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A small-sized continuous reactor system for extracting nickel,
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Abstract. The increasing accumulation of stale tailings from mining operations poses both environmental risks and oppor-
tunities for the recovery of valuable metals. This study focuses on the development, additive manufacturing, and experimental
validation of a small-scale continuous reactor system for the extraction of nickel, cobalt, and iron from stale pyrite tailings at
the Sokolovsko-Sarbaisky Mining and Processing Plant (Kazakhstan). The reactor system was fabricated using additive manu-
facturing (3D printing) with PET-G polymer, allowing for rapid prototyping, modular assembly, chemical resistance, and cost-
effective production. The system comprises three sequentially connected reactors operating in continuous flow. Reagent and
slurry feeding were conducted using peristaltic pumps, while a stepper-motor-driven mechanical stirrer ensured homogeneous
mixing. Temperature was controlled by circulating a heat-transfer fluid through integrated heat-exchange channels, enabling
stable operation over 20-120°C. Before leaching, stale tailings were subjected to oxidative roasting in a fluidized-bed furnace
at 650-700°C for 1 hour, which facilitated the decomposition of sulfides into oxides. Subsequent leaching experiments were
conducted with sulfuric acid concentrations ranging from 25 to 175 g/dm?, varying residence times, and controlled thermal
conditions. Optimal parameters were established as 100 g/dm?® H,SO4, 100°C, and 120 minutes, resulting in recoveries of
93.01% for Ni and 91.49% for Co, with moderate Fe dissolution of 64.4%. The results confirm that the designed continuous
reactor system provides reproducible hydrometallurgical performance, stable process control, and scalability potential. This
approach highlights the combined advantages of continuous-flow chemistry and additive manufacturing in processing low-
grade, environmentally challenging raw materials.
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1. Introduction country. Over the course of its decades-long operation, it has
generated substantial volumes of tailings that have become
stale. These tailings contain residual concentrations of nickel
(N1i), cobalt (Co), and iron (Fe), along with associated gangue
minerals. Historically, the recovery of Ni and Co was not
prioritized in such operations, leading to their accumulation
in waste storage. As global demand for Ni and Co increases,
particularly due to their role in lithium-ion batteries and
clean energy technologies, the reprocessing of stale tailings
becomes both a strategic and environmentally necessary
initiative [2].

Hydrometallurgy has long been recognized as a viable
method for extracting metals from low-grade ores, concen-
trates, and secondary raw materials. Compared to pyrometal-
lurgical methods, hydrometallurgical processes generally
operate at lower temperatures, produce fewer gaseous emis-
sions, and allow for selective recovery of metals through
leaching, solvent extraction, and ion exchange [3]. Sulfuric
acid is the most widely used leaching reagent for Ni and Co,
especially when combined with oxidative pretreatments.

The global mining industry plays a pivotal role in supply-
ing raw materials that underpin modern technologies, from
energy storage devices and renewable energy infrastructure
to advanced alloys and everyday consumer products. How-
ever, alongside the production of concentrates and metals,
mining and mineral processing operations generate enormous
amounts of waste, particularly tailings. These fine-grained
residues are usually stored in impoundments or waste dumps,
which pose long-term environmental and social challenges.
Tailings storage facilities have been associated with cata-
strophic dam failures, leaching of toxic elements, dust emis-
sions, and land occupation. At the same time, tailings fre-
quently contain appreciable amounts of valuable metals that
were not fully recovered during initial processing due to
technological or economic limitations at the time [1].

Kazakhstan, as one of the major producers of iron ore,
copper, and polymetallic ores, faces similar challenges. The
Sokolovsko-Sarbaisky Mining and Processing Plant
(SSGPO) is among the largest producers of iron ore in the
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Oraby et al. [1] demonstrated that flotation tailings rich in Ni
and Co sulfides could be successfully processed using gly-
cine-ammonia systems, achieving metal recoveries above
85-90%. Likewise, sulfuric acid leaching is effective for
metallurgical slags, with hydrogen peroxide serving as an
auxiliary oxidant to enhance dissolution of Ni and Co [2].

Pretreatment is often essential to improve the solubility of
refractory minerals. Roasting transforms sulfides, silicates,
and refractory oxides into more leachable forms. Reduction
roasting, in particular, has been applied to oxidized nickel
ores, with temperatures between 400 and 850°C resulting in
nearly complete Ni recovery after sulfuric acid leaching [3].
In the case of cobalt-bearing pyrite, oxidative roasting re-
duced sulfur content and facilitated Co recovery by produc-
ing soluble oxide phases [4]. Such approaches demonstrate
that a combination of thermal and hydrometallurgical pro-
cesses is necessary to achieve efficient extraction from com-
plex tailings.

Despite the maturity of hydrometallurgical techniques,
most laboratory and pilot studies rely on batch systems,
which present limitations in scalability, reproducibility, and
process control. Continuous flow systems address these chal-
lenges by maintaining steady-state conditions, reducing rea-
gent fluctuations, and enabling tighter control of temperature,
pH, and residence time. Panda et al. [5] reviewed the hydro-
metallurgical recovery of valuable metals from industrial
wastes, highlighting the advantages of continuous processes
in terms of efficiency and energy consumption. Continuous
stirred-tank reactors (CSTRs), plug-flow reactors, and tubu-
lar reactors have been successfully applied in copper heap
leaching, rare earth element recovery, and nickel hydrometal-
lurgy, yielding improved yields and reduced reagent use
compared to batch operations.

