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ABSTRACT

SHUKURLU E. Scientific substantiation of the technology of explosive demand of
gold-bearing quartzite. — Qualification scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in Specialty 184 “Mining” (18
- Production and Technologies). — National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2026.

In the dissertation, a new solution to an urgent scientific and technical problem is
presented, namely the scientific substantiation of an improved technology for the
explosive fragmentation of gold-bearing quartzites based on an enhanced composition of
foam stemming, using mathematical modelling and geographic information systems to
optimize the directions of mining operations.

The current stage of development of the gold-mining industry in Azerbaijan is
relatively new; however, it is already characterized by an active increase in production,
expansion of the mineral resource base, and the opening of new open pits for the
extraction of gold-bearing quartzite-containing rocks. Under such conditions, the
application of modern geoinformation technologies becomes particularly relevant, as they
make it possible to substantiate the directions of mining development, refine reserves,
and optimize the volumes of rock mass extraction. At the same time, the significant
volumes of gold-bearing rock mass fragmentation determine the need to improve the
efficiency of drilling-and-blasting operations while ensuring the required particle-size
distribution of the blasted rock. This is because the quality of fragmentation directly
affects loading, transportation, and subsequent crushing processes, as well as overall
production costs.

Considering the possible consequences of blasting operations in open pits, one of
the main technological tasks in the development of gold-bearing quartzites is to ensure
the required fragmentation of the rock mass and to minimize the negative environmental
impact. If blasting operations cannot be avoided, it is necessary to implement modern,
scientifically substantiated organizational and technological measures aimed at achieving

the required quality of rock mass fragmentation and reducing the environmental burden.
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In this dissertation, this task is solved by selecting an effective stemming material and
conducting mathematical modelling aimed at evaluating the ejection time of the
stemming from the borehole charge. Therefore, the research carried out in the dissertation
and the obtained scientific and practical results are undoubtedly relevant.

Chapter 1 substantiates the relevance of the study in the context of the strategic
importance of gold deposit development for the mining industry of Azerbaijan. It is
shown that increasing the efficiency and environmental safety of mining operations
requires the use of modern tools for investigation and optimization of extraction
processes, including the integration of geodetic monitoring with GIS technologies.
Geodetic monitoring provides high-accuracy spatial data necessary for surface condition
control, deposit parameterization, and analysis of changes within the mining area,
whereas GIS technologies make it possible to integrate, process and interpret these data,
build three-dimensional models, estimate mineral reserves, and forecast the consequences
of mining operations. The dissertation develops a methodology for analyzing a gold
deposit and assessing the prospectivity of mining direction based on geodetic monitoring
and GIS, using the Tulallar deposit (Azerbaijan) as a case study and applying Surfer and
Google Earth software tools.

Chapter 2 examines the role of stemming as one of the key elements of the
borehole charge structure, which determines the efficiency of explosive energy
utilization. It is shown that reliable stemming ensures the retention of detonation products
within the borehole during the critical stage of gas expansion, thereby increasing the
initial pressure and the duration of the action of explosive gases on the rock mass. This
contributes to the improvement of crack formation, displacement, and fragmentation of
the rock mass, while also reducing unproductive energy losses into the atmosphere.

It is substantiated that stemming performs not only the technological function of
ensuring fragmentation quality but also prevents the premature release of gases from the
borehole, which may lead to incomplete detonation, increased toxicity of post-blast gases,
uncontrolled flyrock from the collar zone, and intensification of the air blast wave. In this

regard, stemming should be considered an important factor not only in the efficiency of



4

explosive rock breaking but also in the safety and environmental performance of drilling-
and-blasting operations.

The chapter also establishes that the efficiency of stemming is determined not only
by its length but also by its mechanical properties, structure, and geometry. The physical
behavior of stemming during blasting is analyzed, including successive stages of shock
compression, decompression, free movement, and ejection, which together determine the
duration of borehole sealing and the time of pressure action on the surrounding rock mass.

It is shown that optimal stemming should be technologically convenient to use and
capable of delayed deformation under the action of expanding gases, thereby ensuring an
extended retention time of detonation products. It is noted that traditional clay-sand
mixtures remain a widely used solution due to their plasticity and adhesion; however, for
short boreholes, improved stemming designs have significant potential. The presented
analytical and numerical estimates confirm that even a slight increase in the retention time
of detonation products can significantly improve blasting results, in particular by
increasing fragmentation efficiency and reducing the specific consumption of explosive
material.

Special attention in the chapter is paid to the environmental aspect of stemming
application. It is shown that, under open-pit mining conditions, the choice of stemming
material significantly affects not only the particle-size distribution of the blasted rock
mass but also the level of dust-and-gas emissions during mass blasting. In this regard,
modern approaches to stemming improvement are focused on achieving two interrelated
objectives: extending the retention time of detonation products to improve fragmentation
and reducing dust-and-gas emissions through the use of materials capable of absorbing
dust and neutralizing harmful gases.

In this context, foam stemming is identified as a promising direction, as it ensures
longer pressure retention, reduces the spread of the dust-and-gas cloud, improves
muckpile characteristics, and may contribute to increasing the productivity of excavation
and loading equipment. It is established that further improvement of foam stemming

materials, including through the addition of 5% chalk, is a scientifically and practically
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justified direction for increasing the efficiency and environmental performance of
blasting operations in open pits.

In the third chapter, a numerical model of explosive loading in a gold-bearing
quartzite massif was developed and implemented using the ANSYS Explicit Dynamics
software package. As a result of the modeling, it was established that the decisive factor
influencing the efficiency of explosive rock fragmentation is not so much the peak
pressure value, but rather the duration of detonation product retention within the borehole.
It was shown that, for both stemming variants, the maximum pressure of the detonation
products is similar in magnitude; however, the subsequent pressure decay differs
significantly. In the case of sand stemming, the pressure decreases much more rapidly,
indicating earlier gas escape and the loss of part of the explosive energy. In contrast, in
the case of foam stemming, a slower pressure decrease is observed, which means a longer
preservation of the force effect on the borehole walls and the surrounding rock mass.

An important scientific result of this chapter is the establishment of a polynomial
relationship describing the variation of detonation product pressure over time for the two
types of stemming. The obtained approximation made it possible to move from a
qualitative analysis of the pressure curves to a quantitative assessment of the energy effect
of the explosion. It was on the basis of these polynomial relationships that the average
pressure values, the average forces exerted by the detonation products on the stemming,
and the work of the detonation products along the stemming ejection path were
determined. Thus, the polynomial approximation served not only as a tool for describing
the dynamics of the process, but also as a basis for further engineering calculations
characterizing the efficiency of explosive energy utilization.

The quantitative assessment showed that the average pressure in the case of foam
stemming is higher than that in the case of sand stemming and, accordingly, the average
force exerted by the detonation products on the stemming is also greater. The calculations
showed that the average force in the case of foam stemming increases by approximately
41% compared with sand stemming. This indicates that, when foam stemming is used, a
significantly larger portion of the explosion energy is directed toward fragmentation of

the rock mass rather than being lost due to premature gas escape from the borehole.
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The analysis of the stress state of the rock mass showed that foam stemming forms
a more favorable stress distribution pattern. While in the case of sand stemming the
explosive effect is concentrated mainly along the borehole axis, the use of foam stemming
provides a wider and more uniform radial propagation of the affected zone. The effective
area of stress distribution in the foam-stemming model is larger, which creates better
conditions for uniform crack development and subsequent quartzite fragmentation.

Chapter 4 summarizes the theoretical and applied aspects of controlling the quality
of explosive rock fragmentation under open-pit mining conditions and substantiates the
expediency of applying modern approaches to regulating the particle-size distribution of
the blasted rock mass. It is shown that fragmentation quality is determined by the
combined influence of geological and structural factors, in particular the physical and
mechanical properties of rocks, fracturing, blockiness, and layering of the rock mass, as
well as bench geometry, drilling parameters, charge design, initiation schemes, and
unloading conditions. It has been established that, due to the multifactorial nature of the
process, universal theoretical prediction of fragmentation without taking into account the
actual heterogeneity of the rock mass and without verification based on the results of
industrial or field blasts is limited. This confirms the need to combine calculation-based
approaches with systematic monitoring of the actual results of drilling-and-blasting
operations.

It has been confirmed that the requirements for the quality of explosive
fragmentation are determined primarily by the parameters of mining, haulage, and
crushing-and-screening equipment, while the main evaluation criteria are the yield of
oversized fractions, the average fragment size, and the uniformity of the particle-size
distribution.

Within the framework of this chapter, field studies were carried out on the use of
foam stemming as an alternative to traditional sand stemming during the fragmentation
of gold-bearing quartzites. A comparison of the two technological variants showed that
the use of foam stemming provides a noticeable improvement in fragmentation
performance. In particular, it was established that when foam stemming was used, the

yield of oversized fractions decreased to 5%, whereas when conventional sand stemming
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was used, this indicator was 9%. Thus, the application of foam stemming made it possible
to reduce the percentage yield of oversized material by 4%, which confirms its higher
technological efficiency compared with traditional sand stemming.

To ensure the objectivity of the comparison, the chapter applied a methodology of
digital photo analysis of the particle-size distribution using specialized software. Unlike
traditional methods of visual assessment or manual measurement, digital photo analysis
makes it possible to promptly obtain quantitative fragmentation characteristics, including
the average fragment size, the proportion of oversized material, and distribution
uniformity indicators, as well as to expand the sample by analyzing multiple photographs.
Importantly, this methodology is suitable for field conditions, does not require
interruption of the production process, and can be used to form a statistical database for
further optimization of drilling-and-blasting parameters.

Keywords: drilling and blasting, borehole charge, stemming, sand stemming, foam
stemming, detonation products, pressure dynamics, pressure retention, stress—strain state,
rock fragmentation, particle size distribution (PSD), oversized fractions, numerical

simulation, ANSY'S Explicit Dynamics, WipFrag.



AHOTAILIS

LIVKFIOPJIIO E. HaykoBe oOTpyHTYBaHHSI TEXHOJIOT1T BUOYXOBOT'O MOAPIOHEHHS
30JI0TOHOCHHMX KBapluTiB. — KBamidikaliiiiHa HaykoBa Ipalis Ha rpaBax pyKOIIUCY.

Hucepramisi Ha 3700yTTS HAYKOBOTO CTYINEHs JOoKTopa inocodii 3a
cnemianbHIicTIO 184 — «'ipHULITBOY». — HallioHanbHUM TeXHIYHUI yHIBEpCUTET YKpaiHu
«KuiBcpkuii monitexHiyHui iHCTUTYT iMeH1 [ropst Cikopebkoroy, Kuis, 2026.

B nuceprauiiiniii poOOTI TpPEICTaBICHO HOBE pIIIEHHS aKTyaJlbHOI HAayKOBO-
TEXHIYHOI 3aj1a4l 3 HAYKOBOTO OOTPYHTYBaHHS YJIOCKOHAJIEHOI TEXHOJIOTT BHOYXOBOTO
noApiOHEHHS 30JJ0TOHOCHUX KBAPIIMTIB HA OCHOBI MOJIIIIIEHOT0 CKJIaay MHHOI 3a0MBKHU
[UIIXOM MaTEMaTUYHOTO MOJICTIOBAHHS Ta 3 BHUKOPHUCTAHHSAM TeOolH(OpMaIlliHUX
CUCTEM JIJI ONTUMI3aIlil HAapSIMKIB TIPHUYO0-BUI00YBHUX POOIT.

CyuacHuil etam pO3BUTKY 30J0TOJO00YBHOI raimy3i AsepOailkaHy € BiJIHOCHO
HOBUM, OJIHAK YK€ XapaKTePU3YEThCS AKTHUBHUM HAPOIIYyBaHHAM BHUIOOYTKY,
PO3LIMPEHHSM MIHEPaJbHO-CUPOBUHHOI 0a3u Ta BIJKPUTTAM HOBUX Kap €piB IS
pPO3pOOKH 30JO0TOPYAHMX KBAapLUUTOBMICHUX TNOpiA. Y TakuX YMOBax OCOOJIMBOI
aKTyaJIbHOCTI HAaOyBa€ 3aCTOCYBaHHS CY4YacHHX TreoiH(GOPMAIIMHUX TEXHOJIOTIH, SKi
JAI0Th 3MOT'y OOIPYHTOBYBATH HAIPSIMUA PO3BUTKY FIPHUYUX POOIT, YTOUHIOBATH 3a1acu
Ta ONTUMI3YBaTH OOCATH BHIMaHHS TipchbKoi Macu. BomHowac 3HauyHI 00CSTH
noApiOHEHHST  30JIOTOPYJHOI MacH  3yMOBJIOIOTH  HEOOXIAHICTH  MMiJABUIICHHS
e(heKTUBHOCTI OYpO-BUOYXOBHUX POOIT 13 3a0€3MEUEHHSIM 33/IaHOT0 TPAaHYJIOMETPUYHOTO
CKJIaAy MiipBaHOI MOPOIH, OCKUIBKH AKICTh ()parMeHTallii 0e3rnocepeiHbO BIUIMBAE HA
MPOIECH HaBaHTAKEHHs, TPAHCIIOPTYBAaHHS Ta MOJANBIIOTO IPOOJICHHSA, a TaKOXK Ha
3arajbH1 BUpOOHWUY1 BUTPATH.

3 orsay Ha MOXKJIMBI HACJHIIKA BUOYXOBHX pOOIT y Kap’€pax, OJIHI€I0 3 OCHOBHUX
TEXHOJIOTIYHUX 3a/ad IMiJ 4Yac PO3pOOKH 30JIOTOHOCHUX KBApIUTIB € 3a0e3MedyeHHs
HEoOX11HOT (pakIifHOCTI TIPCbKOI Macu Ta MiHIMI3allisli HEraTUBHOTO BIUIMBY Ha
HABKOJIMIITHE CEPEOBUIIE. Y pa3l HEMOXKIUBOCTI BIZIMOBH BiJl BEICHHSI BUOYXOBHX pOOIT
HEOOXITHO  BIPOBAKYBaTH CydacHi, HAyKOBO OOIpyHTOBaHI OpraHi3amiiHo-
TEXHOJIOT1YHI 3aXOJH, CHPSIMOBaHI Ha JOCATHEHHS HEOOXIMHOT SKOCTI MOApPIOHECHHS

ripchbKOi Macu Ta 3MEHIICHHS €KOJIOTIYHOrO HaBaHTaXKEHHS. B mauceprarni ms 3amaua



BUPIIIYETHCS 32 PaXyHOK BHOOPY e(EeKTUBHOrO MaTrepialy 3a0iiiku 3 MpOBENEHHSIM
MaTEMaTUYHOTO MOJICIIOBAHHS, HAMpPaBIECHOTO Ha OLIHKY 4Yacy BWIbOTY 3a0iiiku
CBEPJJIOBUHHOTO 3apsiay. ToMy JOCITIKEHHS, K1 MPOBEICH] B AMCEPTAIliiiHIi poOOTi, 1
OTpPUMaHi HayKOB1 Ta MPAKTUYHI PE3yJIbTATH € O€3yMOBHO aKTyaJbHUMH.

Y nepmomy po3aiii OOIpyHTOBAaHO aKTYaJIbHICTh JOCHIIKEHb Y KOHTEKCTI
CTpaTeriyHoOro 3HAYEHHS PO3POOKM  30JOTOPYAHMX  POJOBHII JUIs  TipHUYOT
POMHCITIOBOCTI  A3epOaiimxkany. I[lokazano, mo migBUIIEHHS €QEKTUBHOCTI Ta
€KOJIOT1YHOI Oe3MeKU TIPHUYMX POOIT MOTpedy€e 3aCTOCYBAHHS CYyYaCHUX 1HCTPYMEHTIB
aHajizy M TIUlaHyBaHHS, 30KpeMa TMO€JHAHHS TeoJe3u4Horo MmoHitopunry 3 ['1C-
TEXHOJNOTIsIMU. ['eo/le3nyHUil MOHITOPUHI 3a0e3neduy€e BUCOKOTOYHE OTPUMAaHHS
MPOCTOPOBUX JAHMUX JJIi KOHTPOJIO CTaHy MOBEpPXHI, MapaMeTpu3ailii poJIoBUINA Ta
aHaizy 3MiH Yy 30HI BUIOOYTKy, Toal sik ['IC-TexHOmorii 03BOJISIOTH 1HTETPYBaTH,
0OpOOJISATH Ta IHTEPIIPETYBATH 11l JaH1, Oy TyBaT TPUBUMIPHI MOJIETI, OI[IHIOBATH 3aIlacu
1 IPOTHO3YBATH HACHIJIKH TIpHUYHUX POOIT. Y poOOTI po3poOIEHO METOIUKY aHali3y
30JI0TOPYJTHOTO POJIOBUINA Ta OILIHIOBAHHS TIEPCIEKTUBHOCTI HANPSAMKY BEICHHS
TipHUYUX POOIT Ha OCHOBI Teoe3nyHoro MoHiTopunry 1 I'lC Ha mpuxnani pogoBuina
Tulallar (A3epOaiimkan) 13 BUKOPUCTAHHAM HporpamHux npoaykrtiB Surfer 1 Google
Earth.

Y po3aii 2 po3riisiHyTO poJib 3a011KH SIK OJHOTO 3 KITFOYOBUX €JIEMEHTIB KOHCTPYKIIIi
CBEPJIOBUHHOTO 3apsify, 110 BU3HAYa€ €(PEKTUBHICTh BUKOPUCTAHHS €HEPrii BUOYXY.
[Tokazano, 1o HajiliHa 3a0iiika 3a0e3nedye yTpuMaHHS MPOAYKTIB AETOHAIlIl B MEXKax
CBEP/VIOBUHN Ha KPUTUIHOMY €Talli pPO3IMIMPEHHS Ta3iB, 3aBASKA YOMY ITiBUITYOTHCS
MOYATKOBUIM THUCK 1 TpHWBAIICTh Ali BHOyXOBHMX rasiB Ha MacuB mopin. lle cmpuse
MOKPAIIECHHIO MPOIIECIB TPIIIMHOYTBOPEHHS, 3MIIICHHS Ta APOOJIEHHS TipchbKoi MacH, a
TaKOX 3MEHIIY€ HENPOIYKTUBHI BTpaTu eHeprii B arMmocdepy. OOrpyHTOBaHO, IO
3a01iika BUKOHY€ He JIMIIIE TEXHOJIOT1YHY (DYHKIIIF0 3a0€3MeUeHHs IKOCT1 IPOOICHHS, a i
3arobirae nepea4yacHOMY BUXOJTy Ta3iB 31 CBEPAJIOBUHH, 1110 MOXKE CIPUYUHATH HETTOBHY
JIETOHAIIIF0, T1IBUIIICHHS TOKCUYHOCTI MICJIIBUOYXOBHX Ia3iB, HEKOHTPOJIHOBAHUN BUKH/]T

YJIAMKIB 13 IPUTHPIIOBOT 30HU Ta MOCUJICHHS MOBITPSHOI YIapHOT XBUJI1. Y 3B’S3KY 3 [IUM
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3a01iKy CIiJ] pO3IIAgaTH SK BaKJIMBUN UYMHHUK HE JUIIe e()eKTHBHOCTI BUOYXOBOTO
pyHHYBaHHS, ajie i 0e3MeKH Ta €KOJIOTIYHOCTI OypOo-BHOYXOBUX POOIT.

VY po31i1 TaKoK BCTAaHOBJIEHO, 110 €(PEKTUBHICTh 3a01WKM BU3HAYAETHCS HE TIIBKH 11
JTOBKHHOIO, a ¥ MEXaHIYHUMH BJIACTHUBOCTSIMH, CTPYKTYpOIO Ta TEOMETPI€I0.
[IpoananizoBaHo (i3WuHy TMOBEAIHKY 3a0lfKH B TMpoleci BUOYXy, SKa BKJIIOYAE
MOCTIZOBHI CTali yAapHOTO CTUCKAHHS, PO3P1IKEHHS, BUIBHOTO PyXy Ta BUKUIY, 10 B
CYKYITHOCTI BM3HAQUalOTh TPHUBAIICTh T€pMETH3AIlil CBEpUIOBUHU Ta Yac Jii THCKY Ha
HaBKOJMIHINA MacuB. [lokazaHo, 1mo onTuMasabHa 3a0ilika Mae OYTH TEXHOJIOTIYHOIO Y
BUKOPHUCTAaHHI Ta 3JaTHOI JIO YIOBUIbHEHOI jAedopmaliii mij Ji€ro rasiB, 0
PO3UINPIOIOTHCS, 3a0€3MeUy0UH TOJOBKEHHSI Yacy YTPUMaHHS MPOAYKTIB JCTOHAIII].
BigzHaueHo, 110 TpaaMIiiiHI TIIMHUCTO-TIIIAHI CyMIII 3aBASKH CBOIH IUIACTUYHOCTI Ta
anresii 3aJUINAIOTHCSA TOMIMPEHWM PIIICHHSIM, OTHAK I KOPOTKHX CBEPIJIOBUH
3HAYHUU MOTEHIIa] MalOTh yA0CKOHAJIEH! KOHCTPYKIIi 3a01iiku. HaBeneH1 aHamiTu4HI i
YHUCJIOB1 OLIHKK MIATBEPAXKYIOTh, 10 HaBITh HE3HAYHE 30UIbIICHHS 4acy yTPUMAaHHS
NPOJYKTIB JIETOHAIll MOXE CYTTEBO IMOKpallyBaTH pe3yJbTaTH BUOYXY, 30Kpema
MiBUIIYBAaTH €()EKTUBHICTh APOOJICHHA Ta 3HWKYBAaTH IMUTOMI BUTPATU BUOYXOBOI
PEYOBHHH.

Oxkpemy yBary B po3ijii IPUAIICHO €KOJOTIYHOMY acIeKTy 3aCTOCYBaHHS 3a01iKH.
[loka3aHo, M0 B yMOBax Kap €pHOro BUIOOYTKY BHOIp MaTepiany 3a0iiiku 1CTOTHO
BIJIMBA€ HE JIMILE HA TPAHYJIOMETPUYHMUNA CKJaJ MiAIpBaHOI Macu, a ¥ Ha pIBEHb
MAJIOTa30BUX BUKHJIIB IIi7] 4ac MacoBHX BUOYXIB. Y 3B’s3KY 3 IIUM CyYacHI MiIXOIU 10
BJIOCKOHAJICHHS 3a01MKU OpI€HTOBaHI Ha JOCSATHEHHS JBOX B3a€MOIOB’SI3aHUX IIUICH:
MOJIOBXKEHHS Yacy yTPUMAaHHs MPOAYKTIB JIETOHAIlT JJIS MOKPAIIeHHS NPOOJeHHs, Ta
3HIDKCHHSI TIWJIOTa30BUX BUKHWIIB MUISIXOM BHKOPHUCTAHHS MaTepialliB, 37aTHUX
MOTJIMHATU MW 1 HEUTpai3yBaTH LIKIIJIUBI Ta3u. Y bOMY KOHTEKCTI MEePCIEeKTUBHUM
HAnpsMOM BU3HA4Y€HO MiHHY 3a0iliKy, sika 3a0e3ledye TpUBAJIIIE YyTPUMAHHS THCKY,
3MCHIITY€ MTOIIMPEHHS MIIOTa30B01 XMapH, MOKPAIY€E XapaKTEPUCTUKH PO3BATY Ta MOXKE
CIPHATH TiABUIICHHIO MPOJTYKTHBHOCTI BUMMAaJIbHO-HABAHTAXXyBaJIBHOTO OOJIaTHAHHS.

BcranoBneHo, 1110 mojaiblile BAOCKOHAICHHS MHHUX 3a01HKOBUX MaTepialiB, y TOMY
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YHUCIl 32 PaxyHOK AofaBaHHS 5% Kpelan € HayKoBO 1 MPAKTUYHO OOIPYHTOBAHUM
HaIpsSMOM IABUIIEHHS €()eKTUBHOCTI, Ta €KOJOTTYHOCTI BUOYXOBHX POOIT y Kap’epax.

Y Tperbomy po3aiii  po3poOEHO Ta peasli3oBaHO YHCENIbHY MOJIENh BUOYXOBOIO
HAaBAaHTA)XCHHA B MAacHBl 30JI0TOHOCHUX KBApIUTIB 13 BUKOPUCTAHHSM IMPOTPAMHOTO
koMmiiekcy ANSY'S Explicit Dynamics. ¥V pe3ynbTaTi MOJIeIIOBaHHS BCTAHOBIICHO, 110
BUpIIIATBEHUM (DaKTOpOM, SIKMW BIUIMBAaE Ha €(EKTHBHICTb BHOYXOBOTO pyHHYBaHHS
TipCbKOI MMOPOJAH, € HE CTUIHKH MIKOBE 3HAYCHHS TUCKY, CKUTBKH TPUBATICTh YTPUMAaHHS
MIPOAYKTIB JECTOHAIllT B MEKax cBep yIoBUHU. [lokazaHo, 110 111 000X BapiaHTIB 3a01HKH
MaKCUMaJbHUI THCK NPOAYKTIB JETOHALII] € OJM3bKUM 32 BETUYMHOIO, OJHAK MOAAJIbIIE
3HIDKEHHSI THCKY CYTTE€BO BIUIPI3HSEThCS. Y BHUIAJKY IMIIIAHOT 320K THUCK
3MEHIIIYETHCS 3HAYHO IIBUIIIE, IO CBIAYUTH MPO OUIBII paHHIM BUXiJ Ta3iB 1 BTpaTy
yacTUHU eHeprii BuOyxy. HaromicTe y Bumanky MiHHOi 3a01MKHM CIIOCTEPIraeThes
MOBUIBHIIIE 3HUKEHHS TUCKY, 1110 O3HaYa€ TpUBaiiie 30epeKeHHs CUJIOBOTO BITUBY Ha
CTIHKH CBEP/IYIOBUHM Ta HABKOJIUIIHIN T1IPCHKUN MacHB.

