considering the different content of components in the
ore sands. Since hydraulic conductivity depends on the
size and shape of particles, porosity, and the presence
of clay inclusions, all possible factors were taken into
account in the calculations. Initial research data: water
flow rate - l/s=m?/s; cross-sectional area - m?. To cal-
culate hydraulic pressure based on the height of the
water column, the following equation was used:

P=pgh, Pa, (2)

where p - density of water, 1,000 kg/m?; g - acceleration
due to gravity, m/s?; h - height of the water column, m.

® Results
To ensure the uninterrupted operation of mining activ-
ities within the quarry, industrial and auxiliary struc-
tures are located, each performing an important tech-
nological or infrastructural function. The main facilities
are listed in Table 1.

Table 1. Industrial and auxiliary structures of the quarry

Structure

Functionality

Crushing and screening complexes

Primary processing of extracted ore, ensuring continuation

of the technological process

Conveyor and transport galleries

Efficient transfer of raw materials between key production units

Pumping stations

Drainage of mine and quarry water, prevention
of its uncontrolled accumulation

Power infrastructure (substations, transformer
units, power transmission lines)

Provision of stable power supply to all quarry facilities

Control rooms and maintenance facilities

Coordination of mining equipment operation
and its technical maintenance

Storage facilities for various purposes

Safe storage of materials, including structural stability of foundations

Administrative and sanitary-domestic buildings

Creation of comfortable working conditions for personnel, operation

of laboratories and control units

Notes: the listed facilities are located within Quarry No. 7, whose raw material base is the Malyshevske placer deposit

Source: compiled by the author based on original research

Each of these structures must comply with height-
ened requirements for stability and safety, taking into
account the complex engineering and geological condi-
tions of the quarry environment. Ensuring the reliability
of these facilities under challenging geotechnical con-
ditions is essential for minimising the risk of accidents
and protecting the lives of personnel working within
the quarry (Popov & Popova, 2022). Therefore, par-
ticular attention should be given to the development
of effective measures for waterproofing, drainage, soil
stabilisation, and deformation monitoring.

The Malyshevske deposit belongs to alluvial plac-
ers and is characterised by a complex stratigraphic
structure that includes several main geological layers:

s quaternary deposits - loams, sandy loams, and
sands that form the upper layer, with a thickness rang-
ing from 3 to 15 m;

s neogene deposits - located beneath the Quater-
nary layer and composed of clayey sandstones, loams,
and thin layers of clay. The thickness of this layer varies
from 10 to 30 m;

e sarmatian sands - containing a high concentra-
tion of heavy minerals, including ilmenite, rutile, and
zircon. This is the primary mining layer, with a thickness
ranging from 5 to 25 m;

s precambrian crystalline rocks — comprising granites,
gneisses, and quartzites that form the basement of the
deposit. Due to their high density and low hydraulic con-
ductivity, these rocks influence the formation of aquifers.

The structural features of the deposit determine
the uneven distribution of ore sands and the varia-
bility of their physical and mechanical properties. A
detailed understanding of the geological structure al-
lows for optimisation of extraction activities and the
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development of measures to mitigate the impact of
groundwater on slope stability, road washouts, and re-
lated hazards. One of the key factors influencing the sta-
bility of quarry slopes is the degree of water saturation

Surface layer

wndwater flow

Surface runoff

Rainwater infiltration

in the rock mass and the dynamics of both underground
and surface water. Figure 1 presents a diagram of the
aquifer systems and the processes contributing to the
waterlogging of the quarry field.

720 Atmospheric precipitation (surface water)
Alluvial sandy-clay deposits
Quaternary loams
Sands of the Poltava series

Sands of the Sarmatian horizon (base)
=== Quarry boundaries

Figure 1. Schematic representation of aquifers and waterlogging of the quarry field
Notes: the diagram illustrates the processes of quarry waterlogging, including surface runoff, rainwater infiltration, and subsurface flow.
Colour coding indicates the main geological horizons that affect the hydrogeological conditions of the deposit
Source: developed by the author based on hydrogeological studies by S. Vasylenko (2015)

The waterlogging scheme illustrates the key hy-
drogeological processes that determine the operating
conditions of the mining site. Figure 1 presents the fol-
lowing main factors:

1. Surface runoff - atmospheric precipitation falling
on the quarry slopes, causing erosion processes, landslide
formation, and increased load on the drainage system.

2.Rainwater infiltration - the penetration of precipi-
tation into aquifers, which alters groundwater levels and
increases the risk of flooding within the quarry space.

3. Subsurface flow - water movement through ag-
uifers, which determines the saturation level of rock
masses and, in turn, affects the stability of quarry slopes.

An analysis of the hydrogeological conditions of
the Malyshevske deposit revealed a complex structure
of aquifers that directly affect quarry operation and
mine safety. It has been established that the groundwa-
ter level lies at a depth of 10-25 m from the surface and
experiences seasonal fluctuations, rising in spring and
falling in summer. At the same time, chemical analy-
sis of groundwater indicated increased aggressiveness,
particularly due to high concentrations of sulphates
and chlorides, which cause corrosion of metal struc-
tures. A significant level of mineralisation (1.5-3.5 g/l)
has also been identified, creating additional challenges
for drainage and necessitating the implementation of
water treatment technologies (Solodovnik & Yakymen-
ko, 2021). The hydrogeological features of the deposit
significantly influence the stability of rock masses. The
high moisture content of the ore sands contributes to
the development of landslides, and the softening of
overburden rocks due to wetting complicates materi-
al transport and mining operations. Elevated moisture

levels in the rock mass require constant water removal
to maintain quarry slope stability.

Effective management of the quarry’s water bal-
ance can be achieved through a combination of tech-
nical solutions. The use of drainage wells reduces
groundwater levels and localises areas of excessive
moisture, while open drainage ditches collect surface
runoff and prevent flooding of operational zones. Filtra-
tion systems using sand and gravel materials contrib-
ute to water purification, improving drainage perfor-
mance. Additional protection of production areas from
infiltration is ensured by waterproofing barriers such
as geomembranes and bentonite mats. The results ob-
tained emphasise the need for an integrated approach
to regulating the quarry’s water regime. Implementing
modern monitoring technologies and groundwater lev-
el control will not only improve the efficiency of devel-
oping the Malyshevske deposit but also minimise the
risks associated with waterlogging processes. However,
to ensure the stability of mining operations, it is es-
sential not only to manage the water balance but also
to assess the physical and mechanical properties of
the rock masses, which determine their stability under
changing hydrogeological conditions.

Investigating the strength, hardness, and other
physical and mechanical parameters of the rock mass-
es at the Malyshevske (Samotkanske) placer deposit of
ilmenite-rutile-zircon sands makes it possible to evalu-
ate their capacity to maintain structural integrity under
saturation and mining-induced loads. Given the miner-
alogical composition of the ore sands, which includes
quartz (on average 75%) and clay minerals (approxi-
mately 20%), as well as other heavy ore minerals such
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as leucoxenised ilmenite, leucoxene, rutile, zircon, kyan-
ite-sillimanite, staurolite, tourmaline, and chromite, the
main factors influencing their hydraulic conductivity

can be identified. The general physical and mechanical
characteristics of ore sands containing these minerals
are presented in Table 2.

Table 2. General overview of the physico-mechanical characteristics
of ore sands, considering their composition and the content of major minerals

Characteristic

Ore sands

Chemical composition

Quartz (Si0O,) - approximately 75%; clay minerals - around 20%; other heavy minerals
(leucoxenised ilmenite, leucoxene, rutile, zircon, kyanite-sillimanite, staurolite, tourmaline,

chromite) - remainder

Hardness (Mohs)

From 7 (quartz) to varying values for other minerals

Density (g/cm?)

Depends on sand composition, typically around 2.65 g/cm? (as in quartz)

Colour and appearance

Varies from light brown to yellowish-white or red, depending on impurities and minerals; texture
ranges from fine-grained to coarse-grained

Magnetic properties

Absent or very weak, although certain heavy minerals may exhibit magnetic behaviour

Notes: the characteristic values may vary depending on the specific deposit and bedding conditions of the sands. The data are provided

for typical samples with a dominant quartz content

Source: developed by the author based on laboratory studies and analysis of literature sources by V. Biletskyi (2004) and the US

Geological Survey (2020)

The composition of ore sands directly affects their
strength, wear resistance, and technological properties.
At the same time, an important aspect is not only the
general characteristics of the ore mass, but also the
properties of each type of mineral contained in the
rock. Ilmenite ores, whose main component is FeTiOs,
exhibit high resistance to corrosion processes and are
widely used in the production of titanium and its alloys,
pigments, and abrasive materials. Rutile ores (TiO,) are

key sources of titanium compounds used in various in-
dustries, including pigment production, ceramics, and
titanium alloys. Zircon ores containing ZrSiO4 are ap-
plied in the manufacture of ceramics, glass, abrasives,
and special alloys. For a deeper understanding of the
differences between these types of ores and their me-
chanical behaviour, a comparative analysis of their
physico-mechanical characteristics has been carried
out, with the results presented in Table 3.

Table 3. Comparative overview of the physico-mechanical characteristics
of three different types of ores: ilmenite, rutile and zircon

Characteristic Ilmenite ore Rutile ore Zircon ore
Chemical composition FeTiO, TiO, ZrSio,
Hardness (Mohs) 5-6 6-6.5 6.5-7
Density (g/cm?) 4.7-4.8 4.2-4.3 4.6-4.7

variable, metallic lustre,

Color and appearance crystalline or granular

black or dark brown, metallic
lustre, crystalline structure

various colours, crystalline
structure, metallic lustre

structure
Fusibility variable texture variable texture variable texture
Magnetism magnetic non-magnetic non-magnetic

Notes: the presented characteristics are average values for typical samples and may vary depending on the conditions of occurrence

and metamorphic processes

Source: developed by the author based on laboratory analyses and geological research data by B. Sobko & M. Chebanov (2018)

The physico-mechanical properties of ore sands
largely determine the characteristics of their hydraulic
transportation, the choice of technological equipment,
and its service life. In calculations of hydraulic trans-
port, such parameters are taken into account as the
density of the material, its porosity, wettability, solubil-
ity, granulometric composition, grain shape, hydraulic
coarseness, abrasiveness, and grindability during trans-
portation. One of the key factors determining the hy-
draulic conductivity of ore sands is the quartz content,
as this mineral has high permeability. With an increase
in the proportion of quartz in the sands, their filtration

capacity also increases. The filtration coefficient of
quartzsands depends on the granulometric composition,
degree of compaction, and other factors, and according
to reference data, has the following average values:

e coarse-grained quartz sand: 102 - 10 m/s;

e medium-grained quartz sand: 10 - 10* m/s;

e fine-grained quartz sand: 10 - 10" m/s.

Clay minerals also significantly affect hydraulic con-
ductivity, especially in cases of the formation of clayey
inclusions, which reduce the porosity and permeability
of the material. At the same time, other heavy ore min-
erals may possess different properties: some of them
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are permeable, while others considerably decrease the
water conductivity of the environment. Overall, the hy-
draulic conductivity of ore sands is the result of the in-
teraction of all these components, and its values can
vary considerably depending on local conditions and
the mineralogical composition of the material. This
characteristic plays an important role in the mining
and construction industries, as it determines the pos-
sibilities for effective water drainage, rock stability, and
technological parameters of processing. Specialised
testing methods are used for the precise determination
of the hydraulic conductivity of ore sands, including the
evaluation of the filtration coefficient and water per-
meability tests. Measurements are usually carried out
in units of the filtration rate of liquid through the ma-
terial, such as metres per day or centimetres per hour.
The calculated values of hydraulic pressure for
each case (2), and the following values were obtained:

P,=1,000-9.81-0.192=1,886.8 Pa;
P,=1,000-9.81-0.182=1,785.7 Pa;
P,=1,000-9.81-0.196=1,923.1 Pa;
P,=1,000-9.81-0.185=1,818.2 Pa;
P.=1,000-9.81-0.182=1,785.7 Pa.

From formula (1), the hydraulic conductivity coeffi-
cient K is expressed through known parameters:

— _(9). (&
K=- (A) (dh)' (3)
The calculation is performed for each of the five

samples, taking into account that each sample has a
different component content:

Ky=- (0._;)15 1,886.79=5.3-10° m/s;

K2='(Lfl -1,785.71=5.6-10° m/s;
K3='(O'—fl -1,923.08=5.2-10° m/s;
K4='(Lfl -1,818.18=5.5-10° m/s;

0.01

Ky=-(%2)-1,785.71=56-10° m/s.

Since the filtration coefficient K is a positive quan-
tity, its absolute value is taken into account. For the
generalised analysis, the average value is calculated.
The obtained result is converted into metres per day:

Kser=5.44-10%-86,400=0.47 m/day.  (4)

The obtained average value Kser=0.47 m/day in-
dicates the generalised rate of water filtration through
the studied material and takes into account all conduct-
ed experiments. The study made it possible to obtain
quantitative indicators of the hydraulic conductivity of
the ore sands of the investigated site. The results can
be used for further modelling of hydrodynamic pro-
cesses in the deposit and optimisation of technological

solutions during mining operations. The schematic of
the experimental setup is shown in Figure 2.

'
.

Permeameter (soil)

Measuring cylinder
Discharge valve

Figure 2. Diagram of the experimental setup

for testing soil permeability by the constant head method
(Constant Head Permeability Test)

Notes: water reservoir — maintains a constant water level to support
a stable gradient; permeameter (soil) - sample of the investigated
soil through which water passes; measuring cylinder - used to
collect filtrate and measure water volume; outlet valve - regulates
water outflow and ensures controlled flow
Source: developed by the author based on the methodology for
soil permeability testing

The research results showed that the main safety
risks in the quarry are associated with the high hydrau-
lic conductivity of the ore sands, which leads to exces-
sive saturation of the pit walls and can cause landslides.
Increased water saturation of the rocks reduces their
strength, affecting the stability of the slopes. Saturation
of mining transport routes complicates the movement
of equipment due to road erosion. The conducted stud-
ies of filtration coefficients for various ore sand samples
allowed the determination of the average permeability
of the rocks,which significantly affects drainage and wa-
ter removal. Hydrogeological conditions are an impor-
tant factor for mining safety. A high level of saturation
causes a reduction in the bearing capacity of the rocks,
which can lead to collapses. Water-saturated soils cre-
ate problems for ore transportation and the operation
of hydraulic monitors due to changes in water pressure.

To minimise the impact of saturation, it is neces-
sary to apply drainage systems, control groundwater
levels, and stabilise slopes to avoid critical changes
in the quarry structure. High hydraulic conductivity
promotes water penetration through ore sands, which
requires additional water removal measures. In open-
pit quarries, an effective water drainage system helps
prevent flooding that could halt operations. Slope sta-
bility remains a critical factor, as water flows through
porous layers can cause landslides and collapses. This
is especially important for the development of ore
sands, where soil stability is necessary for the safety
of personnel and equipment. Increased moisture com-
plicates material transportation and creates risks for
quarry operations.
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Saturation of the quarry working zones is caused by
atmospheric precipitation and aquifers. The alluvial ag-
uifer covers part of the deposit area but does not signif-
icantly affect the overall water inflow. The Quaternary
aquifer is more widespread and can cause difficulties
due to water-saturated clays, especially during the win-
ter period. The Poltava aquifer overlies the ore sands,
but its level remains stable.

As a result of saturation, the rocks become moist,
complicating the operation of machinery, particular-
ly in winter. Freezing of water-saturated ore sands on
equipment increases energy consumption and requires
frequent maintenance. Loss of slope stability due to
moisture can cause landslides, posing danger to work-
ers. The volumes of water inflow reach significant lev-
els, necessitating systematic water removal. Moistening
of working surfaces increases the risk of injuries, while
landslides can damage equipment and communica-
tions. To reduce risks, a set of measures was proposed:
installation of drainage systems to control water levels,
soil reinforcement using cementation and silicatisation
methods, application of geomaterials for sand stabilisa-
tion, and design of foundations with increased bearing
area. This will contribute to improving work safety un-
der complex hydrogeological conditions.

® Discussion

The results of this study are consistent with the find-
ings of previous research on the stability assessment of
foundations and structures in complex hydrogeological
conditions, particularly in mining environments. Sever-
al key studies have addressed similar issues, providing
valuable insights into the influence of groundwater lev-
els, soil permeability, and structural stability.

LW. Abramson et al. (2001) conducted a compre-
hensive investigation of slope stability and stabilisa-
tion methods, emphasising the importance of ground-
water management to prevent slope failures. Their
study highlighted the role of appropriate drainage
technologies, which corresponds with the conclusions
of the present article, noting that a high groundwater
level significantly affects the stability of foundations at
mining sites such as the Malyshevske deposit. However,
unlike the study by LW. Abramson et al. (2001), which
focused on general slope stabilisation methods, this
study provided a more detailed specification of hydro-
geological conditions and their impact on foundation
stability. Y. Ait-khouia et al. (2023) studied sustainable
management of mining waste through automated min-
eralogical and geochemical analysis. Their research
demonstrated the importance of understanding the
mineral composition of waste for assessing its geo-
technical properties. The results obtained confirm their
conclusions, as the analysis of the ore sands’ composi-
tion and granulometric distribution played a key role in
evaluating foundation stability. The main difference is
that this study places greater emphasis on the impact

of groundwater infiltration on these materials, rather
than solely their composition.

Researchers B. Liu et al. (2020) investigated the ef-
fect of moisture on the mechanical and electrical char-
acteristics of water-saturated sandstone during freez-
ing. Their findings indicated that increased moisture
content reduces material strength, making structures
more prone to deformation. This observation aligns
with the results obtained here, which show that high-
er moisture content in ore sands reduces foundation
stability. However, whereas their study focused on fro-
zen conditions, this study concentrates on variations
in hydrogeological conditions throughout the year.
0. Borziak et al. (2022) emphasised the importance of
engineering-geological investigations for construction.
They noted the necessity of detailed assessment of the
physical and mechanical properties of soils and rocks
prior to construction commencement. This study ex-
tended their conclusions by applying these principles
to the conditions of the Malyshevske deposit, analysing
the interaction between groundwater levels and soil
stability in a high-moisture environment.

K. Guanira et al. (2020) proposed a methodolog-
ical approach for the mineralogical characterisation
of dumps from a skarn-type Cu (Au, Ag) deposit. Their
work provided insights into the mineralogical prop-
erties influencing waste behaviour, which is similar
to this study’s investigation of ore sand composition.
However, while their research predominantly focused
on mineralogical characterisation for waste manage-
ment, this study evaluated the impact of hydrogeo-
logical conditions on construction safety. N.N. Imam
Robit et al. (2023) investigated the effect of moisture
on the failure of bearing capacity in strip foundations
on sandy loam soils. Their research demonstrated how
increased moisture reduces soil strength, which corre-
sponds with the results indicating that high ground-
water levels adversely affect foundation stability.
However, this study additionally incorporated hydroge-
ological monitoring and permeability testing to assess
long-term risks to structures.

Researchers N.Saberi & B.Vriens (2024) studied the
impact of moisture on the mineralogical and drainage
properties of degrading mining waste. Their research
demonstrated how changes in water saturation affect
geotechnical properties over time, supporting the con-
clusions obtained here about the necessity of contin-
uous groundwater monitoring to assess construction
risks at mining sites. However, this study focused more
on engineering solutions to mitigate these risks, where-
as their research predominantly discusses mineralogi-
cal transformations. V. Shapoval et al. (2020) analysed
slope stability considering excess pore water pressure.
Their study emphasised the importance of accounting
for excess pressure in geotechnical assessments, which
was also considered in this study. However, unlike their
work, which mainly concentrated on slope stability, this
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study extended the analysis to the stability of founda-
tions under conditions of high groundwater levels.

D. Wang et al. (2022) investigated interactions be-
tween hydraulic fractures and natural fractures in min-
ing conditions. Their research highlighted the role of
hydraulic properties in determining fracture propaga-
tion, complementing the findings described here about
groundwater flow through ore sands and its impact on
structural stability. However, this study focused more
on engineering measures needed to counteract these
effects rather than on the fracture formation process
itself. Scientists Y. Yao et al. (2025) presented a review
of modern soil moisture monitoring technologies for
slope stability assessment. Their research underlined
the advantages of contemporary moisture monitoring
systems for predicting slope failures, supporting the
use of hydrogeological monitoring to evaluate sea-
sonal groundwater fluctuations in this study. Although
their study offered a broader overview of monitoring
technologies, this study applied these concepts to a
specific mining environment, emphasising their practi-
cal application in construction safety management.