Parallel to advances in process engineering, new ap-
proaches to equipment design are reshaping laboratory-scale
experimentation. Additive manufacturing, commonly known
as 3D printing, has emerged as a disruptive technology that
enables the rapid fabrication of complex geometries, modular
components, and chemically resistant reactors at a relatively
low cost. Kitson et al. [6] introduced the concept of “reac-
tionware”, demonstrating how 3D-printed reactors could be
configured as modular flow systems for organic synthesis.
Beauchamp et al. [7] extended these concepts to photochem-
ical reactions, highlighting the ability of 3D-printed reactors
to control reaction pathways and to enable scale-up. Moreo-
ver, the article's author designed and utilized a reactor system
to produce metronidazole derivatives [8].

The advantages of 3D printing for reactor design are
manifold. First, rapid prototyping enables researchers to test
and refine designs quickly, eliminating the need for expen-
sive machining. Second, features such as mixing chambers,
heat exchangers, or sensor channels can be directly embed-
ded into the printed structure, eliminating the need for post-
processing. Third, new materials such as PET-G, polypro-
pylene, and polymer—ceramic composites provide resistance
to acidic and oxidative environments [9, 10]. Nordin et al. [9]
fabricated corrosion-resistant 3D-printed microfluidic devic-
es for electrochemical studies, demonstrating their durability
under aggressive chemical conditions. Liravi and Toyserkani
[10] reported on polymer—ceramic composites tailored for
additive manufacturing of chemical reactors, enabling opera-
tion under harsher conditions than conventional polymer
devices.

While applications of 3D-printed reactors in hydrometal-
lurgy are still rare, examples from related fields illustrate
their potential. Chisholm et al. [11] designed 3D-printed
reactors for nanoparticle synthesis, achieving precise size
control unattainable in conventional batch reactors. Chen et
al. [12] developed 3D-printed flow reactors for polymer
synthesis, demonstrating reproducibility and scalability.
These studies suggest that additive manufacturing can bridge
the gap between laboratory research and industrial applica-
tions by offering modular, adaptable reactor systems.

Integrating additive manufacturing with continuous hy-
drometallurgical processing creates a powerful synergy.
Continuous operation provides process stability and scalabil-
ity, while 3D printing ensures flexibility, cost reduction, and
rapid design iteration. This integration is particularly promis-
ing for the treatment of low-grade ores and stale tailings,
where conventional equipment may be too costly or inflexi-
ble. Furthermore, compact 3D-printed reactors are well-
suited for decentralized operations, enabling in situ pro-
cessing at mine sites and reducing transportation of hazard-
ous wastes.

The present research seeks to explore this intersection by
developing a small-scale, continuous reactor system fabricat-
ed via 3D printing and applying it to the recovery of Ni, Co,
and Fe from stale tailings of the Sokolovsko-Sarbaisky Min-
ing and Processing Plant. The study involves designing reac-
tor modules with integrated mixing and heating, applying
oxidative roasting as pretreatment, and optimizing sulfuric
acid leaching conditions. The outcomes are expected to
demonstrate not only the feasibility of additive manufactur-
ing in hydrometallurgy but also its potential to provide scala-
ble, sustainable solutions for tailings reprocessing.

2. Materials and methods

2.1. Raw materials and reagents

As the feedstock, a roasted pyrite concentrate was used,
obtained from the stale tailings of the Sokolovsko-Sarbaisky
Mining and Processing Plant (SSGPO, Kazakhstan). The
material contained mainly iron oxides and sulfides with mi-
nor amounts of nickel (0.10 wt.%) and cobalt (0.21 wt.%).
Sulfuric acid (H,SOs, analytical grade) was applied as the
primary leaching reagent in concentrations ranging from 25
to 175 g/dm3. All chemicals used in the experiments were of
analytical purity (“hch”, “chda”, “osch”) and suitable for
spectroscopic analysis. Deionized water was used to prepare
all solutions.

2.2. Design and additive manufacturing of the continuous
reactor system

2.2.1. Design of the reactor system

The system consists of three reactors (Figure 1) connect-
ed in series, operating in continuous flow mode. Feeding of
solid and liquid reagents was carried out using peristaltic
pumps, and a stepper motor-driven mechanical stirrer en-
sured thorough mixing. Temperature control was achieved by
circulating a heat-transfer fluid through integrated channels
within the reactor body, enabling stable operation over a
range of 20 to 120°C. The configuration enables the continu-
ous introduction of leaching solution and tailings slurry,
efficient mixing, and collection of the product solution.
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Reactor 2

Reactor 1

Figure 1. Design of a continuous reactor system for extracting
nickel and cobalt from stale tailings

In Reactor 1, roasted pyrite concentrate and a sulfuric acid
solution are introduced into the system via peristaltic pumps,
where initial mixing and slurry preparation occur under con-
trolled temperature and agitation conditions. Reactor 2 serves
as the central unit for acid leaching, equipped with a mechani-
cal stirrer to ensure homogeneous mixing and with integrated
heat-exchange elements to maintain a stable thermal regime.
Reactor 3 represents the final stage of the process, where
leaching reactions are completed, yielding a pregnant solution
containing nickel and cobalt ions, which is collected in vials
for further analysis and separation.

2.2.2. Additive manufacturing of the reactor system

A small, continuous reactor system for extracting nickel and
cobalt from stale tailings was designed and manufactured using
additive manufacturing (3D printing). The reactor body, lid,
stand, stirrer, and heat-exchanger elements were fabricated from
PET-G polymer on a Bambu Lab X1 3D printer. Printing pa-
rameters were set as follows: nozzle temperature 240-250°C,
bed temperature 70-80°C, layer height 0.2-0.28 mm, and infill
density 20-40%. After printing, the supports were removed, the
surfaces were cleaned, and the parts were assembled into a
modular reactor unit.