BaxxnuBuM HayKOBUM pe3yJbTaTOM I[bOTO PO3/LITY € BCTAHOBJICHHS MOJIIHOMIAIBHOT
3aJIeKHOCTI, SIKa OMUCYE 3MiIHY THUCKY MPOAYKTIB JETOHAIll B Yaci JJs JBOX THITIB
3a01iiku. OTpuMaHa anpoKCUMAIlisl Jajia 3MOTY MEPEeUTH Bij SIKICHOTO aHaji3y KpUBHX
TUCKY JO KUIBKICHOT OIlIHKM eHepreTH4Horo edexrty BuOyxy. CamMe Ha OCHOBI IUX
MOJTIHOMIaJIbHUX 3aJICKHOCTEHN OyJI0 BUSHAUEHO CEepeH] 3HAaUeHHS TUCKY, CEPEIHI CUJIH
BILJIMBY MPOJYKTIB I€TOHALT Ha 3a0iiiKy, a TaK0X poOOTY MPOAYKTIB JE€TOHAIIT B3/10BXK
NUISIXY BHUKWJAHHS 3a0ifiku. TakuM 4MHOM, IMOJIHOMIaJIbHA almpoOKCHUMallisl cTajla He
JWIIe 1HCTPYMEHTOM OIKUCYy IUHAMIKKW TpOIecy, a W OCHOBOIO [JISl TOAAIBIINX
IHKEHEPHUX PO3PAXyHKIB, IO XaPaKTEPU3YIOTh €(EKTUBHICTh BUKOPUCTAHHS €HEPTii
BUOYXY.

KinpkicHa orriHka mmokasaja, 1o CepeIHiil TUCK y BUIAJIKy MIHHOI 3a01MKH € BUIINUM,
HIXK y BUMAJAKY MIIMAHOT 3a01dKM, a BIAMOBIIHO, OUTBIIOI € 1 CepeHsl CUjia BIUIUBY
MPOAYKTIB JeToHAIlli Ha 3a0iiKy. Po3paxyHku mokaszaiu, 0 CepeHs Cujla y BUTIAIKY
NiHHOT 3a01Ku 3pocTae mpubinM3HO Ha 41% mopiBHSHO 3 milaHow 3abiiikoro. Lle

CBITYUTH TIPO T€, IO TP 3aCTOCYBaHHI MHHOT 3a01WKKM 3HAYHO OLTbIIIA YACTHHA CHEPTil
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BUOYXY CHPSAMOBYEThCA Ha JPOOJIEHHS TPCHKOTO MAacUBY, a HE BTPAYaeThCs BHACIIIOK
NepeIyacHOTo BUXO/1y T'a3iB 31 CBEPIJIOBUHHU.

AHaJli3 Hanpy>KeHOro CTaHy TpChKOr0 MacHBY IOKa3aB, IO IMiHHA 3a0iiika ¢hopmye
OUIBII CIIPUATIMBY KapTUHY PO3NOJLITY HANpPyKeHb. SKIIO y BUMAJKY MIIIAHOI 3a01iKK
BUOYXOBUI BIUIMB KOHIEHTPYETHCA TMEPEBAXKHO B3JIOBXK OCI CBEPIJIOBUHHU, TO
3aCTOCYBaHHs MiHHOI 3a0iiiku 3abe3meuye mIMpIIe Ta OUIBII PIBHOMIPHE pajaialibHE
NOIIMPEHHS 30HH BIUTMBY. E(pexTrBHA muto11a X po3MmoAlTy B MO 3 MIHHOI 3a01HKOI0
€ OUIBIIOI, IO CTBOPIOE Kpallll yMOBU JUIi PIBHOMIPHOTO PO3BHUTKY TPIMIMH 1
MOJAJIBLIOrO APOOJEHHS KBAPIUTIB.

Po3nin 4 y3aranpHIOE TEOPETUYHI Ta MPUKIAJHI AaCIEKTH KEpPYBaHHS SKICTIO
BUOYXOBOTO JPOOJICHHSI TIPCHKUX TOPIJl B yMOBaX BIJIKPUTOI PO3POOKH POIOBHII 1
OOTPpYHTOBYE JIOLUJIBHICTh 3aCTOCYBaHHS CY4YaCHMX IIJIXOAIB JO PEryJIOBaHHS
I'PaHyJIOMETPUYHOTO CKJIaAy IMiIipBaHOI ripchkoi MacH. [lokazaHo, 110 AKiCTh JPOOICHHS
BU3HAYAETHCS CYKYITHOIO JI€I0 TEOJOTIUHHUX 1 CTPYKTYpHUX (DAKTOPiB, 30KpeMa (hi3uKO-
MEXaHIYHUMH BJIACTHUBOCTSIMHU TOPIJ, TPIIIMHYBATICTIO, OJIOYHICTIO Ta IIAPYBaTICTIO
TipChbKOTO MacCHBY, a TAKOX T€OMETPIEI0 YCTYIy, MapaMeTpamMu OypiHHS, KOHCTPYKITIEO
3apsy, CXeMaMH IHILIIOBAHHS Ta YMOBaMHU pO3BaHTaXEHHs. BcTaHoBIEeHO, MO yepes
OaratodakTOpHUIl XapakTep TMPOIeCy YHIBEpCcadbHE TEOPETUYHE MPOTHO3YyBAHHS
npoOsieHHss 0e3 ypaxyBaHHS (PaKTHUYHOI HEOAHOPIJHOCTI TIPCHKOTO MacuBy Ta 0e€3
NEepeBIPKU 3a pe3yJbTaTaMy MPOMHUCIOBUX a00 MOJBLOBUX BHOYXIB € oOMexxkeHuM. Lle
MIJTBEP/KY€E HEOOXITHICTh TOEIHAHHS PO3PAXYHKOBUX MIAXOJIB 13 CHCTEMaTHIHUM
MOHITOPUHIOM (PAKTUYHUX PE3yJIbTaTiB OypO-BUOYXOBUX POOIT.

[linTBep/HKEHO, IO BHMOTH JI0 SKOCTI BHOYXOBOTO JPOOJICHHS BU3HAYAOTHCS
Hacamrepes] mapaMeTpaMy TipHUYOT0, TPAHCHOPTHOIO Ta JPOOHIBHO-COPTYBAIBLHOTO
oOJnaJiHaHHS, TOAl SIK OCHOBHMUMH KPUTEPISIMH OLIHKH € BUX1J HerabapuTHUX (pakiliid,
CepeHiil po3Mip yJIaMKiB 1 pIBHOMIPHICTh T'PaHyJIOMETPUYHOTO PO3MOJILITY.

Y Mexax 1bpOro po3aiuly MPOBEACHO MOJILOBI JOCHIKEHHS 00 3aCTOCYBaHHS
MIHHOI 3a01MKU K ajlbTEpPHATUBHU TPAAUIIIAHIN MilIaHii 3a0iiil mig yac IpoOJICHHS
30JI0TOHOCHHUX KBapuUTiB. [IOpIBHSHHSA ABOX TEXHOJOTIYHMX BapiaHTIB MOKA3aJio, IO

3aCTOCYBaHHs MHHOI 3a011KK 3a0e31neuye MOMITHE MOKPAIICHHS TOKa3HUKIB APOOJICHHS.
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30kpemMa, BCTAaHOBJIEHO, L0 MPH BUKOPHUCTAHHI MIHHOI 3a0ifiKM BUX1J HETabapUTHHUX
dpakiiit 3HU3UBCSA 10 5%, TOJI SIK MPU 3aCTOCYBaHHI TPATULIINHOT MiIaHO1 3a01MKH 11
MOKa3HUK CTaHOBUB 9%. TakuM 4MHOM, 3aCTOCYyBaHHS IIHHOI 3a01WKH J1aJl0 3MOTY
3MEHILUTH BIJICOTKOBUI BUX1J HerabapuTHoro marepiany Ha 4%, 1m0 miaTrBepaxye ii
BUIIY TEXHOJIOT1YHY €(peKTHUBHICTh MOPIBHSAHO 3 TPATUIIIMHOO MIIAHO0 3a01HKOI0.

Jlns 3a0e3nedeHHss 00 €KTUBHOCTI MOPIBHSHHS B PO3JA1TI 3aCTOCOBAHO METOAMKY
mubpoBoro  ¢GoroaHamizy  rpaHyJIOMETPHUYHOTO  CKJIQQy 3  BUKOPHCTAHHSIM
CIeliaJli30BaHOI0 IIporpaMHoro 3ade3nedeHHs. Ha BiAMIHY BiJ TpaaullifHUX METOIIB
Bi31aJbHOI a00 PyYyHOro BHMIiprOBaHHA, LU(PpoBUi (poToaHaN3 Ja€ 3MOTY ONEPATHUBHO
OTPUMYBATH KUJIbKICHI XapaKTEPUCTUKHU APOOJICHHS, 30KpeMa CepeHii po3Mip yIIaMKiB,
YacTKy HErabapuUTHOTO MaTepially Ta MOKa3HUKU PIBHOMIPHOCTI PO3MOJALTY, a TaKOX
pPO3LIMPIOBATH BHOIPKY LUISIXOM aHai3y KiabkoX ¢oTtorpadiii. BaxnuBo, mo Taka
METOJMKa € MPHUAATHOI JJIs MOJbOBUX YMOB, HE MOTpeOy€e 3yNMMHKHM BHUPOOHHUYOIO
IpOIECY Ta MOKE€ BHKOPUCTOBYBATHUCA IS (OPMYBAHHS CTATHCTUYHOI 0a3W JaHHX 3

METOI0 TOIAJBIIOT ONITUMI3AIlT TapaMeTpiB Oypo-BHOYXOBHUX POOIT.

Knwuogi cnosa: 6ypo-BuOyxoBi poOOTH, CBEpJJIOBUHHUN 3apsj, 3aliiika, MilaHa
3a0iiika, TiHHA 3a0iiika, MPOAYKTH JCTOHAIlli, JMHAMIKAa THCKY, YTPUMaHHS THCKY,
HaIpy>KeHO-1e(OPMOBaHUN CTaH, MNOAPIOHEHHS MOpiJ, TPaHYJOMETPUYHUN CKIa,

HerabapuTHi ¢pakiii, yucenpue moaemtoBantsa, ANSYS Explicit Dynamics, WipFrag.
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INTRODUCTION

Actuality of theme. The current stage of development of Azerbaijan’s gold mining
industry is relatively recent; however, it is already characterized by a steady increase in
production, expansion of the mineral resource base, and the opening of new open pits for
mining gold-bearing quartzite formations. Under these conditions, the application of
modern geoinformation technologies becomes especially important, as they make it
possible to substantiate the directions of mining development, refine reserve estimates,
and optimize rock mass extraction volumes. At the same time, the large-scale
fragmentation of gold-bearing ore creates a need to improve the efficiency of drilling and
blasting operations while ensuring the required particle-size distribution of the blasted
rock. This is because fragmentation quality directly affects loading, hauling, and
subsequent crushing processes, as well as overall production costs.

Given the possible consequences of blasting operations in open pits, one of the
main technological challenges in mining gold-bearing quartzites is to ensure the required
size distribution of the rock mass while minimizing negative environmental impacts.
Where blasting operations cannot be avoided, it is necessary to implement modern,
scientifically substantiated organizational and technological measures aimed at achieving
the required fragmentation quality and reducing environmental load. Therefore, the
scientific substantiation of a technology for blasting-induced fragmentation of gold-
bearing quartzites, based on the use of advanced software, mining-direction optimization
technologies, and modern stemming materials, constitutes an urgent scientific and
technical task.

Relationship of the dissertation with scientific programs, plans, and topics.

The dissertation was carried out within the framework of the scientific activities of
the Department of Geoengineering of the National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute”, including the scientific initiative topic “Scientific
Foundations of Resource-Saving Technologies in Mining and Geotechnical

Construction” (State Registration No. 0115U005398) and according to Contract
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No/duau/0201.01/2430.01/162/2022 "Optimization of technological parameters of

destruction of gold-bearing quartzites".

Aim and objectives of the research. The aim of the dissertation is to scientifically

substantiate an improved drilling-and-blasting technology in gold-bearing quartzite

massifs of open-pit mining operations by selecting an effective stemming material to

improve fragmentation quality and reduce the yield of oversized fractions.

To achieve this aim, the following research objectives were formulated in the

dissertation:

to develop a methodology for analyzing a gold ore deposit and substantiating
promising directions for mining operations based on the integration of geodetic
monitoring and GIS technologies;

to study and analyze the mechanism of fragmentation of gold-bearing quartzites;
to investigate the influence of stemming material on the formation of toxic post-
blast gases;

to perform numerical modeling of the influence of stemming material on blast
energy retention and the efficiency of rock fragmentation during open-pit
blasting operations in gold-bearing quartzites;

to improve the methodology for assessing the particle-size distribution of blasted
rock mass in large volumes of rock;

to investigate the influence of stemming material on the particle-size distribution

of the blasted rock mass.

The object of the research is the process of destruction of gold-bearing quartzite

massifs during drilling-and-blasting operations under open-pit mining conditions.

The subject of the research is the parameters and elements of drilling-and-blasting

technology in gold-bearing quartzites, in particular the properties of stemming that

determine the pressure dynamics of detonation products, the nature of the stress—

strain state of the massif, and fragmentation indicators.
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Research methods. In the course of preparing the dissertation, a set of general
scientific and specialized research methods was used to solve the defined scientific tasks,
including: review, systematization, generalization, and analysis of previous theoretical
developments and practical experience related to the research topic; geological mapping;
remote methods for obtaining initial data based on satellite images; methods of
mathematical statistics and probability theory; as well as mathematical modeling methods
and photo analysis methods.

The dissertation is a completed scientific work containing new scientifically
substantiated results, which are as follows:

- polynomial regularities of the change in detonation product pressure of a
borehole charge over time when using sand and foam stemming have been
established;

- the influence of stemming material on the distribution of harmful post-blast gases
within the working zones of the open pit has been identified and verified in
practice; it has been shown that adding 5% chalk to the foam stemming
composition reduces the average values of harmful gas concentrations by
approximately 40%;

- based on numerical modeling, new quantitative and qualitative relationships have
been obtained between the ejection time of stemming made of different materials,
the nature of the stress—strain state of the rock mass, and the degree of
fragmentation of gold-bearing quartzites. These results were confirmed by field
data and made it possible to reduce the yield of oversized fractions from 9% to
5%.

Practical significance of the obtained results:

— a digital geospatial model of the Tulallar deposit has been developed, which, based on
the obtained data of geospatial analysis of mineral deposits and concentrations, makes it
possible to select optimal directions for the development of mining operations;

— the material for borehole stemming has been improved in order to enhance the quality

of fragmentation and reduce gas formation;
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— the methodology of photographic recording of the fractional composition of the blasted
rock mass under the conditions of the Tulallar open-pit mine has been improved.

The personal contribution of the applicant to the scientific works published in
co-authorship is as follows: [1] — conducting engineering-geological surveys,
substantiation of the research problem; [2] — formation of the database for modeling,
georeferencing of the geoinformation modeling method to the terrain; [3] — statement of
the problem, analysis of recent research, formulation of the aim, preparation of input data
for modeling, processing of the obtained results; [4] — conducting geodetic monitoring,
statement of the problem, preparation of input data for modeling, processing of the
obtained results; [5] — analysis of recent research, formulation of the aim, preparation of
input data for modeling, processing of the obtained results; [6] — conducting
geomonitoring and analysis of spatial data for modeling, processing of the obtained
results; [7] — development of an algorithm for creating a digital model for transport
operations under open-pit mining conditions; [8] — development of an algorithm for
photographic recording and comparison of the results with the visual method; [9] —
conducting geomonitoring and creation of a database for the digitalization of the deposit;
[10] — analysis of complex topographic conditions has been carried out.

Approbation of the results of the dissertation work. The main provisions and
results of the dissertation have been presented at the international scientific and technical
conference Geomining (2023) and at the International Scientific and Technical
Conference "Current State and Prospects for the Development of Geotechnical
Engineering (GEO-25)" (Kyiv, 4-5 June 2025), and have been published in the
conference proceedings.

Publications. The results of the dissertation have been published in 11 scientific
works, including 7 articles in scientific professional journals of Ukraine, 1 article in a
journal indexed in the Scopus scientometric database, and 3 in the proceedings of
international scientific and practical conferences.

Structure and scope of the dissertation. The dissertation consists of an
introduction, 4 chapters, conclusions, a list of references, and an appendix. The total

volume of the dissertation amounts to 151 pages of text, including 53 figures, 5 tables, 1
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appendix, and a list of references comprising 70 titles on 10 pages; the main text of the

dissertation is presented on 141 pages.
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CHAPTER 1. GEODETIC MONITORING AND GIS TECHNOLOGIES
DEVELOPMENT PROSPECTS OF GOLD DEPOSITS

1.1 Geodetic Monitoring and GIS Systems in Gold Deposit Development

The goal of this research is to create an analytical method applicable to gold ore

deposits by combining geodetic monitoring data with GIS technologies, thereby
achieving both the accurate determination of the spatial distribution of the valuable
components of the gold ore deposit and the greater efficiency in the mining process.
In the study conducted at the Tulallar gold deposit, research methods were applied with
a comprehensive analytical approach, considering modern geodetic technology and Geo-
Informational Systems (GIS). Moreover, the research techniques entailed geodetic
monitoring methodologies, acquiring spatial data (GoogleEarth), entailing combining
geodetic monitoring with spatial data collected from GoogleEarth application. Creating a
three dimensional model of ore body configuration with Surfer software facilitated the
ability to visually analyse the locations and configurations of ore distribution. Because of
combining the two methods mentioned above, the study produced quality visual images
of ore distribution and Identified areas that have future areas for Mining [1, 2].

The research demonstrates how geodetic monitoring combined with GIS
technology can very successfully be used to determine where there are high-prospect
areas for mining operations. Both technologies do so, on the one hand, with the provision
of accurate mapping data and geological models, and on the other, the dimensional data
from Surfer and Google Earth together was used to produce a fully realized three-
dimensional model of the ore bodies and that model was used to determine the quantity
of resources that could be removed from those locations, maximizing the mining process.

We've developed a new technique to analyse the gold holdings by combining
Geodetic Data with GIS Tools in synergy, to create 3D models of gold deposits, which
not only demonstrate where the gold is present, but also shows how much of all types of

minerals are available at the location. This method provides much more accurate
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exploration and mining operations as well as a way of governing environmental risks
involved in gold mining.

The approach has potential use cases in identifying new mine locations, improving
mining operations, and minimising environmental impact. The integrated Geodetic-GIS
dataset produces a spatial analysis that can facilitate optimum mine planning. The
approach outlined in this study can be adopted at additional deposits for optimum
optimisation of the resource and the economic performance of the mine.

Developing gold resources has become a strategic priority in the current mining
industry and plays an integral role in supporting both local and national economies. The
mining sector finds it increasingly difficult to extract resources in a productive, efficient,
and environmentally sound manner. As a consequence, relevancy and optimal exploration
and development of mines will require new and advanced spatial technology to further
enhance mine planning accuracy and sustainability [3, 4, 5].

Speed, which is achieved through high-precision geodetic measurements, is one of
the most effective ways to obtain geodetic monitoring of a site as it provides the ability
to not only determine the surface stability of the site, but to estimate the deposit
characteristics as well as to monitor the environmental conditions of the site. In all three
phases of mining (pre-mining, mining and post-mining), this instrument will provide
decision-makers with information needed to make sound decisions regarding the
operations through visual representation (map) and analysis of the structure (geometric
location).

The use of Geographic Information Systems (GIS) technology allows users to
display and present spatial data in multiple ways, such as through a three-dimensional
(3D) representation of the area. The user will thereby be able to generate accurate three-
dimensional models of the area, calculate the volume of a mineral deposit, or evaluate the
impact of mining on a particular area, among other possibilities. When users combine
different sources of information (e.g., geodetic and GIS) in their models, they obtain the
best possible overall representation of extraction efficiency for a given mineral resource

in combination with the least amount of environmental risk [6, 7].
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Previous research that uses GIS combined with geodetic monitoring can help find
the ideal resource extraction location when assessing geology, topography, ore deposition
and work limitations. In the mining industry, GIS enables more accurate and efficient
decision making through sustainable use of natural resources while minimizing
environmental damages.

This study intends to develop and apply ways to assess the Tulallar Doulevard gold
deposit economic and geological potential (Azerbaijan) through the use of principles of
geodetic and integrated GIS technology. Two software programs were used, which helped
to complement each other. The Google Earth software was used for visualising the spatial
distribution of the gold deposit, whereas Surfer was used for modelling and analysing the

spatial distribution representation as produced using Google Earth [8, 9, 10].

1.2 Geological and Structural Overview of the Tulallar Deposit

The Tulallar deposit can be found in the north-eastern region of the Lesser
Caucasus mountains. The area where it is situated features an array of high-to-medium
mountain topography. The absolute elevation measurements for this are approximately
1200 to 2500 meters in height, sometimes up to 3000 meters. In the case of the northern
slope, there are several large rock outcroppings that will reach approximately 400 to 500
meters in height. To the southwest of the deposit lie the Kapaz and Murovdag mountain
ranges, which further add to the overall complex topography of this deposit.

In light of information from the National Geological Exploration Service of
Azerbaijan, there is a significant amount of perennially-renewable material throughout
the ores in the Kini Pompalai region. Many of these rocks were separated due to large
amounts of movement from natural forces. In addition, the majority of the central portion
of this rock are essentially comprised entirely of intermediate-acid tufa deposits, although
the outer areas contain primarily andesite/basalt mineral formations. Dykes (or dike
formations) exist within this area, as well as being entirely andesite-basaltd mineral
formation. The pyrite content within these rocks is very high. There are also many quartz

veins and calcite-quartz veins located within these rock formations.
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Accurately determining mineral deposits and their spatial geometry are critical factors in
developing mining operations sustainably and economically. Traditional geological
techniques (2D maps and cross sections) do not adequately represent the real complexity
of an ore body geometry in areas that are structurally complex or contain a wide variety
of different minerals. Recent technological advances in geodetic monitoring and
Geographic Information System (GIS) technology combined with three dimensional (3D)
modeling applications provide new ways to visualize and interpret the subsurface in more
accurate and reliable visual representations [11, 12].

This research considers the Tulallar deposit of gold in the Gadabay district, western
Azerbaijan. Tulallar is developing, relatively new deposit that is located inside the Lesser
Caucasus Metallogenic and has an abundance of gold and polymetallic formations.
Tulallar has complex geology that comprises volcanic and sedimentary rock sequences
(hydrothermal alteration) and faulted rocks too. The presence of these 3 geologic

characteristics controls where (location) and the amount (quantity) of occurrence of gold

hosting quartz vein deposits and ore bodies in this area, (see Figure 1.1).

Figure 1.1. Panoramic view of the Tulallar gold deposit open-pit mine located in the
Lesser Cauca-sus region, showcasing terraced excavation levels and surrounding forested
landscape

The initial exploration of the Tulallar project has identified epithermal gold
mineralization that are predominantly contained within Quartzite units which display high

degrees of variation in gold concentration on both lateral and vertical scales. Over 150
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exploration drill holes were completed for purposes of defining the mineralized zones as
well as determining their potential to provide economic returns. The data collected forms
the foundation for developing an accurate geodetic and geological 3-dimensional model
to support the necessary tools for effective mine planning and mine resource management.
The research aims to produce a high-resolution 3D model of a gold deposit, showing how
gold varies in different locations within the deposit. Borehole and topographic data are
combined, along with modern interpolation techniques, to get an even greater
understanding of the distribution of ore and it's zonation. This model is not only able to
improve predictions about the amount of gold left to be mined but it will also help decide
the best ways to mine the ore efficiently and in an environmentally friendly manner [13,
14].

Figure 1.2. Engineering-geological investigations of the Tullallar deposit

The mineralization of the Tulullar gold deposit is gold—quartz and contains
relatively few different minerals. The main sulfide minerals in this deposit range from
pyrite to chalcopyrite, bornite, sphalerite, galena, tetrahedrite, and pyrrhotite. Oxide
minerals include goethite, hematite and limonite, which may be present along with native

gold. The associated gangue minerals consist of quartz, barite, chalcedony, chlorite,
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sericite and epidote. As the main ore mineral, pyrite unfortunately occurs in large
quantities (up to 20%) in the ore zones, and up to about 0.02—0.5 mm in aggregate sizes.
The gold mineralization is of the high sulfide type, and is characterized by strong
silicification, kaolinization, and brecciation. The mineralized zone contains intermediate
to acid volcanic rocks (andesite, dacite, rhyolite), which show a continuum of
metasomatic alteration, in some cases partial, between the contacts of different
lithological units. The upper-most levels of the mineralized zone are dominated by
oxidized ore, usually accompanied by strong silicification. Below this lie a transition zone
of both oxidized ore and sulfide minerals such as Pyrite. This transition forms the mixed
oxide—sulfide transitional Zone.

Geochemical analysis of ore samples detected 0.1170% lead (Pb), 0.048%
manganese (Mn), 0.0105% titanium (Ti), 0.0042% chromium (Cr), 0.0046% vanadium
(V), 0.0019% molybdenum (Mo), 0.0112% zirconium (Zr), 0.1225% copper (Cu),
0.000017% gold (Au), 0.00386% silver (Ag) and; 0.006671% cobalt (Co) as trace
elements.  This information helps to identify the spatial distribution patterns of
occurrences of gold bearing zones. (4)

The area under study is located in the north-western part of the Geygel uplift
between the Dashkesan and Agdzhakand depressions. A network of control points for
geodetic control has been established within the boundaries of the Tulallar deposit, with
the coordinates of the reference stations shown in Table 1.1.