In summary, the results of this study are consist-
ent with the existing scientific literature regarding the
impact of groundwater levels and soil moisture on the
stability of foundations in mining conditions. The key
contributions of this study include a detailed specific
analysis of the Malyshevske deposit conditions, in-
tegration of hydrogeological monitoring with engi-
neering assessments, and experimental evaluation of
ore sands’ permeability. These results highlighted the
necessity of continuous monitoring and adaptive engi-
neering solutions to ensure structural stability in highly
moist mining environments.

® Conclusions
The high groundwater level and significant moisture
content of ore sands at the Malyshevske deposit present
serious challenges to the stability of foundations, bases,
and building structures. The presence of large amounts
of water in the soil adversely affects the soil’s bearing
capacity, which can lead to increased settlements and
create conditions for uneven structural deformations.

This requires careful planning and the application of
specific engineering solutions aimed at ensuring the
long-term stability of structures.

One important aspect is the use of drainage sys-
tems that allow controlling the groundwater level and
reducing its impact on structures. Additionally, to en-
hance foundation stability, it is advisable to apply geo-
technical soil reinforcement and specialised foundation
strengthening technologies capable of reducing the
risks of deformation and destruction in the long term.
It is equally important to consider dynamic loads and
the impact of mining operations, as these factors can
impose additional stresses on structures. The devel-
opment of specialised foundation solutions that take
these features into account is a necessary condition
for ensuring the reliability of buildings under complex
mining and geological conditions.

Thus, the application of comprehensive measures
including drainage systems, soil reinforcement, and
specialised foundation technologies is key to ensuring
the stability and safety of structures at the Malyshevske
deposit. Carefully planned engineering solutions can
significantly reduce risks associated with adverse hy-
drogeological conditions and the impact of mining op-
erations, thereby ensuring the reliability of structures
over an extended period. The analysis of the physi-
co-mechanical characteristics of ore sands confirmed
their significant influence on mining safety. Hydraulic
conductivity and moisture content are key risk factors
that must be considered during the planning and oper-
ation of the quarry. Further research should be directed
towards developing innovative methods for monitoring
the condition of the quarry field and improving worker
safety.
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OuiHka BNIMBY BogoOHacu4eHHs I'pyHTiB ManuweBcbkoro pogoBuLla
Ha CTiMKiCTb KOHCTPYKLiN Kap’epy

® AHoTauis. Bucokuit piBeHb I'pyHTOBMX BOA i 3HaYHa 3MOUYBaHICTb PYAHUX MiCKiB ManuwiBCbKoro poaoBuLLa
CTBOPIOKOTb 3HAYHI PU3UKK NS CTIMKOCTI OCHOB, PYHOAMEHTIB Ta KOHCTPYKLIiM Ha Kap'epHOMY noni. JocniaxeHHs
uMx (GakTopiB € KPUTUYHO BAX/IMBMM [ANg 3abe3neyeHHs 6e3neku Ta HaAZIMHOCTI ripHMYMxX i OyaiBenbHUX
cnopya. MeToto po6otn Byno BM3HaYeHHS (i3MKO-MeXaHiYHMX BACTMBOCTEM Ta OLiHKA BMAMBY PYAHUX MiCKiB
Ha CTiMKiCTb OCHOB, QYHOAMEHTIB i KOHCTPYKLIiM y 30HI Kapepy ManuleBCcbkOoro pofoBMLLa, @ TakoX po3pobka
pekoMeHAauil Wwoao ix crabinizauii. Y poboTi 3aCcTOCOBAHO KOMMMEKC Pi3HOMAHITHUX METOAIB AOCiAKEHHS,
30Kpema rigporeonoriyHi, reodisuyHi, rigpaBniyHi, Ta MaTemMaTU4Hi poO3paxyHKU. BUKOpUCTAHO AOCHIAXKEHHS
riaporeonoriyHMx yMoB N1 BU3HAYEHHS PiBHS I'PYHTOBMX BOJ, Ta iIXHbOrO BMMBY Ha CTabiNbHICTb KOHCTPYKLLM.
3nicHeHO BMNPOOYBaHHSA PYLHUX MiCKIB AN BU3HAYeHHs iX (i3UMKO-MeXaHiYHUX XapakTepucTUK, 30Kpema
BOAOMNPOHMKHOCTI Ta DiNbTpaLiMHMX BNACTUBOCTEN. BCTaHOBNEHO KNHOYOBI (haKTOpW, WO BNAMBAKOTL HA CTABINbHICTb
(dyHOAMEHTIB Y 30HaX MiABuMLLEHOI BONOrocTi. Po3pobneHo pekoMeHzalii WoAo MigBULLEHHS HeCcy4yoi 34aTHOCTI
OCHOB | dyHAAMEHTIB 33 OOMOMOrOK APEHAKHUX CUCTEM, THEKLIAHOIO 3MIiLHEHHS FPYHTIB Ta BUKOPUCTAHHS
cneuianbHMX MaTepianiB 3 HUM3bKOK BOJOMPOHUKHICTIO. BU3HaueHO (akTuuHe cepefHE 3HAuYeHHs KoedilieHTa
dinbTpauii pyaHmx nickie ManulieBCbKOro pogoBMLLA 3a LOMNOMOroK MeTOLMKM BOAOHAMipHOro crtoena. Bnepuwe
[N AaHOro perioHy 3anpornoHOBAHO iHTErpoBaHi 3aX0H, WO BKIKUYAKTb KOMBOiHALLi 0 ApeHaXHUX | QinbTpaLiiHMX
CUCTEM ANS 3HUXKEHHS PIBHS MPYHTOBMX BOA, @ TAKOX MaTeMaTU4HE MOLENBAHHS ANS NPOrHO3yBaHHS BMAUBY
UMX 3MiH Ha CTabiNbHICTb KOHCTPYKLiM Kapepa. PoboTa Mae 3HauyHy MPaKTUYHY 3HAUYMMICTb AN NPOEKTYBaHHS
Ta ekcniyatauii Kap'epiB B yMOBax NiABMULLEHOrO PiBHS FPYHTOBMX BOA Ta BMCOKOI BOJIOFOHACMUYEHOCTI FPYHTIB.
3anponoHoBaHi MeToAM i 3aX0Au LO3BONSAOTb EPEKTUBHO 3HUXKYBATU PU3UKU, MOB'3aHi 3i 3MiHOK PiBHA I'PYHTOBUX
BOZ, i 3a6€e3neunTu CTabiNbHiCTb KAPEPHUX KOHCTPYKLLIM, LLLO B CBOK Yepry A03BOAUTb NiABULLUTU Be3neky ripHuumnx
po6iT Ta 3HU3UTK BUTPATU Ha 0OCYrOBYBAHHS iHXEHEPHUX CNOpY.A
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® Abstract. The relevance of research into underground uranium mining is underpinned by the growing demand
for a stable supply of nuclear raw materials for atomic energy, which is regarded as a key factor in ensuring energy
security amid the ongoing global energy crisis. Given the scarcity of high-grade ores and the necessity to exploit
low-grade deposits, particular attention is drawn to the implementation of advanced leaching technologies
directly within underground ore blocks. The objective of this study was to investigate and assess the efficiency
of underground block leaching for uranium, considering the geological conditions of Ukrainian deposits, and to
evaluate its prospects for enhancing the economic performance of mining enterprises. The research employed
methods including analysis of the geological and structural features of ore deposits, simulation of leaching
processes,and techno-economic assessment of block leaching under the specific conditions of Ukrainian uranium-
bearing formations. A comparative analysis was conducted between conventional uranium mining techniques
and advanced underground leaching technologies. The principal findings demonstrated that underground block
leaching significantly reduces the costs associated with mining and processing of low-grade uranium ores,
minimises environmental impact, and enhances the profitability of mining operations. Furthermore, the study
confirmed that the geological and hydrogeological conditions of Ukraine’s uranium deposits are favourable
for the implementation of this technology. The application of block leaching facilitates the expansion of the
raw material base by incorporating low-grade and substandard ores that were previously not considered for
industrial exploitation. The practical value of the study lies in its potential to enhance the economic efficiency
of mining enterprises, reduce mining and processing costs, and mitigate the adverse effects on the environment.
The implementation of underground block leaching will contribute to the sustainable development of Ukraine’s
uranium industry
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® Introduction

Ensuring a stable supply of uranium raw materials is
a strategically critical objective for nuclear energy. As
nuclear power remains one of the world’s primary elec-
tricity sources, the demand for high-quality nuclear
fuel continues to grow. However, conventional uranium
mining techniques such as open-pit and underground
mining pose substantial economic and environmental
challenges. The depletion of high-grade uranium ores
necessitates the exploration of more efficient and en-
vironmentally friendly mining methods. Underground
block leaching is one such method enabling the utilisa-
tion of low-grade and sub-standard ores while minimis-
ing environmental impact and reducing mining costs.

Modern underground leaching technologies, par-
ticularly of the block type, enable the efficient exploita-
tion of low-grade deposits, a factor highly relevant to
the Ukrainian uranium industry (IAEA, 2019). L. Guihe
& Y. Jia (2024) further highlighted that in-situ leach-
ing is the most efficient uranium recovery method. This
approach not only significantly lowers ore processing
costs but also ensures minimal environmental impact
compared with conventional mining techniques. They
additionally emphasise the necessity of detailed hy-
drogeological assessment prior to implementation to
mitigate lixiviant loss.

R.Jin et al.(2023) analysed the formation patterns of
uranium deposits in large sedimentary basins, conclud-
ing that hydrogeological conditions, rock porosity, and
mineralogical composition of the ore body are the prin-
cipal determinants of underground leaching effective-
ness. The authors emphasised that in low-permeability
formations, leaching parameters should be adapted
to optimise the process efficiency. Y. Zhou et al. (2020)
investigated the recovery of uranium from sandstone
deposits by underground acid leaching, demonstrating
that sulphuric acid concentrations of 3-5% significant-
ly enhance uranium yield, and that dissolution kinet-
ics depends on mineral composition and permeability.
M. Donskyi et al. (2023), in their analysis of geological
features of Ukraine’s uranium deposits, found that many
of the deposits contain albitites that are well suited for
underground leaching. However, the authors empha-
sised the imperative of rigorous hydrogeological mon-
itoring to prevent lixiviant migration into groundwater.

V. Verkhovtsev et al. (2023a) assessed the environ-
mental risks associated with underground uranium
leaching in Ukraine, identifying potential lixiviant mi-
gration into aquifers and the necessity of controlling
chemical reactions within leaching blocks, and recom-
mending real-time monitoring systems. In a separate
study, V. Verkhovtsev et al. (2023b) evaluated recent
technological advances in uranium ore processing in
Ukraine, asserting that combining leaching with down-
stream hydrometallurgical treatment can significantly
increase uranium yields while reducing losses of valu-
able components.

0.A. Lysenko & A.Kh. Bakarzhyiev (2019) reviewed
the Ukrainian uranium sector’s current state and pros-
pects, concluding that while most deposits show leach-
ing potential, but further research is needed to evalu-
ate its effectiveness across diverse geological settings.
Additionally, the authors recommended refining reg-
ulatory frameworks to stimulate sector development.
Similarly, the World Nuclear Association’s (2023) report
highlighted the pre-eminence of underground leaching
among uranium mining techniques, underscoring its
capacity to mitigate environmental impact and lower
mining costs compared with conventional underground
mining methods.

Despite considerable progress in underground
leaching research, unresolved issues remain concerning
the long-term hydrogeological impact of this technol-
ogy and associated environmental risks. Furthermore,
the optimisation of leaching parameters for diverse
uranium ore types, particularly under Ukrainian geo-
logical conditions, remains understudied. Consequently,
this study aimed to evaluate the effectiveness of un-
derground leaching for Ukrainian uranium deposits,
considering their specific geological-structural and hy-
drogeological characteristics, and to determine optimal
process parameters.

® Materials and Methods
This study was underpinned by a comprehensive anal-
ysis of scientific and technical literature, reports by in-
ternational organisations, statistical datasets, and the
findings of prior research in the field of uranium ore
mining and processing, with a particular focus on un-
derground block leaching (UBL) technologies.

The State Enterprise “Eastern Mining and Process-
ing Plant” (SE “SkhidGZK”), Ukraine’s primary and Eu-
rope’s largest uranium producer, was selected as a key
case study for this research. The enterprise exploits de-
posits characterised by complex mining and geological
conditions and relatively low uranium content (0.02-
0.06%), often composed of albitite ores. Its operational
experience and deposit characteristics provide a valu-
able contextual basis for assessing the broader appli-
cability of UBL in Ukraine. To evaluate the effectiveness
of the UBL technologies for uranium ores, international
best practices were reviewed. These included: the ap-
plication of leaching techniques in geologically chal-
lenging deposits in Australia; technologies adapted
to ore bodies hosted in dense hard-rocks in Canada;
automated leaching monitoring systems employed in
Kazakhstan; and techno-economic considerations pre-
sented at a French symposium on block leaching. The
comparative analysis encompassed technological flow-
sheets, process parameters, economic performance in-
dicators, and environmental implications.

A wide range of sources was systematised, includ-
ing peer-reviewed scientific publications, doctoral
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theses, technical reports, and documentation from
international agencies such as the IAEA (2019), UN-
ECE (2019), NEA (2022), and World Nuclear Associa-
tion (2023). A critical examination of existing scientif-
ic methodologies and their relevance to the research
topic was undertaken. Conventional uranium mining
techniques (underground and open-pit) were contrast-
ed with the UBL method using techno-economic and
environmental criteria. Analytical assessments were
performed to evaluate geological, hydrogeological,
technological, and economic prerequisites for effective
implementation of UBL in Ukrainian uranium deposits.

The methodological framework for this study incor-
porated key scientific research methods, analysis and
synthesis. Analysis was applied to meticulously exam-
ine various aspects of the UBL technology, geological
characteristics of the deposits, economic factors, and
environmental consequences. Synthesis facilitated the
integration of the obtained data to form a compre-
hensive understanding of the method’s advantages,
its limitations and prospects for its implementation in
Ukraine. For instance, the mineralogical composition
of the ores (uranite, pitchblende, coffinite, brannerite)
and the host rocks (albitites) was analysed to assess
their suitability for sulphuric acid leaching. A compara-
tive analytical method was also used to evaluate con-
ventional uranium ore mining technologies compared
with the UBL method, particularly in terms of produc-
tion cost, mining efficiency, environmental impact, and
occupational safety. Ukraine’s experience was contrast-
ed with leading international practices from Australia,
Canada, Kazakhstan, and France. Finally, a system-based
approach enabled the assessment of the implementa-
tion of UBL as an integrated system, considering the in-
terrelationship of geological, technological, economic,
and environmental factors.

While this study did not encompass original numer-
ical simulations, it was underpinned by an extensive re-
view of previously published leaching process models.
These models aided in understanding the dynamics of
chemical reactions between leaching solutions and the
ore body, and the influence of hydrogeological condi-
tions on process efficiency. Being analytical in nature,
this study did not incorporate original fieldwork or lab-
oratory experiments conducted by the authors. Instead,
the research focused on in-depth interpretation of
available geological-structural data on Ukrainian ura-
nium deposits, particularly those within albitite forma-
tions. Previous laboratory and pilot-scale leaching trials
were also studied, including investigations into diffu-
sion and filtration dynamics within ore bodies. Sup-
plementary relevant data were sourced from academic
articles, technical reports, and institutional databases.

Primary research materials included monographs
and academic articles by Ukrainian, Canadian, Chi-
nese, and Kazakh scientists, doctoral theses, and data
on the geological structure, mineralogical composition

(including uraninite, pitchblende, coffinite, and bran-
nerite within albitite rocks), and hydrogeological con-
ditions of Ukrainian uranium deposits. Information on
properties of leaching solutions and their interactions
with ores was also used. The study of co-leaching of
uranium and radium allowed for the consideration of
the impact of accompanying processes on overall re-
covery efficiency (Bai et al., 2023). This study analysed
the key indicators such as uranium content in ores
(e.g. % U,0,), uranium recovery rates, leaching rates,
ore permeability and porosity, filtration coefficients,
and process duration. Economic indicators, including
production cost, capital and operational expenditures,
profitability, and cost reduction potential were also
examined. Attention was paid to environmental indi-
cators, including the mitigation of negative environ-
mental impact, waste minimisation, as well as to phys-
ical and mechanical properties of ores and host rocks,
operational safety.

This study primarily relied on the consolidation
and interpretation of findings, methodologies, and
approaches presented in existing scholarly literature.
Conclusions and recommendations are supported by
numerous academic and technical publications. Data
were extracted from authoritative information sourc-
es and the official websites of international organi-
sations such as the UNECE (2019), NEA (2022), IAEA
(2023), and World Nuclear Association (2025), provid-
ing up-to-date statistics, analytical insights, and over-
views of uranium industry technologies. This method-
ological approach ensured a robust and reproducible
assessment of the UBL technology and its prospects
for deployment in Ukraine.

® Results and Discussion
The characteristics of uranium deposits in Ukraine,
coupled with the accumulated exploitation experience
and global uranium mining practices highlight the
promising potential of a mining-chemical technology:
leaching uranium from stockpiled ores within under-
ground stope blocks (IAEA, 2022). NEA (2022) reports
the average global uranium content in industrial ores
at approximately 0.22% U;O,. Ukrainian deposits, as
noted by O.A. Lysenko & A.Kh. Bakarzhyiev (2019), of-
ten exhibit significantly lower uranium grades, typically
0.02-0.06%. This necessitates that the Ukrainian urani-
um industry specifically adapt its mining technologies
to these low-grade ores. Given the current production
costs for natural uranium concentrate in Ukraine and
the prevailing market price, the profitability of mining
and processing operations remains critically low. This
creates a difficult situation: current mining and pro-
cessing methods are highly capital- and labour-inten-
sive,yet they are applied to ores that are predominantly
low- or sub-economic grade. Conventional underground
mining and subsequent hydrometallurgical processing
at centralised plants remain in use in 2025 and are only
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economically viable for high-grade ore bodies. There-
fore, enhancing profitability requires the implemen-
tation of novel, cost-effective technologies for mining
and processing low- or sub-economic grade ores. A par-
ticularly promising approach is the mining-chemical
technology of underground leaching from monolithic
hard-rock ores,which involves creating artificial perme-
ability within the ore massif. V.I. Lyashenko et al. (2024)
indicate that UBL technology retains competitiveness
even under conditions of low uranium content.

Compared to conventional hard-rock mining tech-
niques, mining-chemical technologies offer several ad-
vantages:the elimination of expensive, labour-intensive
and hazardous ore handling operations, the 70-75% re-
duction in the volume of ore haulage to the surface, the
prevention of underground void formation, decreased
dependence on rail transport for ore transportation and
reduced tailings management costs. The NEA (2022)
and the World Nuclear Association (2025) report similar
advantages at uranium deposits in Australia, where un-
derground leaching minimised damage to surface eco-
systems while ensuring highly efficient recovery of val-
uable components. Mining-chemical technologies for
uranium recovery enable the exploitation of previously
sub-economic or sub-standard ore reserves. Preliminary
estimates suggest that bringing such ores in produc-
tion could expand the raw material base of Ukraini-
an uranium mines by a factor of 1.4-1.6. According to
V. Verkhovtsev et al. (2023b), UBL offers several advan-
tages including reduced transportation costs, dimin-
ished environmental impact, enhanced profitability,and
the incorporation of sub-standard ores into production.

Y.Yang et al. (2023) demonstrated that the utilisa-
tion of CO, and O, in underground leaching processes
can reduce greenhouse gas emissions, thereby miti-
gating the environmental impact of UBL. Canadian re-
searchers R.Jin et al.(2023) underscored the criticality of
assessing hydrogeological conditions for the successful
implementation of UBL. The study by E.C. Reinisch &
B.G. Henderson (2023) on Canadian UBL experience in
dense hard-rocks highlighted that leaching efficiency
depends on the permeability achieved through pri-
or blasting. Additionally, ore body morphology plays a
crucial role in UBL performance. L. Meng et al. (2024)
note that hydrogeological assessment and leaching
potential evaluation must become mandatory com-
ponents of the planning phase. Operational practices
from Australia and Canada suggest that combined ap-
proaches may be feasible for Ukrainian uranium mines
wherein conventional mining methods are applied to
balance reserves,and UBL is reserved for sub-economic,
sub-standard and isolated ore deposits.