2.2.3. Manufacturing of the reactor components

The manufacturing of reactor system components (reactor
lid, stand, reactor body, heat exchanger elements, and stirrer)
is carried out as follows (Figure 2). At the initial stage, 3D
models of all parts are designed in CAD software, taking into
account their structural features, and then exported in STL or
3MF format.

o) X
o

¥ )

Figure 2. AM-based reactor components (main body with heat
exchanger and mixer)

o —

The reactor body, lid, stand, stirrer, and heat-exchanger
elements were fabricated from PET-G polymer on a Bambu
Lab X1 3D printer.

Next, printing parameters are set in Bambu Studio: ex-
truder temperature 240-250°C, bed temperature 70-80°C,
layer height 0.2-0.28 mm, infill density 20-40%, and printing
speed 80-120 mm/s. Supports are enabled for parts with
overhanging elements (such as the lid and stand), and a brim
is applied to improve bed adhesion.

After loading the PET-G filament into the printer, auto-
matic calibration is performed, and printing begins. The
reactor body is produced as a cylindrical part with uniform
cooling to prevent warping, the lid is printed with supports
and mounting holes, the stand with vertical columns is print-
ed at a lower speed for stability, the stirrer is manufactured as
a separate part to be later connected to a stepper motor and
controller, and the heat exchanger elements are produced
with high precision to ensure tight connections.

After printing, post-processing is performed, including
support removal, surface cleaning, and optional sanding or
heat treatment to smooth the layers (Figure 3).

Figure 3. AM-based continuous processing reactor system for
the extraction of nickel and cobalt from stale tailings (1, 2 and 3
indicate the numbers of the respective reactors)

All parts are checked for dimensional accuracy, then as-
sembled into a single structure: the body is fixed to the stand
and lid with bolts, the stirrer is mounted and connected to a
stepper motor via a controller for mixing operations, and the
heat exchanger elements are installed. Cooling and heating of
the reactor are achieved by circulating liquid through the
system using peristaltic pumps.

2.3 Roasting and leaching procedure

Before leaching, the stale tailings were subjected to oxi-
dative roasting in a fluidized bed furnace at 650-700°C for
60 minutes with an oxygen-enriched air supply (15% O,).
The obtained calcine was cooled and fed into the continuous
reactor system for sulfuric acid leaching.

Leaching was carried out at a solid-to-liquid (S/L) ratio
of 1:2, with the slurry continuously circulated through the
three-stage reactor unit. Process parameters included acid
concentration of 25-175 g/dm®, temperature range of 20-
120°C, and residence times of 15-240 minutes. Optimal
leaching conditions were determined as 100 g/dm’> H,SOs,
100°C, and 120 min, under which the maximum extractions
of Ni and Co reached 93.01% and 91.49%, respectively.
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2.4 Analytical methods

Titrimetric and spectrometric methods were used to de-
termine the chemical composition of solid residues and leach
solutions. The phase composition of the roasted samples was
analyzed by X-ray diffraction (D8 Advance, Bruker) using
Cu Ka radiation (40 kV, 30 mA). The pH of the solutions
was monitored using a pH-150MP pH meter with standard
electrodes. Thermodynamic calculations and Pourbaix dia-
grams for the Ni-S-H20 and Co-S-H20 systems were
generated using the Outotec HSC Chemistry 5 software
package.

3. Results and discussion

The small-sized continuous reactor system fabricated via
additive manufacturing was tested for the extraction of nickel
and cobalt from roasted stale tailings of the Sokolovsko-
Sarbaisky Mining and Processing Plant (SSGPO, Kazakh-
stan). The experimental work demonstrated that continuous
leaching provides stable operating conditions, adequate mix-
ing, and reproducible recovery of valuable metals.

3.1 Effect of sulfuric acid concentration

The concentration of sulfuric acid has a decisive effect on
the leaching behavior of nickel, cobalt, and iron from ther-
mally decomposed pyrite concentrate. Figure 4 shows the
dependence of the extraction of Ni, Co, and Fe on the con-
centration of H»S,.

100

—e— Ni
—o— Co
80 Fe
=
g
& 60
o
=]
2
5 40
g
=
[sa]
20
0
25 75 125 175

H,SO, concentration, g/dm*

Figure 4. Dependence of the extraction of Ni, Co, and Fe on
the concentration of H2SOy

At a low H,SO;4 concentration of 25 g/dm?, nickel extrac-
tion reaches about 59.6%, cobalt extraction is initially negligi-
ble, while iron extraction is around 39.1%. Increasing the acid
concentration to 50 g/dm? enhances nickel recovery to 70.0%,
cobalt to 32.5%, and iron to 50.0%. A pronounced improve-
ment is observed in the 100-150 g/dm® range, where nickel
extraction increases to 86.7-92.0%, cobalt to 75.0-91.5%, and
iron to 58.0-64.4%.

Further increasing the acid concentration up to 175 g/dm?
results in a saturation effect: Ni and Co recoveries reach about
93%, while Fe extraction increases only slightly to 66.0%.
Thus, the optimal acid concentration lies in the range of 100-
150 g/dm’, ensuring maximum recoveries of nickel and cobalt
while maintaining moderate iron dissolution. This creates
favorable conditions for subsequent selective separation of the
target metals, followed by solvent extraction or precipitation.

3.2 Effect of leaching time

The effect of leaching time on the dissolution of nickel,
cobalt, and iron from roasted stale tailings was investigated
over a range of 5-240 minutes. Figure 5 shows the time de-
pendence of the extraction of Ni, Co, and Fe.