Table 1.1. Coordinates of Exploration Site Points

Hole ID X Y Hole ID X Y
W1 605220 4476400 W10 605190 4478680
W2 605760 4476480 W11 605050 4478400
W3 605750 4476910 W12 604990 4478200
W4 605700 4476980 W13 604985 4478000
W5 605750 4477600 W14 605060 4477820
W6 605725 4477800 W15 605010 4477480
W7 605815 4478000 W16 605080 4477000
W8 605800 4478080 W17 604900 4476870
W9 605710 4478680
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The UTM Zone 38 coordinate system and Baltic Height System were used to
specify the station positions. Their coordinates were tied to the fourth order of the national
geodetic network. The station coordinates were then ported to Google Earth so that they
could be used for additional spatial analysis [15, 16, 17].

The accuracy and efficiency of spatial analysis of the deposit were improved by
exporting data from Google Earth and importing it into Surfer software. The data from
Google Earth Pro was used to construct an accurate contour map of the relief of the study
area. To produce the contour map of relief, a number of surface points were selected in
Google Earth Pro using the WGS-84 coordinate system, and the absolute elevation of
each point was determined by using the GPS Visualizer conversion tool. The dataset
generated was then loaded into Surfer [18,19].

A digital elevation model (DEM) was made with a Kriging interpolation type
because it's good for analyzing uneven land. The DEM was made to show contour lines
of the extraction area so that it would show the boundaries of the extraction area in the

study area. In Figure 3, you can see a contour map of the study area.
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Figure 1.3. Terrain contour map of the Tulallar extraction area generated using

Kriging interpolation in Surfer.
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Moreover, exporting data out of Google Earth will aid to utilise geospatial data to a
greater degree of precision in map making, constructing 3D Models and performing
spatial analysis. The format for the aerial images exported from Google Earth is .KML.
The real world coordinates are established using Control Points that match the important
points of interest on ground.

When done, the georeferenced map is included in the set coordinates of that system
(most likely, UTM). With Surfer, additional maps (i.e., a Contour map with surface
isolines - see the earlier Figure 1.3), can be overlaid on the georeferenced base map, or a

Drillhole map that shows where all boreholes were drilled (Figure 1.4).

Figure 1.4. Integration of georeferenced aerial imagery and borehole map in Surfer

software

With this combined approach to mapping, you can see how surface features relate
to geological structures, like how topography relates to the mining area. You can also
make detailed models of the land. You have the ability to change how you see things, like

choosing different colors or line styles, so that you can see the different things you are
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analyzing clearly. This allows you to provide a lot of information in a way that makes
sense visually.

When it comes to research about mineral deposits and mining operation plans,
topography is very significant. Creating digital elevation models is also made possible
using GIS technologies and various ways to create digital maps of minerals using different
types of interpolation methods. Among the most commonly used interpolation techniques
are Natural Neighbor, IDW and Kriging [20, 21, 22].

The Natural Neighbor Method applies the principle of weighing averages of values
of surrounding points to create a uniform surfaces. This creates an interpolated surface
that is basically smooth. Therefore we can use the method when we have unevenly spaced
data, but it will probably not provide entirely accurate results if we were to use it to
interpolate data that has large differences in altitude between the locations of each point.

The IDW method gets its point values by dividing those numbers by how far apart
they are from each other. The more closely two points are together, the more alike they
are, leading to one influencing the other much greater. While this is a great method for
data that is evenly spread out over a large flat area, it can fail when used in mountainous
areas because spatial trends are not taken into account.

Natural Neighbor interpolation is a geometric method of interpolation that uses
Voronoi tessellations of a discrete sample point set for its calculations. When adding a
‘query’ point to the Voronoi diagram of the sample set, the query automatically creates
its own Voronoi polygon in the sample set. The creation of the polygon for the ‘query’
point will create a new cell (\Voronoi) for that point, but some of the cell is overlapped by
other cells (from other nearby points). Sibson coordinates are used as the interpolation
weights, which are the ratios of the sub-cell area "stolen” from the other nearby natural
neighbor cells divided by the total area of the entire VVoronoi region for the 'query’ point.
The interpolated value is obtained by using a weighted average of the values at those
natural neighbors to the 'query' point. The weight for a natural neighbor point, i, to the
query point, g, is mathematically if A;(q) denotes the area stolen from the VVoronoi cell

of point p;, and A(q) denotes the total area of the VVoronoi cell of the query point g, then



34

the Natural Neighbor weight is  1;(q) = %

and the interpolated value is: Z(q) =
ZieN(q) (q)z;.

This method meets all requirements for partition of unity and barycenter; thus, the
weights will be nonnegative with sum equal to unity and will recreate linear fields exactly.

Geometric representation of the Natural Neighbor Method (figure 1.5). The
illustration shows the initial sample points along with their respective Voronoi cells and
the newly created query point g, along with areas of A4;(q), which were extracted from
the Voronoi cell of the natural neighbours. In doing so, this clearly demonstrates how the
weighting coefficients are determined.

Graph of change in weight of 4;(q). The graph can be an example for analysis of
weight variation of neighboring points of q while it changes position along a line. The
weights are determined by both the position of i with respect to g and by the spatial
distribution of the points [23].

Blue circles, representing "known points”, are locations where data, such as
concentration measurements, have been obtained. A red star, representing "estimation
point” is the point where the value will be predicted by combining measurements from
all the "known points”. The gray arrows show that the predicted value at the "estimation

point” will be derived from a weighted sum of the values at all the "known points"[24].

.......

Figure 1.5. Schematic illustration of Natural Neighbor geometry
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Figure 1.6, the diagram illustrates the fundamental principle of Kriging:
n
Z(x0)=) 4 -Z(%) (1.1)
i=1

where Z( Xg) — the estimated value at location x4, Z(X; )— the measured value at sample

location i, A; — the kriging weight assigned to sample i, n — the number of neighboring
samples used.
The weights A; are determined by taking into account the spatial correlation of the

data (through the variogram), rather than distance alone [25].

Among its many advantages, the primary advantage of the kriging method is the
ability to analyze data based on several different aspects of spatial distribution, including
point clustering, spatial scale of variability, anisotropy and the confidence level
associated with the measurements. According to the Surfer help documentation, the
algorithm considers the relative position of points, length of spatial change, confidence
in the observations, and inherent anisotropy of the process. Therefore, Kriging is highly
suitable for modeling complicated mountainous and mining regions, which have a distinct
spatial pattern of elevation change.

The disadvantages of kriging, on the other hand, include higher computational
complexity and the requirement to develop and calibrate a semivariogram; also, higher
researcher qualifications are required when choosing a model.

Consequently, the Natural Neighbor technique can be considered a locally based
geometric interpolator that operates effectively with data that is irregularly spaced and
produces an even surface inside the convex boundary created by the point set. The method
has one advantage of providing "stability” with no "extreme points" (artificial extremes)
but it does not extrapolate the data boundary and has no explicit consideration of spatial
trend.

The Inverse Distance Weighting (IDW) method is essentially the most basic of the
interpolation algorithms, and it's also one of the fastest as well. It's a good method for use
in preliminary analysis or with point distributions that are relatively consistent and

continuous. While the method uses distance as the primary criteria for determining
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interpolation, it does not use the autocorrelation of the data points, and the result is that
there may be some local "bulls eye" artifacts in the finished product along with a less

accurate depiction of complex areas.
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Figure 1.6. Schematic illustration of Kriging method

The Kriging method, as shown in Fig. 1.6, is the most analytically backed
approach. The analysis is supported by both interpolation and spatial variability, done
through a semivariogram. That is why it is more preferable to use compared to others for
areas with very complex surface morphology and distinct local features and uneven
spatial distribution of points and the presence of structural trends. Surfer has this method
set as the default to use with XYZ data, which continues to show how useful the method
is there.

Kriging was selected as the method to use in the gold deposit relief study based on
four different interpolation methods used to develop the surface of the mining terrain;
these include Natural Neighbor, IDW, Kringing and Nearest Neighbor. Based on the
results of the comparative analysis, the kriging method is most appropriate and provided
the most realistic depiction of the relief's spatial structure. Unlike IDW, kriging does not

produce intense local anomalies near singular points of observation, but unlike Natural
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Neighbor, kriging considers both the overall spatial correlation and the trend in the change
of elevations, as well as the local geometry of the distribution of the point elevations. For
a gold deposit mining terrain where the structure of the relief is complex and exhibits
sharp differences in elevation with ordered patterns of spatial variance in elevation,
kriging provides a distinct benefit [26, 27].

So, the Kriging method is basically the best one to use when designing a digital
terrain model because it takes into account how your data is distributed and gives you the
most accurate results when showing the surface of the gold deposit.

Kriging is a geostatistical method for Interpolating spatial data sets by providing
statistically optimal surface estimates. Kriging uses both distance and spatial correlation
among points. In modeling complex topographic structures, Kriging can achieve accurate
results by utilizing variograms, which describe the variability or spatial dependence
between points separated by differing distances. For mountain landscapes, where
elevation can rapidly change over a very short distance, kriging can provide an accurate
and smooth surface elevation model [28,29].

Therefore, the best method to represent a mountainous area using many measured
elevation points in a digital elevation model would be the kriging method.

Figure 1.7 illustrates how the digital elevation models produced using the Natural
Neighbor, IDW and Kriging methods varied, respectively, in Surfer. The elevation at the
Tulallar site, which varies between 1400 meters and 1800 meters above sea level is used
to define the site as mountainous, and Kriging produced the best representation of that

surface.
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Figure 1.7. Digital elevation models of the Tulallar site using different interpolation
methods: (a) Kriging, (b) Inverse Distance Weighting, (c) Natural Neighbor, (d) Nearest
Neighbor

The formation of the primary ore-bearing structures at the Tulallar deposit was due
to the influence of tectonic activity. It is generally agreed by geologists that three separate
zones containing gold-bearing ore exist at this site. Two of these zones are located in the
northern and southern portions of this deposit and they have similar rock compositions.
However, there is a significant difference in the way gold is distributed between these
zones. The northern area contains low-grade ore with a maximum concentration of gold
of up to 50 grams per tonne; while in contrast, the southern area contains high-grade ore
with concentrations of gold up to 1000 grams per tonne. The two areas of deposit probably
formed at different times and under different geodynamic conditions.

Gold-quartz ores in the north have a low percentage of sulphides (less than 5%). In
contrast, gold-quartz ores in the south contain native gold either as grains or associated
with sulphides. Grains of native gold from the southern zone vary in size from about 0.004
mm to about 0.05 mm (a significant size range). Rare occurrences of high concentrations
of gold are observed at locations within the southern zones, which are believed to have
the most significant future potential for exploitation.
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This study looks at and compares the middle and southern parts of the Tulallar
deposit.

Exploratory drilling was conducted in order to estimate the amount of mineable ore
present in the Tulallar Gold Deposit. A total of 152 boreholes were drilled, which together
represent a drilling length of 17,705.55m, with drill angles ranging from 50 to 90 degrees.
The drill hole database from boreholes in the central and southern areas is presented in
Table 1.2.

Table 1.2. Borehole data for the southern and central
zones of the Tulallar deposit

Hole ID X Y Elevation Au (g/t)
Cl 605434 4477421 1589 1,90
C2 605434 4477372 1579 1,70
C3 605469 4477403 1585 3,15
C4 605473 4477349 1585 1,03
C5 605501 4477457 1590 2,00
C6 605442 4477328 1578 1,80
C7 605468 4477684 1655 2,23
C8 605458 4477735 1669 1,42
S7 605322 4477098 1632 5,45
S8 605331 4477016 1633 3,00
S9 605314 4476962 1627 3,70
S10 605324 4476911 1607 2,10
S11 605382 4476849 1579 1,00
S12 605414 4476894 1586 1,80
S13 605370 4476948 1611 1,30
S14 605415 4477029 1605 0,70
S15 605413 4476953 1597 1,70
S16 605378 4477071 1621 0,64
S17 605375 4477007 1618 5,00
S18 605327 4476868 1590 0,90
S19 605290 4476998 1631 3,40
S20 605275 4477068 1638 3,05

Exploratory drilling techniques helped determine the direction of gold distribution
along the strike and depth and identified the limits of ore bodies that have commercial

value.
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A 3D model was prepared using the Golden Software Surfer program to display
the spatial relation of the gold bearing ores according to the value of the constituent
element. It allows mineral resources to be studied subsurface thoroughly and with higher
precision.

3D modeling was done with Drillhole, in which you input the coordinates,
elevations, and gold concentrations found at different depths of each borehole. We used
two important parameters (Sizing Method and Color Method) to make this drilling
information more informative in terms of visualization. When you select the data-driven
option, the Sizing Method and Color Method will automatically change the diameter and
color of each segment of the borehole based on the gold concentration at that depth. (as

seen in Figure 1.8).
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Figure 1.8. 3D visualization of gold concentration along borehole lengths using the
Drillhole tool in Surfer

The comprehensive and accurate representation of the boreholes' locations in three-
dimensional space has been accomplished by adding the surface terrain to the three
dimensional model provided in Figure 1.4. In addition, this will create a more dynamic,
flexible model and increase its ability to be interpreted; thus, the area of highest
concentration of gold will be easier to be identified within their lateral extent and depth

(see Figure 1.9)
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The completed 3D model incorporates data on the spatial distribution of the areas studied,
along with the changes in concentration of the valuable component across these zones,

plus variations in concentration at different depths.
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Figure 1.9. 3D model of gold concentration zones with surface topography added
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Based on the findings from the modeling, numerous boreholes in the southern
region contained the largest concentrations of gold, which ranged from 2.5g/t to 7.0g/t.
In particular, S7, S9, S17, and S19 were four of the boreholes exhibiting the highest
concentrations of gold. There was one borehole (i.e., S16) where the lowest observed gold
concentration was 0.8g/t. Gold concentrations vary along the length of the boreholes due
to numerous factors. The locations of the gold within the boreholes can be attributed to
geological heterogeneity, variations in the mineralogy of the rocks containing the gold,
and variations in the hydrothermal systems.

In addition, in the southern zone, the northwestern end contains higher gold grades
boreholes, while the further away from the northwestern end you go, the lower the grade
of gold becomes. The average grade of gold throughout the southern section of the
property is 2.41 grams per tonne.

In the central zone, gold content appears to be generally low. The maximum gold
content of 3.0 - 3.5 g/t exist in borehole C3 and borehole C7, while the minimum content

of 0.7 g/t was found in borehole C4 and borehole C8. Average gold content in central
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zone has been found to be 1.9 g/t. You can also see how the high-grade areas are

distributed spatially on the gold concentration isoline map in Figure 1.10.
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Figure 1.10. Isoline map showing the spatial distribution of gold concentration across the
central and southern zones

While the average concentration difference between both zones is minor, there are
specific locations within the southern zone where the gold concentration is much greater
than the average value. According to a comparative study, gold concentrations within the
southern zone exceed the central zone levels. This demonstrates that the southern zone
provides the best potential for additional development.

Nearly all areas with high prospectivity for mining have been accurately identified
through the innovative utilization of geodetic monitoring technology in addition to GIS
in the analysis of gold mines. An all-encompassing method of mapping together with
geodetic data produces an accurate geological map and model that can assist management
in making informed decisions.

Creation of a three-dimensional model representing the distribution of ore in the
Tulallar deposit and the patterns of gold concentration within the deposit became
achievable through the combination of the Surfer and Google Earth programs. The
importance of this model was resource estimation and optimisation mining operations.

According to the modelling results, the southern region of the Tulallar deposit was
characterized by higher concentration of gold (average 2.41 grams per tonne) as compared

to the central region (average 1.9 grams per tonne). Localized areas of high gold content
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(approximately 7 grams per tonne) are present in the southern region which makes it one
of the most promising regions for further development. On the contrary, the central region
produced a maximum of 3.5 g/t and had a more varied spatial distribution of ore bodies.

Therefore, the combination of geodetic and GIS methods provides a qualitative
breakthrough in mineral deposit studies. They help to enhance economic performance of
mining activities, as well as reduce environmental risks. This highlights the need to use
these types of technology within today's mining industry for the sound and sustainable

development of natural resources.

1.3 Comparative Spatial Analysis of Gold Concentration Zones

Develop 3D models of subsurface mineral distributions (SMDs) convert and
combine all previously unconnected pieces of geological data to create a single,
consolidated 3D representation of the SMD. The resulting 3D digital model of the ore
body (and its spatial attributes) provides a means to visually examine, analyze and predict
where the ore body is located with the host rock, as well as develop and implement more
efficient and effective means of extracting the ore. Because of the depth of information
that is provided by a 3D SMD model, geologists and miners now have an entirely new
perspective on the morphology of the ore body in your host rock, (compared to two-
dimensional maps and cross-sections).

In software platforms used for these applications, Surfer is an important platform
for developing grid-based surfaces as well as viewing geospatial datasets.

It is critical to obtain as much data on the target deposit as possible prior to
commencing the modeling work. This is the results of the geological exploration drilling
programme and the geochemical and geophysical surveys. Additionally, the
concentration of the “Value” contained within the borehole is also critical to the modeling
process along with the identification of the structural components and surface outcrops.
All of the information must be referenced to a single coordinate system for accurate 3D

modeling.
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In this study, UTM zone 38 was used as the primary coordinate system along with
the Baltic height system to identify the locations of borehole collars and all depth-related
points inside boreholes. The coordinates of the stations were referenced to the fourth-
order national geodetic network. To obtain geological data from the Tulallar deposit, a
total of 152 boreholes were drilled and had a total drilled length of 17,705.55 meters. The

geological and geodetic data from these boreholes are summarized in Table 1.3.

Table 1.3. The geological and geodetic data for these boreholes
are summarized of the Tulallar deposit

Hole ID X Y Elevation Depth Concentr
C1l 605462 4477625 1639 90,00 1,90
C2 605485 4477582 1621 85,00 1,70
C3 605495 4477603 1624 100,00 3,15
C4 605491 4477562 1614 105,00 1,03
C5 605501 4477662 1636 120,00 2,00
C6 605489 4477530 1648 120,00 1,80
C7 605468 4477684 1655 105,00 2,23
C8 605458 4477735 1669 140,00 1,42
S7 605322 4477098 1632 145,00 5,45
S8 605331 4477016 1633 145,00 3,00
S9 605314 4476962 1627 125,00 3,70

S10 605324 4476911 1607 115,00 2,10
S11 605382 4476849 1579 105,00 1,00
S12 605414 4476894 1586 105,00 1,80
S13 605370 4476948 1611 140,00 1,30
S14 605415 4477029 1605 130,00 0,70
S15 605413 4476953 1597 130,00 1,70
S16 605378 4477071 1621 95,00 0,64
S17 605375 4477007 1618 145,00 5,00
S18 605327 4476868 1590 120,00 0,90
S19 605290 4476998 1631 106,00 3,40
S20 605275 4477068 1638 120,00 3,05
Tl 605434 4477421 1629 85,00 0,85
T2 605434 4477372 1619 105,00 0,57
T3 605469 4477403 1625 90,00 0,30
T4 605473 4477349 1625 95,00 1,70
T5 605501 4477457 1630 110,00 1,50
T6 605305 4477400 1618 60,00 0,80
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The development of the 3D model in Surfer will involve creating a base surface as the
first step to represent the topography of the area you are studying. At this point, you create
grid files by interpolating the discrete elevation values that are available from the borehole
collar locations. The individual measurements are used to produce a continuous surface
that shows how the selected parameter is distributed throughout the area.

The geostatistical Kriging method was used for interpolation because it is recognized
as the most scientifically validated method for deposit modeling.The surface output is an
accurate depiction of terrain morphology in the data collection area. Thouh Integration of
borehole data in Surfer allowed for the generation of 2D contour maps and 3D models to
display the spatial heterogeneity of gold distribution across the central and southern
zones.

In the southern area gold concentrations ranging from 2.5 g/t to 7.5 g/t with an average
concentration of 2.41 g/t. High- grade gold concentrations were concentrated in the
southwestern area. The central area recorded a lower range and a more diverse range of
gold concentration (0.7 g/t to 3.5 g/t; 1.9 g/t average).

The 3Dd isosurfaces indicated that the deposit had vertical zoning; the southwestern
zones achieved maximum gold values of the available samples at 1500 m. The samples
obtained from the same area at 1550 m were only slight decreased in value, while the
samples collected at 1600 m were greatly diminished in value.

The results of the 3D modelling indicate that the highest concentrations are at various
levels, but the highest and most continuous concentrations are in the southwestern part of
the deposit.

There are many variances in geology within this deposit. This will have an effect on
how to get the material out based on the vertical elevation.

The first step that needs to be completed prior to the commencement of the model
building process will involve the gathering of all available information concerning the
targeted deposit. The key will be to review the results of the exploration work and
geophysics and geochemistry collected during the exploration stages; the information that
will need to be provided to support this project primarily will be the borehole data,

historical and current concentrations of the precious metal, structural features, and the
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surface outcrops. It will also be important to ensure that all information provided will be
in reference to the same coordinate system so that an accurate 3D model will be produced.

For the purpose of determining both the position of the borehole collars and every
point on the borehole that is associated with a given depth, both the UTM Zone 38
coordinate system and the Baltic Height System were used. The UTM (Universal
Transverse Mercator) system uses 60 cartographic zones that cover the entire Earth's
surface. Each of these cartographic zones is 6° in longitude. The UTM Zone 38 covers all
areas located between the longitude lines of 42° east to 48° east (i.e., portions of the
Caucasus, Azerbaijan, eastern Turkey, and northern Iran). The coordinates in this system
are given in meters.

The easting (X) describes the interval in metres between the centre-line of the defined
zone and the measurement point; a "false easting™ of 500,000m is applied to all points to
eliminate the presentation of negative numbers. The northing (YY) is the distance in metres
north of the equator (in the northern hemisphere), because the metre is the basic distance
depicted in the UTM-38, which is very useful when utilizing UTM-38 for purposes such
as geodetic surveying, the mining industry, and the monitoring of any other aspect of an
infrastructure.

Station coordinates referred to the fourth-order national geodetic network.
Exploration activities to obtain the geological information needed on the Tulallar deposit,
included drilling of a total 152 boreholes totaling 17,705.55 meters.

At the beginning of the 3D construction modelling process within the Surfer program
it is necessary to first establish a Base Surface (the terrain of the area of interest). It is
then very important to create Grid Files by interpolating the individual elevation data
from borehole collars, and this is accomplished by converting the measurements taken at
specific locations into a continuous surface representing the selected parameter's spatial
distribution.

Kriging is a geo-statistical technique used for interpolation and because it is generally
acknowledged as the best scientific method for deposit modellng. The produced surface

is a good indication of what the landform looks like within the area of data collection.
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The Drillhole tool in Surfer (Fig. 1.11) is utilized to input coordinates, collar
elevations, and the concentration of components according to depth in each borehole. The
creation of a borehole layer over the base surface is made possible and the generation of
an initial 3D visual display of the distribution of components along borehole routes (Fig.
1.12). The point based-data shown in the model represent the concentration of a specific
component in the individual boreholes.

The Surfer software is designed to provide sophisticated visualization of volumetric
objects, including isometric zones that reflect a certain concentration of valuable

components. This is an essential feature to produce complete geological models.
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Figure 1.11. Input of borehole data using the Drillhole tool in Surfer (UTM Zone 38
coordinate system in meters)
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Figure 1.12. Initial 3D visualization of component concentration along borehole depth
(UTM Zone 38 coordi-nate system in meters)

To build 3D objects like these, you need to do a lot of work upfront and make sure

you bring in the right data. See Table 4 for an example. A major part of creating the
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models is assigning coordinates to each point measured. You assign two coordinates (x
& y) in the plane and a third coordinate (z) representing their true elevation values. The
elevation value was determined from the depth at which the core samples were collected
from each borehole. By doing this, you'll know where all the points of your model are
located in 3D.

A spatial location associated with concentration of valuable components at that
location is tracked along the borehole. The entire database supports development of
highly accurate grid surface models to show the volume of the ore body and its attributes
as a quality measure.

Table 1.4 — Sample dataset of borehole drilling results with spatial coordinates
and corresponding gold concentration values (C Value) for 3D modeling.

Hole ID X Y Z C Value
S7 605322 4477098 1632 0.00
S7 605322 4477098 1630 2.40
S7 605322 4477098 1625 2.40
S7 605322 4477098 1600 6.30
S7 605322 4477098 1590 6.30
S7 605322 4477098 1575 5.40
S7 605322 4477098 1570 5.40
S7 605322 4477098 1545 6.80
S7 605322 4477098 1530 6.80
S7 605322 4477098 1515 7.00
S7 605322 4477098 1510 7.00
S7 605322 4477098 1495 6.50
S7 605322 4477098 1490 6.50
S8 605331 4477016 1633 1.70
S8 605331 4477016 1620 1.70
S8 605331 4477016 1600 2.60

Surfer generates a 2D contour plot of gold locations by importing the processed
input dataset. Contour lines indicate the amount of gold at the same point so, viewing the
concentration of gold across the surface.

A main benefit of this method is that it allows vertical variations in gold distribution
to be analysed dynamically (i.e., through the changing location of the Slicing Plane, see
Figure 1.13). Changing the Slicing Elevation produces a series of Contour maps at two

or more depths that allow you to observe how an ore body changes (location, shape, and
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size) with depth over time. You are also able to observe the internal heterogeneity of the
gold distribution throughout the deposit.
The technique is very effective in visualising the morphology of the ore deposit

and in identifying the zones of high mineral concentration.
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Figure 1.13. Gold concentration distribution at different depth slices, illustrating the
spatial variability and internal structure of the ore body within the Tulallar deposit

The subsequent phase of the modeling process is to design a spatial depiction of
the distribution of the value element, and this is accomplished through Surfer's innovative
3D View feature. The 3D View tool basically takes an interpolated grid, produces a
volumetric model based on it, in the form of isosurface. Isosurface, in three-dimensional,
function as the contour lines, joining all the points of the space that have the same
concentration of the value element.