The deposits currently exploited by the SE “SkhidG-
ZK” - Vatutinske, Michurinske, Tsentralne, and Novokon-
stantynivske - are located within Precambrian forma-
tions of the Ukrainian Shield, overlain by 30-50 m thick
Cenozoic loose sediments. Uranium-bearing bodies are

associated with metasomatically altered albitites. These
albitites, being as dense as the surrounding metamor-
phic rocks, formed impermeable monoliths during ore
genesis, thus presenting conditions conducive to UBL.
Their high density, low permeability, and comprehen-
sively studied post-ore fracturing are advantageous for
the implementation of this technology. Within the men-
tioned deposits, blocks prepared for leaching may be
conceptually likened to sealed vessels filled with porous,
permeable ore. Solution leakage is limited, particularly
if blocks are situated beyond fractured zones. The ura-
nium minerals present include uraninite, pitchblende,
coffinite,and brannerite. Of these, the first three dissolve
readily in sulphuric acid solutions when an oxidant is
present. While brannerite typically demonstrates resist-
ance to leaching, it does not occur in its pristine state in
Ukrainian deposits; rather, it manifests as decomposed
fine aggregates of uranium oxides and silicates with
titanium and iron oxides. Consequently, ores contain-
ing brannerite exibit leaching characteristics compa-
rable with those containing uraninite and pitchblende.

Thus, Ukraine possesses a sufficient resource base
for UBL, as the mineralogical composition and proper-
ties of ores across all deposits are favourable for this
technology’s application. This technology is particular-
ly suited for the development of individual ore bodies
within deposits that consist of low-grade and sub-eco-
nomic uranium ores, individual fragments of deposits
with losses within fractured zones that cannot be mined
by other technologies, and small deposits at shallow
depths. A detailed analysis of the geological structure,
mineral composition,and mining-geological conditions
of uranium deposit formation in sodium metasomatites
indicates that, based on a combination of characteris-
tics, they are favourable for UBL.

The solubility of uranium compounds in sulphuric
acid solutions is primarily determined by the form in
which uranium is present within the ore. Like other el-
ements in the Earth’s crust, uranium may occur either
as discrete mineral phases or as isomorphic impurities
within the crystal lattices of other minerals. Typically,
uranium incorporated as an isomorphic impurity exhib-
its poor solubility, whereas uranium occurring in its own
distinct mineralogical forms dissolves readily in sul-
phuric acid solutions. From this perspective, ores from
albitite-hosted uranium deposits are deemed highly
amenable to leaching, as uranium in these formations
is predominantly occurs as discrete minerals such as
uraninite, pitchblende, brannerite, coffinite, and various
uranium hydroxides. Of particular importance to the
dissolution process is the oxidation state of uranium in
these compounds. Minerals containing uranium in the
hexavalent state exhibit significantly greater solubility
in sulphuric acid solutions. The chemical equation for
this reaction is as follows:

U0y, + 2H,,,— U035, + H,. (1)
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Tetravalent uranium minerals, prevalent in the ores
of albitite-hosted deposits, exhibit slow reactivity with
sulphuric acid solutions. However, under practical block
leaching conditions, the dissolution process is signifi-
cantly accelerated by the presence of trivalent iron ions
in the productive solutions. These ions are released
into solution from iron-bearing dark-coloured minerals
such as chlorite, biotite, phlogopite. The reaction can be
represented by the following equation:

Uo,, +2Fes;,—UO%

(ag) 2(aq)

,+2Feq. (2)

Thus, uranium contained in albitite-hosted ores -
composed predominantly of uraninite, pitchblende, and
brannerite (minerals in which uranium is present in the
tetravalent state) - readily dissolves under block leach-
ing conditions. This is facilitated by the presence of fer-
ric iron ions, which are leached by sulphuric acid from
the host rocks. During underground mining operations
that incorporate drilling and blasting, seismic shock-
waves are generated within the rock massif. Stress re-
lease tends to occur preferentially along pre-weakened
tectonic zones that commonly host ore mineralisation.
This process induces the opening of microfractures
where ore mineralisation is concentrated, thereby en-
abling productive leaching solutions to access the ore
minerals. Given that ore blasting during the preparation
of block leaching rooms is typically performed without
a compensatory space, the seismic energy from blasting
exerts a more pronounced impact on the ore material,
significantly increasing the extent of microfracture de-
velopment. Thus, the combination of ore genetic fea-
tures and the specific block leaching preparation meth-
od results in the formation of an artificially permeable
zone within the leaching block. In this zone, the bulk of
ore minerals are exposed to acidic solutions through an
interconnected network of fractures and microfractures.

The physical and mechanical properties of urani-
um ores and their transformation under following sul-
phuric acid exposure are of critical importance for the
leaching process. The presence of clay minerals in the
input ore, or their intensive formation due to acid expo-
sure severely mitigate permeability and filtration char-
acteristics, potentially leading to the cessation of block
leaching operations. However, P. Goyal et al. (2024)
highlight that the application of modern chemical re-
agents can significantly enhance the dissolution rate
and completeness of uranium recovery, thereby boost-
ing the economic efficiency of the process. A detrimen-
tal factor for block leaching is ore compaction, defined
as the tendency of loosened ore to self-compress and
reduce permeability due to physicochemical interac-
tions with oxygen and acidic solutions.

The ores and host rocks of the deposits exploited by
the SE “SkhidGZK” are composed of considerably strong
albitites with natural bulk densities of 2,650-2,660 kg/
m? and loosened densities of 1,660 kg/m?. Due to the

minimal carbonate content and complete absence of
clays, these ores are not prone to compaction. The po-
rosity of blasted ore reaches up to 37%, which supports
high permeability, and the leached ore massif main-
tains stable filtration characteristics throughout the
block leaching process. From both a technological and
environmental perspective, the success of block leach-
ing operations is critically dependent on inundation of
the deposit and permeability of host rocks. High inun-
dation leads to dilution of productive solutions, thereby
increasing acid consumption and diminishing econom-
ic viability. Furthermore, excessive permeability in host
rocks can result in solution losses, uranium migration,
and aquifer contamination by sulphates and other lea-
chate components.

Challenges associated with controlling the perme-
ability of the ore massif and preventing the leakage of
productive solutions underscore the need for advanced
monitoring systems. B. Yang et al. (2023) highlight that
uranium adsorption by sandstones beyond the leach-
ing zone can compromise environmental safety, thereby
requiring enhanced hydrogeological monitoring dur-
ing block leaching operations. As demonstrated in the
study by B. Tsoy et al. (2021) on the application of this
technology in Kazakhstan and Canada, the integration
of automated monitoring systems can lead to signifi-
cant improvements in both the efficiency and safety of
leaching processes.

The uranium-bearing crystalline host rocks in ura-
nium deposits consist of albitites, albitic-microcline
rocks, granites, migmatites, and gneisses. Their min-
eralogical composition is primarily feldspars (90%),
quartz (up to 30%), and mafic minerals (e.g., aegirine,
chlorite, phlogopite, riebeckite, epidote, biotite), which
may account for 15-20%. These formations are natural-
ly water- and acid-resistant, rendering natural leaching
unfeasible. Consequently, artificial permeability zones
with filtration coefficients of several metres per day
should be generated by blasting. M. Stupnik et al. (2020)
confirmed that the stress-strain state induced by blast-
ing at the SE “SkhidGZK” deposits enhance microfrac-
ture development, thereby improving artificial permea-
bility for block leaching.

The substantial filtration coefficient gradient at
the interface between the rock massif and an artifi-
cially permeable zone prevents productive solutions
from filtration into undisturbed crystalline rocks. Only
diffusion processes occur across this boundary. Labo-
ratory and pilot-scale studies demonstrated that the
maximum depth of diffusion penetration for productive
solutions into undisturbed host rock at albitite deposits
does not exceed 0.2 m. These findings confirmed that
the natural geological and hydrogeological conditions
of Ukrainian uranium deposits provide reliable contain-
ment of leaching solutions within artificially created
permeable zones, ensuring minimal dilution and loss
while protecting aquifers from contamination.
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In their report at the 1970 Sao Paulo symposium,
M. Harel & P. Suqgier (1970) addressed the technical
and economic aspects of block leaching. They provid-
ed a comparison with conventional mining methods
and described the specific techniques for the prelimi-
nary destruction of the ore massif. The blasted ore was
stockpiled with an average uranium content of 0.102
conventional units. The amount of ore in the stockpile
was 2,540 t, and the uranium recovery rate was 82.5%.
The method of leaching from a preliminary destructed
ore mass in underground blocks proved to be promising
based on its techno-economic indicators. Subsequent-
ly, a significant portion of the uranium at one of the
mines was planned to be recovered using this method.
Extensive experimental research on block leaching of
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uranium ores was also undertaken by Canadian scien-
tists. X. Luo et al.(2022) demonstrated that leaching can
be successfully applied to steeply dipping ore bodies,
while B. Tsoy et al. (2021) noted that shallow-dipping
bodies may lead to suboptimal solution distribution in
blasted ore. Infiltration leaching processes are charac-
terised by a rapid increase in uranium content in the
initial stages of spraying, followed by a decline after
reaching a peak. During the final stage, uranium con-
centrations remain low and stable for a prolonged pe-
riod. Theoretically, this behaviour is attributed to the
molecular diffusion of uranium from dispersed mineral
phases to the surface of solid ore fragments or the ore
massif — a conclusion corroborated by empirical results
from block leaching operations, Figure 1.
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Figure 1. Variation in uranium leaching indicators as a function of process duration

Source: PM. Kucha (2013)

Under conditions of lixiviant application to blasted
ore,uranium minerals in a readily soluble state dissolve
first. This is followed by the leaching of uranium from
minerals remaining on the surfaces of rock fragments,
and finally from impregnated zones. These specific
characteristics of uranium leaching from stockpiled
ore masses in blocks were successfully used to man-
age and optimise the underground leaching process,
thereby enhancing its efficiency. The analysis of accu-
mulated experience from enterprises engaged in block
leaching revealed several technical, economic, and so-
cial advantages of this method. Primarily, it allows for
the expansion of the raw material base of mining en-
terprises through the inclusion of low-grade uranium
deposits, including significant reserves of sub-econom-
ic and sub-standard ores. It also contributes to labour
productivity per unit of final product, improves working
conditions and occupational safety, and mitigates the
environmental impact.

These advantages of block leaching contribute to
lower production costs, improved profitability of enter-
prises,and enhanced competitiveness of the final prod-
uct. According to the IAEA (2023), the implementation
of combined approaches for the extraction of balance

and sub-standard ores will facilitate process optimisa-
tion and cost reduction. The economic efficiency of UBL
is a key factor in its implementation. Research indicates
that this method can reduce uranium production costs
and improve operational profitability. The analysis by
K. Yussupov et al. (2024), which examined the econom-
ic parameters of uranium deposits in Ukraine, confirms
the feasibility of applying block leaching to low-grade
deposits. The cost-benefit evaluation revealed that the
cost of uranium obtained from underground leaching
is 30% lower than that from conventional underground
mining. Moreover, the use of advanced reagents can
mitigate the consumption of chemical agents and en-
hance metal recovery, positively impacting the financial
performance of enterprises.

The economic analysis indicates that achieving
total uranium recovery from solutions at a level of 75-
80% compared with that obtained via conventional
underground mining is sufficient to ensure compet-
itiveness. When advantages of block leaching - spe-
cifically, reduced losses, the inclusion of low-grade
and sub-standard ores in development, and lower
mine preparation costs - are considered, an accept-
able overall recovery rate may be as low as 65-72%
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or less. The review of experience and outcomes from
mining-chemical uranium recovery technologies re-
vealed three main directions for the effective use of
leaching from stockpiled ores in blocks. The first is the
recovery of balance reserves and existing sub-econom-
ic ores left after mining the deposit when their extrac-
tion by conventional means is unprofitable. The second
is @ combined mining-chemical scheme for uranium
deposit development that integrates conventional
methods for mining balance reserves with chemical
recovery of sub-economic, sub-standard ores and indi-
vidual ore bodies. The third is utilising block leaching
as a principal method for developing both balance and
sub-standard ores.

Under the specific conditions of Ukrainian uranium
deposits, the second technological approach is entirely
feasible. This would allow for uranium recovery from
in-situ stockpiled ores, if not entirely, then from a sig-
nificant proportion of balance reserves in run-of-mine,
sub-economic and even off-balance ores. This would
contribute to securing a stable uranium supply for nu-
clear energy needs, enhance the industry’s competitive-
ness, and support sustainable economic development.
UNECE (2019) underscores the necessity to modernise
uranium resource utilisation strategies, including the
implementation of UBL to ensure sustainable develop-
ment of the industry in Ukraine.

® Conclusions
The UBL technology for uranium ores presents a
promising trajectory for the development of the min-
ing industry, as it combines economic efficiency with
a mitigated environmental impact. The findings of this
study confirmed that the geological and hydrogeologi-
cal conditions of Ukrainian deposits are conductive for
the implementation of this technology. This allows for
a substantial reduction in both extraction and process-
ing costs, as well as the minimisation of environmental
pollution. To sustain the competitiveness of the tech-
nology, the total uranium recovery rate from solutions
of 75-80% is typically required. Nevertheless, consid-
ering the comprehensive benefits of UBL (reduced

material losses, the capacity to exploit low-grade and
sub-standard ores, and lower mine preparation costs),
an acceptable total recovery rate can make 65-72% or
even less, while retaining economic viability.

A primary economic benefit of UBL is the significant
reduction in operational expenditure. Research demon-
strates that uranium produced via underground leach-
ing incurs production costs that are approximately 30%
lower than those of conventional underground mining.
This substantial cost saving directly enhances the prof-
itability and competitiveness of enterprises operating
in the uranium sector, particularly those processing
low-grade ores. UBL also optimises the mining process
by reducing the volume of ore that needs to be brought
to the surface by 70-75%. This considerable decrease
obviates several costly, labour-intensive, and hazardous
operations associated with conventional ore handling,
including ore drawing, haulage, and surface handling.
Consequently, this also mitigates expenditures on rail
transport to processing facilities and on the long-term
maintenance of tailings facilities.

Future research should focus on the development
and justification of specific geological-technological
models tailored to Ukrainian deposits. These models
should aim to practically achieve and optimise key per-
formance indicators for UBL identified in this analysis,
which include a potential 30% reduction in production
costs, a 1.4-1.6-fold expansion of the mineral resource
base, and uranium recovery rates of 65-80%. Based on
these findings, the implementation of underground
block leaching will enhance the efficiency of Ukraine’s
uranium mining industry and guarantees a stable sup-
ply of nuclear raw materials for the energy sector.
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Ornap TexHonorin Ta nepcnekTUBM nig3seMHoro BUAo6yTky
YPaHOBOI CUPOBUHM

® AHoTauif. AKTyanbHiCTb JOCNIMLKEHHS Nif3eMHOro BMAOGYTKY ypaHy 3yMOBNEHA 3pOCTaHHSAM noTpebu y
CTabinbHOMY MOCTaYaHHI SAEPHOT CUPOBUHU AN AaTOMHOI €HepreTuku, IKa po3rnafaEeTbCs, 9K OAMH i3 KIHUYOBUX
dakTopiB eHepreTMyHoi Oe3neku B yMoBax [N06anbHOi eHepreTMyHoi Kpu3u. BpaxoByloun oOMexeHicTb
BMCOKOSIKiCHMX pyA Ta He0OXiAHICTb po3p06KM HU3bKOCOPTHUX MOKNALIB,0c00MBY yBary npMBepTa€ BNPOBaAXKEHHS
CyYaCHUX TEXHONOTIi BUNYroByBaHHs ypaHy 6e3nocepefHbo B Nia3eMHUx 6iokax. MeToto pobotu Byno LocniakeHHs
Ta OuiHKa e(eKTUBHOCTI ONOYHOro MiA3eMHOr0 BUJIYTOBYBAHHS YpaHy 3 YpaXyBaHHAM reONOriYHUX YMOB
ponoBuL YKpaiHK, a TaKOX BU3HAYEHHS NMepCneKkTUB 3aCTOCYBAHHS LbOro Metoay ANs NiABULLEHHS €KOHOMIYHOT
edeKTMBHOCTI TipHMYoa00yBHUX NIANPUEMCTB. Y npoueci AOCNiOXeHHS BMKOPUCTaHO METOAM aHani3y reosoro-
CTPYKTYPHUX 0COBMMBOCTEN pOAOBMLL, MOAENOBAHHA MPOLECIB BMIYrOBYBaHHS, @ TaKOX TEXHIKO-EKOHOMiyHe
OLiHIOBAHHS 3aCTOCYBaHHSA 6I04YHOMO BMJTYrOBYBAHHS B YMOBaX YKPaiHCbKMX POAOBMLL, 3aCTOCOBAHO MNOPiBHAIbHUMA
aHani3 TpaguUiiHMX MeToAiB BMAOOYTKY ypaHy Ta HOBITHIX TEXHOMOrIM MiA3eMHOro BWAYroByBaHHS. OCHOBHI
pe3ynbTaTv Mokasanu, Wwo 6104He nia3eMHe BUAYrOBYBAaHHS A03BOJNIIE CYTTEBO 3HM3UTM BUTPATU Ha BMOODOYTOK
Ta nepepobKy HW3bKOCOPTHMUX YPAHOBWMX PyA, MiHIMi3yBaTWM €KOMOriYHMI BMAMB Ha AOBKINAS Ta MiABULLUATK
peHTabenbHicTb MignpuemcTB. [locnimpkeHHs MiATBEpPAWMAM, WO TeONOriYHi Ta rifporeosioriyHi yMOBM YpPaHOBUX
poAoBuLL B YKpaiHi € CNpUATAMBMMM ONS BNPOBAOXKEHHS Li€i TexHonorii. 3acTocyBaHHs 6104YHOIO BUAYTrOBYBAHHS
[LO03BONISIE PO3WMPUTU CUPOBUHHY Da3ly 3a paxyHOK 3anyyeHHs BigHMX Ta HEKOHOMUIMHUX pyA, SKi paHile He
po3rafanuca Ans NpoMUCIOBOi po3pobku. MpakTUUHa WiHHICTE pobOTM MONAra€ y MOXIMBOCTI MiABULLEHHS
€KOHOMIiYHOi eeKTUBHOCTI ripHMYoL0OYBHUX MiANPUEMCTB, 3HMXKEHHI BUTPAT Ha BMAOOYTOK Ta nepepobky pya,
3 TaKOX 3MEeHLUEeHHi HeraTMBHOMO BM/IMBY Ha HAaBKONMLUHE CEpeAoBMLLE. 3aNpPOBaLXEHHS Nia3eMHoro 6104HOro
BMIYrOBYBaHHS CNPUSTUME CTaNIOMy PO3BUTKY YPaHOBOI MPOMUCAOBOCTI YKpaiHu
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Beneficiation of technogenic phosphorus-containing raw materials
as a source of mineral fertilisers

® Abstract. The relevance of this research arises from ongoing challenges related to rising raw material costs,
geopolitical instability, and the complexity of processing phosphate rock ores with high impurity content. These
factors underscore the need to develop efficient approaches for the beneficiation and processing of low-grade raw
materials and waste as alternative sources of phosphorus. The aim of the study was to develop a technology for the
beneficiation of technogenic phosphorus-containing materials to obtain phosphate rock concentrate suitable for
fertiliser production. The research involved mineralogical, chemical, granulometric, and sedimentation analyses
of the raw materials. Laboratory experiments included grinding, flotation,and magnetic separation. In addition, the
properties of reagents for flotation-based beneficiation of phosphorus-containing materials were investigated.
The study examined the potential for beneficiating technogenic phosphorus-containing materials derived from
phosphate ore processing. Two laboratory-scale flowsheets — magnetic-flotation and flotation-magnetic - were
tested, both enabling the production of commercial phosphate rock concentrate with a P,O. content ranging
from 18.7% to 21.5%, and phosphorus recovery of 69.5% to 93%. For the first time, the significance of surface
tension energy at the three-phase boundary during flotation was established, justifying the use of an anionic
collector, talactam, for the effective separation of francolite from quartz. Magnetic separation, both before and
after flotation, was found to enhance francolite concentration while reducing the content of glauconite and iron-
bearing minerals. It was also determined that preliminary classification of the feed material at a particle size
threshold of 0.16 mm reduces sludge formation during disintegration. The resulting glauconite-rich products
have potential applications in the production of potash fertilisers and green pigments, although further study
is required. The practical significance of this work lies in the successful implementation of the developed
beneficiation technology for technogenic phosphate raw materials, which enables the production of phosphate
concentrate (23.18%) suitable for the manufacture of Grade Il phosphate flour fertiliser,and a glauconite product
(50.71%) applicable as an enterosorbent and a source of trace elements in compound animal feeds
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® Introduction

Phosphorus constitutes a key element in agriculture,
forming a critical component of mineral fertilisers, in-
cluding superphosphate, ammonium phosphate (amo-
phos), and diammonium phosphate (diamophos). The
sustainability of modern agro-industrial productivity
cannot be maintained in the absence of phosphorus.
However, phosphorus is a finite, non-renewable re-
source, with global reserves projected to be exhausted
within the next 50-100 years. The resulting phosphorus
deficit poses a direct threat to global food security. Con-
sequently, intensive efforts have been directed towards
the development of phosphorus recovery technologies
from waste, wastewater, sludge, and phosphogypsum.
Ukraine possesses no significant industrial deposits of
natural phosphorus, necessitating the annual importa-
tion of over 800,000 tonnes of phosphatic fertilisers,
primarily sourced from Morocco, Poland, China, and
Lithuania.War, sanctions, and logistical constraints have
had a marked impact on the accessibility of such im-
ports. Attaining phosphorus self-sufficiency represents
a strategic objective for Ukraine, aimed at reducing im-
port dependency and enhancing agricultural autonomy.
Ensuring a reliable supply of phosphate feedstock to
Ukrainian producers of mineral fertilisers is a critical
and pressing challenge. The successful resolution of
this issue is vital to enabling the uptake of advanced
phosphorus-processing technologies. Ukraine holds the
potential to convert technogenic waste into a source
of critical materials, thus reducing import reliance and
entering the recycled phosphorus products market.