100 Ni
—o— Co
Fe
. 80
N
53
e
e 60
S
=
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5 40
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0 30 60 90 120 150 180 210 240
Leaching time, min

Figure 5. Dependence of the extraction of Ni, Co, and Fe on
leaching time

The results show that nickel extraction increases rapidly
from 40% at 5 minutes to 75% at 60 minutes, reaching a
maximum of 93.0% at 120 minutes. After this, only a slight
increase to 93.5% is observed at 240 minutes, indicating that
equilibrium has been reached. Cobalt follows a similar trend,
with lower initial rates: 20% at 5 minutes, increasing to 65%
at 60 minutes. At 120 minutes, the maximum extraction of
91.5% is achieved, with only marginal improvement to 92%
at 240 minutes. Iron dissolution is a gradual and continuous
process, increasing from 25% at 5 minutes to 64.4% at 120
minutes, and reaching 70% at 240 minutes. These results
indicate that the optimal leaching time is 120 minutes, at
which nickel and cobalt recoveries exceed 91% while iron
dissolution remains moderate. Prolonged leaching beyond
this time provides no significant improvement in Ni and Co
extraction but increases Fe dissolution, thereby complicating
downstream purification and separation processes.

3.3 Effect of temperature

The effect of temperature on the extraction of nickel, co-
balt, and iron from roasted stale tailings was investigated in
the range of 20-120°C. Figure 6 shows the temperature de-
pendence of the extraction of Ni, Co, and Fe.

100 .
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S
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Temperature, °C

Figure 6. Dependence of the extraction of Ni, Co, and Fe on
temperature
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At low temperatures (20-40°C), nickel and cobalt recov-
eries were limited to 50-65% and 30-50%, respectively,
while iron dissolution remained at 20-35%. Increasing the
temperature to 60-80°C significantly enhanced metal recov-
ery, with nickel extraction rising to 75-85%, cobalt to 70-
82%, and iron to 45-55%. The maximum recoveries of nickel
(93.0%) and cobalt (91.5%) were achieved at 100°C, accom-
panied by moderate iron dissolution of 64.4%. Further tem-
perature increases to 110-120°C resulted in only marginal
improvements in nickel and cobalt extraction (up to 93.3%
and 92.2%, respectively), but were accompanied by a sharp
rise in iron dissolution, ranging from 80% to 94.2%. These
results indicate that the optimal leaching temperature lies
between 100 and 110°C, where high recoveries of nickel and
cobalt are achieved while maintaining iron dissolution at a
manageable level. Exceeding this temperature range reduces
process selectivity and complicates downstream purification
due to excessive iron content in the pregnant solution.

4. Conclusions

The study successfully demonstrated the feasibility of fab-
ricating a small-scale continuous reactor system by additive
manufacturing (3D printing) and applying it to the hydrometal-
lurgical recovery of nickel, cobalt, and iron from stale tailings
of the Sokolovsko-Sarbaisky Mining and Processing Plant.

Pretreatment of the tailings by oxidative roasting signifi-
cantly improved the subsequent acid leaching efficiency. The
optimal operating conditions 100 g dm= H,O4, 100 °C, and
120 min of residence time yielded recoveries of 93.0 % Ni and
91.5 % Co with moderate Fe dissolution (64.4 %). These re-
sults confirm the efficiency of combining thermal pretreatment
with continuous sulfuric acid leaching. The research also
demonstrated the practical advantages of additive manufacturing
for the design of laboratory-scale hydrometallurgical equipment.
The modular and cost-efficient 3D-printed system enables rapid
prototyping, integration of multifunctional components, and
straightforward scaling to pilot-plant operations.