This tool can assist in generating a three-dimensional rendering of an industrial or
cutoff concentration specified by a user in the subsurface as a solid form. In this case, the
minimum economically viable concentration of gold can be represented by an isosurface

that defines the limits of the industrial ore body.
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At this location, 2.5g/t of gold is regarded as the minimum concentration at which
it can be mined economically. From this concentration level, a three dimensional model
was built to depict where the three dimensional area had gold at or above the economically

mineable concentration. The model is shown in Figure 1.14.
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Figure 1.14. 3D model of the spatial distribution of areas with a gold concentration of 2.5
g/t from different perspectives (m)

The 3D View Tool contains multiple interactive features like rotation, scaling, or
translation as well as the ability to adjust the view angles; so that you can see some of the
morphological non-obvious characteristics of a deposit and how they spatially relate to

each other.
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Additionally, Surfer allows you to overlay more than one isosurface at a time, each
representing a different concentration of gold. For the purpose of illustration and further
analysis, | have selected three different concentration values: green will represent 2.5 g/t,
yellow will represent 4.5 g/t, and red will represent 6.5 g/t (refer to figure 1.15).

With the help of this methodology, visual distribution dynamics of spatially distributed
gold concentrations within a certain volume are evaluated. Consequently, the users are
enabled to develop clearer concept of high grade zones and their association with the

surrounding geological formation.
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Figure 1.15. Three-dimensional model of the subsurface distribution of gold at varying
concentrations: 2.5 g/t (green), 4.5 g/t (yellow), and 6.5 g/t (red), (m)

Analysis of the data and the 3D figure (Figure 1.13) shows that gold concentration
varies by elevation. The concentration of gold is between 1and1.5 gt in the central and
northern areas of the study area at 1500 m in elevation, while the concentration in the
southwestern part of the area is as high as 6.5 gt.

With an elevation of 1550 m above sea level, the distribution patterns are somewhat
different than before. The central part still has stable concentrations of gold, the central
region to the north has a higher concentration 2.5g/t of gold, whereas there is a continued
occurrence of high concentration of gold in the southwestern region but it has shortened
in the west extension axis by a small amount. The southeastern zone has low gold

concentration overall at this elevation.
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Across the whole Survey Area, the gold concentration is declining at the 1600m level,
which is closer to the surface than the other levels. However, the Southwest section of the
Survey Area continues to be the most productive, with gold concentrations between 4.5
and 5.5 g/t.

Moreover, there were also some extreme values within the sample dataset itself;
Gold Concentration is at the lowest end of the range or 0.5 grams per tonne (g/t) but most
of it is located primarily within the central area of sample dataset. The highest Gold
Concentration is at 7.5 g/t and has a record in the southwestern section of the project,

borehole S19 sample, at an elevation of 1560 meters, as shown in Figure 1.16.
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Figure 1.16. Area with the highest concentration (m)

According to the analysis, the concentration of gold in the southwestern part of the
study area is much higher than in the centre and north, and therefore the results support
the conclusion that the southern part of the area is the most promising for future
development, with potential for further development to the northwest.

By manipulating data relating to both Elevation and Concentration, it will be
possible to analyze the Deposit in its entirety and do so with the greatest degree of
accuracy possible. Through this analysis, Depths that can be mined at Optimum
efficiencies can be determined as well as Extraction Technology Selection Criteria that
are based on sound logic. The Data that results from this type of analysis provides a solid,
Reliable foundation to use for estimating Resources and creating a strategy to exploit the

Deposit.
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1.4 Conclusions to Chapter 1

In this chapter we are going to talk about how we analyzed the Tulallar gold deposit
by using the most up-to-date geodetic monitoring techniques as well as GIS-based spatial
modeling methods. We used topographical data, geologic data, and gold concentration
data to develop detailed contour maps and models of three dimensional morphology and
mineralization of the deposit.

The research showed that the combination of data from Google Earth and Surfer
software produced effective 3D models of mine ore bodies, helped in determining gold
concentration across various mine depths, and identified high-potential zones for mining.
The use of several methods of interpolation (with Kriging being one of the most important
methods) was crucial in generating a digital elevation model of a mountainous area.

The spatial assessment revealed the existence of zoning patterns within the deposit,
substantially with the higher gold concentrations in the southwest and lesser in the central
and northern portions. The gold concentrations in the southwestern portion are as high as
7.5 g/t and therefore are considered by the researcher to be the most prospective areas for
future development. The spatial distribution of gold concentrations have a large change
with respect to the elevation; therefore, vertical zoning of gold concentrations will be a
major factor in how mining operations are properly conducted.

The method presented enables visualizing ore bodies accurately, and the discovery
of usable ore bodies has allowed for the use of the most statistically viable process for ore
extraction. The combined findings provide a sound basis to guide different extractive
processes like exploration, reserves estimation, and mine planning.

The findings have verified that the combination of Geodetic monitoring and GIS
technologies improve the precision of mineral resource assessment. They have also
provided an optimal way to utilize the resources to ensure environmentally sustainable

mining activities.
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CHAPTER 2. INFLUENCE OF THE STEMMING DESIGN ON THE
MECHANICAL EFFECT OF A COLUMN CHARGE EXPLOSION

One of the most effective and practical ways to improve the efficiency of blasting
operations is the use of reliable stemming (tamping), because stemming directly controls
the confinement of detonation products and, therefore, the share of explosive energy that
is transformed into useful mechanical work in the rock mass (fracturing, crack growth,
and displacement) rather than being lost through premature venting to the atmosphere.

A comprehensive literature review confirms that stemming is strongly linked to
reduced fly rock, reduced air-blast/overpressure, lower fume emissions, and improved
fragmentation and muck pile movement due to enhanced confinement and longer pressure
retention inside the blasthole. Proper stemming should thus be treated as a primary design
variable in production blasting, comparable in importance to burden, spacing, charge

diameter, and explosive type.

Charge
length

\ &5

Figure 2.1. Schematic diagram of the borehole configuration used at the Tullallar
deposit
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It is well established that the performance of elongated borehole charges in
breaking rock masses is largely governed by the stemming system (length, material
properties, and geometry) on Figure 2.1. Laboratory-scale and field-scale studies
demonstrate that insufficient confinement causes early crater formation and rapid gas
escape, leading to reduced fragmentation efficiency and increased adverse effects,
whereas adequate confinement prolongs the action time of high-pressure gases and stress
waves in the near-field region, thereby enhancing crack initiation and propagation in the
collar zone and surrounding rock.

Modern research also emphasizes that the stemming effect cannot be explained by
stemming length alone. Material properties (density, stiffness, grain-size distribution,
compressibility, permeability, cohesion, and wetting behavior) strongly affect the
magnitude of the initial pressure peak, the rate of pressure decay, the onset of stemming
movement, and the probability of premature ejection/blowout. For example, controlled
laboratory experiments on high-explosive blasts showed that stemming conditions
measurably influence fragmentation outcomes even when the explosive and geometry are
kept constant, confirming that stemming modifies the overall energy partitioning between
shock-driven breakage and gas-driven crack growth.

In modern open-pit mining, drilling-and-blasting operations play a key role in
productivity, because fragmentation quality governs the efficiency of loading, hauling,
and crushing/milling. Reliable stemming is one of the most effective levers for improving
blast outcomes while simultaneously reducing safety and environmental risks. Although
debates sometimes arise about stemming necessity in special cases (e.g., reactive ground,
hot holes, presplit blasting), the broad body of evidence supports stemming as a critical
tool for controlling blast performance and mitigating adverse effects when properly
engineered.

Blasting with sufficient stemming generally allows for the following:

- Decreased explosive consumption per unit due to more efficient use of the energy
from the explosives,

- Enhanced quality of fragmented materials including the collar region and fewer

oversized materials,
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- Decreased operational expenses for further processing of materials due to less
variability in crushing processes and reduced occurrence of secondary breakage, and

- Reduced occurrence of detrimental effects caused by blasting (e.g., fly rock, air
blast, toxic fumes, etc.) [29,30].

One of the most important indication are drilling stems material change. This
results in improved containment as well as improved fragmentation because crushed
aggregate has almost entirely replaced the use of drill cuttings as a stemming material in
the recent period. Field bench blasting studies have shown that when crushed aggregate
replaced the drill cuttings as stemming material, there was a significant reduction in the
distribution of the resulting fragments, as well as improvements to the size and shape of
the muck piles, which were associated with improvements in the loading and hauling
operations. Mine-to-Mill studies have found that using aggregate stemming reduces the
variation in the ROM, decreases the variation in the mill feed and therefore lowers the
cost of processing and equipment wear.

At the same time, “optimal” stemming is not universal: it depends on explosive
type, hole diameter, burden/spacing, rock mass structure, and desired fragmentation
targets. Recent experimental and analytical studies demonstrate that stemming length and
material interact: increasing stemming length can improve fragmentation and reduce
recoil/ejection risk, but the same length may behave differently depending on whether the
material is clay-like, granular aggregate, water-based, or hybrid (e.g., sand + clay). This
reinforces the need to treat stemming as a coupled design problem rather than a fixed
rule-of-thumb. A large-scale analysis using actual production results also showed that
stemming-to-burden ratio can be optimized to balance fragmentation and safety by
limiting explosive gas escape; the reported optimum in that study (for the investigated
conditions) was around St/B~0.67 [31, 32]

Key requirements for stemming systems generally include: simplicity and low cost,
rapid installation, stable confinement during the critical detonation and gas-expansion
period, and predictable behavior against premature ejection.

There are four stages of physical activity, as relates to stemming (conceptual
model):
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- Shock Compression Stage: the shock wave slams through the stemming, making the
stemming very dense or stressed.

- Rarefaction Stage: unloading shockwaves cause even distribution of pressure
throughout the length of the stemming column.

- Free Movement Stage: The stemming begins to move as one object, based on how
compressible it is and what frictional resistance it has;

Ejection Stage: The stemming is expelled or broken into pieces. One of the main factors
that will determine when this stage begins is the time it takes for the high-pressure gases
to be released after the stemming has been removed. The longer they are confined, the
more energy they will be able to transfer into the rock mass.

Stemming affects the length of time the detonation products are confined in the
blasthole (and their pressure—time history). A proper stemming will provide a longer
duration of high pressure applied to the borehole wall; also, the effective impulse
transferred to the nearby rock is higher resulting in better crack growth, rock
fragmentation and throw. Also, it will reduce the portion of the energy released as
overpressure and fly rock in the air.

The contemporary literature review demonstrates that the length of the stem and
the material or system used to stem a blast hole significantly impact the performance of
a stem. More efficient stemming materials provide an equivalent amount of confinement
to the blast hole with a shorter length of stem; the improved performance results in either
better collar breakage or better use of the available collar length by extending the
explosive column length while still fulfilling the safety requirements. This observation is
consistent with the results of the tests performed, in which hybrid or engineered stemming
materials produced better results compared to drill cuttings, mainly in the drilling zone
where the venting began too quickly [33, 34].

Material impacts (i.e.: crushed stone stemming and hybrid Systems). Research
shows that crushed aggregate stemming generally achieves more effective results
compared to drill cuttings because the crushed aggregate develops an enhanced
interlocking, reduced permeability pathways, and offers greater resistance to gas-driven

acceleration. Furthermore, recent studies broadened the scope of research by identifying
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size distribution of aggregates as a key factor in terms of size distribution of aggregates
and how they produce gas ejection when partially stemmed and their effect on the overall
production of a system during full-scale tests.

Mechanistic validation from empirical tests conducted under strictly regulated test
procedures provides laboratory experiment evidence that chemical explosives and
controls (the mechanic effects) are largely responsible for altering the nature of the
breakage resulting from the application of either a stop or free charge. Laboratory results
are consistent with an interpretation which indicates that, through the application of
stemming, not only do stress waves interact differently with each other; but also, when
gas pressures are present, their effect on combating rock is altered. In model testing,
stemming length and a variety of stemming materials were measured to determine how
they affected the appearance of blowout holes, how the fragments formed in the dust
cloud looked, and the strain that was created on the stone surface. Through the test results,
stemming was found to be an adjustable means of obtaining the maximum amount of
productive energy while protecting people from harm, such as stemming blasting.

The environmental aspect refers to dust/fumes control. In addition to rock
fragmentation, stemming selection is now focused more and more on reducing both dust
and hazardous fumes. One paper presents an overview of modern methods for reducing
the levels of dust produced during the blasting process in construction projects, and
establishes that both dust levels from blasting operations and their control are impacted
by the combinations of stemming materials and techniques. The paper further discusses
the use of various engineering solutions (including those related directly to stemming) to
reduce or eliminate the generation of dust during blasting operations. In particular, Recent
laboratory investigations of water based stemming systems have examined the ability of
chemicals that improve the wetting properties of water (such as surfactants and/or
inorganic salts) to improve the amount of dust that can be controlled with water based
stemming systems. These studies show that, in addition to their traditional purpose of
providing confinement, stemming systems can also be used to provide an additional level

of protection to the environment [35, 36, 37].
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Another technology-based approach is the use of chemical additives in stemming
designs for the purpose of lowering post-blast fume levels. Laboratory studies have
shown that carbonate-based fillers can reduce nitrogen oxide emissions through
neutralizing reactions at the same time the stemming helps "trap" the detonation gases for
a longer period of time within the cavity; this has given rise to the general idea that
environmentally-focused stemming formulations (i.e., those that incorporate CaCO3-
based additives) can be included in blast designs along with the traditional mechanical
performance criteria.

In general, the most recent research indicates that designers should treat stemming
as one of the primary variables available to them in designing production blasts. By
optimizing the stemming, particularly through the right selection of stemming material
and, when applicable, engineered or hybrid stemming systems, the fragmentation of rock
(including the collar zone) will be optimized; the occurrences of negative incidents such
as blowouts, flyrock, air-blast and fumes will be reduced; and the efficiency of
downstream operations will be increased through a more uniform run-of-mine (ROM)
feed.

One of the most effective ways to increase the efficiency of blasting operations is
the use of effective stemming. Many theoretical and experimental studies are performed
on the use of stemming in blasting because blasting serves many purposes (i.e., rock
fragmentation, creating cavities, creating a profile, etc.) in diverse types of rock with
diverse physical and mechanical properties. There has been limited theoretical research
into the effect of stemming on blasting efficiency; however, such research has only
recently begun to appear [38, 39].

The effectiveness of long borehole/explosive charges in breaking rock masses
depends largely on the features of the stemming material. Stemming performs the major
function of containing explosive products during the time when the products are
undergoing secondary detonation reaction and secondary decomposition reaction to
develop mechanical energy from the expanding gases.

Stemming — Fragmentation controlling Stemming also controls the exit of gases

from borehole. Premature escape of gases due to Stemming would cause incomplete
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detonation, more toxicity of gases produced after detonation, uncontrolled ejection of
rock fragments from the collar and intensified air shock waves. Since stemming plays an
important role in the explosive energy derived from that blast, new studies focus on the
material properties in addition to the charge parameters that would be optimal for a given

charge geometry.

2.1 Analysis of the Role of Stemming in Borehole Charges

In the current development of open-pit mining, drilling and blasting operations play
a key role in increasing production efficiency. Ensuring the availability of adequately
fragmented rock mass allows for the optimal use of loading and transportation equipment.
One of the main ways to enhance blast efficiency is the use of reliable stemming. A large
number of theoretical and mostly experimental studies have been conducted due to the
varying objectives of blasting operations, such as rock loosening, cavity formation, and
profiling, as well as the diversity of rock structures and their physical-mechanical
properties.

There is ongoing debate regarding the necessity of using stemming in explosive
boreholes during blasting operations in mining. However, scientific research clearly
confirms the effectiveness and feasibility of using stemming.

Blasting operations with stemming allow for a reduction in the specific
consumption of explosives, improved rock fragmentation quality, reduced costs of
blasting operations, and minimized environmental impact.

The key requirements for stemming include: simplicity and low cost of fabrication,
ease and speed of installation, and an optimal duration for containing the detonation
products. Stemming significantly affects both the efficiency and safety of rock blasting
by increasing the initial pressure and duration of explosive gas action on the rock,
reducing the initial velocity of gas escape from the borehole, limiting ejection into the
collar zone, minimizing air shock wave intensity, and improving the detonation process.

Besides controlling fragmentation intensity, stemming must prevent the premature

escape of gases from the borehole, which is associated with incomplete detonation and
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an increased concentration of toxic components in the gas mixture. It also prevents the
destruction of the borehole collar and uncontrolled scattering of rock fragments, as well
as the generation of an intensified air shock wave. Thus, modern studies pay special
attention to both the parameters of the elongated charge and the properties and geometry
of the stemming material [40, 41, 42].

Stemming is widely recognized as a key element of borehole charge design because
it governs the degree of confinement of detonation products and, consequently, how
effectively explosive energy is converted into useful mechanical work in the rock mass.
The literature review “Stemming and best practice in the mining industry” summarizes
that proper stemming reduces adverse blasting phenomena (flyrock, air-blast, fumes) and
is directly associated with improved fragmentation and movement due to enhanced
confinement and reduced premature venting of energy. This conclusion is consistent with
the general understanding that insufficient confinement leads to early crater formation
and energy losses, whereas adequate confinement increases gas retention and improves
fragmentation in the relevant portions of the blast hole.

Research also indicates that stemming performance depends not only on stemming
length but substantially on stemming material and stemming systems (contrivances). The
review notes that while studies on stemming length are relatively limited, evidence on the
influence of stemming materials and stemming devices is well documented, and the
required stemming length is partly material-dependent: the more efficient the material is
at containing explosive energy, the shorter the length needed to achieve the same
confining effect.

In this context, [43] highlight that the use of a proper stemming material can reduce
the total amount of stemming required by more than 40%, which can allow more
explosive to be loaded while maintaining confinement and improving collar
fragmentation.

A frequently reported finding is that replacing drill cuttings (drill chippings) with
crushed aggregate improves fragmentation and downstream productivity. Multiple
sources cited in the review agree that crushed aggregate stemming results in better

fragmentation than drill cuttings.
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In [44] reported lower characteristic fragment sizes (K50) and improved muckpile
throw when crushed aggregate was used; they also observed loading and hauling
productivity improvements (reported on the order of ~18%)

In [45] documented mine-to-mill benefits at an operating mine, including improved
ROM uniformity and reduced SAG mill feed variability, which enabled measurable
energy savings and reduced crusher wear.

Besides fragmentation, stemming is repeatedly linked to the control of blowouts,
dilution, and flyrock. In [46] found that adjusting stemming length reduced stemming
blowouts and horizontal movement, which is desirable for dilution control; fewer
blowouts are associated with reduced flyrock and improved fragmentation.

The review further reports that adequate stemming can reduce air-blast
(overpressure), thereby increasing the fraction of explosive energy available for useful
rock breakage and movement.

Overall, modern evidence supports the view that stemming should be treated as a
primary design variable in production blasting. Its optimization—especially through
appropriate stemming material selection and, where applicable, stemming systems—can
improve fragmentation quality (including collar fragmentation), reduce adverse outcomes
such as blowouts, flyrock and air-blast, and contribute to downstream operational
efficiency through more uniform ROM feed [43-46].

In [47] emphasized that stemming increases the effective use of explosive energy.
He defined useful explosive work as the energy consumed in rock fragmentation, while
non-useful forms include the scattering of fragments, air shock waves, excessive crushing
of rock in direct contact with the charge (brisant action), and other effects which may
even be detrimental to further processing of mineral resources.

Such excessive crushing leads to increased thermal energy loss, as finely
fragmented rock mixed with detonation products can absorb significant heat during gas
expansion. Additional thermal losses occur when gaseous detonation products escape
from the borehole before completing their expansion to atmospheric pressure. The
effective energy output of the explosive is also diminished by chemical losses from

incomplete detonation reactions.
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The optimal parameters of stemming depend on multiple factors, including the
properties of the explosive and stemming material, the charge design, and the surrounding
geological environment.

Stemming helps to minimize energy loss during detonation by ensuring both
complete detonation of the explosive and maximal release of its potential energy [46, 47].

In experiments involving oversized rock fragmentation with surface-applied
charges of varying detonation velocities, the criterion for effectiveness was the relative
degree of fragmentation, evaluated by the total newly formed rock surface area. For
surface charges, blast work is governed primarily by the impulse, which is proportional
to the explosive’s density and the square of its detonation velocity, and occurs solely via
the shock wave.

Although it might seem stemming is unnecessary in such cases, experiments
showed that stemming significantly increases fragmentation. For instance, an explosive
with a detonation velocity of 4.5 km/s and stemming produced the same degree of
fragmentation as a 7.0 km/s explosive without stemming (Figure 2.2). This can be
explained by the increased completeness of detonation and the higher detonation pressure
achieved when stemming is used.

Stemming increases the effective length of the shock wave and the initial pressure
of explosive gases. According to rock failure theory via reflected waves, the line of least
resistance (LLR) that is overcome by the explosion is proportional to the effective wave
length. Stemming ensures the retention of high pressure in the borehole long enough for
fracturing to occur throughout the entire zone from the free surface to the charge cavity.

The analysis of scientific research indicates that the improvement of borehole
charge design to enhance rock fragmentation and reduce the production of oversized
fragments remains an open and insufficiently studied area. Various approaches yield

differing outcomes, highlighting the need for further investigation.
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Figure 2.2. Influence of stemming on the efficiency of rock fragmentation by surface
charges (curve 1 — without stemming, curve 2 — with stemming) [47]

The efficiency of surface mining operations largely depends on the quality of rock
mass preparation for excavation. This quality is assessed by such parameters as the
uniformity of the particle-size distribution of blasted rock, the average fragment size, the

loosening factor, and the characteristics of the blasted rock pile.

Modern approaches to controlling the quality of blast-induced rock fragmentation
are primarily focused on the zone of controlled fragmentation. It is within this zone that
all major blasting factors exert their influence, including shock waves, stresses generated

by direct and reflected waves, and the expansion of gaseous detonation products.

The upper part of the bench belongs to the zone of uncontrolled fragmentation. In
this area, only partial rock breakage occurs during blasting, since wave processes have
little influence here due to their rapid attenuation. The dominant factor in this zone is the
blasting action of gaseous detonation products. Its effect on the overall quality of rock
fragmentation is significant: the loosening factor in this zone is lower than in the

controlled fragmentation zone, and it is also the principal source of oversized fragments.

The secondary crushing of oversized fragments requires additional costs and

significantly increases the environmental burden.
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The only way to improve the quality of rock mass preparation in the uncontrolled
fragmentation zone without increasing explosive consumption is to enhance the blasting
action of detonation products by extending the duration of their effect on the rock mass.
The retention of detonation products within the borehole is achieved by stemming the
upper part of the hole, where no explosive charge is placed. In blasting practice, drill

cuttings are most commonly used as stemming material.

The purpose of stemming is to create resistance to the explosive products and to
prevent the rapid escape of explosive gases from the borehole, thereby ensuring more
efficient use of explosive energy. The resistance provided by stemming depends on its

length and on the properties of the stemming material.

Previous studies [47, 48] have shown that the blasting effect produced by
detonating a concentrated charge in a borehole without stemming is reduced by 3.0-3.5

times.

Stemming materials may be granular, liquid, plastic, solid, or foamed. Granular
stemming materials, most commonly sand, have a bulk density of 1.2—1.5 t/m3. Liquid
stemming materials include water and foam gels, with a density of 1.0—1.1 t/m>. Plastic
stemming materials, the most common of which is a sand-clay mixture, have a density of
1.5-2.0 t/m3. However, density alone is not the determining factor. High adhesion to the
borehole walls is also of great importance, and this can be achieved by incorporating

cementing fillers into the stemming material.

Figure 2.3 presents the results of studies on the stemming ejection duration for
different stemming materials and varying stemming lengths. The results indicate that a
foam-gel-type stemming material with a density of 1.1 t/m® (1120 kg/m?) provides a
longer retention time of detonation products compared with sand stemming and,
consequently, ensures higher pressure. The rational stemming length was determined
under the following conditions: rock type — sandstone with a hardness coefficient of f =
10 and a density of 2.8 t/m? borehole geometry — 12 m in length and 250 mm in

diameter; explosive type — emulsion explosives of the Emulgit brand and ANFO 30, 50,
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60. As a result of the study, the optimal stemming length was determined, which
effectively accounts for the pressure decay time in the borehole (Fig. 2.4). In this case,

the length ranges from 4.3 to 5.0 m.
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Figure 2.3. Dependence of the stemming ejection duration on the stemming
material type and stemming length

In the conducted studies, the time corresponding to the pressure decay at the
borehole collar under the free outflow of detonation products is equal to 5t, (where t, is
the travel time of the elastic wave along the borehole). The outflow process of detonation
products from a borehole 12 m long and 250 mm in diameter occurs within 4-22 ms,

depending on the stemming length.

The investigation of the physical processes governing pressure variation caused by
detonation products under borehole blasting conditions demonstrated that stemming
made of an absorbing mixture provides higher pressure and a longer confinement time of
explosive products compared with sand stemming. As a result, the optimal stemming
length for a borehole explosive charge was determined, allowing the rock fragmentation
process to be optimized. It was established that the stemming length of the explosive
charge is a key parameter affecting the efficiency of rock blasting. Determination of the

optimal stemming length in a borehole explosive charge requires consideration of the type
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of stemming material and its physical properties, the properties of the explosive, and the

geometric parameters of the borehole.

2.2. Assessment of the Influence of Stemming Material and Geometry on Ejection

Parameters

Studies and mining practice confirm that stemming material should ensure both
ease of application and delayed deformation under the pressure of expanding gases,
thereby prolonging the retention of detonation products within the borehole. In practice,
clay-sand mixtures are preferred because of their plasticity and good adhesion to the
borehole walls during deformation.