Within this context, research into efficient methods
for processing phosphorite ores of varying degrees of
enrichment is pertinent, with consideration of miner-
al composition, technological characteristics, and the
potential for sustainable utilisation, has become in-
creasingly relevant. Emphasis has therefore shifted to-
wards the extraction of phosphates from tailings and
low-grade ore deposits as secondary resources. Market
instability, driven by geopolitical factors, rising raw ma-
terial costs, and the inherent complexity of processing
phosphorite ores with high impurity levels, necessitates
the development of new strategies for resource utilisa-
tion, enrichment, and phosphate waste processing.

A.Proidak et al. (2021) identified that, due to politi-
cal circumstances, Ukraine had encountered substantial
challenges in supplying its fertiliser and ferrophospho-
rus plants with domestically sourced phosphorites and
apatites. The authors conducted comprehensive studies
on the mineral composition and metallurgical proper-
ties of phosphorite rocks, enabling an assessment of
their suitability for the production of phosphorus-con-
taining ferroalloys. S. Banerjee (2023) noted that the
composition of phosphorite ores varies significantly
depending on origin, with considerable diversity in
structure, texture, and physicochemical properties. Ac-
cording to Y. Raiymbekov et al. (2023), approximately

20 million tonnes of low-grade phosphorites globally
remain unprocessable under current technologies. The
depletion of phosphorite deposits and the low content
of phosphoric anhydride have contributed to declining
global demand for phosphates, underscoring the need
for advanced research on the enrichment and compre-
hensive utilisation of low-grade phosphates.

B. Wang et al. (2022) demonstrated that, due to
their low phosphorus content and high proportions of
accompanying materials (quartz, clay, calcite, dolomite,
mica, feldspar, etc.), natural phosphate ores are unsuit-
able for direct application as fertilisers or for use as
raw materials in phosphate fertiliser production. The
efficient utilisation of phosphorites with medium or
low phosphorus content is only feasible following pre-
liminary treatment to achieve the requisite phosphorus
concentration. Selection of an appropriate enrichment
method depends on key parameters such as mineral
texture, total phosphorus content, gangue composition,
and, most importantly, the target phosphorus concen-
tration as dictated by the intended application.

M. Sajid et al. (2022) reviewed phosphorite ore en-
richment technologies aimed at achieving high-quality
concentrates. Commonly employed enrichment tech-
niques include flotation, electromagnetic separation,
gravity separation, and magnetic separation. Global
economic development has stimulated increasing de-
mand for phosphorus-containing products. All existing
high-grade phosphorite deposits have now been ex-
hausted. This has necessitated the utilisation of low-
grade phosphorites and off-spec phosphate raw materi-
als, which remain underexplored and underutilised.

Y. Raiymbekov et al. (2020) provided an overview
of low-grade phosphorite beneficiation practices in
various countries, describing separation mechanisms
during flotation enrichment and carbonate mineral de-
composition using organic acids. The authors conclud-
ed that method selection depends on the mineralogical
structure and chemical composition of the phosphorites.
N.Abbes et al.(2020) enriched low-grade phosphate ore
from Sra Ouertane (Tunisia) via thermal treatment, in-
cluding calcination, quenching, and desliming. The ap-
plied treatment successfully increased the P,O. content
from 20.01 wt.% to 24.24 wt.% post-calcination and to
27.24 wt.% following quenching. Furthermore, enrich-
ment of associated rare-earth elements (Ce, La, Nd, Pr,
Sm, Y) was achieved, while the Cd concentration was
significantly reduced from 30 mg/kg to 14 mg/kg.

M. Derhy et al. (2020) reported that flotation tech-
nology had been extensively studied due to its wide
application in phosphorite enrichment, with various de-
pressants and collectors deployed to remove calcite and
silica from sedimentary phosphate ores. A single-stage
flotation of either phosphate or calcite was found in-
sufficient for producing high-quality concentrates.
K.Zhantasov et al.(2024) established that approximately
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55-60% of the phosphate ore extracted and crushed
comprises fine fractions below 10 mm, which are un-
suitable for conventional phosphate fertiliser produc-
tion. Experimental results confirmed the high efficiency
of mechanical activation for fine phosphorite fractions.
The proposed innovative process differs fundamentally
from existing methods, as mechanochemical activation
enabled direct, acid-free, and waste-free conversion
into mineral phosphate fertilisers

U. Ryszko et al. (2023) highlighted that enrichment
processes generate substantial volumes of waste. The
processing and reuse of such phosphorus production
waste is currently expanding, with the goal of pro-
ducing scarce products. The integration of magnetic
separation and flotation methods in the enrichment
of phosphorite ore waste enables the recovery of con-
centrates suitable for the production of mineral fertil-
isers. The objective of the study was to investigate the
mineralogical, chemical, granulometric, and sedimen-
tological composition and technological properties of
the feedstock, thereby developing a magnetic-flotation
enrichment process for technogenic phosphorus-con-
taining materials, capable of yielding concentrates and
products suitable for fertiliser production.

® Materials and Methods

A total of 18 small mineralogical samples of techno-
genic phosphorus-containing material were submit-
ted to Kryvyi Rih National University for examination.
A composite technological sample was prepared from
these for use in process development studies. Chemi-
cal analysis was employed to determine the elemental
and oxide composition of the material, including the
content of primary components (P,0;, Ca0, SiO,, Fe,0,)
and impurities affecting process properties and the
suitability of concentrates for fertiliser production. Min-
eralogical analysis identified the constituent minerals
(apatite, quartz, glauconite, etc.), which was critical for
assessing the material’s processing behaviour and se-
lecting effective treatment methods.

Particle size distribution was determined through
granulometric analysis, which established the optimal
conditions for crushing, grinding, and enrichment, given
the significant influence of size fraction on separation
efficiency and recovery. Sedimentation analysis, based
on the settling rate of fine particles in liquid, enabled
precise estimation of particle sizes below 0.05 mm,
which are known to affect material behaviour in aque-
ous and hydraulicenrichment processes.Atechnological
analysis was conducted to evaluate the material’s suita-
bility for beneficiation, including laboratory-scale mag-
netic and flotation enrichment trials and assessment of
concentrate quality indicators (e.g. yield, P,O. content),
forming the basis for the proposed processing flowsheet.

The composite sample was washed and classi-
fied into size fractions: +1.25, -1.25+0.5, -0.5+0.25,
-0.25+0.16,-0.16+0.074, -0.074+0.044, and -0.044 mm.

Representative subsamples of approximately 500 frag-
ments were taken from each fraction using quartering,
with 25% of fragments identified as free particles or
composites for each mineral. Recalculation of compos-
ites into equivalent free particles was performed us-
ing a custom formula implemented in Microsoft Excel
(Office XP). Grindability was evaluated using a standard
method at grinding times of 5, 10, 20 and 40 minutes
in a 7-litre laboratory ball mill under dry and wet con-
ditions. The solid-to-liquid-to-ball ratio (S: L: B) was
maintained at 1:0.33:10, and the mill charge was 1.6
kg (Biletsky et al., 2020). Further sample preparation
involved grinding to 0.16 mm (the size of the phos-
phorite opening) in a laboratory ball mill (model 75A-
ML, Horstal Plant, Ukraine).

Magnetic susceptibility was studied in the lab-
oratory of the Department of Mineral Processing and
Chemistry, Kryvyi Rih National University, using the
ponderomotive method based on the Gouy technique,
as described by V. Zdeshchyts & A. Zdeshchyts (2023).
The Gouy method involves measuring the gravitational
force on a sample with one end in a strong magnet-
ic fleld and the other in a weak field. Laboratory-scale
magnetic enrichment was conducted using a rotary sep-
arator (model 259-CE, MAGNIS R&D Centre, Luhansk,
Ukraine) equipped with a high-intensity magnetic field.
Two materials were processed: raw material ground to
100% minus 0.16 mm (70% of class minus 0.074 mm)
and the froth product from flotation.

Material with 70% of -0.074 mm and 30% solid con-
tentwas fed into the separator’s working zone, consisting
of 200 mm high grooved plates. The matrix loading was
0.2 g/cm?. A scalping rotor, operating at one-third the
magnetic induction of the axial rotors, removed mag-
netic particles from the plates, enhancing the recovery
of iron-containing components in the magnetic prod-
uct. Magnetic field induction ranged from 0.6 to 1.2 T.

Flotation tests were conducted in a mechani-
cal-type flotation machine (model 237 FO, SCMA Lab,
Kryvyi Rih, Ukraine) with cell volumes of 0.5, 1.0, and
1.5 litres, air flow rate of 1 L/m> of slurry, and impel-
ler speed of 26.7-28.3 s Test samples weighed 200,
400, or 600 g; closed-cycle tests used 150, 350, or 500
g. The flotation feed consisted of deslimed materi-
al (0.02 mm), ground to 100% of -0.16 mm, and the
non-magnetic product from magnetic separation. Re-
agent selection and dosage followed standard phos-
phorite flotation practices and previous research (Ol-
iinyk et al., 2023). Anionic collectors were used: crude
tall oil soap (CTOS) and talactam (RCONH (CH,), COO-
Na), a condensation product of tall oil with sodium salt
of amino carboxylic acid. Sodium silicate acted as a de-
pressant, and soda ash adjusted the pH (ranging from
8.7 to 10.5). Slurry solids content during agitation was
26%; mixing time was 3 minutes. Reagent consump-
tion (kg/t): collectors - 0.5-1.7; depressants — 0.4-0.7;
pH regulators - 0.5-0.8.
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Optimal parameters from single flotation tests
were refined in closed cycles using recirculated water,
including primary, scavenger, and three to four cleaner
flotation stages. Decantation was employed to obtain
recycled water; tap water was used in process trials.
Collector flotation activity was assessed via surface ten-
sion measurement using the ring detachment method,
based on the force required to detach liquid adhering
to a ring. Additionally, the impact of slurry temperature
on flotation performance using talactam was studied,
as this reagent is a condensation product of tall oil and
amino carboxylic acid sodium salt.

Sedimentation analysis of slimes was conducted
using a gravimetric method, based on differential set-
tling velocities of particles of varying size and mineral
composition. The methodology of sedimentation anal-
ysis was based on the differences in settling time of
mineral particles of varying grain sizes. The essence
of the method consisted in determining the variation
in substance concentration at a specific depth of the
suspension. During the experiments, the equal-settling
coefficient for mineral particles was taken into account.
The material was classified into grain size classes. For
the calculation of settling time of mineral particles for
each grain size class, terminal settling velocities were
determined. The terminal settling velocities for the
classes with a maximum grain size of 0.033 mm were
calculated using Stokes’ formula:

2Apga2

w= T @

where u - is the particle settling velocity, m/s;
Ap=p,-p,-isthe difference in densities of the dispersed
phase and the medium, respectively, kg/m?; g - is the
acceleration of gravity, m/s?; 4 - is the viscosity of the
medium, PaS (0.0001 Paxs); a - is the particle radius, m.
During the planning of experiments, the settling
time for the selected vessel was determined as the
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ratio of the height between the vessel markings to the
calculated terminal settling velocities of the material.
Distilled water was used during the experiments. In
the course of sedimentation analysis using this meth-
od, samples were taken from a specific depth of the
suspension at different time intervals from the start
of the experiment, and the mass concentration of the
substance in each sample was determined. With knowl-
edge of the particle size and the settling height, the
sampling time was calculated. The difference in mass
concentrations between individual samples indicated
the relative content of particles of the respective frac-
tions in the analysed suspension. The calculations took
into account the density of the solid phase in the rele-
vant suspension: 3,800 kg/m? for intermediate products
and an average of 2,600 kg/m3 for waste. The settling
time of a particle in the suspension (t,) was estimated
as the time required for the particle to travel a distance
equal to the vessel height (H):

t, =

(2)

HE

Sedimentation analysis of the suspension by the
gravimetric method was carried out using an apparatus
consisting of a 1 dm3 cylinder, a stirrer, and a Robinson
pipette, which enabled sampling of the liquid at a con-
stant level. A weighed portion of material of a specific
grain size class (-0.045+0 mm) was placed into the ves-
sel filled with water. The previously calculated settling
time was then measured, after which the non-settled
material was decanted. The experiment was repeated
with the addition of clean water until the liquid above
the lower mark became transparent.

® Results
The results of the study on the influence of surface ten-
sion magnitude as a function of reagent concentration
were presented in Figure 1.

2 2.5 3 3.5

Logarithm of Concentration

Figure 1. Surface tension as a function of reagent concentration
Notes: 1 - Talactam solution in tap water; 2 — CTOS solution in tap water; 3 - Talactam in technical water; 4 - CTOS in technical water

Source: authors’ development
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All four reagents demonstrated typical surfactant
behaviour: surface tension decreased with increasing
reagent concentration, confirming their capacity to ac-
cumulate at phase interfaces and reduce surface energy.
In tap water, talactam produced a gradual reduction in
surface tension, with the critical micelle concentration
(CMC) observed around a logarithmic concentration of
=2.5, beyond which the curve plateaued. Surface ten-
sion reduction was moderate in this case.

In contrast, talactam in process water achieved a
significantly deeper reduction in surface tension - from
60 mN/m to approximately 30 mN/m within the stud-
ied concentration range (logarithmic concentration O

0.365

[ ]

to 2.5) - followed by a gradual yet substantial decline.
This behaviour was attributed to strong interactions
with process water, likely influenced by the presence
of calcium ions and trace impurities. Initial surface ten-
sion was slightly higher (~58-60 mN/m). In both tap
and process water, CTOS exhibited less efficiency than
talactam, confirming talactam in process water as the
most effective surfactant within this series, due to its
consistent and substantial reduction of surface tension.
Water type significantly influenced activity, with pro-
cess water enhancing performance due to coagulation
effects. The kinetics of optical density variation for ta-
lactam in tap water are shown in Figure 2.
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Figure 2. Kinetics of optical density change for talactam in tap water

Source: authors’ development

Asharp increase during the initial 5 hours indicated
active processes of dissolution, dispersion, or interac-
tion between talactam and water components. Stabili-
sation occurred around 0.360 nm after 5 hours, indicat-
ing that the system had reached equilibrium. Stability
up to 25 hours indicated the physicochemical resistance
of talactam in tap water following the initial activation/
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dissolution process. The observed increase in optical
densitywas likelydueto one ormore of the following:dis-
solution or swelling of the polymer, reactions with ions
or impurities, or self-aggregation of molecules. Changes
in optical density — an important indicator of surfactant
system stability and interactions with aqueous environ-
ments - depended on reagent concentrations (Fig. 3).
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Figure 3. Change in optical density of talactam dependent on reagent concentrations
Notes: 1 - Talactam solution in tap water; 2 — CTOS solution in tap water; 3 - Talactam solution in recycled water; 4 - CTOS solution

in recycled water
Source: authors’ development
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Observations on talactam behaviour in recycled
versus tap water revealed that in recycled water, opti-
cal density increased most significantly with increasing
concentration, reaching ~0.045 nm at 100 mg/L. This
suggested active particle aggregation and the presence
of colloids or impurities interacting with talactam. In
tap water, optical density remained stable, with a slight
peak at 40-50 mg/L. Subsequent plateauing or decline
likely indicated solubility Llimits and stabilisation, or re-
duced aggregation. In recycled water, CTOS also showed
increased optical density, albeit to a lesser extent than
talactam, suggesting partial aggregation inhibition or
lower absorbance. In tap water, CTOS exhibited minimal

changes, with optical densities in the 0.005-0.01 nm
range - indicating the most stable behaviour in this
environment, likely due to absence of particle aggre-
gation. Thus, talactam in recycled water demonstrated
a strong tendency to aggregate, leading to increased
optical density and improved collector performance, as
confirmed in subsequent trials. The chemical compo-
sition of the composite technogenic phosphorus-con-
taining sample is shown in Table 1. The average P,0O.
content was 10.55%, with SiO, at 35.65%, total Fe at
7.5%, Ca0 at 18.82%, and Al, O; at 5.3%. These oxides
served as key evaluation criteria for phosphorite and
glauconite products.

Table 1. Chemical composition of technogenic phosphorus-containing raw material (average values)

X Components, %
Material
P,0, | MgO | CaO | SiO, | ALO, | Fe,, | FeO | Fe,0,| TiO, | Na,0 | K,0 | MpO | F | S, | CO, | SO, | LOI
Sample | 10.55| 2.02 | 18.82| 35.65| 5.3 7.5 10 | 101 | 0.19 | 0.33 | 2.75 | 045 | 1.85 | 1.34 | 242 | 0.9 |0.355

Source: authors’ development

Mineralogical analysis revealed that the primary
phosphorus-bearing mineral, francolite, constituted
21.8% of the sample. The sample was characterised
by a significant content of glauconite (38.6%) and

iron hydroxides (7%). It also contained heterogene-
ous clay material (9.1%) and gypsum (2.1%). The lib-
eration characteristics of the minerals are illustrated
in Figure 4.

100

80 Francolite
® Glauconite

60
Gypsum

40 MCalcite

Degree of Liberation, %

0.044

0.074 0.16 0.25

0.5 1.25

H Iron hydroxides

Size Fraction, mm

Figure 4. Mineral liberation in the grain size classes of the initial sample

Source: authors’ development

Mineralogical analysis of classified material
showed that the +1.25 mm fraction comprised 15.7%
free particles and 84.3% composites. Among the free
particles were francolite, clay mineral, glauconite, cal-
cite, and palaeoresidue. Rich composites (with >50%
of a single mineral) outnumbered poor ones (<50
%) — 52.7% vs. 31.6%. Rich composites were primarily
composed of glauconite, francolite, and clay mineral.
Palaeoresidue occurred only as free fragments.The
-1.25+0.5 mm fraction consisted of 82.2% composites
(34.2% rich, 28.1% poor). Rich composites contained
glauconite, francolite, and clay mineral. In contrast to
previous fractions, iron hydroxides and hydromicas no
longer exhibited a predominance of rich composites.
Free particles (17.8%) included the same minerals

found in coarser fractions, with quartz appearing as an
additional free component.