Overall, the findings demonstrate that combining contin-
uous-flow hydrometallurgy with additive manufacturing
presents a sustainable technological approach for processing
low-grade ores and tailings, promoting efficient resource
utilization and minimizing environmental impact.
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Eckipres KaJaabIKTapJaH HUKeJb, KOOAJIBT 7KIHE TeMip aJIyra
APHAJIFAH IIAFBIH KOJIeM/Ii Y3IIKCi3 peaKTOPJIbIK Kyiie
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Anpatna. Tay-KeH >KYMBICTapbIHAH €CKIpTeH KaJIBIKTapIbIH XKHHAKTATYBIHBIH apTybl 3KOJIOTHSIBIK TIyeKeIJIepAi e,
Oaranpl MeTanappl KallblHAa KeNTipy MYMKIHAIKTepiH ne Tynsipansl. byn 3eprrey CokxonoB-Capsibait Tay-Ken baitbity
koMOWHATHIHBH (Ka3zakcTaH) ecKipreH NMUPHUT KalIbIKTaphlHAH HUKENh, KOOANhT JKOHE TEMip OHIIpyre apHaiFaH IIaFrbIH
KeJeMIi Y3MIKCi3 peaKkTOpiIbIK KYHEHi a3ipiieyre, Kocmanapabl OHIIpyTe XKoHe TOXKIpHOeTiK Tekcepyre OarpITTanFaH. Peakrop
JKYHeci JKpUIAaM MPOTOTHIITEYTe, MOIYJIBAIK KYpacTBIPyFa, XUMHSUIBIK TO3IMIUTIKKE XOHE YHEeMIl OHMAIpiCKe MYMKIHAIK
6eperin PET-G momumepimen xocma eHzipiciH (3d Oacen msiFapy) maiinamaHa OTBHIPHIN kacanraH. JKyie Y3miKCi3 aFrbIH
JKaFJalbIHIA SKYMBIC ICTCHWTIH Oipi3[ai KOCBUIFaH YVII PEaKTOpIaH Typaasl. PeareHTTep MEH CycCHeH3usIapabl Oepy
NEepPUCTABTUKANIBIK COPFBUIAPIBIH KOMETIMEH JKy3ere achIpbUIAbl, ajl OIpTeKTI apalacThlpy CaTbhUIbl KO3FAITKBILINEH
OacKapblIaThIH MEXaHUKANBIK apallaCThIPFBIINEH KamTamachl3 etiiii. Temnepatypa 20-120°C apanbiFblHIa TYPAKThI JKYMBIC
Icreyre Mywmkingik BeperiH wHTerpanmsuiaHFaH >KbUTy aiMacy apHajgapbl ApPKBUIBI KBUTYy TachIMAJIIAFBIN CYHBIKTHIKTHI
aitHaBIpy ApKbUibl Oakputanssl. lllaiimManay anapiHAa eckipreH KanibikTap Oip carat iminge 650-700°C temmeparypania
CYHBIK TOCEK IEeNIiHe TOTHIKTHIPFBIII KyBIpyFa YITBIpaasl, Oy cynbpuaTepaiH OKCHATEpre bIABIPayhIH KeHimaeTTi. Kerinri
maiManay ToKipuOenepi KyKipT KbIIKGUIBIHBIH KOHIEHTPAHACH 25-175 1/mM°, op Typii TYpy yaKBbITHI KoHe GaKbLIAHATHIH
XKBUTy JKaFmainapbl GolbiHma Kyprizimm. Onrainel mapamerpnep 100 r/mm® HxSOs, 100°C xome 120 muHYT peTiHze
6enrinenni, HoTmkecinae Ni ymin 93.01% xone Co ymin 91.49% kanmeina xentipingi, Oprama Fe epyi 64.4% 6omnnpsr.%.
Hotmxenep sxobananraH Y3IIKCi3 peakTop JXyHeci KaWTalaHATHIH THAPOMETAIUTYPTISUIBIK OHIMAUTIKTI, HMPOIECTi TYPaKTHI
OacKapyIsl XKoHE MacCIITa0TAIaTHIH JIEYeTTI KAMTaMachl3 €TeTiHIH pacTaiiibl. Bysl Tocia TeMeH CYphINTHI )KOHE YKOJIOTHSITBIK
TYPFBIIAH KYpAEN INHMKI3aTThl OHACYJAEe Y3/IKCi3 aFblHAbI XHMHUS MEH Kochanapibl OHAIpYAiH OipikTipiireH
APTHIKIIBUIBIKTAPBIH KOPCETEIN.

Heczizzi co3dep: y30ikciz peaxmop, KOChanap OHOIpICi, HUKelb, KoOanbm, memip, cCiiminey, ecKipeeH Kaloblkmap,
2UOPOMEMANTYPRUSL.

MaJjiorabapuTHasi peakTOPHAas CUCTEMA HeNPEPbIBHOIO AeMCTBUS ISl
NpoBeIeHNS U3BJICUYEHUS HUKEJISA, KOOAIbTA M KeJle3a U3 JIeKaIbIX
XBOCTOB
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AHHOTanus. PacTymiee HakoIIeHHE 3a€XalbIX XBOCTOB TOPHBIX Pa0OT CO3/a€T KaK 3KOJIOTHYECKHE PUCKH, TaK U BO3-
MOJKHOCTH JJIsI MU3BJICUEHHS IEHHBIX METAIIIOB. JaHHOE MCCIIeI0BAaHUE TTOCBSIIIICHO pa3paboTKe, aAJUTHBHOMY IIPOU3BOJICTBY
1 SKCIIEPHUMEHTAIFHON TIPOBEpKE MajorabapuTHONH peaKkTOPHOI YCTaHOBKH HEMPEPHIBHOTO JCHCTBHS, MPEIHA3HAYCHHONW IS
W3BJICUCHHS HHKEs, KOOanbTa M JKeje3a M3 OTPabOTAHHBIX MHUPHUTHBIX XBOCTOB CoKOJIOBCKO-CapOaiickoro ropHo-
oboraturenpHoro kombunara (Kaszaxcran). PeakropHas cucrema Oblia M3rOTOBJCHA C HCIIOJB30BAaHHMEM TEXHOJIOTHH alIH-
THBHOTO TIpon3BojicTBa (3D-nedarn) ¢ ucnonp3zoBanuem noaumepa PET-G, uro obecrnieunBaeT ObICTpOE CO3AaHHME MPOTOTH-
MIOB, MOJYJIBHYIO COOPKY, XUMHUYECKYIO CTOMKOCTh ¥ SKOHOMHYHOE IPOU3BOACTBO. CHcTeMa COCTOUT U3 TPEX MOCIea0BaTelNb-
HO COEIMHEHHBIX PEaKTOpPOB, PabOTAaIOIMX B peXUME HEIpephIBHOro NoToka. Ilogaya peareHToB U CyCHEeH3UH OCYIECTBIIS-
JIach C TIOMOUIBIO MEPUCTATBTUYECKUX HACOCOB, @ OJJHOPOAHOE MEepPEMEIINBAHNE 00ECTIEYNBATIOCh MEXaHNUECKOH MEIIaIKON ¢
[IaroBBIM IPUBOAOM. TemIieparypa peryiupoBaiach IyTeM LUPKYISLUHA TEIUNIOHOCHTEINS 10 BCTPOEHHBIM TEIIOOOMEHHBIM
KaHaJlaM, 4T0 oOecreynBaino cTrabmibHyto padoty B auarnasone 20-120°C. Iepen BblenauyMBaHNeM 3ajexkajble XBOCTHI O~
BEprajil OKHCIUTEILHOMY OOHTY B IIEUH € IICEBIOOXKIKEHHBIM cjIoeM Ipu Temneparype 650-700°C B TeyeHne oHOTO 4aca,
YTO CIIOCOOCTBOBAJIO PA3IOKEHHIO CyIb(pHUI0B Ha OKcHIBI. [locieayromue SKCIEpUMEHTHI 0 BIIIETaYMBAHUIO TIPOBOJHINCH
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C KOHLIEHTPAIUSIMHU CEPHON KUCIOTHI 25-175 r/aM3, pasnuuHbIM BPEMEHEM BBIIEPKKH U KOHTPOJIUPYEMBIMU TETLIOBBIMH Pe-
’KUMaMH. BbLIM ycTaHOBJIEHb! onTUMaibHble napametpbl: 100 r/am’ HSOs, 100°C u 120 MUHYT, B Pe3ysIbTaTe YEro CTEreHb
usBneueHus Ni cocrasuia 93.01%, Co — 91.49%, npu ymepenHom pactBopenuu Fe — 64.4%. Pe3ynbraThl HOATBEPIKIAIOT, YTO
pa3paboTaHHasi CHCTEMa PEaKTOPOB HENPEPBIBHOIO JEHCTBHUsI 00ecrieunBaeT BOCIPOM3BOJMMBIE THIPOMETAILTYpPIUYECKUE
XapaKTEepPUCTHUKH, CTAOWIBHOE YIpaBJIEHHE IPOLIECCOM M BO3MOXKHOCTh MaciiTaOupoBaHHs. Takoil momxonx MmoauepKuBacT
MIPEUMYILECTBA HETIPEPHIBHOIO XUMUYIECKOTO MTPOIIecca U MPOU3BOACTBA J00ABOK IPH NepepadoTKe HU3KOCOPTHOTO M 3KOJIO-
THYECKHU OIIACHOTO CHIPBSI.