Whereas, in small-diameter blast-hole charges, stemming improvement is often
limited to the selection of material or the use of special locking devices, in borehole
charges the stemming design—its geometry and dimensions—provides much broader
opportunities for improvement.

From the standpoint of interaction with the detonation wave, the initial stage
includes the propagation of the shock wave through the stemming body to its upper end,
the formation of a reflected rarefaction wave, and the weakening of the material’s
structural integrity. This is followed by deformation, radial expansion of the stemming,
and an increase in frictional forces along the borehole walls. At this stage, the role of the
stemming material is less significant compared with the forces and deformations
developing within it.

When determining blasting parameters, special attention is given to substantiating
the rational stemming length. Various methodological approaches exist for its
determination, based on the condition that the stemming ejection time must exceed either
the time required for rock mass breakage or the time of complete charge detonation. Since
rock mass destruction occurs under the combined effect of gaseous explosion-product
pressure and stress-wave energy, the optimal stemming length is the one that ensures

retention of the explosion products in the charge cavity for a period sufficient for effective
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rock breakage. Changing the composition of the stemming makes it possible to regulate
the parameters of the explosive impulse and its time characteristics. Based on
experimental data, a calculation scheme has been developed that makes it possible to
quantitatively assess the influence of stemming material properties on the specific
pressure impulse, taking into account the compressibility of individual stemming layers
and friction forces.

To determine the influence of the physical and mechanical properties of the
stemming material on the retention behavior of detonation products in the borehole and
on the conditions of stemming ejection, two variants of the borehole charge model were
considered: one with sand stemming and the other with foam stemming. In both cases,
the geometric parameters of the model remained identical, and the only difference was in
the properties of the stemming material.

The borehole had a diameter of 110 mm and a depth of 5.0 m, extending to the
ground surface. The lower part of the borehole, 3.3 m in length, was filled with ANFO
explosive, while the upper part, 1.7 m in length, was filled with stemming material.

For sand stemming, the density was taken as p.,,4=1500 kg/m?, while for foam
stemming it was assumed to be pr,4,,=680 kg/m?. In addition, the following parameters
were used for foam stemming: Young’s modulus E = 7.5 x 10° Pa, Poisson’s ratio v =
0.2, and maximum tensile stress ,=800 Pa. The geometric parameters of the borehole
and stemming were as follows: borehole diameter d = 0.11 m, stemming length L =1.7
m, and explosive charge length L,=3.3 m

The cross-sectional area of the borehole is determined from the geometric

relationship:

nd? _m 0.112
4 4
where A is the cross-sectional area of the borehole, m?, and d is the borehole

A= =9.503-1073

diameter, m.
The volume of the stemming is determined as the product of the borehole cross-
sectional area and the stemming length:
V,=A-L,=9.503-10"3-1.7 = 1.62- 1072, m3
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The lateral contact surface area between the stemming and the borehole walls is calculated
using the following formula:
Siqe = mdLy =1+ 0.11-1.7 = 0.59 m?

where Vs — the stemming volume, m?3; S5 — the area of the lateral contact surface of the
stemming, m?; Ls — the stemming length, m.

The mass of the stemming is determined using the general relationship:

m = pV; (2.1)

where m is the mass of the stemming, kg; p is the density of the stemming material, kg/m?;
and Vi is the stemming volume, m?.

For sand stemming:

Megng = PsanaVe = 1500+ 1.616 - 1072 = 24.23 kg

For foam stemming:

Mfoam = ProamVs = 680 1.616 - 1072 = 10.99 kg

The mass ratio of sand stemming to foam stemming is equal to:

Mana _ 2423
Meogm  10.99

Thus, the mass of sand stemming is around 2.2 times that of the foam stemming.
The mass of the sand alone is not enough to create a seal that traps the detonation products
within the borehole.

Evaluating the force produced by detonation products. The amount of force exerted
on the stem by the detonation products is calculated using the formula below.

F(t) = AP(t) (2.2)

The peak pressure value is the same in both cases and is assumed to be: P,,,, ~ 2.4 - 10°
Pa. Accordingly, the maximum force exerted by the detonation products on the stemming
iS: Fpax = APpax = 9.503-1073-2.4-10° = 2.28-10” N

Thus, the peak force exerted by the gases on the stemming is approximately 22.8
MN.

Assessment of the equivalent resistance to stemming ejection. For the quantitative

comparison of the confinement capacity of the two stemming materials, the equivalent
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contact stress corresponding to the resistance to stemming ejection from the borehole was

evaluated. In this case, the following relationship was used:
F

Siat

where 1.t — the equivalent shear resistance stress, Pa; F is the force exerted by the
detonation products pressure, N; Sj;t — the contact surface area, m?,
n the calculations, the following values were used: for sand stemming at the final
stage of the process, Psgnq = 0.8 - 10° Pa, for foam stemming Py, =~ 1.2 - 10° Pa.
Then Fyanaena = APsandena = 9-503-1073-0.8-10° = 7.6 - 10° N

7.6-10°
0.59

~ 12.94 MPa

and the equivalent resistance stress is: To4nq =

Similarly, for foam stemming:
Froam,ena = APfoamena = 9-503-107%-1.2-10° ~ 1.14- 10’ N

1.14-107
Tfoam = W ~ 19.41 MPa

The ratio of the equivalent resistances is equal to:

Toam _ 1941
Teana  12.94

Thus, the effective resistance to ejection for foam stemming is approximately 1.5 times
higher than that for sand stemming.

The obtained results indicate that the effectiveness of stemming is determined not
only by its mass, but primarily by the nature of its contact with the borehole walls, its
ability to compact and seal the channel, and the conditions governing the confinement of
detonation products within the charge zone. Although the mass of foam stemming is
lower than that of sand stemming, the analytical estimates performed show that foam
stemming creates a more effective barrier to gas escape.

This can be explained by the fact that, under loading, the foam deforms, compacts,
and adapts better to the irregularities of the borehole walls, thereby forming a denser
contact layer. In the case of sand stemming, despite its greater mass, the intergranular
void space and the less continuous nature of the contact may promote faster gas

breakthrough and, accordingly, a more intensive pressure decay within the borehole.
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From the standpoint of interaction with the detonation wave, the initial stage
includes the propagation of the shock wave through the stemming body to its upper end,
the formation of a reflected rarefaction wave, and the weakening of the structural integrity
of the material. This is followed by deformation, radial expansion of the stemming, and
an increase in frictional forces along the borehole walls. At this stage, the role of the
stemming material itself becomes less significant compared with the forces and
deformations developing within it.

The velocity of stemming movement in the borehole is best described by the
equation of motion of the stemming treated as a piston subjected to gas pressure, friction
against the borehole walls, and its own weight. This approach is used in modern studies:
the stemming motion is considered one-dimensional, the stemming is treated as a body
moving along the borehole axis, and the gas pressure is taken as the main driving force.
The literature also emphasizes that such modeling is closely related to the problem of
internal ballistics.

The basic equation takes the following form:

ma=F, — F, -G, (2.4)

where m — mass of the stemming , kg; a — its acceleration, m/s?; F; — force og
gas pressure acting on the stemming, N; F, — friction force of the stemming against

the borehole walls, N; G — weight of the stemming, N.

2 2
For a cylindrical borehole: F; = %px Tam = %Lsps where d — the borehole
diameter, m; px — is the gas pressure in the borehole, Pa; Ly — is the stemming

length, m; p; — is the density of the stemming material, kg/m?.

The relationship describing the pressure variation as the stemming moves is as

follows: pV3 =const.

Then, for engineering calculations, a formula can be used in which the average pressure

and the average friction force are already applied.

~ ’Z(FA—F_Z)x (2.5)



72

where the following quantities are taken into account: the average gas pressure P, the

borehole cross-sectional area A, the average resistance force F, , the displacement path

x, and the stemming mass m. Taking equation (2.1) into account, we obtain:

_ |2(PA-F)x _  [2Px R
v JORE =05 e

Now, if the resistance to motion is expressed not as a separate force F,, but through the

equivalent attenuation coefficient 1 — FF—Z ~ e~ Pl then we obtain:

2Px
= _BlS
% /psls e (2.7)

The time of complete stemming ejection from the borehole was determined from the

relation t = %

The obtained results indicate that foam stemming, despite its lower density,
provides significantly longer confinement of detonation products within the borehole than
sand stemming. This is explained by the fact that its effective resistance coefficient to

motion is higher.

Thus, foam performs more effectively not because of its greater mass, but due to
its better sealing properties, deformability, and greater overall resistance to gas

breakthrough.

If it is assumed that S, = 2.36 m~1, then the velocity can be calculated as

. .109-
follows: vggng = \/% e~236'L7 ~ 168.3 m/s. Accordingly, the ejection time

1.7

of sand stemming can be determined as follows: t;,nq = o3 0.0101 s = 10.1 ms.

For foam stemming, we  assume: ,Bfoamz3.83m‘1. Vfoam =

2:1.65-109-1.7 —3.831.7 inal h . . . ff .
~—so1; € > =85.0 m/s. Accordingly, the ejection time of foam stemming

can be determined as follows: t;,qm = % ~ 0.0200 s = 20.0 ms.
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As a result of the calculations, it was established that, for the same borehole
geometry and the same stemming length, the mass of sand stemming is 24.23 kg, whereas
the mass of foam stemming is 10.99 kg. Thus, sand stemming is approximately 2.2 times
heavier. However, the greater mass does not ensure better confinement of detonation
products within the borehole.

Based on the analysis of the pressure curves, it was found that the average pressure
in the case of foam stemming is approximately 40% higher than that for sand stemming,
while the potential work of the detonation products is about 40.5% greater. The
assessment of the equivalent contact resistance showed that, for foam stemming, it is
approximately 1.5 times higher than for sand stemming.

Therefore, the use of foam stemming is more effective than sand stemming, since
it provides better borehole sealing, prolongs the retention time of detonation products in
the charge zone, and promotes a more complete utilization of the explosive energy for

rock mass fragmentation.

2.3. Analysis of the Effectiveness of Foam Stemming in Reducing Harmful Gas

Emissions

Another area of stemming improvement was aimed at reducing the negative
environmental impact of blasting operations, which manifests itself in the formation and
dispersion of dust-and-gas clouds and the emission of harmful gases. Mass blasts carried
out in open-pit mines are accompanied by the formation of intense dust-and-gas clouds
that pollute both the pit atmosphere and the surrounding adjacent areas. Such clouds can
spread over considerable distances from the blast site. At the same time, the emitted gases
are characterized by high concentrations of toxic substances, including oxides of carbon,

sulfur, nitrogen, and others.
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The main sources of dust and gas generation in open-pit mines are drilling and
blasting operations, which account for up to 35% of total emissions [1]. The intensity of
dust-and-gas formation during blasting in open pits depends on many factors, the most
important of which include the physical and mechanical properties of the rock mass and
its water content, the methods used for drilling blast holes, the range of explosives
applied, the types of stemming materials used, blasting techniques, the timing of blasting

operations, and the meteorological conditions at the time of the mass blast, among others.

At present, technological, organizational, and engineering measures aimed at
reducing dust and gas emissions during mass blasts in open-pit mines are well known
[49-53]. Technological measures include the use of explosives with a zero or near-zero
oxygen balance. Organizational measures include accounting for the natural wind flow
and shifting the blasting time to the period of its maximum activity, as well as replacing
the stemming material. Engineering measures include irrigation of the blasting zone with
water or dust-suppressing solutions, as well as the use of hydrostemming. At one time,
an improvement of the method for reducing dust and gas emissions into the quarry
atmosphere during mass explosions was proposed, developed by the M.S. Polyakov
Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine
[50].

Its essence is as follows. During mass explosions in quarries, detonation products
are released into the atmosphere. Small dust particles and gases form a gas and dust cloud.
Therefore, under adverse meteorological conditions, part of the gas-dust aerosol can leave
the boundaries of the quarry space and is carried by the air flow. The concentration of
dust in the upper part of the gas and dust cloud can reach 2000 mg/m3 (up to 34% of the
total amount of dust), CO — 0.04%, NO2 — 0.007%. Reduction of dust emissions is
achieved by reducing the mass of the substantive (explosive) in wells on the surface of
the rock block, reducing the number of wells and reducing the diameter of their mouths,
the use of combined hydraulic packing, the use of hydraulic dust sup-pression systems,

etc.
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Experimental studies [50] have shown that spraying fine water mist over the
surface of an explosive rock block leads to a more effective reduction in dust
concentration than with standard spraying of liquid droplets. This is due to the fact that
water fog in the district lasts longer and is transported over long distances. Consequently,
the processes of interaction of moisture with dust particles are longer. It is also possible
to propose a method to reduce dust formation and gas emissions during explosive rock
breakage on the pit ledge. Blast wells are drilled on the surface of the ledge of the rock
block. Explosive wells are used to place explosives and initiators. After that, the inactive

part of the wells is sealed with a combined packing.

The lower inactive part of the well is filled with fine gravel, and in the upper part
a sealed hose made of elastic polymer material filled with hydrogel is in-stalled. At the
same time, the walls of the hose fit snugly to the inner surface of the drill bit. The upper
part of the sealed sleeve has a mushroom-like shape, the diameter of which is larger than

the diameter of the zone of active cracking (Fig.2.4, 2.5).
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Fig.2.4: The appearance of the ledge of the rock block and the scheme of drilling
explosive wells. 1 — the surface of the ledge of a rock block; 2 — explosive well; Hy —
height of the cornice. Rtp - the radius of the zone of active cracking, m

Fig.2.5: A-A section of the blast wellhead. 3 — explosive charge; 4 — initiator of the
explosive charge; 5 — waveguide of the initiation system; 6 — stemming that is made of
crushed stone; 7 — hermetic hose; 8 — hydrogel; 9 — check valve; 10 — mushroom-shaped
protective layer; Dc - borehole diameter, m; Lc - length of the well, m; Lu - the length of
the inactive part of the well, m; | — length of the sealed sleeve, m; h - the height of the
crushed stone pack, m

At the moment of charge detonation, the shell of the hermetic hose is destroyed

and solid detonation products interact with the hydrogel. Detonation products moving
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During mass explosions in quarries, detonation products are released into the
atmosphere. Fine particles of dust and gases form a gas-dust cloud. Reducing dust
emission is achieved by reducing the mass of explosives in wells, reducing the number of
wells and reducing the diameter of their mouths, using combined hydraulic clogging,
using hydraulic dust suppression systems, etc. A method for effectively reducing dust-
gas emission with the installation of sealed sleeves made of polymer material filled with
hydrogel in the upper part of the well is presented.

All types of stemming currently in use are divided into two groups: those made of
granular materials and liquid-based stemming. The main drawback of the listed methods
is the labor-intensive nature of the process.

Thus, despite the achievement of certain positive results, the possibilities for
improving the quality of rock mass preparation by blasting and reducing its environmental
hazard have not yet been fully realized. A promising approach is the use of readily
available components for the preparation of stemming material from solutions based on
quarry water removed from blast holes during dewatering. Reducing the labor intensity
of stemming operations through the mechanization of the blasting complex, which
enables the preparation of stemming material directly at the blasting site, is also
considered a means of improving blasting quality. Recently, the method of stemming
blast holes with low-density stemming materials in the form of foam has been actively
used.

For the neutralization of toxic gases, it is advisable to use inexpensive and widely
available substances such as slaked lime, soda ash, and chalk. In our study, chalk is
proposed because it is sufficiently widespread and is often present in overburden rocks.
The use of chalk with a particle size of 40 um increases its total surface area and,
accordingly, enhances the rate and completeness of the chemical reaction for the
neutralization of nitrogen oxides.

CaC0s 4+ 2NO, + 0,50, = Ca(NOs), + CO, (2.8)

The resulting particles of calcium nitrate agglomerate and settle onto the surface of

the blasted rock mass.
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In order to increase the foam volume, reduce its cost, and improve its
environmental performance, studies were carried out on the use of chalk CaC0O; asan

additional additive.

Foam production is recommended to be carried out by the hydrate-foaming method
[9, 10]. Its essence lies in mixing naturally occurring amorphous silicon oxide (in this
case, the rock diatomite is considered) with an alkali to form alkaline hydrosilicates.
During the treatment of diatomite with sodium hydroxide in the presence of water, the

following reaction takes place:
mSiO, + 2nNaOH + (p — n)H,0 - nH,0 - mSi0, - pH,0  (2.9)

Diatomite is considered as the main raw material component, the chemical composition
of which is presented in Table 2.1. Sodium hydroxide powder is proposed as the pore-
forming agent, while chalk is used as an additive. The material is produced using standard

powder technology [9, 10]. As a result, a porous structure with a uniform pore distribution

IS obtained.
Table 2.1.Chemical composition of diatomite
Parameter, %
Sio, Al, 04 Fe,04 CaO MgO Loss on
ignition
Diatomite 76,2 6,8 3,5 1,0 0,9 11,6

The addition of 5% chalk increases the density from 300 kg/m? to 680 kg/m?. The
porosity decreases from 80% to 67-69%. During the interaction of chalk with alkali, the

foaming activity decreases according to the following equation:
CaC0O; + 2NaOH — Ca(OH), | + Na,CO04 (2.10)

The decrease in the porosity of the finished material can be explained by the fact that the
interaction of these components results in the release of an insufficient amount of gas (fig.
2.6 and fig.2.7).
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Fig. 2.6. The internal structure of the Fig. 2.7. The internal structure of the

samples without the addition of chalk.  samples with 5% chalk content.

Despite the decrease in the porosity of the foam stemming, nitrogen oxide
emissions are reduced by 10%. The proposed dust-control method increases the dust
suppression efficiency by 20% compared with the water-emulsion methods currently in
use.

During field investigations at the quarry, an instrumental environmental
monitoring system was organized using automatic air quality monitoring stations.
Monitoring was carried out at five control points, which made it possible to assess the
spatial distribution of gaseous and particulate pollutant concentrations within the zone
affected by mass blasting. The layout of the monitoring stations is shown in Fig. 2.8. This
observation arrangement makes it possible to record both the immediate post-blast impact
and the subsequent dynamics of pollutant dispersion within the quarry and in the adjacent
surrounding areas [51, 52, 53].

As a result of using foam stemming in blasting operations, excavator productivity
increases by 18%, while the dispersion zone of fine dust and the dust-and-gas cloud is
reduced by 1.8-2 times. The assessment of the environmental consequences of blasting

during pilot-scale testing showed that the height of the dust-and-gas cloud in areas blasted
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using foam-gel stemming was more than two times lower than in areas where drill

cuttings were used as stemming material.

When assessing the gas factor, particular attention was paid to nitrogen dioxide
(NO3), which is one of the hazardous components of the post-blast gas cloud. In analyzing
the results, it is advisable to distinguish between air quality standards for ambient air in
populated areas and those for workplace air. For ambient air, the key parameter is the
maximum one-time permissible concentration, which is used to assess the impact within
the sanitary protection zone of the quarry and at the boundary of residential development.
For workplace air, separate occupational safety standards are applied, which determine
the conditions under which personnel may be allowed to enter the blast site after natural

or forced ventilation.

Wind direction .
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S Wind: 32m/s --22°C
. Temp. 22°C " = Unsmble

Fig. 2.8. Layout of monitoring stations: 1, 2, ..., 5, 6 — station numbers.

Thus, during mass blasting, monitoring of NO: concentrations has a dual
significance: on the one hand, it is necessary to prevent exceedances of environmental
standards beyond the boundaries of the enterprise, and on the other hand, it is essential
for ensuring safe working conditions within the quarry itself (fig. 2.9). The analysis was

carried out in accordance with the current Ukrainian standards for ambient air in
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populated areas, approved by Order of the Ministry of Health of Ukraine No. 813 dated
May 10, 2024, and the standards for workplace air, approved by Order of the Ministry of
Health of Ukraine No. 1192 dated July 9, 2024.
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Fig. 2.9. NO: concentration values at every 200 m from the blast epicenter for mass blasts
using sand borehole stemming (a) and foam borehole stemming (b).

Carbon monoxide (CO) was also assessed separately, as it is one of the principal
toxic components of gaseous detonation products (fig. 2.10). For ambient air at the
boundary of the sanitary protection zone, the maximum one-time CO concentration is
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monitored, and the assessment is performed for the most unfavorable meteorological
conditions, which makes it possible to conservatively estimate the risk of gas cloud
propagation toward adjacent areas. The intensity of CO formation depends significantly
on the type of explosive and its oxygen balance: the use of modern explosives with a zero
or near-zero oxygen balance contributes to reducing the proportion of toxic components
in post-blast gases. In the workplace air, CO monitoring has direct operational
significance, since personnel may be allowed to enter the blast area only after the
concentration has decreased to the permissible level and this has been confirmed by
instrumental measurements. For ambient air in populated areas, the current Ukrainian
maximum one-time standard for CO is 5.0 mg/m?, while separate state medical and
sanitary standards apply to workplace air; in Ukrainian practice, post-blast control is
carried out on the basis of gas analysis results before personnel are admitted to the

hazardous zone.

According to the obtained experimental and calculated data, the use of different
types of stemming has a significant effect on post-blast carbon monoxide concentrations.
When solid stemming was used, the CO concentration increased from 0.7 mg/m? to 3.50
mg/m?3, whereas with foam-gel stemming it increased from 0.8 mg/m? to 1.218 mg/m>.
This indicates a substantial reduction in the intensity of gas formation or, more precisely,
a lower CO concentration in the monitored air environment after blasting. The calculated
relative efficiency of CO concentration reduction for foam-gel stemming was 1=0.652,
which confirms its advantage over conventional solid stemming. Therefore, the use of
foam-gel materials can be considered not only as a technological measure for controlling
blasting parameters, but also as an effective means of reducing the gas load on both the

environment and the workplace air.

Another important area of research is the assessment of air dustiness after mass
blasting, since dust, especially when it contains a high proportion of free silicon dioxide,

poses a significant hazard both to quarry workers and to the population of adjacent areas.
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Fig. 2.10. Carbon monoxide (CO) concentration values at every 200 m from the blast
epicenter for mass blasts using sand borehole stemming (a) and foam borehole stemming

(b).

For quartzite-bearing rocks, this issue is particularly relevant due to their high SiO2
content, which results in increased fibrogenic activity of the dust and a higher risk of
occupational diseases, particularly silicosis (fig. 2.11). Therefore, when analyzing dust
pollution, it is necessary to consider not only the total mass concentration of dust, but also

its mineralogical composition, particle-size distribution, and dispersion conditions after
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blasting. Different assessment criteria are applied to ambient air in populated areas and
to workplace air, while for the workplace environment the standards are differentiated
depending on the content of free silicon dioxide in the dust. In the case of quartzites and
other siliceous rocks, dust control is one of the key components of the environmental and
occupational safety system. In Ukraine, workplace air standards are indeed established
separately for chemical substances in the working environment, and admission to the
hazardous zone after a mass blast is determined on the basis of air analysis results and the

decision of the blasting supervisor.
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Fig. 2.11. Air dust concentration after mass blasting at 200 m intervals from the blast
epicenter for blasts using sand borehole stemming (a) and foam borehole stemming (b).



85

Analysis of the graphical relationships showed that when sand stemming was used,
the maximum dust concentration after blasting reached 5.75 mg/m?, whereas with foam
stemming it was 2.139 mg/m?. Thus, the use of foam stemming provides a reduction in
the maximum dust concentration of approximately 63%. This result indicates a significant
positive effect of foam stemming materials on the intensity of dust-and-gas emissions
during mass blasting. This is important not only from a sanitary and hygienic perspective,
but also from a technological one, since lower dust levels improve visibility in the quarry,
increase operational safety, reduce waiting time before subsequent production operations
can begin, and decrease the environmental burden on adjacent areas.

According to safety regulations, gas concentrations (instrumental) and atmospheric
(environmental) conditions (measurements) should not be measured until the dust/gas
cloud has initially dispersed and the blasted rock mass has stabilized (settled) after the
completion of a large blast event. Current Ukrainian safety standards for industrial
explosives use state that rescue personnel may be allowed entry into the quarry after 15
minutes have elapsed from the time of the explosion event; all other personnel may be
allowed entry based upon the results of the air analysis. In reality, a considerably longer
pause is often used in order to assess both gaseous and particulate/dusty states; that
interval may be as long as 30-60 minutes depending upon weather conditions, the size of
the blasting area (quarry), the size of the blasting event, and the amount of natural
aeration.

Thus, the research results confirm that the problem of suppressing dust-and-gas
emissions during mass blasting in open-pit mines remains relevant from both
environmental and production-technological perspectives. Traditional methods based on
the use of water jets and curtains are often labor-intensive and do not always provide
sufficient efficiency under large-scale blasting conditions. In this regard, a promising
direction is the development and implementation of new multifunctional stemming
materials and technologies capable of simultaneously ensuring the required quality of
explosive rock fragmentation and reducing the level of dust-and-gas load on atmospheric

air. The obtained results on the use of foam stemming indicate the feasibility of further
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research in this area and the potential for practical application of such solutions under

quarry conditions.

2.4 Conclusions to Chapter 2

Reliable stemming is a critically important element of a borehole charge design,
since it directly determines the efficiency with which detonation energy is converted into
mechanical work within the rock mass. By confining the detonation products within the
borehole during the most important phase of gas expansion, stemming increases both the
initial pressure and the duration of explosive gas action, thereby improving crack
formation and rock displacement while reducing non-productive energy losses to the
atmosphere. In addition, proper stemming prevents premature gas escape, which could
otherwise result in incomplete detonation, increased toxicity of post-blast gases,
uncontrolled flyrock ejection from the collar zone, and intensified airblast effects.
Therefore, stemming should be regarded not as an auxiliary component, but as a
determining factor in fragmentation quality, blasting safety, and the environmental impact
of blasting operations.