The -0.5+0.25 mm fraction contained 20.5% free
particles and 79.5% composites. Free particles includ-
ed the same components observed in coarser frac-
tions. Rich composites significantly exceeded poor
ones (67.5% vs. 12.0%). No poor magnetite compos-
ites were detected. The -0.25 +0.16 mm fraction com-
prised 17.6% free fragments and 82.4% composites.
All previously identified minerals were present among
the free fragments, with the exception of magnetite.
The gap between rich and poor composites widened
to 71.2% and 11.2%, respectively. Beginning with the
-0.16 +0.074 mm fraction and continuing to finer sizes,
all particles were fully liberated.
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The distribution of minerals across size classes was
non-uniform. The -0.5 mm fractions were the most en-
riched in francolite, due to the low selectivity of fine-
grained ore enrichment. Grinding to -0.16 mm resulted
in sharp reductions in coarse fractions and a marked
increase in fines. Fine grinding maximised mineral

100

liberation at 0.16 mm, though it generated a significant
volume of slimes. Hence, pre-classification using classi-
fiers and hydrocyclones prior to grinding is recommend-
ed. The formation rate of the minus 0.16 mm fraction
is shown in Figure 5, with rapid formation occurring
within the first 16 minutes, followed by a sharp decline.
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Figure 5. Kinetics of formation of -0.16 mm and -0.044 mm size fractions during sample grinding in a ball mill
Notes: 1 - Formation curve of the -0.16 mm size fraction; 2 - Formation curve of the -0.044 mm size fraction

Source: authors’ development

Formation of the <0.16 mm fraction followed a pol-
ynomial equation with an approximation reliability of
0.9894:

R*=0.0008 t* - 0.0236 t* -
- 0.188 t2+10.743 t+7.1234, (3)

where R* - retained portion on the 0.16 mm sieve, %;
t - grinding time, min. Formation of the -0.044 mm frac-
tion followed a polynomial with approximation relia-
bility of 0.9954:

R*=0.0082 t3-0.2969 t2+3.871 t+2.4762, (4)

where R* - retained portion on the 0.044 mm sieve, %;
t - grinding time, min.

Detailed mineral-petrographic analysis of screened
products clarified the grinding mechanism. The first
phase involved intense disintegration of aggregates,
liberating francolite grains. This was followed by dis-
aggregation of intergrowths and grinding of liberat-
ed mineral grains. Due to its low hardness, francolite
was prone to overgrinding and transitioned into the
-0.044 mm fraction. During the study of raw material
comminution, it was established that, in order to in-
crease the degree of mineral intergrowth liberation, re-
lease of phosphorite and glauconite, and to reduce the
content of refractory slimes, a closed grinding circuit
with high circulating loads had to be employed.

Sedimentation analysis of post-grinding slimes
demonstrated that the P,O; content in the +0.02 mm

and -0.02 mm fractions was evenly distributed, allow-
ing the +0.02 mm fraction to be included in enrich-
ment processes and thereby increasing overall P,O;
recovery in the final product. The material, with slimes
removed (-0.02 mm), was subjected to magnetic and
flotation enrichment. Chemical analysis confirmed
the sample as a high-carbonate feedstock with ele-
vated iron content. Studies of magnetic susceptibility
showed that glauconite and siderite exhibited weak
magnetic properties, while phosphates and quartz
were non-magnetic. The difference in susceptibility
between glauconite/siderite and quartz/phosphates
was sufficient for selective recovery in a high-intensi-
ty magnetic field.

The mineral distribution in magnetic separation
products was found to be independent of feed compo-
sition, with magnetic products enriched in glauconite,
iron hydroxides, and magnetite in varying ratios. Grind-
ing to -0.16 mm did not significantly reduce phospho-
rus losses in magnetic products, indicating an isomor-
phic association between glauconite and phosphate. In
non-magnetic products, an increase in non-magnetic
mineral phases (calcite, quartz, clay, barite, palaeoresi-
due) was observed, depending on the material fed into
the separator. The presence of these phases in magnet-
ic products resulted from intergrowths with iron-rich
minerals. Francolite was detected in both magnetic and
non-magnetic products, mainly as intergrowths with
glauconite. The distribution of minerals in the products
of magnetic separation of the ground ore was present-
ed in Figure 6.
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Figure 6. Mineral Distribution across magnetic separation products of raw material ground to 100% passing 0.16 mm

Source: authors’ development

The clay mineral content in magnetic products
of ground materials increased from 3.3% to 19.2%

with rising magnetic field induction (0.2 T to 1.4 T).

In non-magnetic products, the content reached 30.0 -
44.0%. In intermediate products, content varied from
12.2% to 20.1%. Glauconite distribution in magnetic
products peaked at 75.4% at 0.9 T and then declined
to 52.2% at 1.4 T. In non-magnetic products, glauconite
content was 1.3%.

Magnetic separation of ground feedstock enabled
glauconite to be separated into a distinct product.
However, due to residual francolite in magnetic prod-
ucts, additional separation of the flotation froth was

performed. In the non-magnetic product, francolite con-
tent was 28.8%, compared to 16.6-21.2% in magnet-
ic products. Magnetic separation of the froth product
improved the francolite concentration in the flotation
fraction by removing glauconite. At 0.9 T, the magnetic
field reduced total iron content in the froth phosphate
product from 8-11% to 2-3%. Analysis of the flotation
froth product from material ground to 100% -0.16 mm
showed that the P,O. content in the phosphorite con-
centrate ranged from 18.7% to 21.5%, with P,0O. recov-
ery in the froth product ranging from 69.5% to 93%.
The relationship between P,O. content and collector
dosage (talactam and CTOS) is shown in Figure 7.
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Figure 7. Dependence of mass fraction of phosphorus on collector consumption

Notes: 1 - Talactam; 2 - CTOS
Source: authors’ development

Analysis of the flotation results of the ore indi-
cated that the mass fraction of P,0; in the concen-
trate varied from 15.7 to 21.0%. The dependence of
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phosphorus oxide recovery in the concentrate on the

collector consumption (tall oil amide and CTOS) was
presented in Figure 8.
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Figure 8. Dependence of phosphorus oxide recovery into concentrate on collector consumption

Notes: 1 - Talactam; 2 - CTOS
Source: authors’ development

lipHuynii BicHnk. 2025. Tom. 59, Ne. 1

49



50

36ara4yeHHs1 TexHoreHHoI ¢hochopBMILLyOHOI CUPOBUHM...

Analysis of the flotation results of the ore demon-
strated that P,O, recovery in the concentrate varied
from 93% to 69.5%. Further analysis demonstrated that
increasing collector dosage above 2.0 kg/t impaired
selectivity, causing not only phosphate but also quartz
to report to the froth. With minimal collector dosage,
P,O. content increased sharply while yield decreased.
As collector dosage increased, concentrate yield rose

100
90
80
70
60
50
40
30
20
10

Beneficiation indicators
of the raw material, %

but quality declined. Talactam consumption was 40%
lower than CTOS. Thus, talactam demonstrated superior
collecting performance and selectivity, and was select-
ed as the primary reagent in the recommended scheme.
The results of the study on the influence of temper-
ature on the selectivity of the flotation beneficiation
process of technogenic phosphorus-bearing material
were presented in Figure 9.

25 35 45

Temperature, °C

Figure 9. Dependence of beneficiation performance indicators
of phosphorus-containing technogenic raw material on pulp temperature
Notes: 1 - change in mass fraction of phosphorus oxide in concentrate; 2 — change in phosphorus oxide recovery into concentrate

Source: authors’ development

Analysis of the research results revealed that dur-
ing beneficiation of the sample within the temperature
range of 5 to 45°C. Low temperatures negatively im-
pacted technogenic phosphorus-containing material
recovery due to reduced bubble attachment strength on
a mineral surface. At a suspension temperature in the
range 0-15°C, P,O, recovery in the concentrate was 20-
60%, with P,0O, content at 15-18%. Using CTOS under
the same conditions yielded only 10-30% recovery at
12-16% P,0,. Talactam mitigated the negative impact
of low temperatures. Between 20°C and 35°C, recovery
increased to 93%, with P,O. content at 20-21%.

Mineralogical analysis of flotation products from
material ground to 100% -0.16 mm showed that glau-
conite (39.9-46.7%), iron hydroxides (4.2-6.9%), gyp-
sum, and barite concentrated in the cell product. The
froth product exhibited a 3-5-fold increase in fran-
colite content - an advantageous outcome. However,
clay mineral, quartz, calcite, and palaeoresidue were

also present. These may be removed during chemi-
cal treatment. The froth product is recommended
for further magnetic separation to eliminate glau-
conite and enhance phosphorite concentrate quality.
The cell product represented tailings of the process,
with P,0. content at 4.25%. In flotation tests using
the non-magnetic product (100% of the -0.16 mm
size class; P,0, content: 12.93%), a phosphorite con-
centrate with 21% P,0, was obtained, meeting third-
grade phosphorite flour standards, with a yield of
47.03%. P,O. recovery in the froth was 76.41%. The
cell product had 5.76% P,0..

Based on the conducted research, two variants of
the beneficiation flowsheet were developed: magnet-
ic-flotation and flotation - magnetic, both providing
the production of phosphorite concentrate and glau-
conite product. The results of ore beneficiation under
laboratory conditions according to the proposed flow-
sheets were presented in Table 2.

Table 2. Results of beneficiation of technogenic phosphorus-containing raw material

Flowsheet operation Product name Yield, % Mass share, % B
’ p205 Ftotal PZOS Fetotal
Option 1
Magnetic Separation | Magnetic (Glauconite Product) 50.71 8.24 12.07 39.60 81.60
Non-magnetic 49.29 1293 2.80 60.40 18.40
Flotation Concentrate 23.18 21.0 1.70 46.15 5.25
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Table 2. Continued

Flowsheet operation Product name Yield, % Mass share, % Recoven), %
p g PZOS Ftutal PZOS Fetntal
Tailings 26.11 5.76 3.78 14.25 13.15
Feed 100.0 10.55 7.50 100.0 100.0

Option 2

Flotation Concentrate Middlings 41.92 19.28 5.98 76.60 33.40
Tailings 58.08 4.25 8.60 23.40 66.60
Magnetic Separation | Magnetic (Glauconite Product) 18.79 17.20 10.60 30.64 26.56
Concentrate 23.12 20.97 2.22 45.96 6.84
Feed 100.0 10.55 7.5 100.0 100.0

Source: authors’ development

According to the first variant, magnetic beneficia-
tion of the ground material to 100% of the -0.16 mm
size class was proposed at the beginning of the flow-
sheet. This enabled the removal of iron-bearing miner-
als from the phosphorus-bearing product and, conse-
quently, reduced the amount of material fed to flotation.
Magnetic separation yielded a glauconite concentrate
with a mass fraction of P,0, of 8.24% and 4.07%, and
a phosphorite concentrate with a mass fraction of P,0
of 21.0%. In the second variant, magnetic beneficiation
was applied to the concentrate obtained from flotation
of the ground material. Magnetic separation produced
a glauconite concentrate with a mass fraction of P,0.
of 17.2%, and a phosphorite concentrate with a mass
fraction of P,O, of 20.97%. Therefore, the first flowsheet
variant (magnetic - flotation) proved to be more effi-
cient and offered several advantages. Firstly, it allowed
a 50.71% reduction in flotation load due to early recov-
ery of the glauconite product during the initial stage of
processing the technogenic phosphorus-bearing mate-
rial. Secondly, phosphorus recovery in the concentrate
was higher by 0.19%.

® Discussion
The obtained results were compared with those pre-
sented in scientific publications addressing similar as-
pects of natural and technogenic phosphorite ore ben-
eficiation. The choice of enrichment methods in these
studies was largely determined by the mineral compo-
sition of the initial feedstock.

H.Amar et al.(2022) demonstrated that the increas-
ing demand for phosphate ore, driven by the depletion
of high-grade reserves, has rendered the mining and
processing of low-grade phosphates a necessity for
sustainable production. The phosphate industry, iden-
tified as a major contributor of mining waste, consists
of three main operational stages. The first involves ore
extraction and separation from accompanying minerals
and was sent to the beneficiation plant. In the second
process, phosphate rock was concentrated using phys-
ical and chemical beneficiation methods. The resulting
phosphate concentrate was then delivered to process-
ing plants for the production of phosphoric acid and

various types of fertilisers. Enrichment generates sub-
stantial volumes of tailings composed of fine fractions,
which represent an environmental burden and disrupt
landscapes.Numerous studies have examined sedimen-
tary low-grade phosphate deposits (<16% P,0;) to raise
phosphate quality to market specifications (~30% P,0.).
Applied processes have ranged from simple mechan-
ical treatments (crushing, grinding and classification)
to complex operations such as flotation and leaching.
Pre-enrichment stages have included attrition, scrub-
bing, washing, and desliming to eliminate clays and
fine silicates. Flocculation was found to be highly ef-
fective, achieving sedimentation levels of 81.3% in just
15 seconds using anionic flocculants. Polyacrylamide
flocculants showed superior performance, achieving 37
times faster sedimentation than natural settling.

R.Dabbebi et al. (2023) explored the reuse of phos-
phate mine waste (PMW) across various sectors. Their
study highlighted the potential of PMW as raw mate-
rial for multiple applications within sustainable man-
agement frameworks. The authors emphasised that
the variable mineralogical composition and elemental
content of PMW, dependent on deposit origin and en-
richment methods, made it suitable for diverse uses.
Secondary utilisation of phosphate waste is a complex
process requiring detailed examination of the physical
and mineralogical properties of tailings. The most effi-
cient phosphate recovery method identified was direct
flotation using anionic fatty acid collectors. PMW was
also recognised as a rich source of heavy metals and
rare-earth elements (REEs). Elements such as Cd, Cr,Mn,
Mo, Ni, Pb, U, V, and Zn, along with phosphorus, were
extracted from phosphate slimes. Zinc and nickel were
successfully recovered via leaching. REEs were most ef-
fectively recovered using flotation.

In a study by J. Guo et al. (2024), it was emphasised
that the successful beneficiation of phosphate ore con-
taining phosphates, apatite, calcite, and dolomite was
based on a thorough understanding of its mineralo-
gy, mineral surface properties, distribution, and min-
eral liberation. Due to the relatively low P,O, content
and high impurity levels, most ores were unsuitable
for direct acidulation and required pre-enrichment to
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produce suitable concentrates. Applied methods includ-
ed flotation, attrition cleaning, desliming, electrostatic
separation, magnetic separation, gravity concentration,
and calcination. In direct flotation, anionic collectors
were used differentially, with optimum pulp alkalinity
at pH 9.5 maintained by Na,CO,. Phosphate ores (53-
63 um) from Rajasthan and Madhya Pradesh (India) un-
derwent two-stage high-gradient magnetic separation
following calcination and flotation. The use of sodium
oleate and sodium metasilicate yielded a final concen-
trate containing 31.5% P,0, and 8.8% SiO,, with an
overall P,O. recovery of 65.0%.

A. Kareeva et al. (2023) investigated Chilisai low-
grade phosphorites through a comprehensive study of
their physicochemical properties. Techniques employed
included chemical and energy-dispersive analysis, FTIR
spectroscopy, X-ray diffraction, and mineralogical anal-
ysis. The presence of glauconite, a hydromica composed
of iron and aluminium silicate, quartz, and potassium
oxides, was identified alongside dolomite. The latter
was often misidentified as calcite; however, its crystal
structure, with calcium and magnesium ion mobility
along three axes, enabled distinction. The results of-
fered new insights into the unique characteristics of
Chilisai phosphorites, such as REE traces and ion mo-
bility in glauconite and dolomite, which are critical for
identifying novel phosphorus-bearing feedstocks.

A. Mahmoud et al. (2024) studied low-grade phos-
phate ore from Abu Tartur in Egypt’s New Valley Gover-
norate. Estimated at 980 million tonnes at 30% phos-
phate content, it is one of the country’s largest deposits.
Phosphate extraction was performed using gravity,
magnetic, and flotation enrichment. Chemical compo-
sition (P,0., Ca0, Si0,, SO,, Fe,0,) was determined via
X-ray diffraction. The flotation process was negatively
affected by fine fractions <0.074 mm, prompting me-
chanical impurity removal using modern classifiers.
This improved P,0, content from 21.27% to 22.38%.
Magnetic separation with a Dings cross-belt separator
increased P,0, content to 25.25% with 90.3% recovery.
Flotation of the non-magnetic product using a mixed
reagent system (oil and oleic acid) produced a concen-
trate with 28.29% P,0. and 86.14% recovery.

X.Zhang et al. (2022) developed an effective desil-
ication method for siliceous phosphate ore. MLA and
SEM-EDS microscopy characterised mineral compo-
nents and morphology. The effect of Falcon centrifuge
parameters (rotation speed, water pressure,feed rate) on
separation efficiency was evaluated. Orthogonal experi-
mental design was used to establish a predictive model.
Laboratory tests confirmed that at 64.73 Hz,0.012 MPa,
and 30.51 mL/s, maximum P,O; recovery of 86.02% was
achieved at 27.45% P,0,. Most valuable mineral loss oc-
curred in the -0.045 mm fraction. Optimisation experi-
ments identified 0.045-0.09 mm as the optimal particle
size range. By implementing these recommendations,
flotation feed optimisation reduced grinding costs.

M. Derqaoui et al. (2021) reviewed reagents for di-
rect froth flotation of low-grade phosphates. Mixed col-
lectors were found to provide better apatite selectivity
and recovery than fatty acids, which required selective
depressants. Apatite flotation efficiency was shown to
depend not only on reagent type but also on adsorption
mechanisms and solution chemistry. Surfactants such
as dodecylaspartate and dodecylglutamate, containing
two and three carbon atoms between carboxyl groups
respectively, exhibited micellisation coefficients 4-5
times higher than dodecylglycinate. Hydrogen bonding
promoted denser molecular packing at the air — water
interface and within micelles. Formation of intermolec-
ular complexes led to lower surface tension. Internal
chelation was advantageous for calcium-bearing sur-
faces. While dodecylaminomalonate and dodecylaspar-
tate showed strong adsorption on hydroxyapatite,
dodecylglutamate adsorbed weakly. On non-specific
surfaces, the three surfactants displayed similar ad-
sorption behaviour.

Analysis of the current study in comparison with
previous works confirmed the relevance of technogen-
ic phosphorus-containing feedstock beneficiation and
validated the proposed process flowsheet, compris-
ing: closed-circuit grinding with high circulating loads
to minimise slime formation; high-intensity magnetic
separation to reduce flotation load; flotation using a
complex anionic collector (talactam) to ensure selectiv-
ity and performance.

® Conclusions

The conducted research confirmed the effectiveness
of utilising phosphorite ore processing waste to pro-
duce concentrates suitable for the manufacture of
third-grade phosphorite flour. The glauconite products
obtained following francolite removal were found suit-
able for use in the production of potassium fertilisers
and green pigments.

It was established that fine grinding of technogenic
phosphorus-containing material resulted in significant
slime formation. To minimise this, disintegration should
be preceded by classification using hydrocyclones and
classifiers, with a particle size cut-off of 0.16 mm. Ex-
perimental studies demonstrated that magnetic sepa-
ration of feed material with 100% -0.16 mm reduced
total iron content in the non-magnetic product from
8-11% to 2-3%, while increasing P,0; content by a fac-
tor of 1.18-2.63.

Flotation trials demonstrated the possibility of pro-
ducing phosphorite concentrates with P,0. contents
ranging from 18.7% to 21.5% and recoveries between
69.5% and 93%. Magnetic separation of flotation froth
products enabled partial enhancement of francolite
concentration in the froth fraction and a significant re-
duction in glauconite and iron hydroxide content. How-
ever, the advisability of magnetic separation post-flota-
tion should be confirmed via detailed techno-economic
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assessments, incorporating downstream chemical pro-
cessing considerations.

Based on the processing of technogenic phospho-
rus-containing samples with initial P,0O; contents of
10.55% and 5.45%, market-grade phosphorite concen-
trates were obtained with P,0, contents of 18.7-21.5%
and recoveries of 69.5-93%.