Knrouegvle cnoea: peakmop nenpepvigHozo 0eticmsus,; a0oumusHoe npousso0Cmeo; HuKelb;, KoOaibm, dcene3o; evluyend-
uueanue, ompabomanuvle X60CHbl;, 2UOPOMEMALLYPIUSL.
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Abstract. This paper presents the results of producing a triple-remelted Ti-10V-2Fe-3Al alloy. The results of SEM—EDS
analysis of the alloy are reported, and the structure of the Ti-10-2-3 alloy along the height of an industrial electrode is deter-
mined. For the first time, results of a direct comparison between the morphology of the o/f phases and the local chemical com-
position in three characteristic zones of a 4.5 t electrode, “top”, “middle 17, “middle 2”, and “bottom”, are obtained based on
comprehensive SEM—-EDS analysis. It is established that, with respect to the main alloying elements (Ti, Al, V), the ingot is
fully chemically homogenized along its height, and the VAR (vacuum arc remelting) regime ensures an acceptable level of
macrosegregation. It is shown that the concentrations of (Ti, Al, V), the principal alloying elements in Ti-10V-2Fe-3Al, do not
change significantly between samples. SEM—-EDS results indicate that the scatter in elemental concentrations is <1-1.5%,
which is considered an indicator of high-quality VAR processing; this level of scatter implies minimal differences in elemental
concentrations: Al variations are within £0.5-1.0%, V variations are within £0.5-1.0%, and Ti maintains a stable fraction of
approximately ~83-86%. Morphological studies reveal that the o/f structure is formed uniformly, without pronounced colum-
nar segregation. The results of the direct comparison of a/f-phase morphologies enabled the development of a quality-control
methodology for electrodes based on SEM—EDS profiles.
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1. Introduction

In recent years, research on titanium alloys has shifted to-
ward detailed studies of the microstructural mechanisms that
determine their performance characteristics, as well as the
factors that affect the chemical homogeneity and phase state of
industrially produced ingots. For the high-strength Ti-10V-2Fe-
3Al (Ti-10-2-3) alloy, which belongs to the class of metastable
- and (atp)-alloys, the distribution of alloying elements and
the morphology of o/f phases after vacuum arc remelting
(VAR) directly determine the strength, ductility, delamination
resistance, and service life of critically loaded components.
The primary methods for processing sponge titanium into
ingots are vacuum arc remelting (VAR) and electron beam
melting (EBM). These processes are the primary means of
producing titanium alloys. VAR technology is widely used to
improve the purity and structure of standard ingots, known as
consumable electrodes, which are melted under vacuum.

Modern analytical approaches emphasize that not only
the global chemical purity but also local microstructural
inhomogeneities can significantly affect alloy properties.
According to reviews on metastable S-alloys [1-4], even
slight variations in the content of f-stabilizers (V, Fe), a-
stabilizers (Al, O), or microsegregation of oxygen can lead to

©2026. A.T. Mamutova, T.A. Chepushtanova, B. Mishra
post@uktmp.kz; t.chepushtanova@satbayev.university; bmishra@wpi.edu

the formation of brittle zones, alter phase transformation
kinetics, and cause the appearance of undesirable intermetal-
lic phases, including a,-TizAl. Therefore, the importance of
local analysis methods has increased in recent years, particu-
larly scanning electron microscopy (SEM) combined with
energy-dispersive spectroscopy (EDS), which enables the
detection of micron- and submicron-scale structural inhomo-
geneities in industrially produced ingots.

A special focus within this group is the high-strength
metastable S-alloy Ti-10V-2Fe-3Al (Ti-10-2-3), which has
found wide application in chassis design, powertrain compo-
nents, and integral fuselage assemblies due to its unique
ability to achieve controlled a-phase morphology, regulated
both by work hardening and aging regimes [5—7]. According
to Banerjee & Williams [1] and Peters et al. [3] the mechani-
cal properties of Ti-10-2-3 are determined by the distribution
of f-stabilizers (V, Fe), the concentration of solid-solution
elements in the a-phase (Al, O), the cooling rate, and the
actual thermodynamic conditions of the f—a transformation.