Stemming effectiveness depends on more than just length; it’s also determined by
the mechanical attributes of the stemming and the shape of the stemming system. Several
phases of stemming physical reaction occur during the detonation, and that includes shock
compression, rarefaction, free movement, and ejection. All the phases determine how
long the borehole remains sealed so that pressure can act outward towards the surrounding
rock mass.

From an engineering perspective, the optimal stem material should be simple to
apply in practice, and exhibit delayed deformation when subjected to the forces of
expanding gases, thus maximizing the length of time that the detonation products are kept
confined. The use of clay and sand mixtures is very common in this capacity as they

exhibit excellent plasticity, and adhere strongly to the borehole wall.
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Analytical and numerical studies demonstrated that any small change in confinement
time of detonation products can lead to a great increase in blasting efficiency.

In addition to fragmentation performance, the choice of stemming material is
becoming increasingly important due to environmental constraints, primarily those
related to dust-and-gas emissions during mass blasting. Under quarry conditions, drilling
and blasting operations are among the principal sources of dust and gas generation, and
under unfavorable meteorological conditions the dust-and-gas cloud may spread beyond
the quarry boundaries, creating safety risks and compliance issues. Therefore,
improvement of stemming technology is increasingly focused on achieving two
objectives:

1) prolonging the confinement time of detonation products in order to improve
fragmentation, especially in the upper, less controllable part of the bench;

2) reducing dust-and-gas emissions through the use of materials and systems capable
of trapping dust particles and neutralizing harmful gases.

In this context, foam stemming is a promising approach, since it can provide longer
pressure retention while simultaneously limiting dust propagation. Field assessments
reported in the analyzed materials indicate that the use of foam stemming can increase
excavator productivity by up to about 18% and reduce the dispersion zone of fine dust
and the dust-and-gas cloud by approximately 1.8-2 times. In addition, the height of the
dust-and-gas cloud in blasts with foam stemming was more than twice lower than that
observed with conventional drill-cuttings-based stemming.

These results indicate that foam-based stemming can improve both production
efficiency — through a more favorable particle-size distribution of the blasted rock mass
and better muckpile characteristics — and environmental performance, owing to reduced
aerosol pollution near the boundaries of sanitary protection zones.

Further development of foam stemming is also associated with its chemical and
microstructural modification aimed at enhancing dust capture and gas neutralization. As
a practical approach, the use of inexpensive and readily available additives such as chalk

has been proposed: fine chalk particles (about 40 um) increase the reactive surface area,
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thereby promoting more complete neutralization reactions of nitrogen oxides and
enhancing the overall environmental effect of blasting.

The use of a hydrate foaming method involving natural siliceous raw materials such
as diatomite has been proposed for the formation of porous structures. It has been
established that increasing the chalk content in the foam increases density and decreases
porosity; however, the overall yield of the dust fraction may be significantly reduced —
according to some data, by 2.5-3 times.

In general, stemming optimization — through the selection of material, geometry,
and the use of multifunctional foam systems — should be considered one of the most
effective means of improving fragmentation quality, reducing oversize yield, lowering
the specific consumption of explosives, and decreasing dust-and-gas emissions.
Therefore, further improvement of foam stemming compositions with enhanced dust-
absorbing capacity and gas-neutralizing ability is scientifically and practically justified,
especially for large-scale quarry blasting, where both productivity and compliance with

environmental requirements are of decisive importance.
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CHAPTER 3. PROBLEM STATEMENT AND ITS CONNECTION TO
RELEVANT PRACTICAL CHALLENGES: NUMERICAL MODELING OF
EXPLOSIVE EFFECTS IN ROCK MASSES

In modern mining industry, more than 80% of rock volumes in open-pit mines are
broken by drilling-and-blasting operations, the effectiveness of which largely determines
the performance of all subsequent mineral extraction and processing stages. Costs for
drilling-and-blasting operations amount to approximately 25% of the unit production cost
of the blasted rock mass.

Elongated charges of explosive materials are widely used in blasting practice. Their
detonation produces complex gas-dynamic processes, as a result of which about 90% of
the detonation-wave energy is directed at an angle of 70—80° to the longitudinal axis of
the borehole, and only 10% is directed into the surrounding rock mass. Such an energy
distribution does not ensure maximal conversion of the wave into work for creating a
system of fractures in the borehole walls, which explains the rather low level of useful
effect of the explosion [54, 55].

One of the key factors determining the efficiency of charge energy use is the quality
of the stemming. It is the stemming that retains the gaseous products of the explosion in
the borehole during the first milliseconds after detonation, promoting the development of
fractures in the surrounding massif and increasing the degree of fragmentation.
Insufficient or poor-quality stemming leads to premature gas escape, energy loss, and an
increase in oversized fragments. Conversely, an appropriately selected stemming material
and design can significantly improve fragmentation efficiency and reduce explosive
consumption.

The detonation of an elongated cylindrical charge in a borehole generates transient
processes that depend on the type of explosive, charge design, initiation method, as well
as the physico-mechanical properties of the stemming. The process of crack formation in
the rock mass between adjacent boreholes is a consequence of the dynamic effect of the
explosive load, and the effectiveness of this effect is directly determined by how well the

gases are retained by the stemming [56].
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Mathematical modelling of these processes reduces to a gas-dynamic problem:
determining the distributions of pressure and velocity of the gaseous explosion products
in the charge cavity and calculating the impulse of the wave along the inner surface of the
borehole. This requires consideration of two interrelated problems: the motion of the
gaseous explosion products in the charge cavity and the motion of the rock mass under
the action of the explosive load [56].

It is important to account for the coupled motion of both media — the explosion
gases and the rock mass — since this coupling governs the development of through-going
fractures between adjacent charges.

Thus, the study of the effect of stemming on the efficiency of explosive breakage

is an exceedingly relevant task. The application of computer modelling makes it possible
to analyze these processes in detail, assess stemming quality, and select optimal materials
and design solutions to increase the efficiency of drilling-and-blasting operations.
The optimization of stemming parameters represents one of the most effective approaches
to enhancing the efficiency of blasting operations in hard rock mining, particularly in the
extraction of gold-bearing quartzites. Reliable stemming ensures controlled utilization of
the explosive energy, directly influencing the quality of rock fragmentation and the
overall performance of subsequent mineral processing stages.

Extensive theoretical and experimental research [57] has demonstrated that the
efficiency of elongated borehole or blast-hole charges in hard, heterogeneous rock masses
is significantly determined by the physical and mechanical characteristics of the
stemming. Its primary function is to securely confine the explosion products during the
period of secondary detonation decomposition reactions, ensuring the effective
conversion of expanding gas energy into mechanical work. This process enables the
fracturing and displacement of the quartzite mass while minimizing energy losses.

Stemming plays a vital role in processing gold bearing quartzites due to their
relatively high compressive strength, anisotropic nature and variable structural regime.
The proper application of optimal stemming can provide not only better control over
fragmentation but also limit the creation of fines that would adversely affect the

subsequent processes and lower rates of gold recovery. In addition, stemming reduces the
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chances of premature venting of gases from the blast hole which, in case if occurred, can
produce toxic gases, unhealthy air, and excessive dislodging of rocks as well as
incomplete detonation.

We have identified many ways to improve blasting efficiency on quartzites
containing gold by optimizing stemming material, along with the charge geometry and
blasting parameters using an integrated approach. There are several key areas which
should be considered when making the selection of a stemming material, these include
granule size, density, moisture resistance capabilities and the ability to retain its structural
strength when exposed to dynamic loading. The improvement of the physical properties-
related characteristics of a Stemming, will allow energy to be used efficiently in the
breaking of rocks as well as ensure that there are minimal damages caused to the
environment, and other technological and financial operations standards of Mining

organizations.

3.1. Problem Statement and its Implementational Importance

The stemming material chosen and designed is critical to the overall efficiency of
the blasting operation. The stemming must provide both workability and resistance to
deformation during the expansion of the explosive gas; this will keep the explosive gases
confined in the hole for as long as possible. In mining operations, plastic clays and sands
are used extensively in combination because of their plastic nature and providing a good
bond to the hole wall during expansion.

From the perspective of detonation wave interaction, the process begins with the
propagation of a shock wave through the stemming body to its upper face, followed by
the formation of a reflected rarefaction wave, which weakens the structural integrity of
the stemming. This is succeeded by material deformation, radial expansion, and an
increase in frictional resistance along the borehole walls, enhancing the confinement
effect.

This study included an evaluation of common stemming types, such as sand, which

is the most widely used in practice. Based on the geological and operational conditions at
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the Tulallar site, an improved stemming material was proposed, namely the use of a
specific foam stemming composition to enhance blast efficiency.

The detonation of an explosive charge in any medium is a complex dynamic
process involving high-strain-rate deformation, shock wave propagation, and material
failure. Due to the extreme physical and mechanical conditions involved, many aspects
of this process cannot be fully studied through experimental means. As a consequence of
this, numerical modelling has become a fourth means for understanding explosive impact
in hard rock. The use of modern computational simulation tools enables researchers to
study the mechanisms of rock failure and crack propagation, and thus, the optimal drilling
and blasting parameters for a specific application. Advanced modeling techniques, in
particular, are used to measure the extent and size of fractures in rock caused by blasting.

To solve the problems due to high dynamic velocity, including impact and
explosion, which are identified by deformation and nonlinear nature rate, finite element
software with explicit solution of continuum mechanics equations have widespread use.

ANSYS Explicit Dynamics is essentially the best simulation programme for this
type of modelling; and when used in conjunction with other ANSYS programs, provides
a means for creating and running realistic high strain rate simulations (i.e., blast waves
acting on a structure). The application can also be used to simulate the loads that occur in

the multiple phases of a blast event.

3.2. Explicit Dynamics Modeling in ANSY'S

ANSYS Explicit Dynamics was made for simulating tricky, fast-paced events like
explosions that shatter solid stuff. Around the world, ANSYS Explicit Dynamics is
recognized as one of the premier numerical modeling tools for simulating blasting
breakage of rocks [58 - 60].

There are four main solver formulations available to use in ANSYS Explicit
Dynamics:

Lagrangian - primarily used for modeling solid materials (rock).

Eulerian - primarily used for modeling fluids/gases (detonation products etc.).
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Arbitrary Lagrangian-Eulerian (ALE) combines the Lagrange and the Euler
approach to model materials.

The Smoothed Particle Hydrodynamics method (SPH) allows for a meshless
approach for modelling large distorted shapes.

The solver selection is determined by the optimal balance between computation
precision and speed [60].

Physical and mechanical processes in ANSYS can be mathematically represented
by a set of partial differential equations which are the conservation equations for mass,
momentum, and energy. The materials are modeled using:

Equations of State (EOS): Relate the Stress/Strain/ Internal Energy or Temperature.

Strength Models: Describe how a material will respond to an applied load.

Failure models — determining the initiation and development of fractures;

Erosion models — used to handle large mesh distortions in Lagrangian simulations
by deleting overstretched elements and redistributing forces to neighboring nodes.

For the accurate simulation of explosive interactions with rock, it is essential to
select proper material models. ANSYS provides both built-in and user-defined material
libraries. Among the most relevant material models for rock mechanics are:

RHT (Riedel-Hiermaier—Thoma brittle material model) — used for simulating
fracture density, fragmentation, and stress thresholds in brittle solids;

Drucker—Prager model — appropriate for elasto-plastic behavior in soils and rocks;
Johnson-Cook and Cooper—Symonds models — used for metals and high-strain materials.

RHT Concrete Strength Model. The RHT (Riedel-Hiermaier—Thoma) model is a
physically-based strength model designed for brittle materials such as concrete, stone,
and rock. It accounts for elastic, plastic, and residual behavior, incorporating cumulative
damage mechanisms. The model includes strain rate effects, hydrostatic pressure
sensitivity, and fatigue damage from repeated loading cycles [61,62]

The RHT (Riedel-Hiermaier—Thoma) Concrete Strength Model. RHT (Riedel—
Hiermaier-Thoma) is a constitutive model for concrete and other brittle geomaterials

(rocks, ceramics, stone). It is used under dynamic loading conditions: explosions,
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impacts, ballistic penetration, seismic effects. Implemented in ANSYS to simulate
material response at high strain rates.

Key features of the model. The RHT model combines: Strength surface — defines
elastic—plastic yield depending on stress state. Damage model — accounts for microcrack
accumulation, stiffness and strength degradation. Failure surface — describes the complete
loss of load-bearing capacity. Porous medium mechanics — distinguishes behavior under
compression vs. tension (concrete is strong in compression, weak in tension).

Main equations. Strength surface (simplified form):

(%)2 + (fj(T;))Z =1 (3.1)

where: o, - equivalent deviatoric stress, a,,, - mean hydrostatic stress, f.(p) -

compressive strength as a function of pressure p, f;(p) - tensile strength as a function
of pressure p.

Strain-rate effect (dynamic increase factor):

Odyn = Ostat (é)k (32)

where: ag,,, - dynamic strength, oy, - static strength, ¢ - strain rate, &, -

reference strain rate, k - material constant (=0.02—0.06 for concrete).

Damage evolution:

Aep
Ef

D=y (3.3)

where: D - damage variable (0 <D < 1), Ag,, - increment of plastic strain, & -
critical fracture strain. When D =1, the material is fully failed.

Quartzite, characterized by its high compressive strength and low tensile strength,
fits ideally within the assumptions of the RHT model, which is particularly suited for

dynamic loading scenarios like blasting or impact. The model allows for gradual
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accumulation of damage up to complete failure, enabling accurate reproduction of wave
propagation and fracture behavior in rock media [63,64].

We selected the Solid Lagrangian Solver to analyze the solid phase (rock mass)
material because the Solid Lagrangian Solver allows mesh nodes to move as the rock
material deforms. Accurately determining the full extent of deformation and damage to
the quartzite rock immediately prior to and after blasting requires using a mesh that
deforms with the rock. For analysis purposes, the Solid Lagrangian Solver also provides
very precise calculations tracking of the stress wave through the rock/rock fractures and
the movement of the rock material because the velocity is calculated at the mesh nodes.

The RHT model is widely believed to be the best model to be used in simulating
how a rock mass responds and behaves. The RHT model utilizes an incredible amount of
data such as the shockwave pressure and elastic and residual strength parameters and
hardening by deformation to construct failure surfaces. The RHT model allows the build-
up of damage due to both tensile and compressive loading conditions to accurately predict
the amount of cracking as well as the fragmentation of the material resulting from
explosive loading conditions.

As noted in multiple studies [65], the combined use of Eulerian and Lagrangian
reference frames in ANSY'S Explicit Dynamics provides optimal results when simulating
explosions in solid media:

The Eulerian formulation is best suited for modeling explosive detonation, as it
enables the material to flow through a fixed mesh and effectively handles large gas flow
deformations.

The Lagrangian formulation is preferred for solid rock modeling, where the mesh
moves with the material, capturing the deformation and fracturing processes with high
fidelity.

Manufacturers can easily tie both solvers in ANSYS together for accurate
detonation gas and rock energy transfer models as hybrid systems. The combined
approach allows for an excellent simulation of rock breakage under actual detonation

blast conditions.
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You’ll find many applications that you can use the hybrid approach of the Explicit
Solver in conjunction with the Explicit Dynamics solver to simulate and model:
* Crack 1nitiation and propagation in rock
* Energy transfer from explosive gas to the rock
* Development of fracture networks and fragmentation zones
« Stress wave interaction/reflection patterns
» Stemming optimization of charges, charge shape, and rock geometry
The simulations provide information about the influence of different charge types,
confinement techniques, and geological conditions on blast performance. the utilization
of RHT and other related modeling techniques support the similar representation of the

complex physical properties of rocks under explosive loads.

3.3. Simulation Setup: Modeling of Explosive Charges in Rock Mass

The computational model simulates the detonation of an explosive charge placed
within a borehole in a rock mass. The borehole is assumed to be filled to two-thirds of its
length with explosive material and one-third with stemming. The primary objective of
this simulation is to evaluate how the material type of stemming influences the efficiency
of the explosion in terms of energy confinement and rock breakage.

The rock mass is modeled as quartzite, a typical hard and brittle rock often
encountered in blasting operations. The explosive used in the simulation is ANFO
(Ammonium Nitrate Fuel Oil), a common bulk industrial explosive.

Two stemming materials are considered for comparison:
Case 1: Sand stemming;
Case 2: Foam gel stemming.

These two configurations allow for a comparative analysis of gas confinement,
stemming displacement, and subsequent energy transfer into the surrounding rock mass.

The material model for ANFO was selected from the standard ANSYS material

library (see Figure 2 for properties). This predefined model includes all necessary
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parameters for detonation behavior, including detonation velocity, Chapman-Jouguet
pressure, and energy release characteristics.

The Jones—Wilkins—Lee (JWL) equation of state is an empirical thermodynamic
model widely used to describe the pressure of detonation products as an explosive
expands after detonation. Unlike the ideal gas law, the JWL EOS is specifically
formulated for the high-pressure, high-temperature expansion regime of explosive gases,
so it can represent both the very high pressures near the detonation front and the later
pressure decay during expansion. In blast and rock-fracture simulations, it is used to
convert the chemical energy released by the explosive into a time-dependent pressure
load acting on the borehole wall and the surrounding rock mass [66, 67].

In its standard form, the JWL equation is commonly expressed as:

_ _ @ \p-RwV _ 9 )RV L ©E
P=A(1 Rlv)e ¥+ B (1 sz)e 2+ 2% (34)

where P - Pressure; the specific volume is (V); E - Specific Internal Energy; and
A, B, R1, R2, and w are material constants determined through experimental calibration
of a particular explosive. The two exponential terms represent the very fast pressure drop
that occurs as the volume of the explosive increases. The energy term describes how the

internal energy contributes to the pressure of the detonation products.

Through a physical lens, the JWL EOS doesn't model the chemical reaction
mechanism fully in detail.

Instead, it provides a calibrated pressure—volume—energy relationship for the fully
reacted detonation products, which makes it especially suitable for hydrocode and
explicit-dynamics calculations where the main interest is the mechanical action of the
explosive on surrounding materials. For this reason, JWL is commonly combined with a
burn model or detonation initiation rule, while the JWL equation itself governs the
subsequent expansion of detonation products.

In engineering applications, the JWL EQOS is valued because it gives a practical and
sufficiently accurate representation of explosive loading for problems such as borehole

blasting, crater formation, structural response, and rock fragmentation. Its parameters are
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usually fitted from dynamic experimental data, and they must be treated as an
interdependent set, since changing one coefficient independently can distort the predicted
pressure history. Figure 3.1

The Eulerian solver was used for the explosive region to model the way that the
explosive and its detonation products behave. The Eulerian approach is best suited to
model fluid-like materials, such as the explosion gases, which can move through a fixed

grid and can exhibit very high deformation rates and expand rapidly due to the detonation

shockwave.
Density 931,00 kg/m’
v

W Explosive JWL
Parameter A 4946e-10 Pa
Parameter B 1,891e+09 Pa
Parameter R1 309070
Parameter R2 11180
Parameter W 033333
Initial Relative Volume, VO
C-J Detonation Velocity 41600 m/s
C-J Energy / unit mass 2,668e+06 J/kg
C-J Pressure 5,15e+02 Pa
Burn on compression fraction 0
Pre-burn bulk modulus 0 Pa
Adiabatic Constant 0
Additional specific energy / unit mass 0 Jkg
Begin Time 0 s

End Time

Figure 3.1: Material model parameters for explosive material “ANFO”

The Lagrangian solver was used to model the rock mass and stemming in both
solvers. It tracks the deformation of the mesh along with the material. By doing so, it
provides a comprehensive means for examining the stress, strain, and fracturing in the
solid portion of the domain.

With the two solvers, an accurate method of representing the transfer of energy
from the detonation gases to the rock mass and stemming has been achieved with a

realistic method of simulating the way explosives fracture rock.
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The material model for the rock mass represents the physical and mechanical
behavior of quartzite, a dense and brittle metamorphic rock. The model parameters are
presented in Figure 3.2.

The following components were employed to accurately simulate the response of
quartzite under explosive loading:

RHT Concrete Strength Model. The RHT (Riedel-Hiermaier—Thoma) model is a
physically-based strength model designed for brittle materials such as concrete, stone,
and rock. It accounts for elastic, plastic, and residual behavior, incorporating cumulative
damage mechanisms. The model includes strain rate effects, hydrostatic pressure
sensitivity, and fatigue damage from repeated loading cycles. Quartzite, characterized by
its high compressive strength and low tensile strength, fits ideally within the assumptions
of the RHT model, which is particularly suited for dynamic loading scenarios like blasting
or impact. The model allows for gradual accumulation of damage up to complete failure,
enabling accurate reproduction of wave propagation and fracture behavior in rock media.

P-alpha Equation of State (EOS). This EOS is suitable for porous solid materials
and describes volume change under pressure due to pore collapse. It captures the
transition of material behavior from a porous to a compacted state. In the context of
quartzite, this model accounts for compression, pore closure, and the nonlinear
mechanical response of the rock under high-pressure conditions. It is particularly useful
for simulating how the rock behaves when subjected to the shock compression typical of
blasting [67].

Polynomial Equation of State. This is a general-purpose EOS that expresses
pressure as a function of density and internal energy using a polynomial form. It enables
the modeling of material response across a wide range of pressure, temperature, and
deformation states. For quartzite, this EOS provides a flexible framework for capturing
thermomechanical effects under blast loading.

The Lagrangian solver was chosen for the solid domain (rock mass), as it allows
the mesh to deform with the material. This is essential for capturing the full deformation

and failure behavior of the quartzite during and after detonation. The solver ensures
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accurate tracking of stress wave propagation, fracturing, and material displacement under

high-strain-rate loading.

Density 26600 kg/m®
Other v
W P-alpha EOS
Solid Density 23140 kg/m®
Porous Soundspeed 29200 m/s
Initial Compaction Pressure Pe 2,33e+07 Pa
Solid Compaction Pressure Ps be=09 Pa
Compaction Exponent n 3,0000

¥ Polynomial EOS

Parameter 41 4 387=+10 Pa
Parameter A2 4%4e+10 Pa
Parameter A3 1.16e+09 Pa
Parameter B0 1,2200

Parameter B1 1,2200

Parameter T1 4 387e+10 Pa
Parameter T2 0 Pa

W RHT Concrete Strength

Use cap on Elastic Surface Yes
Compressive Strength fc 1,6e+08 Pa
Tensile Strength fiffc 0,100000
Shear Strength fs/fc 0,19000
Intact Failure Surface Constant A 1,6000
Intact Failure Surface Exponent n 0,61000
Tension/Compression Meridian Ratio Q2.0 0,68050
Brittle to Ductile Transition BQ 0,010500
Hardening Slope 1,1000
Elastic Strength/ft 0,40000
Elastic Strength/fc 0,85000
Fracture Strength Constant B 1,6000
Fracture Strength Exponent m 0,61000
Compressive Strain Rate Exponent a 0,025000
Tensile Strain Rate Exponent & 0,045000
Maximum Fracture Strength Ratio SFMAX le=20
Damage Constant D1 0,040000
Damage Constant D2 1,0000
Minimum Strain to Failure 0.0100000
Residual Shear Modulus Fraction 0,13000
Shear Modulus 17e+10 Pa

Figure 3.2 — Physical and Mechanical Properties of the Quartzite Material Model
Stemming Configuration 1: Sand as a Granular Stemming Material.

In the first simulation scenario, sand was used as the stemming material. To model
its physical and mechanical behavior under explosive loading, the built-in “SAND”
material model from the ANSY'S material library was applied, with modifications to the

material density to meet the specific requirements of the simulation (see Figure 3.3).
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For the numerical modelling of sand stemming, the material can be represented by
the Modified Drucker—Prager (MO Granular) constitutive model, which is intended for
granular media such as soil, sand, and powders. In this approach, the initial density of the
stemming material is set to 1500 kg/m?3, corresponding to medium-dense dry sand. The
MO Granular model extends the classical Drucker—Prager formulation by accounting not
only for pressure-dependent yielding, but also for density hardening and for the variation
of shear modulus with density, which makes it suitable for simulating the compressive
and inelastic response of sand under blast loading.

The yield strength in the MO Granular model is defined as the sum of two
components: a pressure-dependent yield stress and a density-dependent yield stress,
which can be written in simplified form as:

gy, = 0p + 0, (3.5)
where g, is the total yield stress, g, is the pressure-related contribution, and g,, is

the density-related contribution. In ANSYS Explicit Dynamics, this behaviour is
introduced through three mandatory tabular input functions: Yield Stress vs Pressure,
Yield Stress vs Density, and Shear Modulus vs Density. The unloading and reloading
slope is governed by the shear modulus, which is defined as a function of the zero-
pressure density of the material.

In practical terms, the pressure hardening component is specified through a
tabulated relationship between pressure and plastic yield stress, allowing the model to
reproduce the increase in shear resistance of sand under compressive confinement. This
is especially important for stemming simulations, because during detonation the sand plug
IS subjected to rapidly increasing pressure, compaction, and shear deformation. As a
result, the MO Granular model enables a more realistic description of sand behaviour
during the stages of compression, confinement, and ejection of the stemming column, and
therefore provides a suitable constitutive framework for analysing the mechanical
performance of sand stemming in borehole blasting.

This material model is tailored for granular media subjected to large deformations,

compaction, and partial failure under dynamic loading. It combines features of granular
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plasticity, volumetric compaction, and tensile failure, which enables a realistic simulation
of unconsolidated materials under explosive effects.