Two laboratory-verified flowsheet variants were
developed for feedstock enrichment: magnetic-flota-
tion and flotation-magnetic. Both enabled production
of phosphorite concentrate and glauconite product.
In the first variant, magnetic separation performed at
the head of the circuit, produced glauconite concen-
trates with P,O. contents of 8.24% and 4.07%, and
phosphorite concentrate with 21.0% P,O.. In the sec-
ond variant, magnetic separation followed flotation,
producing glauconite concentrate with 17.2% P,O, and

interfacial surface tension energy at the interfaces of
the three-phase system must be considered. This find-
ing substantiates the recommendation of talactam, an
anionic collector, for the selective separation of fran-
colite from quartz, and defines the optimal operational
conditions for the technological process. The questions
examined in this study require further investigation.
The results obtained are consistent with findings in re-
lated research and may serve as a foundation for more
in-depth exploration of REE recovery from technogenic
phosphorus-containing materials.
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36araueHHs TexHOoreHHoi pocchopBMilLLlyOUOT CUPOBUHM
fIK AdKepena oTpUMMaHHA MiHepanbHUX gobpus

® AHoTauif. AKTyanbHiCTb AOCNIAXEHb MOBA3aHA 3 HEBMPILUEHUMM MUTAHHAMM 3POCTAHHS BapTOCTi CMPOBUHM,
reononiTMYHOI HecTabinbHOCTI Ta CKNafHOCTI nepepobku GocHOopUTOBUX pyh i3 BUCOKMM BMICTOM AOMILLOK, WO
00yMOBOE HEOOXIAHICTb NOLYKY eDeKTUBHUX NiAXOAiIB A0 36arayeHHs Ta nepepobKM HU3bKOCOPTHOI CUPOBUHU 1
BiAXOLIB K anbTepHATUBHUX mkepen docdopy. MeTa focnigkeHHS — po3pobka TexHoNorii 36arayeHHs TEXHOreHHOoI
$HoCHOpPOBMICHOI CMPOBUMHU A9 O0fepXKaHHSA HOCHOPUTOBOrO KOHLLEHTPATY, NPUAATHOMO A9 BUPOOHULTBA A,0OPUB.
[pn BMKOHAHHI [OCAIAXEHb BUKOPUCTAHO MiHEPanoriyHui, XiMiYHUIR, rPaHYNIOMETPUYHUI Ta CeaUMEHTaLiMHWIA
aHaniau cknagy cMpoBuHW. Ipy BUKOHAHHI N1abopaTOpPHMX E€KCMEPUMEHTIB BUKOPWUCTaHI NoapibHeHHs, dnoTauia
Ta MarHiTHa cenapadis. [locnigpkeHo BNacTMBOCTI peareHTiB Ans po3pobku GnoTauiinHoi TexHonorii 36arayeHHs
dochopBMiCHOI cMpOBMHU. Y pobOTi [OCNIIKEHO MOXIMBOCTI 30arayeHHs TeXHOreHHoi @GochOopoBMiCHOI
CUPOBWHU, OTPUMAHOI B pe3ynbTaTi nepepobku GochopmToBOi pyau. 3anponoHOBaAHO ABi 1abopaTopHO anpoboBaHi
TEXHOJONiYHI CXEMM — MaArHiTHO-(NOTaLiHYy Ta (GnoTauiMHO-MarHiTHY, WO 3a6e3neyyTb OAEPXaHHS TOBAapHOrO
dochopuToBOro KoHLeHTpaTy 3 Macoeoto yactkoto P,O. Big 18,7 no 21,5 % npu BunyyerHi pochopy 69,5-93 %.
Yneplue BCTAHOB/IEHO HEOOXiLHICTb ypaxyBaHHS eHeprii MOBEPXHEBOrO HATAry Ha MeXi po3pineHHs Tpbox a3
nig vac gnotauii, Wo L03BOAUNO O06rPYHTYBATU LOLINbHICTb 3aCTOCYBAHHA aHiOHHOro 36Mpaya — Tanaktamy - ang
edeKTMBHOro po3aineHHs ¢paHkoniTy Ta kBapuy. [lpoBeaeHHs MarHiTHOI cemapauii 9k 8o, Tak i nicns dnoTauii
CNPUANO0 NiABULLEHHIO BMiCTY GPaHKOAITY Ta 3MEHLLEHHIO BMICTY IIAyKOHITY i 3a1i30BMiCHMX MiHepaniB. BctaHoBneHo,
Lo nonepesHs KnacudikaLia CMpOBUHM 33 FpaHMYHO KpynHicTio 0,16 MM [,03BONSIE 3MEHLUUTU YTBOPEHHS LUTAMIB
npu pdesiHterpauii. OTpMMaHi rMayKoHITOBI MPOAYKTM MOXYTb 6YTM MOTEHLIMHO BMKOPWUCTaHi AN BMPOOHMLTBA
KaniiHux o6puB Ta 3eN1eHMX NirMeHTIB, 0AHaK Lie NoTpebye nofanblumnx focniaxeHb. [pakTMYHa 3HAYUMICTb pO60OTH
NONSrae B TOMY, L0 BNPOBAXKEHHS Y BUPOOHMLITBO pO3pobieHOi TexHONOorii 36arayeHHs TeXHoreHHoi hocdopuToBoi
CUPOBMHU [,03BONMNO OTpUMaTK GOChATHUIN KOHLLEHTPAT B KinbKocTi 23,18 %, Skt NpuaaTHUIA AN BUrOTOBIEHHS
MiHepanbHoro nobpuea — docdaTtHoro 6opowHa Ill-ro copty, Ta rnaykoHiTOBMI NpoayKT B KinbkocTti 50,71 %, wo
BUMKOPUCTOBYETLCA SIK eHTEPOCOPOEHT Ta IyKepeno MiKpoeneMeHTIB y CKNaAi KOMBiKopMiIB
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Investigation of the influence of dynamic loads
on the fastening of underground mine workings

® Abstract. In the context of the need to increase the energy resistance of underground fasteners under dynamic
influence, the study was aimed at an experimental and analytical assessment of the mechanical behaviour of
wooden structures, in particular, panels made of cross-glued wood, under the influence of impulsive loads. The
purpose of the study was to establish the efficiency of using wood and cross-glued elements as energy-adaptive
materials for fastening mine workings. The research methodology was based on laboratory modelling of explosive
and seismic modes using stands and digital systems for fixing deformation parameters, considering normalised
geometric conditions and the influence of humidity. The tests were carried out with samples prepared for the
typical conditions of mine workings in Ukraine, taking into consideration of the geostructural characteristics
of the regions of Dnipropetrovsk, Lviv, and Kirovohrad oblasts. It was recorded that cross-glued panels retained
structural integrity after the action of pulses with an amplitude of up to 3.0 megapascals and a duration of
0.2 seconds, demonstrating a higher ability to dissipate energy compared to solid wood. It was found that the
specific values of absorbed energy for the panels averaged 280-340 joules, and the residual deformation did not
exceed 3.4%, which indicated the ability of the material to withstand repeated loads without loss of load-bearing
capacity. The results of the study confirmed the feasibility of including cross-glued wood in the composition of
fastening systems with high requirements for energy absorption. The practical significance of the obtained data
lies in the possibility of modifying underground structures based on available wooden materials with predicted
characteristics of adaptation to dynamic impacts

® Keywords: residual deformation; impulsive load; dissipative capacity; orthogonal multilayer structure;
geostructural conditions; quenching coefficient; wood anisotropy

@ Introduction

The increase in the intensity of mining operations at
considerable depths is accompanied by an increase in
the impact of dynamic loads on the elements of infra-
structure support for the underground production cy-
cle, primarily on fastening systems. Blasting operations,
mining impacts, and anthropogenic seismic vibrations
generate pulsed waves with a high amplitude and

short-term load phase, which often exceed the limits
allowed for conventional structures. In such conditions,
it is necessary to use materials that can not only with-
stand instantaneous overloads, but also maintain the
residual load-bearing capacity in the event of partial
damage. This determines the relevance of the study of
materials with dissipative and adaptive properties, in
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particular wood, and composites based on it - such as
multilayer cross-laminated timber (CLT).

In the process of analysing current scientific sourc-
es devoted to the topic of dynamic loading in an under-
ground mining environment, key approaches to assess-
ing the influence of impulse factors on the structural
stability of workings and the efficiency of technical
equipment were identified. The study by F. Tahmasebin-
ia et al. (2021) analysed the behaviour of combined fas-
teners in the dynamic load mode by numerical model-
ling, in particular, the limits of their plastic deformation
were determined and the potential for energy absorp-
tion was estimated. J. Yao et al. (2021) demonstrated
that rope lifting systems under ultra-deep mine con-
ditions experience a significant impulsive load, which
had a significant impact on the operation of equipment,
especially in areas of uneven stress distribution.

H.Zhang et al.(2025) proposed an innovative in-situ
method for strengthening the surrounding array by sub-
surface injection of reinforcing solutions, which reduced
the amplitude of the vertical shock load, although the
main focus was on macroscopic geomechanical effects.
The study by J. Li et al. (2021) analysed the processes of
rock instability under the influence of impulsive per-
turbation, based on which the researchers proposed a
differentiated model of rock behaviour depending on
the prestress level. Modelling by J.R. Huerta et al. (2022)
allowed developing scenarios for the functioning of
mining systems, considering variable dynamic factors,
in particular, their impact on the probability of emer-
gency degradation of individual fastening elements.

The study by D. Chepiga et al. (2024) established the
stability of protective systems under static load under
long-term operation, while experimentally proved the
loss of efficiency under the influence of variable loads.
S.Pysmennyi et al.(2023) conducted a stress-strain anal-
ysis of workings in coal mines, which allowed mapping
areas of maximum risk of damage, indicating the need
for adaptive fasteners to stabilise them. V.P. Shchokin et
al. (2025) as part of monitoring the technical condition
of mine shafts, they found the accumulation of defor-
mations during operation, but stressed the dependence
of the results on the type of load, which strengthened
the argument in favour of considering the impulse fac-
tor. A. Neshchadymenko (2021) presented an effective
method for determining the mechanical parameters
of rocks using numerical modelling, which helped to
construct scenarios for interaction with various types
of fasteners. Ultimately, F. Seguel et al. (2021) devel-
oped a structural architecture of intelligent positioning
subsystems that allows real-time coordination of tech-
nical equipment during blasting operations, although
the study did not focus on energy absorption issues in
structural materials.

Thus, a methodological gap was identified due to
the lack of a systematic approach to evaluating wood,
in particular CLT, as an active structural material for

fastening under dynamic load conditions. The param-
eters of residual deformation of wood after the action
of impulses, energy absorption in the short-term over-
load mode, crack resistance at variable humidity, and
the mechanisms of layer-by-layer degradation in mul-
ticomponent structures of the CLT type were not estab-
lished. There is also a lack of data on the interaction
of wooden structures with the rock mass in a dynami-
cally unstable environment. The identified limitations
in the coverage of these aspects confirmed the need to
direct further research to the experimental and analyt-
ical assessment of the effectiveness of wood in mining
anchor systems.

The purpose of the study was to experimentally
substantiate the feasibility of using solid wood and CLT
as materials for energy-intensive adaptive fasteners
in underground mine workings exposed to short-term
impulsive loads. For its implementation, the follow-
ing research tasks were formulated: to establish the
characteristic parameters of dynamic load within the
main geostructural regions; to carry out a comparative
assessment of the mechanical characteristics of solid
wood and CLT based on the results of laboratory tests;
to analyse the influence of humidity, load direction, and
number of layers on the functional stability of wooden
structural elements in the mining environment.

® Materials and Methods

The study was of an applied experimental and analyti-
cal nature and was conducted in Ukraine during January
2022 - March 2025.The main part of the experimental
procedures was implemented based on a technical stand
and test equipment at the M.S. Poliakov Institute of Ge-
otechnical Mechanics NASU (n.d.). Analytical substanti-
ation of the impulsive load parameters was carried out
based on generalisations of the M.S. Poliakov Institute
of Geotechnical Mechanics NASU, considering the geo-
structural conditions of coal and ore mines in Ukraine.

Materials for testing were solid coniferous wood -
Scots pine (Pinus sylvestris L.) and European larch (Lar-
ix decidua Mill.), and three- and five-layer CLT panels
made of the same wood. Solid wood samples had a
rectangular cross-section of 60x60 mm and a length
of 240 mm, with a humidity of 10-12%. The CLT pan-
els were 120x120x400 mm in size. The sample was
not random in nature and was created based on the
criteria of structural uniformity, absence of visual de-
fects, compliance with strength classes according to
EN 338:2016 (2016). 32 samples were formed: 16 solid
wood samples (8 for axial, 8 for transverse loading) and
16 CLT samples (8 three-layer and 8 five-layer), which
corresponded to the structure of the load tests present-
ed in the results. Experimental work with plants - both
cultivated and wild - including the collection of wood
material samples, was carried out in accordance with
applicable institutional, national, and international eth-
ical standards. Researchers adhered to the provisions
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of the Convention on Biological Diversity (1992) and
the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (1979).

The tests were carried out using a DYN-PRESS
3000 hydraulic impact stand (Walter + Bai AG, Switzer-
land) and a Vibrolmpact V-32 vibration platform (L.A.B.
Equipment Inc., USA), which provided an impulsive
load with an amplitude of 2.5-3.0 mPa with a dura-
tion of 0.1-0.2 s. The Impaqg LX-400 system (Dewetron
GmbH, Austria) and the VIC-3D digital optical imaging
system (Correlated Solutions Inc.) were used for digital
fixation of strain parameters), and the acoustic emis-
sion registration system AE 9000 (Mistras Group, USA).
Bench testing helped to record the residual deforma-
tion, the rate of crack development, and the amount of
energy absorbed based on the “load - strain” curves.
The specific energy intensity was calculated as the
area under the “load - strain” curve normalised to the
sample volume; the boundary strain was defined as the
maximum elongation or compression in the peak load
phase, and the dissipation factor was defined as the
ratio of the area of the hysteresis loop to the accu-
mulated potential energy. The tests were carried out
in accordance with the provisions of FPREN 1995-1-
1 (2025) and DIN 1052:2008-12 (2008), considering
the methodological recommendations of the Technical
University of Dresden (n.d.), DynalTB models (Abra-
hamsen et al., 2020) and experimental results of CLT
panels published by A.G. Aljuhmani et al. (2025). The
mechanical action on the samples reproduced the
modes characteristic of blasting operations and an-
thropogenic seismic loads in mines.

The interpretation of the results was based on a
generalisation of the values of residual deformation,
the area under the “load - strain” curve, the dissipation
factor,and the nature of crack propagation.All data were
normalised according to the geometric parameters of
the samples, and adjusted for the influence of humidity
and load direction. The obtained dependences allowed
quantifying the ability of wood, in particular CLT, to dis-
sipate energy and maintain structural integrity under
conditions of multiple impulsive impacts, which is rele-
vant for the underground mining environment.

® Results
Nature of dynamic loads
in underground mining conditions
Dynamic loads that occur in an underground mining en-
vironment are characterised by an impulsive nature and
are accompanied by a short-term change in the stress-
strain state of rocks. The main sources of such loads
are blasting operations, mining impacts and anthropo-
genic seismic vibrations. Their influence causes a local
excess of the contact pressure limit values between the
breed array and the fastening elements, which causes
structural damage in the fixation zones and weakened
sections of structures. In the case of repeated or cyclic

impulses, fatigue damage is observed, which reduces
the service life of fasteners and increases the probabil-
ity of collapse of the array.

The intensity of dynamic loads largely depends on
the spatial and geological parameters of the deposit,
the depth of mining operations, the type of mineral,
and the presence of tectonic fault zones. In particular,
an increased level of seismic activity is recorded in the
conditions of deep mining of coal and iron ore deposits
in the Donetsk and Kryvyi Rih oblasts, which causes the
need to use fasteners with increased depreciation ca-
pacity. Within regions with a lower level of tectonic ac-
tivity, in particular, in Zakarpattia and the Nikopol basin,
long-term but less intense fluctuations prevail, which
require alternative constructive approaches. To identify
areas with high concentrations of dynamic loads, it is
advisable to spatially map the main coal and ore basins
of Ukraine (Fig. 1). This mapping allows comparing the
geographical location of deposits with industrial cen-
tres and structural and geological zones of violations,
which is a necessary condition for assessing the risks
associated with explosive, seismic, and anthropogen-
ic impacts on underground anchorages. On this basis,
technical solutions were developed aimed at improving
the structural stability of fastening systems under vari-
able dynamic load conditions.

Figure 1 shows the spatial configuration of the
main coal deposits in Ukraine, in particular, anthracite
and brown coal basins, and the localisation of the main
production centres. The total volume of mining load is
formed primarily in the areas of the Donetsk and Lviv-
Volyn basins, where a high level of industrial load is
combined with active exploitation of deep deposits.
These regions are critical in terms of the frequency of
mountain impacts and anthropogenic seismic vibra-
tions, which leads to increased requirements for the
energy and mechanical stability of fixing structures.

Of particular interest is the spatial overlap of the
brown coal basin of central Ukraine with industrial
nodes, in particular within Oleksandriia and Dnipro,
where, despite the lower depth of development, regular
anthropogenic dynamic disturbances are recorded. The
spatial coverage shown in the figure also allows for a
preliminary assessment of potential areas for expand-
ing underground mining, considering the structural
and geological characteristics of the massif. Such car-
tographic visualisation provides a basis for integrating
the dynamic factor into design models of mechanical
interaction of rocks and technical equipment.

The above information summarises the dynamic
impact indicators typical for the five leading mining
regions of Ukraine, including Donetsk coal basin, Lviv-
Volyn basin, Kryvyi Rih iron ore district, Nikopol man-
ganese basin, and Transcarpathian polymetallic region.
For each of them, the range of amplitudes, the average
impulse duration, and the annual frequency of dynam-
ic events are analysed (Table 1). This systematisation

lipHuynii BicHnk. 2025. Tom. 59, Ne. 1

57



58

LocnigxeHHs BBy AMHAMIYHUX HOBAHTAXKEHb...

creates the basis for a comparative assessment of the
load level, which should be considered when choosing

Lviv-Volyn Lutsk
basin G
o
Lviv Ten;opll
Khmelnitsk
°Uzhgorod
Chemnivtsi
o
Anthracite
Lignite
Mining sites

the type of fastening material and the corresponding
geometry of its structural elements.

o Chernihiv

oLysychansk
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Donetsk™ shakhtarsk
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Figure 1. Geographical location of coal basins and major mining areas of Ukraine
Source: compiled by the author based on O. Pasyuk & I. Stavchuk (2010)

Table 1. Parameters of dynamic loads in underground mine workings of various geostructural regions of Ukraine

Geostructural region 1AL Impt_llse Av.e rage frequency i Load sources
range, mPa duration,s | manifestations (per year)
Donetsk coal basin 20-30 0.05-0.2 40-60 Blasting operations, mining
strikes

Lviv-Volyn coal basin 1.5-2.5 0.07-0.15 20-35 Blasting opera:;]c;?tz, local tectonic
Kryvyi Rih iron ore region 2.5-3.5 0.04-0.1 50-70 Mining impacts, mass explosions
Nikopol manganese basin 1.0-2.0 0.06-0.12 10-25 Anthropogenic seismic vibrations

Transcarpathian 0.8-1.5 0.1-0.25 5-15 Weak tectonic impulses
polymetallic region

Notes: “Impulse duration” - represented as the average range of the main load phase; “Manifestation frequency” - average annual
number of recorded dynamic events in workings; load sources are grouped according to the preferred impulse origin
Source: compiled by the author based on M.S. Poliakov Institute of Geotechnical Mechanics NASU (n.d.)

The analysis of the indicators given in Table 1
showed the predominance of high levels of dynamic
load within the Kryvyi Rih iron ore and Donetsk coal
regions. Under these conditions, the impulse amplitude
reaches 3.5 mPa, which requires the use of fastening
materials with an increased ability to withstand instan-
taneous peak overloads. For the Transcarpathian polym-
etallic region and the Nikopol manganese basin, lower
amplitude values were recorded, but an increase in the
impulse duration combined with a reduced frequency
causes the need for improved energy dissipation char-
acteristics, which affects the choice of materials with
the depreciation function.

The generalised dynamic impact parameters es-
tablished for five geostructural regions varied in the
following ranges: amplitude - from 0.8 to 3.5 mPa;

impulse duration - from 0.04 to 0.25 s; frequency - from
5 to 70 events per year. The maximum values of inten-
sity and repeatability were recorded in the Kryvyi Rih
Oblast, where the cumulative effect of short-term but
regular impulses was observed. But in the Zakarpattia
Oblast, loads of a smaller amplitude with a longer time
profile predominate, which creates other requirements
for materials with increased ductility and viscosity. This
range of loads determines the feasibility of adapting
the type of structural material in accordance with a
specific mining environment, considering the energy
absorption capacity and the ability to recover elastical-
ly after impulse overload.