Lutjering & Williams [2] and Boyer [8] emphasize that
the spatial inhomogeneity of f-stabilizer distribution, local
oxygen segregation, and o/f interphase morphology are criti-
cal parameters that determine fracture toughness, ductility,
and the durability of highly loaded components.

Engineering Journal of Satbayev University. eISSN 2959-2348. Published by Satbayev University
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Analyzing triple-melted ingots presents challenges, as a
complex combination of factors influences structure for-
mation: the composition and distribution of charge materials,
solidification thermophysics, remelting conditions, and local
temperature and heat flux variations. Large industrial elec-
trodes weighing 4500 kg exhibit vertical and radial chemical
gradients formed during ingot solidification, as well as dif-
ferences in a/f-phase morphology between the top, middle,
and bottom sections. These features are scarcely represented
in the scientific literature: most publications focus either on
laboratory melts or on structural analysis after heat treatment
[9-12], while systematic SEM—EDS studies of large-scale,
triple-melted industrial ingots are lacking.

The microstructure and performance characteristics of ti-
tanium alloys are determined by a set of phase transfor-
mations arising from titanium's pronounced polymorphism.
Alloying elements introduced into titanium interact different-
ly with the a- and f-phase lattices, stabilizing one modifica-
tion over the other depending on changes in interatomic
forces and their contributions to the thermodynamic stability
of the phase states. This stability is defined by the polymor-
phic transformation temperature (PTT), a key parameter in
the phase diagram of the Ti—X system [13].

Elements that predominantly dissolve in the a-phase,
such as aluminum, oxygen, carbon, and nitrogen, increase the
ae>f transformation temperature. Their presence leads to
higher elastic moduli in the a solid solution and broadens its
stability range. These elements, especially oxygen, nitrogen,
and carbon, are inevitably introduced into the metal from
both sponge titanium and alloying materials (C, Al) [14].

In contrast, S-type elements vanadium and iron lower the
polymorphic transformation temperature, expanding the
stability range of the f-phase. By dissolving in the £ solid
solution, they increase its elastic characteristics and promote
the formation of a metastable f-matrix upon cooling. The
transition of titanium atoms between f- and a-phases under-
lying these transformations is of particular interest.

Aluminum's low density reduces the alloy’s specific
weight and effectively increases its specific strength. It is a
crucial o-stabilizer that provides strengthening while main-
taining acceptable ductility. However, its content is limited
by a critical threshold (~7 wt.%); exceeding this limit leads
to the formation of the ordered intermetallic a»-phase

Table 1. Chemical composition of aluminum granules

Element Al Zn Si Fe Mn Mg Ni
0.0002 | 0.0051

Content, wt.% 99.8 | 0.003 | 0.025  0.113 | 0.02

Table 2. Chemical composition of the V-Al-Fe master alloy

Element \ Al Fe B C Cr Cu
0.002

Content, wt.% 66.6 = 21.1 12.1 | 0.001 | 0.001 0.01

Table 3. Chemical composition of the V-AI-C alloy
Element \ Al B C Cr Cu Fe

Content, wt.%  65.3 33.7 0.001 0.68 0.01 0.001 1 0.17
Table 4. Chemical composition of iron powder
Element Fe S O(total) |N
Content, wt.% 99.98 0.003 0.019 0.001
Table 5. Chemical composition of titanium sponge
Element Ti Ni Cl (6} N Fe C
Content, wt.% 99.77 | 0.013  0.075  0.038 ' 0.002 | 0.039 0.003

(Ti3Al). The presence of this phase sharply reduces techno-
logical plasticity and impact toughness. To prevent a,-phase
formation, alloy compositions are optimized by limiting
aluminum content and introducing f-stabilizers (Mo, V) [15].

Vanadium is the most versatile and widely used p-
stabilizer in titanium alloys. Unlike other p-stabilizers, it
simultaneously increases strength and ductility, making it
unique among this group of elements. Its solubility in the -
phase reaches ~3%, allowing the development of alloys that
combine the advantages of a-alloys (high weldability) and
(atp)-alloys (strengthening through heat treatment).

Oxygen, despite being an effective strengthener, signifi-
cantly reduces ductility by forming a solid interstitial solution.
At concentrations above ~0.2 wt.% and heating near the PTT,
oxygen segregation at a-grain boundaries or the formation of
fine a-phase particles enriched with oxygen may occur. These
processes lead to a pronounced decrease in impact toughness
and an increase in brittleness, consistent with [16-18].

Despite significant progress in theoretical modeling of f-
alloys, data on the actual distribution of alloying elements
and impurities in industrial triple-VAR ingots remain lim-
ited. Few studies provide a comprehensive correlation be-
tween o/f-structure morphology, chemical profiles, and local
enrichment zones along the height of industrial-scale elec-
trodes (mass 2.0-4.5 t), a crucial diagnostic aspect for ensur-
ing VAR process stability and predicting the properties of the
final semi-finished product.

This study aims to systematically investigate the structure
and chemical homogeneity of an industrial Ti-10V-2Fe-3Al
triple-VAR ingot using SEM-EDS, focusing on technological-
ly induced inhomogeneities and identifying factors influencing
o/f-microstructure formation along the electrode height.

2. Materials and methods

2.1. Initial materials

The object of this study was a triple-VAR Ti-10V-2Fe-
3Al ingot, produced by vacuum arc remelting (VAR) accord-
ing to the customer’s specification: Al —2.6-3.4%, V —9.0-
11.0%, Fe —1.6-2.2%, O —max. 0.13%. The production of
this ingot involved the following materials, whose chemical
compositions are presented in Tables 1-5.