Key Components of the Sand Material Model: Density: Initial material density was
set to 1500 kg/m3, corresponding to a medium-dense dry sand. Modified Drucker—Prager
Model (MO Granular): This model accounts for pressure-dependent plasticity,
incorporating the following effects:

Pressure Hardening: Defined through a tabular relationship between pressure and
plastic strain, this component reflects the strengthening of sand under compressive
loading.

Density Hardening: Expressed as a table of ultimate strength versus density, this is
essential for capturing the behavior of sand during compaction as pore spaces collapse.

Variable Shear Modulus: The shear modulus changes with density according to a
defined table, allowing accurate simulation of the material’s stiffness at varying levels of
compaction.

Initial Shear Modulus: Set to 7.69x107 Pa, this value defines the stiffness of the
sand before plastic deformation begins. It is typical for medium-density dry sands.

Tensile Failure Model: A maximum tensile pressure value of —0.001 Pa is used to
define a technical tensile failure threshold. This prevents unrealistic elongation of
elements and triggers element erosion when tensile limits are reached.

Compaction Equation of State — Linear (Compaction EOS Linear):

This EOS describes how sand responds to volumetric changes under compression. Key
parameters include:

Solid Density: 2641 kg/m?® — representing the density of the solid mineral skeleton
of the soil without pores.

Compaction Path: A table defining pressure as a function of density, used to
simulate the gradual collapse of pores under high pressure.

Linear Unloading: A relationship that defines the speed of sound as a function of

density, used for modeling material unloading behavior after the pressure peak.
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This combination of physical models provides a detailed representation of sand’s

compressibility, shear resistance, and failure behavior under the transient loading

conditions typical of blasting.
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Figure 3.3 — Material Model Parameters for “SAND” in ANSY'S Stemming Configuration
2: Foam as a Compressible Energy-Absorbing Material

A foam gel has been introduced as the stemming material for the second simulation

scenario. The ANSYS Crushable Foam material model was chosen because it can be used

to replicate the physical and mechanical properties of the material under dynamic loads.
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It provides a solution for modeling materials that are porous and energy absorbing like
engineered fillers, polymeric foams, and porous stemmings.

The Crushable Foam model efficiently represents compressible materials with a
large volumetric deformation under pressure and a low tensile strength. Therefore, it is a
suitable model to use in designing materials for absorbing blasting energies and delaying
gas escaping from boreholes. The Crushable Foam model can be used to describe
compaction, energy absorption, and pressure-dependent/ related plasticity of
compressible materials.

The model has several characteristics and including: Volumetric compression-type
of response to pressure, Negligible tensile resistance (i.e. experiencing realistic crushing
type of fracture under tension)

Pore collapse and density behaviour. The materials model assumes a pressure-
sensitive yield surface and volumetric hardening due to the collapse of the pores as the
foam densifies. This model is commonly used for blast mitigation or shock absorption
applications, both of which relate directly to stemming dynamics.

The detailed parameters of the foam gel material used in the simulation are

presented in Figure 3.4.
Density 680,00 kg/m?

Structura v
W |sotropic Elasticity
Derive from Young's Madulus and Poisson's Ratio

Young's Modulus 7.5e+05 Pa

Poisson's Ratio 0,20000
Bulk Modulus 41667e+05 Pa
Shear Modulus 3,125e+05 Pa
Other b
 Crushable Foam
1.0e+5
L
Maxirmum Principal Stress Vs Volumetric Strain =
0.0e+0
0.0e+0 3.0e-1

Maximum Tensile Stress 800,00 Pa

Figure 3.4 — Material Model Parameters for Foam Stemming (Crushable Foam Model)



105

For the material that stems the domain, we used a Lagrangian Solver to solve it. In
this case, a Mesh will be able to move and change shape along with the material, thus
making it very suitable for simulating the response of solid/semi-solid materials, such as
sand and foam gel. The Lagrangian approach provides the ability to track exactly where
an element is deforming (or compacting or failing) during the explosive load, and
therefore provides a true representation of both the stress wave propagation and the
material interaction within the borehole.

Variant 1

The geometry of the rock mass in the first model is implemented as a rectangular
parallelepiped with a square base measuring 2 meters on each side and a height of 5.3
meters. The borehole geometry is represented as a cylindrical region within the rock mass,
with a diameter of 110 mm and a height of 5 meters, extending to the surface of the rock
mass. The lower 3.3 meters of the borehole is filled with explosive material (EM), while
the upper 1.7 meters, up to the surface, is filled with stemming material.

The finite element mesh of the model includes 114,504 nodes and 98,556 elements
(Fig. 3.6). The element size is 0.1 m for the rock mass and 0.01 m for the stemming. The

Eulerian computational mesh is characterized by an element size of 0.025 m.

2750 2250

0,000 1,000 2,000 (m)
M
1,500

0,500

Figure 3.5. Geometry of the model Figure 3.6. Finite element mesh of the
model
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To account for the contact interaction between the rock mass and the stemming, a contact

group was defined for the contact surfaces between these bodies, with a friction
coefficient of 0.55 (Fig. 3.7).

Details of "Contact Region 3" Gt Buayiew vaox
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Suppressed Ma
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Figure 3.7. Contact group for the contact surfaces between the rock mass and the

stemming

Impedance boundaries were selected as the boundary conditions for the lateral and
bottom surfaces of the model (Fig. 3.8), as well as for all sides of the Eulerian
computational domain. These boundaries help to reduce the effect of reflected waves that
occur at the edges of the computational area during the propagation of blast waves.

Impedance boundaries approximate the condition of free wave propagation based

on the acoustic impedance of the medium (the product of density and sound velocity),
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and they allow the transmission of the normal component of velocity with minimal
reflection.

In ANSYS, this type of boundary is implemented by accounting for changes in pressure
and velocity along the characteristic line departing from the boundary, assuming zero
reference values for an initially motionless medium.

Thus, the impact of potential wave reflections at the computational boundaries is

minimized, considering the model size and the nature of blast wave propagation.

D: ALE Cartesian 2m SAND
Impedance Boundary

Time: 1,5e-002 s

05.07.2025 17:13

. Impedance Boundary: 0,
Components: 0,;0,;0,

g

0,000 1,500 3,000 (m)

0,750 2,250

Figure 3.8. Impedance boundaries of the model

Variant 2. The geometry of the rock mass in the second model is implemented as
a rectangular parallelepiped with a square base measuring 2 meters on each side and a
height of 5.3 meters. The borehole geometry is represented as a cylindrical region within
the rock mass, with a diameter of 110 mm and a height of 5 meters, extending to the

surface of the rock mass. The lower 3.3 meters of the borehole is filled with explosive
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material (EM), while the upper 1.7 meters, up to the surface, is filled with stemming

material.
0,000 1,500 3,000 (m) 0.000 1000 __:_o]oo m)
0,750 2,250 0,500 1,500
Figure 3.9. Geometry of the model Figure 3.10. Finite element mesh of the

model for the second variant

The finite element mesh of the model includes 144,744 nodes and 127,176
elements (Fig. 3.10). The element size is 0.1 m for the rock mass and 0.01 m for the
stemming.

The Eulerian computational mesh is characterized by an element size of 0.05 m.

To account for the contact interaction between the rock mass and the stemming, a
contact group was defined for the contact surfaces between these bodies, with a friction
coefficient of 0.7 (Fig. 3.11).
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Figure 3.11. Contact group for the contact surfaces between the rock mass and the foam

stemming

The impedance boundaries served as boundary conditions for the lateral bottom
surfaces of the model (see Figure 3.12) and also represented boundary conditions for each
of the boundaries of the Eulerian computational domain. Impedance boundaries help
minimize the impact of reflected waves that emanate from the exterior edges of the
computational domain when blast waves are travelling within the computational domain.

Impedance boundaries are being utilized to approximate the free wave condition of
propagation and have been established with reference to the acoustic impedance of the
medium, being the product of the density times the speed of sound of the medium. The
normal component of velocity will, therefore, be largely transmitted through the

impedance boundary with very little reflection.
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The approach used by ANSYS software to implement the impedance boundary
condition is essentially based on tracking the pressure and velocity changes on the
characteristic line, which propagates away from the boundary. The two values of pressure
and velocity will have zero reference values for initially stationary medium.

Thus, the impact of possible blast wave reflections at the computational boundaries

IS minimized, considering the model dimensions and the nature of wave propagation.

F: ALE Cartesinn FOAM Extended
anpecance Soundary

Time-2,5¢-002 +
05.07.2025 20258

. imgedance Boundary: 1
Components; 000

Figure 3.12. Impedance boundaries of the model for the second variant

As a result of analyzing the two variants — one using sand as stemming and the
other using foam — simulation results were obtained. The calculations were carried out
over a time interval of 15 milliseconds. Extending the simulation time would significantly
increase the computational cost.

The main objective of the analysis was to determine the ejection time of the
stemming material and to compare the results for both variants.

Total deformation for first variant present on the fig.3.13.
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Figure 3.13. Element Figure 3.14. Element Damage at 35 ms with sand

displacement (Deformation) at stemming
15 ms with sand stemming

The simulation results of the model with foam stemming show a good illustration
of how detonation stresses distribute over a given area. Compared to the case with sand
stemming (see Figure 6a), the foam-based configuration has several advantages (see
Figure 6b).

Pattern of Stress Distribution: The foam stemming model has a larger stress
distribution area compared to sand stemming. The lines that show how much pressure is
being distributed form an oval shape and have a distinct spreading pattern outward from
the center of the borehole into the surrounding rock. This demonstrates the ability of the
foam to retain explosive pressure for a longer period of time within the borehole which
then transfers more energy in a lateral direction to surrounding rock.

The Uniformity of Distribution - Normally, explosive pressure exerts itself from the blast
hole axis and forms a much wider symmetrical pattern. This is typical for releasing the
explosive gases inside of the foam stemming very slowly and in a controlled manner.

The Stress Magnitude - The test results show that the maximum stress in the foam
stemming case was found to be lower than in the sand case (3.41x108 Pa vs. 5.49x108
Pa). However, the area where the stresses were applied is much larger which could

provide much better rock fragmentation.
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Figure 6. (a) - Stress zones at 15 ms with sand stemming; (b) - Stress zones at 15
ms with foam stemming

The explosive impulse directs upward, which constitutes the movement of the
stemming as depicted on the pressure-time graph.

The stress movement is mostly along the vertical direction where the blast is
majorly inside the borehole column and there is very limited horizontal movement from
the borehole to the surrounding rock.

The overall distribution of stress due to the use of foam stemming is more
favorable, resulting in a more homogeneous energy transfer over a larger area of rock.
This is likely to lead to a better performance of the blasting process with less loss of
energy than the traditional sand stemming.

While ANSY'S Explicit Dynamics demonstrates the simulation results in the form
of equivalent (von Mises) stress, the equivalent (von Mises) stress (i.e., a scalar value)
represents the amount of load applied to a given location in the material. The von Mises
stress is calculated from the yield strength of a material and is used to determine whether
the material at a particular location will yield or fracture under the loading conditions

applied.
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We calculate the von Mises stress according to the theory that ductile materials
yield once the energy of distortion (or the energy of shape change) attains its critical level.
This criterion has great popularity within engineering because it well correlates with
experimental results for metals and other ductile materials.

When considering explosive simulations, where you are dealing with high strain
rate materials under a wide variety of loads, von Mises stress can: a) provide you with a
visualization of the areas of plastic deformation/failure, b) provide you with a basis for
comparing the various magnitudes of stress within the different parts of the model and c)
provide you with an indication of the behaviour of the material when loaded at high levels
of stress.

Thus if you are viewing the results of "equivalent (von Mises) stress™ in your
simulations, you are looking at the material's state of stress simplified but it is a valid
representation of the same, and thus offers a good way to evaluate the structural Integrity
of the material under dynamic loading.

In the second version, with foam stemming, the stemming material began ejecting
at approximately 1.4 milliseconds and completed ejecting by 11.5 milliseconds. the total
duration of ejection was slightly greater than in the sand stemming case, which can be
attributed to the lower density and different mechanical qualities of the foam compared
to sand, altering the physical resistance provided by the material to detonation gas
pressure.

A pressure-time plot was produced based on the simulation results shown in the
attached figures in order to compare and graphically represent the pressure-time
performance of the detonation products with varying stemming conditions fig. 3.16.

Pressure dynamics assessment. The initial peak pressure is indicated by rapid rise
in pressure over the first several milliseconds in both curves showing the instantaneous
nature of the detonation process. The maximum pressures result from sand stemming and
foam stemming with a sand stemming peak near 2.4 to 2.5 x 10° Pa and a foam stemming

peak near 2.3 x 10° Pa,
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Stabilization Phase: When the pressure reaches its maximum, it drops rapidly due
to sand stemming because the heavier stemming material is ejected at a faster rate. As a

result, the system experience less pressure retention time.

P, Pa
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Figure 3.16 Change in the detonation products pressure of a borehole charge over time: 1

— with a sand stemming; 2 — with a foam stemming.

In the case of foam stemming, on the other hand, pressure drops at a slower rate; it
stays at a much higher level for most of the simulation time. The slow rate at which gases
are released and the slow rate at which the cavity is expanded.

Both curves decrease gradually in pressure after 5 to 6 milliseconds. The blue curve
(foam stemming), remains greater than the red curve (sand stemming) until the end of 15
ms, which means that the pressure effect remains for much longer duration in the rock
mass.

Interpretation of Physical Aspects: When foam is used to stem a detonation, it
prolongs the retention of the pressure produced during detonation, and this prolonged
retention of pressure also increases the ability to transfer impulse to surrounding rock,

and therefore, the foam stemming can produce detonations that are controlled in how
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much energy is released; furthermore, the use of foam stemming reduces the possibility
of premature ejection of the stemming and the resulting loss of energy through the
atmosphere. Stemming the same material with sand creates a larger initial pressure spike,
but the pressure decays and is removed much more quickly, producing much less stable
pressure over the entire time.

Conclusion Recommendations: Based on the analysis discussed above, stemming
with foam has a longer lasting and more consistent effect of the detonation pressure
applied to the rocks. Thus, the resulting fragmentation of the rock can be much more
efficient than stemming with sand, as the pressure-time graph in stemming with sand is
characterized by lower peaks and a shorter time span of high pressure than that of
stemming with foam.

The graph shows that for both types of stemming, the ANFO detonation produces
a maximum detonation pressure during the initial few milliseconds of detonation, i.e.
within a few milliseconds of the charge being detonated"

The pressure in sand stemming reaches it's peak almost immediately and also drops
very quickly! This tells us the stemming material was ejected quickly, and as a result of
that, the pressure was lost.

With the foam stemming, the pressure decreases more gradually after it's peak,
which suggests that the detonation products are expanding more controlled because the
system keeps the pressure for a longer period of time.

The pressure in the foam variant during the complete study time (to 20 ms) is
always more than the sand variant. This may mean that the explosive energy is used more
for breaking the rock.

Thus, the foam method produces a steady, longer-lasting pressure force applied to
the rock, and that can help make blasting better and achieve higher quality.

According to the results of computer modeling, time-dependent relationships of the
detonation products pressure were constructed for two stemming variants. Analysis of the
graphs shows that in both cases the peak pressure is approximately the same and reaches
a value of P,,, ~ 2.4-10° Pa. Accordingly, the maximum force exerted by the

detonation products on the stemming is:
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Fpgwy =A Ppgy =9.5-1073-2.4-10° = 2.28- 107 N,
where A is the cross-sectional area of the borehole and is determined by the

d? -0.112
formula: A = HT =z

=9.5-1073 m?,

Based on the approximation of the pressure—time curves, the average pressure
values were determined for the two stemming variants:

Psana = 1.17-10° Pa, Proqm = 1.65- 10° Pa.

The corresponding average forces exerted by the detonation products on the
stemming are determined by the formula:

F=A-P (3.6)
For sand stemming:
Fyana = A" Psgng = 9.5-1073-1.17 - 10° = 11.12 - 10°N.

For foam stemming:
Froam = A+ Progm = 9.5-1073 - 1.65- 10° = 15.68 - 10°N.,

The relative increase in the average force in the case of using foam stemming is:

Ffoam - Fsand
= — +100% = 41%

F sand

The obtained result indicates that foam stemming provides a significantly longer retention

OF

of the high pressure of detonation products in the borehole.

The calculations demonstrated that the use of foam stemming increases the average
force acting on the stemming by approximately 41% compared with sand stemming. This
result confirms that foam stemming provides more effective confinement of detonation
products within the borehole and significantly prolongs the period during which elevated
pressure is maintained. In blasting practice, such a pressure retention effect is of
fundamental importance, since it promotes a more complete transfer of explosive energy
to the surrounding rock mass rather than allowing premature release of gases into the
atmosphere.

Therefore, it can be concluded that the main advantage of foam stemming lies not

in increasing the peak detonation pressure, but in extending the duration of its action.
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Owing to the longer retention of detonation products in the borehole, foam stemming
creates more favorable conditions for sustained loading of the borehole walls and for
improved development of fracture processes in the rock mass. As a consequence, this
contributes to more efficient fragmentation of gold-bearing quartzite, improves the
utilization of explosive energy, and may enhance the overall effectiveness of drilling and
blasting operations.

It is also possible to evaluate the work of the detonation products. To assess the
energy effect of the detonation products acting along the stemming ejection path, the
following relationship was used:

W=F-L,=A-P-L;, (3.7)
where W — the work of the detonation products, J; L — the stemming length, m; P - the
average pressure values, Pa; A - the cross-sectional area of the borehole, m?.

For sand stemming:

Wegng = A Poyg " Ls =9.5-1073+1.17-10%- 1.7 = 18.9 - 10%J=18.9 MJ

For foam stemming:

Wroam = A" Progn Ls = 9.5+-1073 - 1.65 - 10° - 1.7 = 26.65 - 10° J=26.65 MJ

This indicates that when foam stemming is used, a significantly larger portion of the
explosion energy can be directed toward rock mass fragmentation rather than being lost

through the premature escape of gases from the borehole.
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3.4 Conclusions to Chapter 3

In Chapter 3, a numerical model of explosive loading in a gold-bearing quartzite
massif was developed and implemented using the ANSYS Explicit Dynamics software
package. In order to accurately reproduce the physics of the process, a combined approach
was applied: the Eulerian formulation for the ANFO explosive and its detonation
products, and the Lagrangian formulation for the rock mass and the stemming. The RHT
strength model was used for quartzite, the MO Granular model for sand stemming, and
the Crushable Foam model for foam stemming, which made it possible to adequately
account for the deformation, compaction, and failure characteristics of the materials under
high-rate dynamic loading. The use of impedance boundary conditions minimized the
influence of reflected waves and increased the reliability of the obtained results.

As a result of the modeling, it was established that the decisive factor affecting the
efficiency of explosive rock breakage is not so much the peak pressure value as the
duration of detonation product retention within the borehole. It was shown that, for both
stemming variants, the maximum pressure of detonation products is close in magnitude;
however, the subsequent pressure decay differs significantly. In the case of sand
stemming, the pressure decreases much more rapidly, indicating earlier gas escape and
the loss of part of the explosive energy. In contrast, in the case of foam stemming, a slower
pressure decrease is observed, meaning a longer preservation of the force effect on the
borehole walls and the surrounding rock mass.

An important scientific result of this chapter is the establishment of a polynomial
relationship describing the variation of detonation product pressure over time for the two
types of stemming. The obtained approximation made it possible to move from a
qualitative analysis of the pressure curves to a quantitative assessment of the energy effect
of the explosion. It was precisely on the basis of these polynomial relationships that the
average pressure values, the average forces exerted by the detonation products on the
stemming, and the work of the detonation products along the stemming ejection path were

determined. Thus, the polynomial approximation served not only as a tool for describing
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the process dynamics, but also as the basis for further engineering calculations
characterizing the efficiency of explosive energy utilization.

The quantitative assessment showed that the average pressure for foam stemming
Is higher than that for sand stemming, and accordingly, the average force exerted by the
detonation products on the stemming is also greater. The calculations demonstrated that
the average force in the case of foam stemming increases by approximately 41%
compared with sand stemming. In addition, the evaluation of the work of the detonation
products showed an increase in this parameter from 18.9 MJ for sand stemming to 26.65
MJ for foam stemming. This indicates that, when foam stemming is used, a significantly
larger portion of the explosion energy is directed toward rock mass fragmentation rather
than being lost due to the premature escape of gases from the borehole.

The analysis of the stress state of the rock mass showed that foam stemming forms
a more favorable stress distribution pattern. While in the case of sand stemming the
explosive effect is concentrated mainly along the borehole axis, the use of foam stemming
results in a wider and more uniform radial propagation of the affected zone. Despite the
somewhat lower maximum equivalent stress value, the effective area of stress distribution
in the foam-stemming model is larger, which creates better conditions for uniform crack
development and subsequent quartzite fragmentation.

Therefore, based on the results of the conducted modeling, it has been proven that
foam stemming is more effective than traditional sand stemming in the open-pit mining
of gold-bearing quartzites. Its main advantage lies not in increasing the peak pressure, but
in prolonging the duration of detonation product action, improving blast energy retention
within the borehole, and ensuring a more uniform transfer of energy into the rock mass.
This contributes to improved fragmentation quality, a reduction in oversized fractions,
and creates the preconditions for reducing the specific consumption of explosives under

complex mining and geological conditions.
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CHAPTER 4. JUSTIFICATION OF BOREHOLE CHARGE STEMMING
PARAMETERS FOR IMPROVING THE QUALITY OF EXPLOSIVE ROCK
FRAGMENTATION

The quality of drilling-and-blasting operations in open pits and underground
workings is largely determined by the uniformity and size of rock fragmentation, the
geometry of the muckpile (its width and height), and the condition of the bench floor.
Taken together, these indicators directly affect the efficiency of subsequent excavation,
loading, transportation, crushing, and sorting processes, and therefore influence
equipment productivity and the cost of mining. The use of modern high-performance
machinery and crushing-and-screening systems imposes increasingly stringent
requirements on the quality of blast fragmentation, since non-uniform fragmentation
leads to downtime, excessive energy consumption during crushing, increased wear of
working components, and overloading of transport systems.

Despite the considerable attention paid to drilling-and-blasting issues, one of the
key factors limiting productivity growth and cost reduction remains the non-uniform
breakage of the rock mass, which is often accompanied by the formation of oversized
fragments. The situation is especially complicated in the explosive breakage of strong
rocks with borehole charges: typical problems include insufficient fragmentation
efficiency in the upper part of the bench within the zone of uncontrolled breakage, as well
as generally unsatisfactory control over the formation of the particle-size distribution
throughout the bench height. This creates the need for a systematic approach that ensures
coordinated intensification of explosive breakage in the upper, middle, and lower sections
of the borehole charge, rather than merely local adjustment of individual parameters.
Under the conditions of the Tulallar open pit, where gold-bearing quartzites are mined,
the requirements for fragmentation quality are particularly strict. The site uses relatively
low benches with heights of 57 m, and under such geometric conditions the influence of
borehole stemming on the blasting result increases significantly. It is the stemming that
determines the efficiency of explosive energy utilization in the near-surface zone, affects

the degree of fragmentation in the upper part of the bench, and influences the stability of
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fragmentation results as a whole. Accordingly, improving the design and parameters of
stemming is one of the most effective tools for enhancing the quality of explosive
fragmentation at small bench heights.

An additional factor underlying the relevance of the problem is the presence of
oversize restrictions at the mine: the maximum fragment size must not exceed 60 cm,
since exceeding this threshold leads to the need for additional breakage, increased costs
and time losses, as well as a higher load on crushing equipment. Therefore, the
technological task lies not only in the general improvement of the fragmentation degree,
but also in the controlled limitation of the upper size class and the minimization of the
oversize proportion in accordance with the requirements of further processing.

At the same time, the possibilities for regulating muckpile parameters and the
nature of rock mass displacement solely through traditional initiation schemes are limited.
Any borehole charge wiring scheme has a certain control range, in particular because of
the relative symmetry of explosive load application to the rock mass, which reduces the
effect of directed muckpile movement. In this regard, the use of diagonal blasting schemes
appears to be a promising approach, since they provide longitudinal displacement of the
blasted rock mass and contribute to more uniform muckpile formation without
excessively high ridges. As one of the approaches to creating a controlled displacement
vector, the placement of “locking” charges in the stemming zone with the direction of the
main longitudinal displacement vector at an angle of 10-45° to the bench crest is
considered. At the same time, many years of practice in blasting quartzite benches with
borehole charges of asymmetric action using diagonal blasting schemes have not revealed
any increased rock scatter, which confirms the expediency of this approach from the

standpoint of safety and controllability.

4.1. Improving the efficiency of crushing a mineral through the use of modern

explosives

Effective control of explosive breakage is impossible without prompt and reliable

monitoring of fragmentation results. Rapid and accurate determination of the particle-size
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distribution of broken rock is critically important for optimizing drilling-and-blasting
parameters and evaluating the efficiency of explosives, blasting schemes, and delay
parameters. Traditional manual methods for measuring fragment sizes are often labor-
intensive and subjective, limit the sample size, and complicate rapid decision-making
under production conditions. In contrast, optical granulometry methods and photo-
analysis systems make it possible to automate the assessment of particle-size distribution,
eliminate subjectivity, avoid interrupting production processes, and obtain results within
a short time. In addition, digital image analysis enables the processing of large datasets
through expanded sampling and an increased number of photographic materials, which
improves the representativeness of the assessment.