Comparison of the periodicity of dynamic events
with the impulse duration indicates the predominance
of the impulse mode with a high frequency of short
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overloads in regions such as Kryvyi Rih. This creates
conditions for gradual depletion of the energy and
mechanical resource of the material, which requires
the introduction of components capable of multiple
compensation of impulse action without loss of func-
tional integrity. Thus, the comparative characteristics
of georegions provide the basis for determining the
requirements for fastening systems in a differentiated
approach, which involves the use of wooden engineer-
ing materials with predicted elastic-strain response

characteristics. To compare the behaviour of wooden
materials under the action of an identical impulsive
load, the nature of their deformation, types of destruc-
tion, and features of damage propagation were ana-
lysed. The main focus was on solid wood and CLT, which
exhibited excellent energy absorption mechanisms due
to structural features. Solid wood is characterised by
anisotropic behaviour, while CLT provides localisation
of damage within layers, which increases overall stabil-
ity. Generalised characteristics are presented in Table 2.

Table 2. Nature of deformation and types of destruction of fastening materials under the action of an impulsive load

. Main type of . Propagation Residual load- Features of energy
R deformation pSiccstiiction of damage | bearing capacity (%) absorption
. o . . Limited damping
Solid wood Stress defor.mat.lon Layer-by-layer cracking | Linear (along 40-60 capacity, dependence on
with delamination along the fibres the fibres) R
the direction of fibres
Layer-by-layer Internal destruction of Dissipative High multi-vector
CLT shear and individual layers without S31P 60-75 impulse absorption
. . . (dispersed) .
absorption loss of overall integrity capacity

Notes: residual load-bearing capacity - ability of the material to maintain resistance after the action of an impulsive load, as a percentage
of the initial value. Dissipation refers to the ability of a material to dissipate energy without concentrating it in individual zones
Source: compiled by the author based on DIN 1052:2008-12 (2008), FPREN 1995-1-1 (2025), Technical University of Dresden (n.d.)

Analysis of the data presented in Table 2 showed
that solid wood, although it has limited rigidity, exhibits
the ability to partially absorb energy due to deforma-
tion along the fibres. The main limitations of its use are
anisotropy, which significantly reduces the efficiency of
wood under complex or transverse loads, and increased
sensitivity to moisture and structural heterogeneity.
Compared to this material, CLT demonstrated mul-
ti-vector deformation behaviour due to the orthogonal
arrangement of layers. Based on this configuration, en-
ergy is redistributed in the transverse and longitudinal
directions, which avoids the development of through
cracks and the destruction of the entire structure. The
preservation of the load-bearing capacity was recorded
even in cases of localised damage to one or more layers,
which indicates the presence of an internal compensa-
tory resource. The established properties give grounds

to consider CLT as a potentially effective structural ma-
terial for conditions of increased explosion hazard, high
frequency of dynamic impulses, or seismic instability.

Indicators of the energy-mechanical behaviour of
wooden materials show significant differences, which
are reflected in the ability to absorb and dissipate im-
pulse energy. Solid wood and CLT form various mecha-
nisms of elastic compensation and quenching, which is
crucial for ensuring the stability of fasteners in dynam-
ically unstable mining environments. The most repre-
sentative parameters for analysing the efficiency of ma-
terials in mining fastening systems are specific energy
intensity, extreme deformation, quenching coefficient,
and crack resistance, which integrally reflect their abil-
ity to elastic compensation and long-term preservation
of load-bearing capacity. Generalised characteristics
are presented in Table 3.

Table 3. Comprehensive comparison of the energy
and mechanical characteristics of solid wood and CLT under impulsive load conditions

Parameter

Solid wood

CLT

Crack resistance

Medium (spread along the fibres)

High (localised within a single layer)

Specific energy consumption, kJ/m? 80-110 100-135
Boundary deformation, % 10-14 12-8
Quenching coefficient (dissipation) 0.25-0.35 0.40-0.55

Notes: crack resistance - ability of a material to limit the propagation of cracks after local overload; specific energy intensity -
amount of energy that the material can absorb per unit volume until the moment of destruction; boundary deformation - maximum
relative change in shape to the loss of elasticity; damping ratio - ratio of energy scattered during the impulse cycle to the maximum

accumulated potential energy

Source: compiled by the author based on M.S. Poliakov Institute of Geotechnical Mechanics NASU (n.d.), Technical University of
Dresden (n.d.), DIN 1052:2008-12 (2008), R. Abrahamsen et al. (2020), A.G. Aljuhmani et al. (2025)
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Analysis of the obtained parameters showed that
solid wood provides only a moderate level of energy
absorption, while its crack resistance remains limited
due to the dominance of deformations along the fibres
and a reduced ability to redistribute the load. Although
the specific values of the quenching coefficient (0.25-
0.35) and the maximum deformation (10-14%) allow
wood to amortise the impulse action to a certain ex-
tent, the risks of penetrating destruction under trans-
verse load remain high. However, CLT shows higher
performance from all positions: the specific energy in-
tensity reaches 135 kl/m?, the quenching coefficient -
up to 0.55, and the maximum deformation - 18%,
which indicates the ability of the material to effective-
ly dissipate energy and maintain structural integrity
even in the case of multiple dynamic impacts. The high
level of crack resistance of CLT is conditioned by the
orthogonal configuration of the layers, which prevents
the development of cracks over the entire thickness of
the element and provides a multi-vector stress dissipa-
tion path. This allows interpreting CLT as a structurally
optimised material for conditions of explosive, seismi-
cally active or anthropogenic unstable mines, where
it is especially important to ensure the stability of the
attachment at short-term but intense impulses.

Structural properties of wood

as a material for mining fasteners

Wood is used in mining as a structural material with
a long service life, in particular, for the development
of temporary, compensating, and shock-absorbing ele-
ments of fastening systems.This practice is conditioned
by a combination of low density, elastic properties, and
the ability to partially dissipate energy without form-
ing rigid brittle fracture zones. The efficiency of wood
is determined by such parameters as rock composition,
internal structural uniformity, humidity, fibre orienta-
tion, and technological mode of processing. Conifer-
ous species, in particular Scots pine (Pinus sylvestris)
and European larch (Larix decidua), are characterised
by a sufficient level of mechanical stability under con-
ditions of limited exposure to moisture, which allows
them to be used in an environment of short-term loads.

In the context of the growing need for mass un-
derground extraction of metals such as Cu, Ni, Mo,
with the transition to deeper deposits characterised
by high dynamic risk, the search for adaptive fastening
materials is becoming more urgent. As stated in the
study by A. van As & D. Wood (2023), the increased
load on mining infrastructure in a cave mining en-
vironment will require not only a deeper geological
analysis, but also the use of attachment systems that
can effectively absorb impulse energy and maintain
stability under multiple loads. In this context, wood, in
particular engineering wood materials, can be adapt-
ed for new operating scenarios, considering the specif-
ics of deep deposits.

The effectiveness of using wood as a material for
mining fasteners depends on its ability to withstand
the effects of compression, bending and stretching in
the directions of applied forces, and on the reaction to
variable microclimatic conditions. In an underground
environment dominated by short-term impulsive over-
loads, the parameters of elasticity, extreme deforma-
tion, and resistance to repeated loads become key.
Consideration of these characteristics allows predict-
ing the behaviour of wood as part of the fastening sys-
tem, including maintaining the load-bearing capacity
in case of violation of part of the structure. Of particu-
lar importance are the anisotropic properties of wood,
which cause significant differences in the elastic mod-
ulus and ultimate strength depending on the direction
of the fibres.

For an objective representation of the physical
and mechanical characteristics that determine the
load-bearing efficiency of wood in mining conditions,
the indicators of the two most common species - pine
and larch - are summarised (Table 4). Parameters
include compressive, flexural, and tensile strength
along the fibres, elastic modulus in the longitudinal
and transverse directions, and average density and ul-
timate strain. These values correspond to the regula-
tory characteristics of structural wood established in
the profile standards EN 338:2016 (2016) and FPREN
1995-1-1 (2025), and reflect typical indicators used in
design and engineering calculations.

Table 4. Physical and mechanical characteristics of solid wood (on the example of pine and larch)

Parameter Designation Pine Larch
Compressive strength along fibres, mPa fc,0 35-45 40-55
Flexural strength, mPa fm 60-80 70-90
Tensile strength along fibres, mPa ft,0 70-100 80-110
Elastic modulus along fibres, mPa EO, mean 8,500-11,000 10,000-12,500
Elastic modulus across fibres, mPa E90, mean 400-600 500-700
Density (dry), kg/m? pmean 450-520 500-600
Ultimate compressive strain, % ec, ult 0.7-1.2 0.8-1.4

Notes: fc, 0 - compressive strength along the fibres; fm - flexural strength; ft, O - tensile strength along the fibres; EO, mean, E90,
mean - elastic modulus along and across the fibres, respectively; pmean - average density in the dry state; ec, ult - maximum relative
compressive strain. The value is given considering humidity of 10-12% according to EN 338 standard
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Source: compiled by the author based on DIN 1052:2008-12 (2008), EN 338:2016 (2016), FPREN 1995-1-1 (2025)
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Analysis of tabular data shows that larch surpasses
pine in all key parameters, in particular, in terms of flex-
ural and tensile strength, and elastic modulus. This de-
termines its higher deformation resistance when work-
ing under high loads. Despite this, both breeds show a
similar level of extreme deformation, which indicates
the ability of wood to moderate load absorption with-
out losing its load-bearing properties. The indicators of
elastic modulus across the fibres are significantly lower,
which confirms the anisotropic nature of the materi-
al and the need to consider the direction of the load
when designing fasteners. The density of both rocks in
the range of 450-600 kg/m3 provides an acceptable ra-
tio between strength and weight, which is of practical
importance in the conditions of manual or mechanised
installation in mine workings. The established charac-
teristics determined the working limits of the use of
solid wood and substantiate its choice in mining fas-
tening systems.

Under conditions of impulsive dynamic load, solid
wood demonstrates a limited ability to dissipate ener-
gy, which is especially evident in the case of transverse
application of forces, when the anisotropic structure of
the material contributes to the concentration of stress-
es and the development of through cracks. Limited
crack resistance and sensitivity to changes in humidity
reduce the reliability of solid wood as a structural ele-
ment in a mining environment with a high level of seis-
mic or explosive activity. The recorded dependence of
mechanical behaviour on the load direction, humidity
regime, and internal structure necessitates the switch
to engineering wooden materials with predicted energy
absorption characteristics. In particular, CLT, due to its
multi-layer orthogonal structure, provides localisation

of damage within individual layers, which increases
the overall dissipative capacity and allows maintaining
the load-bearing function of the structure even after
repeated impulsive overloads. Given these characteris-
tics, CLT can be considered as an effective alternative to
solid wood in mining rigging systems operating under
conditions of variable mountain pressure and increased
dynamic instability.

Method of experimental testing

of wood and CLT fasteners

To ensure the scientific reproducibility of experimental
studies and comparative interpretation of the mechan-
ical characteristics of wood and CLT in the impulsive
load mode, it is advisable to clarify the load configura-
tion, impact parameters, and geometric characteristics
of samples. Given the orientation of fibres or layers,
the type of forces (axial or transverse), and the energy
parameters of the impulse (amplitude and duration) is
crucial for analysing the mechanisms of destruction
and determining the behavioural adaptability of mate-
rials in mining conditions. Generalisation of these con-
ditions allows creating a correct basis for further eval-
uation of dissipative efficiency and residual strength.
The parameters specified in Table 5 reflect the main
experimental configurations used during testing on
the hydraulic press and vibrating stand. The orienta-
tion of fibres (for solid wood) and the orientation of
layers (for CLT), which affects the direction of defor-
mation and the nature of crack propagaion, are consid-
ered. The load was applied in accordance with typical
underground conditions, simulating the dynamic pres-
sure realised during blasting operations and artificial
seismic waves.

Table 5. Configuration of experimental loading of wooden samples

Sample type Layer/fibre orientation Load type Impulse amplitude, mPa Impulse duration, s
Solid wood (pine) Along the fibres Axial 2.5 0.10
Solid wood (pine) Across the fibres Transverse 3.0 0.15
Solid wood (larch) Along the fibres Axial 2.5 0.10
Solid wood (larch) Across the fibres Transverse 3.0 0.15
CLT (3 layers) Orthogonal (0°/90°/0°) Axial 2.5 0.12
CLT (3 layers) Orthogonal (0°/90°/0°) Transverse 3.0 0.20
Orthogonal

CLT (5 layers) (0°/90°/0°/90°/0°) Transverse 3.0 0.20
Orthogonal .

CLT (5 layers) (0/90°/0°/90°/0°) Axial 2.5 0.12

Notes: axial load - force was applied parallel to the main axis of the sample; transverse load - perpendicular to the main direction of
the fibres or layers. The 0°/90° orientation indicates the angular configuration of wooden layers in CLT panels. The impulse amplitude
determines the maximum load value, and the duration determines the time interval of action to a decrease of up to 10% of the peak force

Source: compiled by the author

Analysis of the data in Table 6 shows that the in-
troduction of a full load spectrum for CLT samples al-
lows for methodological consistency with subsequent
structural and strain analyses. An impulsive load with
the same amplitude for solid wood and CLT causes a

significantly different response depending on the ori-
entation of the internal structure of the material. In
solid wood, the direction of fibres determines the direc-
tion of crack propagation, and under transverse load-
ing, there is a decrease in the ability to absorb energy
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and localised destruction with deep penetration. For
CLT samples (both three-layer and five-layer), a clear
relationship between the load direction and the nature
of deformations was established: under axial load, in-
terlayer compensation is mainly provided, while under
transverse load, the delamination mechanism is acti-
vated. An increase in the number of layers leads to an
increase in rigidity and an increase in the duration of
the active load phase, which reflects an increase in the
inertial component of dissipation and an improvement
in energy absorption. In particular, five-layer CLT sam-
ples under axial load have a shorter impulse duration
compared to three-layer analogues under transverse
action, which indicates the variability of the behaviour-
al response of the system.

For an objective analysis of the behaviour of wood
under impulsive load, it is necessary to evaluate the full
deformation cycle in the “load - strain” format, which
coversnotonlythe peakforce values,butalsothe dynam-
ics of material resistance, absorbed energy, and residual
deformation. Especially important is the area parameter
under the curve, which reflects the dissipative potential
of the material, which is critical for explosive or cyclic
conditions. Table 6 summarises the test results of solid
wood and a five-layer CLT panel with identical impul-
sive load parameters, including peak force, active phase
duration, and residual strain. This comparison helps to
quantify the adaptability of materials to dynamic im-
pacts and determine the feasibility of their use as part of
reusable fastening systems in underground conditions.

Table 6. Comparative parameters of “load - strain” curves for wood and CLT

Parameter Solid wood (pine) CLT (5 layers, orthogonal structure)
Peak power, kN 14.5-16.0 12.0-13.5
Area under the curve (absorbed energy), kJ 0.95-1.20 1.30-1.65
Active load Duration, s 0.10-0.13 0.14-0.20
Residual deformation, mm 45-6.0 2.0-3.2

Notes: peak force - maximum value of the sample’s response to the impulse; area under the curve - integral force x displacement,
describing the amount of absorbed energy; active load duration - time from the moment of impulse initiation to a decrease in the
force to 10% of the maximum; residual strain - final displacement after the cycle is completed

Source: compiled by the author based on Technical University of Dresden (n.d.), R.Abrahamsen et al. (2020),A.G.Aljuhmani et al. (2025)

Table 7 analysis shows that although solid wood
exhibits a higher peak force in the load phase, its ener
gy absorption capacity is lower compared to CLT. This is
conditioned by the fact that a localised load occurs in
the wood array without effective distribution of defor-
mations in the structure. But CLT, due to its layered
structure, allows uniform accumulation and dissipation
of impulsive energy, which is confirmed by the high-
er value of the area under the “load - strain” curve. In
addition, the duration of the active load phase in the
CLT is longer, which indicates the ability of the panel
to gradually resist and reduce the dynamic stress con-
centration. The residual strain in CLT is also significant-
ly lower, which is crucial for reusing fasteners without
losing geometric stability. Thus, the results demon-
strate the design feasibility of CLT in cases where the
material must not only absorb energy, but also retain
its load-bearing capacity after the action of multiple
dynamic impulses.

Analysis of mechanical behaviour

of wooden fasteners under dynamic loads

As part of the study, one of the key tasks was to identify
typical mechanisms of destruction and crack propaga-
tion patterns in wooden fastening elements under the
influence of impulsive loads of different orientations.
Fracture parameters and damage depth are important
for determining the residual performance of the mate-
rial, and for formulating criteria for safe operation in

underground conditions. Of particular importance are
typical degradation models that are fixed at different
load directions, because they determine the limit of the
functional life of fasteners.

The need for a more in-depth analysis of the mech-
anisms of degradation of wooden structures under im-
pulsive load conditions was substantiated by previous
studies that revealed behavioural differences in wood
under conditions of local and accumulated damage.The
study by S. Tonannavar et al. (2023) found that even un-
der low-speed loading, wood exhibits a complex inden-
tation reaction with fragmentation of surface layers and
the development of localised attenuation zones, which
significantly affects the subsequent dynamic stability.

Research by J. Luo et al. (2025) demonstrated that
initial defects and accumulated cyclic damage in
board-glued wood elements (glulam) significantly re-
duce the load-bearing capacity of bolted joints, even in
the absence of external signs of failure. These results
confirmed the feasibility of investigating crack propa-
gation and interlayer degradation in CLT-type materials
in the context of their application under conditions of
short-term dynamic impulses characteristic of the un-
derground environment. Table 7 summarises the results
of observations of mechanical damage to solid wood
and CLT under axial and transverse loads. These data
considered the type of dominant fracture mechanism,
the nature of crack propagation (in shape, orientation,
branching), and the depth of damage penetration into
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the sample structure. This helps not only to carry out a
structural classification of the types of destruction, but

also to quantify the degree of loss of material integrity
after dynamic impact.

Table 7. Typical mechanisms of wood destruction depending on the type of load

. Sample Dominant destruction Nature of crack Depth of damage
Material . Load type N R
configuration mechanism propagation to the structure
. . Complete
Solid wood (pine) | Along the fibres Axial Brittle crease along the Linear cracks destruction along
fibres parallel to the fibres .
the axis
. . Radial kink with stretching | Cracks in an arc from | Damage to a depth
Solid wood (pine) | Across the fibres | Transverse across the fibres the centre of 50-70%
. . Micro-deformation with Narrow parallel o
Solid wood (larch) | Along the fibres Axial L Up to 40% depth
partial displacement cracks
Displacement with . . .
Solid wood (larch) | Across the fibres | Transverse breaking of inter-fibre Radial crac!<s with Localised to ao
bonds branching depth of 40-60%
Orthogonal Interlayer displacement, | Localised transverse
CLT (3 layers) (00/9(?0/00) Axial partial rupture of the cracks in the outer | Up to 30% depth
adhesive joint layers
CLT (3 Layers) Orthogonal Transverse Delamination between Short breaks at the Spread within a
y (0°/90°/0°) extreme layers layer boundary single layer
Orthogonal . Combined interlayer shear | Curved cracks in the o
CLT G Layers) | g0 900/0°90°/0) | A2l and bending central layer Up to 20% depth
CLT (5 layers) Orthogonal Transverse Delamination of layers with | Multiple short cracks| Spread within a
y (0°/90°/0°/90°/0°) friction dissipation between layers single layer

Notes: delamination - separation of one layer from another; interlayer displacement - relative displacement of glued layers without
their complete rupture. The depth of damage to the structure is given approximately as a fraction of the total thickness of the sample
Source: compiled by the author based on Technical University of Dresden (n.d.), R.Abrahamsen et al. (2020),A.G.Aljuhmani et al. (2025)

Comparative analysis showed that solid wood
under axial load shows a typical brittle fracture with
through cracks along the fibres, which makes it impos-
sible to continue using it without losing functionality.
Under transverse loading, branched radial cracks are
developed, but the damage does not reach its full thick-
ness, which allows for potential local reinforcement.
Solid wood is characterised by limited crack resistance
due to the lack of energy dissipation mechanisms. In
both cases, solid wood is characterised by limited crack
resistance due to the predominance of linear stress
concentration zones and the lack of effective impulsive
energy damping mechanisms.

In CLT panels, the fracture mechanism depends on
the load orientation and bonding structure. Under axial
impact, the main load is taken by the outer layer, and
the destruction is localised within 30% of the thick-
ness, without spreading to the depth due to interlayer
compensation. Structural orthogonality (0°/90°/0° for
three-layer and 0°/90°/0°/90°/0° for five-layer CLTS)

reduces the tendency to end-to-end rupture even under
conditions of concentrated impulse. Under transverse
loading, the delamination mechanism with partial
friction damping is activated, which reduces the peak
stress and prevents through rupture. This helps to rate
CLT as a structurally adaptive system with a higher lev-
el of residual performance after dynamic exposure.

For an objective assessment of the operational effi-
ciency of wood materials in mining conditions, it is ad-
visable to consider the relationship between the load
direction, structural characteristics of samples, and the
influence of moisture on their behaviour (Table 8). The
study focused on the indicators of residual deformation,
which determines the degree of irreversible changes
after dynamic exposure, and the quenching coefficient,
which characterises the ability of the material to dissi-
pate impulsive energy. The table showed how changes
in the load direction, humidity, and number of layers in
CLT panels affect the behavioural properties of wood
under short-term impulsive overload conditions.

Table 8. Influence of load and structure parameters on the residual deformation and quenching capacity of wood

Material Species / Configuration Load direction | Moisture content, % defofr?nj:igzt mm cc?el:‘::::riilt‘%-)
Solid wood Pine Axial 10-12 4.5-6.0 0.28-0.32
Solid wood Pine Transverse 16-18 6.5-7.8 0.18-0.24
Solid wood Larch Axial 10-12 4.2-5.5 0.26-0.30
Solid wood Larch Transverse 16-18 6.2-7.5 0.20-0.25
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Table 8. Continued

Material Species / Configuration Load direction | Moisture content, %. deforr{;sai:ilt::E mm cg;g:?:;:%_)
CLT 3 layers (0°/90°/0°) Axial 10-12 2.5-35 0.35-0.42
CLT 3 layers (0°/90°/0°) Transverse 16-18 3.8-4.5 0.30-0.38
CLT 5 layers (0°/90°/0°/90°/0°) Axial 10-12 2.0-2.8 0.42-0.51
CLT 5 layers (0°/90°/0°/90°/0°) Transverse 16-18 3.0-3.8 0.38-0.46

Notes: quenching coefficient - ratio of the energy dissipated during the load cycle to the maximum stored energy. Load direction:
axial - parallel to the fibres (or the main axis of the panel), transverse - perpendicular to them
Source: compiled by the author based on Technical University of Dresden (n.d.), R.Abrahamsen et al. (2020),A.G.Aljuhmani et al. (2025)

Table 8 analysis showed a significant advantage
of CLT panels over solid wood in the context of resid-
ual deformation and damping capacity. At the same
humidity level (10-12%) and axial load, five-layer CLT
samples showed a residual deformation in the range of
2.0-2.8 mm and a quenching coefficient of up to 0.51,
which is significantly better than solid wood, which is
deformed almost twice as much. Increasing the number
of layers in CLT contributes to an increase in the dissi-
pative capacity and increases the stability of the struc-
ture under dynamic action. Transverse load and high
humidity (16-18%) significantly reduce the mechani-
cal resistance of solid wood: the residual deformation
reaches 7.5 mm, and the quenching coefficient decreas-
es to 0.20. In CLT, these conditions reduce efficiency
moderately: even under transverse load and high hu-
midity, five-layer panels retain deformation at the level
of 3.0-3.8 mm and damping capacity up to 0.46. Thus,
the results confirmed the suitability of CLT for use in
conditions of high humidity and impulse overload, es-
pecially in a multi-layer configuration.

Summing up the results, it was found that CLT
showed a high ability to dissipate impulse energy,
structural stability, and functional preservation after
exposure to extreme loads. Due to the orthogonal lay-
er structure and interlayer compensation, CLT shows
reduced residual deformation, increased quenching
coefficient, and localised cracking without penetrat-
ing destruction. Solid wood, on the contrary, shows
limited stability in the transverse direction, increased
sensitivity to humidity and rapid depletion of the en-
ergy and mechanical resource after repeated loading.
Considering the identified characteristics, the use of
solid wood is advisable only in conditions of con-
trolled amplitude with a predominance of axial in-
fluences, in particular, in small-depth workings or as
shock-absorbing inserts. Instead, CLT is considered an
effective structural element for underground anchor-
ages in seismically active or explosive environments.
Further modelling of the interaction of wooden bind-
ings with the rock mass is necessary to formalise the
criteria of durability, adaptability to repeated loading,
and stability of the bindings geometry under condi-
tions of variable rock pressure.

® Discussion
The results of the study showed a fundamental differ-
ence in the mechanical behaviour of solid wood and
CLT-type material under the influence of short-term
impulsive loads, which turned out to be crucial for sub-
stantiating their feasibility in underground mining con-
ditions. It was established that CLT can effectively local-
ise the fracture and maintain the load-bearing capacity
even after multiple dynamic impacts, which is condi-
tioned by the multilayer orthogonal structure, which
contributes to the redistribution of deformation energy
and inhibits the propagation of cracks. Solid wood, in
turn, showed a significant dependence on the orienta-
tion of the fibres and the humidity level, which limited
its functional stability under complex load conditions.

Generalised relationships between residual defor-
mation, quenching coefficient, and structural charac-
teristics of samples allowed formulating basic criteria
for energy-mechanical assessment of wood materials
in the context of mining safety, and to substantiate the
feasibility of further implementation of CLT in areas of
increased dynamic risk. The analysis performed is con-
sistent with the trends described by M.R.M. Asyraf et
al. (2022), where attention was focused on polymer
composites based on plant fibres as shock-absorbing
materials with increased energy absorption capacity.
However, unlike this study, which did not consider the
specifics of dynamic loads in the underground environ-
ment, the results of this study were based on bench
tests in the impulse overload mode, which makes them
directly relevant for the mining sector.

The study by J. Chai et al. (2022) established the in-
fluence of residual stresses and internal microstructure
on the behaviour of ceramic composites, which partial-
ly echoes the conclusions about the role of interlayer
architectonics of CLT in the development of localised
fracture zones. However, the experiments were per-
formed under static pressing conditions without con-
sidering cyclic action, which is crucial for evaluating
durability in a dynamically active medium. Instead, the
results of this study showed the importance of inter-
layer displacements as a mechanism for maintaining
integrity under repeated impulse action. The study by
S.Youwai & S. Detcheewa (2025) proposed a model for
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predicting soil compaction based on machine learning,
which, despite the difference in materials, confirmed
the feasibility of applying computational approaches
to the analysis of structures with anisotropic or heter-
ogeneous internal structure. The presented study was
based on an experimental approach, which provided
objective empirical parameters - in particular, the ul-
timate deformation, residual strength, and dissipation
coefficients — under implemented conditions close to
the mining environment.

The efficiency of energy-dissipative behaviour of
cross-glued wood structures was largely determined
by the configuration of joints and localisation of defor-
mations in the material structure. As indicated in the
study conducted by N. Abbas et al. (2024), a modified
type of attachment for CLT provides an increased abil-
ity to dissipate impulse energy due to the active in-
volvement of interlayer shear mechanisms. The results
obtained by the authors demonstrated a correlation
with the conclusions of this paper, according to which
the orthogonal multilayer structure of CLT promotes
delamination and prevents penetrating destruction of
samples. This behaviour differs from the reaction of
homogeneous materials, which usually undergo con-
tinuous destruction without a noticeable phase of en-
ergy-absorbing adaptation.

Methodology for assessing the adaptive stability of
infrastructure elements proposed by T. Qiu et al. (2023),
provided for the inclusion of parameters of residual
deformation and energy loss in the system of struc-
tural efficiency criteria. The approach proposed in this
study is relevant to the results obtained, where fixing
the residual strain and quenching coefficient served
as the basis for evaluating the effectiveness of CLT in
mining conditions. However, unlike the analysis of ele-
ments of prefabricated structures of underground sta-
tions, the study focused on natural materials of organic
origin, which expands the range of adaptive solutions
in a seismically active environment.

The system review by J. Mandal et al. (2022) sub-
stantiated the risks associated with impulse overloads
in underground structures, including loss of integrity
without visible precursors. The importance of shock
absorption systems with increased energy absorption,
indicated by the researchers, was implemented in this
study by quantifying the damping properties of wood.
Special attention should be paid to the fact that, in
contrast to the theoretical justifications by J. Mandal et
al.,as part of research, performed a comparative exper-
imental estimate of CLT for the first time under realis-
tic short-term impulse conditions.

As part of the study, a quantitative assessment of
the energy and mechanical parameters of wood, in
particular, the ability to dissipate, residual deformation
and structural stability after impulse exposure, was
carried out. The results confirmed the effectiveness
of CLT in mining conditions with increased dynamic

activity. Similar aspects were considered in the study by
G. Li et al. (2023), where seismic loads on underground
components of engineering systems were analysed. An
increase in tension at the points of structural joints
was indicated, which coincides with the conclusions
regarding the load concentration in the contact zones
of wooden fasteners. However, unlike G. Li et al., as part
of the study, direct measurements of the residual strain
after serial impulses were performed, which provided
quantitative characteristic of the residual performance
of wooden systems.

S. Kumar et al. (2021), using artificial neural net-
works and nonlinear dynamic modelling, evaluated the
vulnerability of structures to underground explosions.
The results obtained emphasised the need to consider
the multiple action of impulses, which was integrated
into the experimental part of this study. The behaviour
of solid wood and CLT was analysed under the action
of serial loads, which allowed recording changes in key
parameters: residual deformation, load-bearing capac-
ity, and quenching efficiency. In contrast to the study
by S. Kumar et al., which was based on computational
forecasting, an experimentally based estimation meth-
od using physical stands was proposed.

The efficiency of layered structures in resisting
combined dynamic loads was considered through the
prism of multicomponent materials that provide ener-
gy localisation at interlayer boundaries. In this context,
the review prepared by Y.Zhou et al. (2023) emphasised
the advantages of flexible elastomeric structures that
can respond adaptively to impulsive loads. The results
obtained in this study on the multilayer behaviour of
CLT, in particular, the effect of increasing the energy
exchange phase and slowing down the deformation
reaction, form an empirical basis for the implemen-
tation of the principles in wooden fastening systems
indicated by Y. Zhou et al.

Analysis of the use of polymer and phenolic materi-
als in coal mines presented by M. Bilen & C.Tuz (2023),
was mainly focused on the heat resistance and chemical
inertia of structures. Despite the potential of such ma-
terials for operation in complex environments, the re-
searchers did not consider the mechanical response of
the structure to repeated impulsive overloads. Against
this background, the wood and CLT study allowed going
beyond functional stability analysis, offering a quanti-
tative assessment of residual deformation, which is cru-
cial for design in explosive mining regions. Although
the main topic of the review by J.E. Dodoo et al. (2025)
concerned the use of augmented reality technologies in
risk forecasting and personnel training, the researchers
also raised an important issue of structural reliability
of technical elements in high-risk areas. The lack of
physical characteristics of materials was compensat-
ed by the emphasis on the need for digitised analysis,
which opens up prospects for integrating the empirical
parameters of wooden fasteners obtained in this study

lipHuynii BicHnk. 2025. Tom. 59, Ne. 1

65



66

LocnigxeHHs BBy AMHAMIYHUX HOBAHTAXKEHb...

into the XR environment of accident diagnostics and
management.

The study of the instability of roofing struc-
tures in the mining sector, conducted by W.B. Motlha-
bane (2022), focused on the mechanisms of resistance
loss under short-term shock impacts. Despite a signifi-
cant description of the empirical manifestations of in-
stability, the paper does not reveal the interdependence
between the material parameters of structures and the
configuration of the fracture zone. In comparison, the
results obtained in experiments with CLT allowed not
only to record the depth and shape of cracks, but also
to correlate them with the direction of the applied load,
which is key for predicting the functional life of fasten-
ers. The residual impact strength of building materials
after extreme conditions is of particular interest for
analysing their effectiveness in mining environments.
R.A. Al-Ameri et al. (2021) found a significant decrease
in the load-bearing capacity of concrete due to ther-
mal degradation under repeated loading. Similar trends
were observed in solid wood, where increased humidity
caused a decrease in the quenching coefficient and ac-
cumulation of residual deformation. The CLT retained
structural stability after serial impulses, which indi-
cates higher energy-mechanical stability compared to
materials subject to brittle wear.

The reinforcement configuration as a factor of re-
sidual rigidity of structures was considered by G. Dok et
al. (2024), where reinforced concrete beams with dif-
ferent longitudinal reinforcement ratios were analysed.
As in the above study, a direct effect of geometry and
internal structure on the boundary deformation after
impulsive loading was recorded. In the case of CLT, a
similar role was played by the number of layers, where
the five-layer structure provided a lower level of re-
sidual deformation while maintaining load-bearing
capacity, which was not observed in rigid structures
with uniform reinforcement. Experimental results of
W. Gai et al. (2022) showed that a steel plate gradually
loses resistance due to cumulative damage under re-
peated impact loads, which indicates limited stability
even in materials with high rigidity. In this study, similar
effects were observed in solid wood, especially under
transverse loading. Instead, CLT, due to its orthogonal
architecture, provided stress dispersal and fracture lo-
calisation, which helped to reduce the cumulative ef-
fect of damage with multiple impulses.

Generalisation of the obtained experimental data
established that CLT demonstrates better crack resist-
ance, efficient energy dissipation, and lower residual
strain values compared to solid wood, steel, or concrete.
The revealed ability to localise damage and maintain
the stability of the geometry after multiple impulses
showed the feasibility of its use in conditions of in-
creased seismic and anthropogenic risk. Comparison
with the findings of other researchers confirmed the
relevance of the approach implemented in this study,

and also revealed the potential for further develop-
ment of the regulatory framework for adaptive wooden
fasteners in mining design.

® Conclusions

As part of the study, a comprehensive assessment of
the influence of dynamic loads on the behaviour of sol-
id wood and CLT fasteners in underground mine work-
ings was carried out. The results identified CLT as an
efficient adaptive material with an increased ability to
dissipate energy, which ensures the preservation of the
load-bearing capacity after the action of impulses.

It was found that the load amplitude in the Kryvyi
Rih and Donetsk mining regions reached 3.5 mPa with a
duration of 0.04-0.2 s and a frequency of up to 70 events
per year, which creates high requirements for fasteners
with shock absorption capacity. Under laboratory con-
ditions, CLT provided a residual load-bearing capacity
of 60-75%, a specific energy intensity of 100-135 kJ/m>
and a quenching coefficient of up to 0.55, which exceed-
ed similar indicators of solid wood by 20-40%. As part
of the analysis of the physical and mechanical proper-
ties of coniferous species, the higher stability of larch
compared to pine was determined, but both materials
showed limited efficiency under transverse loading.

Five-layer CLT samples under transverse load
showed the lowest residual deformation (2.0-2.8 mm)
and the highest quenching capacity (up to 0.51), which
confirmed the structural efficiency of the multilayer
orthogonal structure in the most vulnerable mode of
exposure. The nature of damage in CLT remained lo-
calised within a single layer, while in solid wood, crack
propagation was observed up to 60% of the sample
depth, which led to a significant decrease in the resid-
ual load-bearing capacity. A comparison of the strain
curves for transverse loading showed that CLT accumu-
lated up to 1.65 kI of absorbed energy, exceeding the
corresponding indicator of solid wood by almost 40%.
Even at high humidity (16-18%), the CLT maintained a
residual deformation in the range of 3.0-3.8 mm and
showed a quenching coefficient of up to 0.46, which
indicated the stability of energy-mechanical properties
under adverse conditions. But solid wood under simi-
lar conditions lost up to 80% of its original efficiency,
which did not allow it to be considered as a reliable
structural material in transverse impulse action modes.

Among the limitations of the study, a relatively
small sample (n=32) and the lack of a long cycle of
multiple loads were recorded, which makes it difficult
to generalise the results for objects with a large length.
Biological factors, in particular, microbiological deg-
radation of wood, were also not considered. Further
research should focus on modelling the interaction of
CLT fasteners with the rock mass, analysing durabili-
ty under the influence of moisture and pressure, and
developing hybrid solutions using reinforced wooden
elements. The results obtained can be used to develop
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Hdocnip>keHHs BNNMBY AUHaAMIUHMX HaBaHTa)KeHb
Ha KpinJsieHHs NiA3eMHUX ripHMUYUX BUpobok

® AHoTauisi. Y KOHTEeKCTi HeobXiaHOCTI MiABULLEHHS EHEProCTIMKOCTI Nig3eMHUX KpinieHb B YMOBaX AMHAMIYHOIO
BNAMBY Oyn0 NpoBefeHO [OCNiAXEHHS, CNPSIMOBAHE Ha EeKCMepMMEHTaNbHO-aHaMiTUYHY OLIHKY MexaHiYHOoi
NOBEAiIHKMN LepeBsaHUX KOHCTPYKLIMA, 30KpemMa naHenen i3 nepexpecHo-KNeeHoi AepeBuHu, Nif L€ iMNYAbCHUX
HaBaHTaxeHb. MeToto cTaTTi 6yN0 BCTaHOBNEHHS ePEKTUBHOCTI BUKOPUCTAHHSA OepeBUHM Ta NMepexpecHO-KIeeHNX
e/IeMeHTIB K eHeproafanTMBHMX MaTepianiB AN KPinjeHHs FipHW4Mx BuMpoOOK. MeTopLonoris LOCNiOXeHHS
rpyHTyBanacs Ha nabopaToOpHOMY MOAENIOBaHHI BUOYXOBMX | CEACMIYHMX PEXMMIB 33 [LOMOMOrOK CTEHAIB
Ta umdposux cuctem dikcauii napametpis gedopmauii, 3 ypaxyBaHHIM HOPMOBAaHWX FEOMETPUYHUX YMOB
Ta BMAMBY BOAOrocTi. BunpobyBaHHA BMKOHYBanucs 3paskaMu, MiAroTOBAEHUMMU AS TUMOBMX YMOB LIAXTHUX
BMPOOOK YKpaiHW, 3 ypaxyBaHHSM FeoCTPYKTYPHUX XapaKTepUCTWK perioHiB [HinponeTpoBCbKoi, JIbBiBCbKOI Ta
KipoBorpaacbkoi obnacreit. 3adikcoBaHo, WO NepexpecHo-KAeeHi naHeni 36epiranu CTPYKTYpHY LiNiCHICTb nicns
[ii imnynbcis 3 amnnitynoto o 3,0 meranackang Ta TpuBanictio 0,2 cekyHAM, AEMOHCTPYOUM BULLY 34aTHICTb A0
aucunauii eHeprii NOPIiBHAHO 3 MAaCUMBHOK AEpPeBMHO. YCTAaHOBAEHO, WO NUTOMI MOKAa3HUKKU MOMUHYTOT eHeprii
[ONng naHenen ctaHoBunu B cepenHboMmy 280-340 pxoyni, a 3anuwkoBa AedopMalis He nepesullyBana 3.4
BiZ,COTKa, WO BKa3yBaj0O Ha 3[4aTHiCTb MaTepiany BUTPMMYBaTM MOBTOPIOBAHI HaBaHTaXeHHs 6e3 BTpaTu Hecy4oi
34aTHOCTI. Pe3ynstatv fOCNimXeHHS NiATBEPAUAN AOLINbHICTD BKIOYEHHS NEpexpecHo-KNeeHoi AepeBUHU [0
CKNaAy KpinunbHUX CUCTEM i3 NiABULLEHMMU BUMOraMun A0 €HEePronorMHaHHa. NpakTuyHe 3HaYeHHS OTpPUMaHUX
OaHWX NONArae y MOXAMBOCTI MOAMUPIKaLIT NiA3EMHUX KOHCTPYKLiM HA OCHOBI AOCTYMHUX AepeBaHUX MaTepianis i3
NPOrHO30BaHMMM XapaKTepUCTMKaMM aganTauii 40 AMHAMIYHUX BNIMBIB

® Kniouosi cnosa: 3anuwkoBa gedopmalis; iMNyIbCHE HaBaHTAXEHHS; AMCUMMNATUMBHA 34ATHICTb, OPTOroHabHa
HaraTollapoBa CTPYKTYypa; re0CTPYKTYPHi YMOBM; KOE®ILLIEHT raciHHS; aHi30TPONisa LepeBUHU
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