In this context, the use of WipFrag™ 4 software is a practical tool for controlling
the quality of explosive fragmentation directly at the bench after drilling-and-blasting
operations have been carried out. The use of an automated granulometry system based on
digital image analysis makes it possible to obtain rapid and accurate results necessary for
the prompt adjustment of blast parameters in order to reduce costs and decrease the share
of oversized fragments. The results of photo-analysis can be used for monitoring and
optimizing fragmentation, which reduces the risk of overloading transport systems and
crushing equipment and increases the overall efficiency of the technological chain
“drilling — blasting — excavation — transportation — crushing.” [68, 69]

Thus, the relevance of the study stems from the need to ensure controlled
fragmentation of gold-bearing quartzites at the Tulallar open pit with bench heights of 5—
7 m, where the influence of stemming is especially significant and the requirements for
limiting oversize to < 70 cm are stringent. The combination of improved technological
solutions in drilling-and-blasting operations, particularly stemming optimization and
blasting schemes, with digital photo-analysis methods creates the basis for systematic
control of the particle-size distribution of the blasted rock mass and for increasing the

economic efficiency of explosive rock breakage.
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Figure 4.1. Loading and Transportation of Fragmented Rock Mass at the Tulallar Gold
Deposit

The management of the quality and parameters of explosive rock fragmentation in
open-pit mines remains one of the most pressing practical problems in mining
engineering. Despite the large number of scientific and applied studies, the issue of
controlling the degree of fragmentation by adjusting drilling-and-blasting parameters still
has no universal solution. This is explained by the fact that the fragmentation result is
formed by the combined action of a number of factors: the physical and mechanical
properties of the rocks and the structure of the rock mass, bench geometry, the design and
arrangement of borehole charges, the initiation scheme, delay parameters, as well as
unloading conditions and spatial constraints of the blast block. In practice, even with
identical design parameters, differences in the yield of oversized fragments may occur
due to the natural heterogeneity of rocks, changes in fracturing and layering, and local
weak zones, which differently “govern” crack propagation and the pattern of rock failure.

The requirements for the quality of explosive fragmentation are determined
primarily by the geometric parameters of mining, hauling, crushing, and screening
equipment, as well as by the energy characteristics of the processes within quarry
production flows. The geometry of excavator buckets, the dimensions of receiving
hoppers, feeder parameters, the width of receiving openings, and crusher gap sizes

determine the allowable fragment sizes that can be loaded, transported, and processed
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without obstruction. In the design of drilling-and-blasting operations, the calculated yield
of oversized material should, as a rule, not exceed 5%, since even a slight increase in the
proportion of coarse fragments leads to technological delays, overloading of crushing
equipment, and increased costs for secondary crushing or repeated blasting. Under
production conditions, such consequences are manifested in the form of downtime of the
excavation-and-haulage system and reduced stability of crushing-and-screening lines.

At the same time, energy consumption depends not only on the proportion of
oversized material, but also on the average fragment size in the blasted rock mass: an
excessively large average size increases the load on crushers, whereas an overly fine size
may result in mineral losses, dust generation, and reduced efficiency of individual
operations. Therefore, fragmentation quality must be coordinated with the type of
transport and crushers used; both the average fragment size and the upper size class must
be treated as controlled parameters for a specific technological chain.

The efficiency of drilling-and-blasting operations is the subject of numerous
studies analyzing the influence of various factors on rock fragmentation, including the
type of explosive, charge design, initiation schemes and methods, the use of in-hole
delays, and the parameters of borehole charges and their arrangement within the blast
block [69]. To ensure the technological compatibility of blasting results with subsequent
processes during mass blasts, the following requirements must be met: (1) achieving high-
quality rock fragmentation; (2) preserving the design level of the bench floor; (3) forming
a compact muckpile of fragmented rock; and (4) minimizing seismic impact, air blast,
and flyrock. In real production conditions, these requirements are often interrelated and
partially conflicting; for example, increasing the intensity of rock breakage may affect
flyrock. Therefore, they require a balanced engineering approach.

Scientific research aimed at improving the process of explosive fragmentation is
developing along several directions. One of the most effective approaches in surface
mining is the control of blast impulse parameters by modifying charge design [3]. In
particular, studies are being carried out to prolong the action of the explosion on the rock
mass through improved charge configurations, the use of air decks, combined charges,

and optimization of initiation parameters. A separate area of interest is the improvement



125

of the composition and design of stemming, since stemming significantly affects the
duration of explosive loading and, accordingly, the parameters of the stress field and the
nature of material failure. In addition, the shape and dimensions of the charge cross-
section influence the parameters of stress waves, as well as the intensity of crack
formation in the near-surface zone of the bench, where the instability of fragmentation
results is most often observed.

Multi-row short-delay blasting generates stress waves in the rock mass that
propagate in all directions. In the time interval between the explosions of adjacent groups
of charges, a system of cracks is formed in the rock under the action of stress waves,
while an additional mechanism for increasing fragmentation efficiency is the collision of
rock masses during explosive breakage. This effect can be enhanced by the use of
appropriate blasting schemes and by organizing favorable unloading conditions. The
adjustment of spacing between boreholes also has a significant influence, as it can
improve the technical and economic performance of drilling-and-blasting operations by
balancing drilling volumes and fragmentation quality.

During the detonation of an elongated charge in a borehole, complex gas-dynamic
processes take place. The methods for calculating drilling-and-blasting parameters that
are still in use today and form the basis of many software products were developed in the
last century. Such methods often lack sufficiently rigorous theoretical substantiation and
do not fully take into account the real properties of rocks and the heterogeneity of the
rock mass. As a result, the calculated parameters are approximate and require refinement
based on the results of experimental industrial blasts, particularly on the basis of actual
data on oversized yield and particle-size distribution. In practice, this means the need for
constant “feedback” between the design blast parameters and the actual fragmentation
result at the bench.

Drilling-and-blasting operations significantly affect technological processes, from
the initial separation of rock from the massif to subsequent stages culminating in the
production of marketable output. During the mining of gold-bearing quartzites with
complex morphology and heterogeneous layering, there is an increased risk of forming

significant volumes of coarse fragments. This leads to additional costs for repeated
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blasting or secondary crushing of insufficiently fragmented rock masses, as well as to the

risk of technological bottlenecks in the loading and hauling zones.

Figure 4.2. Examples of the formation of oversized fragments after mass blasting
that require additional secondary breakage: (a) oversized boulders in the muck pile on the
bench; (b) large oversized fragments in the muck pile (view under actual quarry operating
conditions).

The given examples (Fig. 4.2) illustrate the practical nature of the problem of the
“upper size class,” where some fragments exceed the allowable dimensions and generate
additional costs for bringing the material to the required condition.

To obtain an objective forecast of the particle-size distribution, it is necessary to
accumulate statistical data based on blast results, while reducing the yield of oversized
fragments remains one of the key tasks solved through the optimization of drilling-and-
blasting parameters. In this case, the largest proportion of oversized material is usually
formed along the separation line of the design block and within the zone of the first row
of boreholes, where the conditions of unloading and breakage differ from those in the
central part of the block due to the presence of a free face, asymmetry of the stress—strain
state, and a different nature of shear and tensile failure.

Works [68] present modern technical solutions and software products aimed at
minimizing the yield of oversized fragments and improving borehole placement with due

regard to the structural heterogeneity of the blasted rock mass. In particular, a
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comprehensive approach to improving the borehole drilling pattern has been proposed
based on the use of a fracture intensity index obtained by means of digital solutions and
specialized systems. Such an approach increases the controllability of fragmentation
results, makes it possible to move from a “uniform” drilling grid to a zonal one, and
ensures a reduction in the proportion of off-specification fractions, as demonstrated, in
particular, for the Tulallar deposit.

Under the conditions of the studied deposit, experimental work was carried out to
improve drilling-and-blasting technology by replacing traditional sand stemming with
foam stemming. The foam was used with an increased chalk content in order to enhance
the effect of gas and dust suppression (details are provided in Chapter 2). In addition to
its environmental effect, namely dust suppression, foam stemming is considered a
technological factor that may influence the duration of explosive loading in the collar
zone and the quality of breakage in the upper part of the bench. Figure 4.3 shows the
practical stage of preparing and supplying the mixture, as well as organizing the stemming
process, which is important for the reproducibility of the experiments and for the correct

comparison of the results.

Figure 4.3 Preparation and Application of Foam Stemming under Production
Conditions (Foam with Increased Chalk Content) as an Alternative to Sand Stemming
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As a result, two comparable test areas were formed for which the particle-size
distribution was evaluated and the efficiency of sand stemming and foam stemming was
compared. At the same time, it was found that fragmentation analysis using simple
methods such as a tape measure and visual assessment is of low efficiency, since it
requires considerable time, is highly labor-intensive, and depends on subjective factors,
including the selection of fragments for measurement, visual estimation of the average
size, and the limited sample size. Therefore, for the quantitative evaluation of
fragmentation, a reference scale element was selected, after which digital processing of
the photographic materials was carried out using specialized software. Such an approach
ensures the reproducibility of the results and makes it possible to obtain statistically
justified estimates of the particle-size distribution without interrupting the production
process. The scale element is necessary for the correct calibration of the image and the

subsequent determination of fragment sizes during digital processing (Fig. 4.5).

Figure 4.5. Field assessment of the particle-size distribution of blasted rock mass
using a reference scale element (measuring tape) for subsequent digital photo analysis in
specialized software
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The evaluation of blast fragmentation is one of the key stages in assessing the
efficiency of drilling-and-blasting operations, because the size distribution of broken rock
directly affects loading, hauling, primary crushing, grinding performance, equipment
wear, and the overall economics of mining and quarrying. In practical terms,
fragmentation quality determines whether explosive energy has been converted
efficiently into rock breakage or has been partially lost through excessive fines, oversized
boulders, or poor size uniformity. For this reason, modern mines increasingly rely on
quantitative fragmentation assessment methods rather than subjective visual inspection
of muckpiles. WipFrag is one of the most established systems developed for this purpose
and is widely used as a photo-based fragmentation analysis tool in mining, aggregates,
and research applications.

WipFrag is an image-based granulometry system that uses photographs or digital
images of blasted rock to estimate particle size distribution (PSD). In essence, the
software transforms a visual image of a muckpile, stockpile, bench face, or haul truck
load into numerical fragmentation data. According to WipWare, WipFrag is designed to
measure particle size distribution rapidly from digital images collected in the field,
underground, or at a desktop workstation, and it is intended to replace subjective estimates
with repeatable, data-driven measurement. Earlier technical literature describing the
system explains that WipFrag identifies visible particle boundaries, converts the
delineated fragments into a size-distribution output, and generates charts that can be used
for fragmentation evaluation and blast optimization. This makes the method especially
valuable where rapid operational feedback is required [70].

From a methodological standpoint, the use of WipFrag typically begins with image
acquisition. This stage is crucial, because the reliability of the final PSD results depends
strongly on the quality and representativeness of the input photographs. Official WipWare
guidance emphasizes several requirements: correct scaling, adequate lighting, sufficient
image resolution, proper camera angle and distance, and the use of multiple images to
capture the full variability of the rock pile. Images with excessive shadows, poor contrast,
or insufficient coverage may distort fragment delineation and reduce analysis quality. In

practical studies, several photographs are often taken at different stages of loading or from
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multiple zones of the muckpile in order to reduce sampling bias and improve
representativeness. In this respect, WipFrag should not be understood merely as software,
but as part of a structured measurement procedure in which image capture discipline is as

important as the subsequent digital processing.
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Figure 4.6 Typical WipFrag-based fragmentation assessment work

On Figure 4.6 illustrate the standard sequence of image capture, scaling,
delineation, validation, PSD generation, and engineering interpretation. The workflow
shown in the figure reflects the logic commonly used in WipFrag-based blast assessment:
first, representative images are collected; second, the images are scaled and checked;
third, particle boundaries are detected automatically; fourth, the operator corrects
segmentation errors where needed; and finally, the software produces fragmentation
outputs that can be interpreted in relation to crusher requirements, blast objectives, and
downstream plant performance. This staged approach is important because fragmentation
analysis is not limited to obtaining a graph; it is an integrated decision-support process
that links field observation with blast evaluation and process control.

Once the images have been loaded into the system, WipFrag applies delineation
algorithms to identify individual fragments and generate a polygonal network around
visible block boundaries. The resulting segmented image is then converted into size data

and presented in graphical and tabular form. Published descriptions of WipFrag note that
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the software can process images captured from camcorders, fixed cameras, photographs,
and digital files, while modern WipWare materials describe advanced segmentation,
scaling tools, and reporting functions for comparing results across blasts, shifts, and sites.
As a result, the system is useful not only for one-time studies, but also for continuous
monitoring and historical trend analysis. In mining operations, this capability is
particularly important because blast quality should ideally be assessed as part of an

ongoing improvement cycle rather than as an isolated event.

Figure 4.7. Application of the software at the quarry site using a tablet device.

WipFrag’s main analysis results include the particle size distribution (Fig. 4.8). The
result is typically displayed as a histogram as well as a cumulative passing curve. On the
histogram one can determine which size range of the material accounts for a particular
volume of blasted rock; on the cumulative curve, one can observe what percent of material
is smaller than established threshold sizes (P50, P80, etc.) according to WipWare’s
Technical Guidance. These two types of output are instrumental in assessing
fragmentation quality; they can be used by engineers to discern fine-dominated or coarse-
dominated distributions from balanced fragmentation states. In the practical assessment

process, a distribution dominated by fines likely results from over-fragmentation and the
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application of excessive energy or excessive energy concentration; conversely, a
distribution dominated by very large fragments likely indicates poor blast performance

and thus will create challenges for the loading and primary crushing process [54].
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Figure 4.8. The main output of WipFrag analysis is the particle size distribution.

One of the major advantages of WipFrag is speed. Traditional sieve analysis is
accurate but labor-intensive, time-consuming, and often impractical for routine
production-scale blast assessment. Image analysis, by contrast, provides rapid results at
relatively low cost and can be repeated frequently without interrupting production. Earlier
literature on WipFrag describes it as a system that enables operations to measure
fragmented particle sizes quickly, accurately, and economically, supporting blast
optimization and process improvement. A commonly cited validation result in that
literature reports that, in one comparison with other image-based systems, WipFrag was
the closest to sieved results, and after calibration its D50 value came within 2% of sieving
for the tested case. This does not eliminate the need for engineering judgment, but it does
show why WipFrag became a widely accepted industrial tool.

Another important benefit of WipFrag is that it supports comparative blast
evaluation. Because the software produces standardized PSD outputs, it can be used to

compare the effects of different explosive charges, initiation schemes, burden and spacing
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combinations, or stemming materials. In published case studies and technical usage
examples, WipFrag has been applied to assess blast performance, compare fragmentation
results with empirical models such as Kuz-Ram, and evaluate whether blasted rock
remains within acceptable size limits for a crusher. This comparative function is
especially relevant in scientific research, where the aim is not only to describe
fragmentation, but also to identify which blasting variables most strongly influence the
final size distribution of broken rock. In such studies, WipFrag serves as a bridge between
field blasting practice and quantitative engineering analysis.

At the same time, WipFrag has methodological limitations that must be
acknowledged in academic work. The software evaluates visible surface fragments from
a two-dimensional image, whereas the actual rock mass is a three-dimensional
fragmented system. This means that image overlap, hidden fines, perspective distortion,
poor illumination, and incorrect scaling may affect the results. In addition, automatic
segmentation is not always perfect and may require manual correction, especially in
complex muckpile images where boundaries between fragments are unclear. For this
reason, careful sampling strategy, multiple photographs, and critical review of the
delineation network remain essential. WipFrag should therefore be presented not as an
infallible substitute for all direct measurements, but as a highly practical and sufficiently
robust method for rapid blast fragmentation assessment under real operating conditions.

From the standpoint of explosive rock fragmentation quality assessment, the
scientific and practical value of WipFrag lies in its ability to transform field images into
objective, reproducible, and operationally useful data. It enables the evaluation of
fragmentation not only through average fragment size, but also through distribution
shape, percentage passing, coarse fraction content, and compatibility with downstream
processing requirements. In this way, the system supports more rational blast design
adjustment, improved control of oversized material, better prediction of crusher feed
behavior, and more effective use of explosive energy. Consequently, WipFrag can be
regarded as an effective modern tool for evaluating the quality of explosive rock
fragmentation and for supporting the optimization of drilling-and-blasting operations in

mining and quarrying practice.
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4.2. Using the Wipfrag image analysis system to evaluate the quality of
explosive rock fragmentation

During the experimental blasts, four key parameters were identified and taken into
account: natural fracturing, borehole spacing, the delay interval between rows, and the
type of stemming (foam instead of sand). The combination of these parameters was
selected on the basis of previous studies [54]. As a result, areas with different degrees of
blasted rock fragmentation were obtained, which confirms the expediency of the
integrated approach “geology/rock mass structure — drilling pattern — initiation
parameters — stemming design — onepaTuBHUI KOHTpOJIb (pakitiiiHocTi,” as shown in
Figs. 4.9 and 4.10.
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Figure 4.9. a - Photograph of the site; b - Image processing according to the selected
standard; c - Analysis of the granulometric composition distribution of the blasted rock
mass (9%).
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Figure 4.10. a - Photograph of the site; b - Image processing according to the selected
standard; ¢ - Analysis of the granulometric composition distribution of the blasted rock

mass (5%)

Based on the data obtained from the photo analysis, the particle-size distribution of

the blasted rock mass was constructed. The following parameters were recorded: the

average fragment size in the blasted rock mass, the percentage of oversized fractions, and

the uniformity index of the fragmentation distribution. The limiting size of oversized

material was determined in accordance with the technical characteristics of the crushing

equipment. In this case, fractions larger than 60 mm were classified as oversized.
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The collected data on the particle-size distribution before and after the
implementation of the proposed solutions involving the use of a new stemming material—
foam, compared with sand stemming—are presented in the graphs in Fig. 4.9 and Fig.
4.10.

Over the past three decades, significant progress has been achieved in the
development of new blasting technologies. These advances include increasingly
sophisticated computer models for blast design and performance prediction. Rock
fragmentation is regarded as the most important aspect of production blasting, since it
directly affects drilling and blasting costs, as well as the economics of subsequent
operations such as loading, hauling, and crushing. Unfortunately, fragmentation depends
on many variables, including rock mass properties, site geological conditions, fracturing
parameters, and the parameters of blast-hole configuration and charge filling; therefore,
at present there is no comprehensive theoretical solution for its accurate prediction.

The development of technical solutions aimed at improving the understanding of
rock blast breakage mechanisms, advancing drilling equipment, and enhancing
explosives, initiation systems, and modern stemming materials is ongoing. The use of
modern fragmentation analysis methods under field conditions provides rapid, accurate,
and cost-effective measurement of fragment sizes after blasting. Advanced granulometric
analysis methods using the WipFrag software package are a powerful tool for optimizing

quarry blasting operations and minimizing costs.
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4.3. Conclusions to chapter 4

Chapter 4 summarizes the theoretical and applied aspects of controlling the quality of
explosive rock fragmentation under open-pit mining conditions and substantiates the
expediency of applying modern approaches to regulating the particle-size distribution of
blasted rock mass. It is shown that fragmentation quality is determined by the combined
action of geological and structural factors, including the physical and mechanical
properties of rocks, fracturing, blockiness, and layering of the rock mass, as well as bench
geometry, drilling parameters, charge design, initiation schemes, and unloading
conditions. It has been established that, due to the multifactorial nature of the process,
universal theoretical prediction of fragmentation without taking into account the actual
heterogeneity of the rock mass and without verification based on the results of industrial
or field blasts is limited. This confirms the need to combine design-based approaches with

systematic monitoring of the actual results of drilling-and-blasting operations.

It has been confirmed that the requirements for the quality of explosive
fragmentation are determined primarily by the parameters of mining, haulage, and
crushing-and-screening equipment, while the main evaluation criteria are the yield of
oversized fractions, the average fragment size, and the uniformity of the particle-size
distribution. It has been established that exceeding the permissible fragment size or
increasing the proportion of oversized material directly leads to higher costs for secondary
crushing or repeated blasting, as well as to reduced efficiency of related processes such
as loading, transportation, and crushing. In this regard, the need to accumulate statistical
data from blasting results and to use these data for the prompt adjustment of drilling-and-

blasting parameters at a specific deposit has been substantiated.

The main directions for improving the efficiency of explosive fragmentation have
been systematized, among which the most significant are the control of blast impulse
parameters by changing charge design, optimization of initiation schemes and delay
intervals, adjustment of borehole spacing, and improvement of technological elements
that affect the duration and nature of explosive loading. It is shown that the zones most

problematic in terms of oversized fragment formation are the first row of boreholes and
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the block separation line, where the conditions of breakage and unloading differ
significantly from those in the central part of the rock mass. The importance of stemming
as a tool for controlling explosive loading in the collar zone of the borehole is also
substantiated separately, since the upper part of the bench is often characterized by

uncontrolled breakage and unstable fragmentation results.

Within the framework of this chapter, field studies were carried out on the use of
foam stemming as an alternative to traditional sand stemming during the fragmentation
of gold-bearing quartzites. A comparison of the two technological variants showed that
the use of foam stemming provides a noticeable improvement in fragmentation
performance. In particular, it was established that when foam stemming was used, the
yield of oversized fractions decreased to 5%, whereas when conventional sand stemming
was used, this indicator was 9%. Thus, the application of foam stemming made it possible
to reduce the percentage yield of oversized material by 4 percentage points, which
confirms its higher technological efficiency in comparison with traditional sand
stemming. This result is of important practical significance, since it indicates a reduced
need for secondary crushing, a lower load on crushing equipment, and improved stability

of the entire technological chain.

To ensure the objectivity of the comparison, the chapter applied a methodology of
digital photo analysis of particle-size distribution using specialized software. It has been
substantiated that, unlike traditional methods such as visual estimation or manual
measurements, digital photo analysis makes it possible to promptly obtain quantitative
fragmentation characteristics, including average fragment size, the proportion of
oversized material, and distribution uniformity indicators, as well as to expand the sample
by analyzing multiple photographs. Importantly, such a methodology is suitable for field
conditions, does not require interruption of the production process, and can be used to

form a statistical database for the further optimization of drilling-and-blasting parameters.

Summarizing the results of the chapter, it has been established that improving the
efficiency of explosive fragmentation and reducing the yield of oversized fractions should

be achieved on the basis of an integrated approach that includes consideration of the
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structural heterogeneity of the rock mass when designing the drilling pattern;
optimization of blasting parameters taking into account unloading conditions;
improvement of stemming design as a means of controlling explosive loading in the upper
part of the bench; and the introduction of operational digital fragmentation control using
photo analysis. The practical significance of the chapter lies in the fact that the
combination of field testing of technological solutions with digital granulometric
assessment creates the basis for improving the stability of blasting results and reducing
the costs of secondary crushing and repeated blasting. The scientific value of the obtained
results lies in substantiating the transition from purely design-based schemes to a
“calculation — experiment — digital verification” model, within which foam stemming has
been confirmed as an effective means of reducing the yield of oversized material and

increasing the controllability of explosive breakage of gold-bearing quartzites.
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CONCLUSIONS

The dissertation is a completed scientific research work that provides a theoretical
substantiation of the use of geographic information systems for optimizing the directions
of mining operations under the conditions of gold-bearing deposits. The study also
addresses an important scientific and practical problem related to the improvement of
explosive fragmentation technology for gold-bearing quartzites through the selection of

an effective stemming material aimed at enhancing fragmentation quality.

The main scientific and practical results of the dissertation are as follows:

1. A methodology for analyzing the Tulallar gold deposit was developed through
the integration of geodetic monitoring data with GIS technologies. A digital geospatial
model was created, making it possible to assess the spatial distribution of gold
concentrations and substantiate promising directions for the further development of

mining operations.

2. A mathematical model was developed to describe the influence of stemming
material on the duration of detonation product confinement within the borehole.
Polynomial relationships were obtained to characterize the time-dependent variation in

detonation product pressure for borehole charges using sand and foam stemming.

31t was agreed upon that if to the foam stemming was added 5% chalk the gas
neutralisation characteristics and the dust binding ability of thefoam stemming would also
be improved, while at the same time, the porosity of the foam stemming would be
reduced. By comparison to the conventional sand stemming, the use of the foam
stemming reduced the highest concentrations of NO2 nearly by approximately 45%; CO
by approximately 65%; and dust concentration by approximately 63%, hence improving

the environmental safety of blasting.

4. The methodology for assessing the particle-size distribution of blasted rock mass

over large rock volumes was improved through the application of digital photo analysis.
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This approach makes it possible to quantitatively determine, under field conditions, the
average fragment size, the yield of oversized fractions, and the uniformity of particle-size

distribution.

5. The studies carried out in the dissertation confirm the effectiveness of foam
stemming. Its application at the Tulallar deposit made it possible to reduce the yield of
oversized material from 9% to 5%, demonstrating its practical efficiency in improving
fragmentation quality, reducing the need for secondary crushing, and increasing the

overall effectiveness of open-pit blasting operations.

6. The obtained results confirm the scientific and practical feasibility of using foam
stemming in the blasting of gold-bearing quartzites. The proposed technological and
methodological solutions can be applied to improve the controllability of explosive rock
fragmentation, enhance operational efficiency, and reduce the environmental impact of

blasting operations.
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In accordance with the recommendations of the dissertation by ELNUR SHUKURLU,
“Scientific Substantiation of the Technology of Explosive Demand of Gold-Bearing Quartzite.”
industrial tnals were carmied out at the Tullalar open-pit mine (Azerbaijan) involving the
replacement of the borehole stemming matenal from sand to foam duning blasting operations. The
commission has established that this measure resulted in a 4% reduction in the proportion of
oversized rock fragments within the test section.

The commission of “"Azerbaijan Geology" LLC the company performing blasting
operations at the Tullalar open-pit mine, hereby certifies that the improvement of the borchole
stemming matenal, scientifically substantiated in the dissertation by ELNUR SHUKURLU
"Scientific Substantuiation of the Technology of Explosive Demand of Gold-Bearing Quartzite,”
has practical value Its implementation makes it possible to reduce the volume of secondary
crushing of oversized rock and to obtain an economic effect in the form of an increase in the
company's gross annual profit by 192 000,00 housand US dollars.
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