Pb Sn Ti Cr Cd Be Cu C
0.001 | 0.0007 ' 0.007 | 0.001 0.0001 0.0001 0.0004 0.002

Mo P S Si N (6]
0.01 ' 0.001 @ 0.003 0.10 0.03 0.03

Mn Mo Ni P S Si H N (6]
0.002

0.003 0.004 0.003 /0.001 0.09 0.004 0.017 0.01

Mn Si Mg H H,O Al Sn Cr B
0.003  0.002 0.01  0.00062  0.01 0.005 0.002 0.017 0.001
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2.2. Technology to produce titanium ingots in a vacuum
arc remelting (VAR) furnace

The triple-VAR Ti-10V-2Fe-3Al alloy was produced on
an industrial scale at Ust-Kamenogorsk Titanium and Mag-
nesium Plant JSC. The VAR furnace configuration used for
producing the Ti-10V-2Fe-3Al alloy is shown in Figure 1.

Figure 1. Schematic of the VAR furnace: 1 - electrode feed
drive; 2 — furnace chamber; 3 — melting power supply; 4 — busbars
and cables; 5 — plunger-type electrode holder; 6 —water-cooled
Jjacket with mold (crucible); 7 — vacuum line; 8 — rotating column;
9 — coordinate positioning system; 10— load cell system; 11 — TV
camera system; 12 — oil booster pumps

During vacuum arc remelting (VAR), under the action of
high temperatures generated in the electric arc zone between
the consumable electrode and the base plate of the copper
mold, the metal at the lower end of the electrode melts, and
droplets of molten metal fall into the molten pool. Under the
mold's cooling effect, an ingot is formed. Before the melting
operation, the furnace chamber was evacuated, and vacuum
was maintained throughout the melting process. Thus, mol-
ten metal droplets passed through a vacuum environment,
ensuring deep purification of the metal from gases and cer-
tain nonferrous metal impurities and resulting in a dense
ingot structure. Metal solidification in the water-cooled cop-
per mold exhibited a clear directional character, aligned with
the direction of heat removal. As a result of VAR, the me-
chanical properties of the metal improved and became more
homogeneous in different directions of the ingot.

To reduce the risk of incorporating materials with exces-
sively high or low density into the final product, the elec-
trode holder was welded to the consumable electrode. The
vacuum arc remelting process itself was carried out using
separate melting assemblies. For this purpose, two molds
were prepared: one intended for the electrode holder welding
process and the other for the VAR process. Only molds and
base plates that had undergone cleaning and drying proce-
dures were used.

Using an overhead electric crane, the electrode holder
was installed vertically at the upper end of the electrode,
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which was positioned in the melting assembly installed in the
furnace. The electrode holder connected the ram (shaft) to
the consumable electrode.

After furnace closure, the facility was evacuated. Leak
testing was carried out in a computerized mode with data
recorded in the process documentation. Upon reaching the
specified vacuum parameters in the furnace chamber, a tight
test was conducted.

The electrode holder was welded to the electrode by arc
welding, forming an electric arc between the holder and the
electrode's upper surface. Due to the arc energy, a molten
titanium pool formed at the center of the electrode’s upper
surface. Once enough liquid titanium had accumulated, the
electrode holder was lowered using the electrode feed drive
system and pressed into the molten pool. After solidifica-
tion, a continuous welded joint was formed between the
electrode holder and the electrode. This process was carried
out under constant reduced pressure maintained by the VAR
vacuum system.

After cooling the weld joint, the vacuum system was iso-
lated from the furnace using appropriate vacuum valves, and
atmospheric air was admitted into the furnace chamber.

The VAR operator loaded the starting material onto the
bottom of the mold. This starting material was intended to
protect the mold base plate from damage at the start of the
melting process and was evenly distributed over the base
plate, with a slight increase in thickness at the mold-base
plate junctions. The furnace was then sealed and connected
to the vacuum system.

The melting process was initiated from a remote control
panel in the control room. Remelting process parameters
were entered into the system.

During the melting process, monitored parameters were
recorded in process logs every 20 minutes. A dedicated VAR
operator performed monitoring and parameter adjustments at
each processing stage.

After the melting was complete, the mold containing the
ingot was removed from the furnace station using an over-
head electric crane, transported to the assembly area, and
placed on a special stand. The ingot obtained after remelting
underwent dry cleaning of its lateral surface in a brushing
machine. Subsequently, the ingot was transported to the
“clean zone” of the machining area, where the crown was
removed from the gating part on a lathe.

After crown removal, the ingot was subjected to high-
pressure wet cleaning and drying in a washing unit designed
for ingots and mold base plates. This stage completed the
intermediate ingot processing procedure.

The electrode (first-remelting ingot) was installed with
the gating part facing downward onto the base plate using an
overhead crane. After installing the mold with the first re-
melting ingot into the melting station, the second remelting
was performed. All subsequent processes associated with the
second remelt vacuum evacuation, installation and welding
of the electrode holder, preparation for melting, cooling,
extraction, and mold washing were carried out following the
same procedure as for the first remelt.

Surface treatment of titanium ingots was performed as a
batch process in the machining area. Mechanical machining
of the ingot end faces and lateral surfaces was performed on
lathes. Machining was performed over the entire ingot sur-
face until all surface irregularities and shrinkage cavities
were removed entirely.
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Sampling from titanium ingots was performed on a radial
drilling machine by drilling using annular cutters. The num-
ber of samples, sampling locations, and dimensions of the
sampling cones were determined in accordance with the
applicable customer specification.

Sampling procedures, test methods, and testing volumes
were conducted in accordance with the regulatory documen-
tation for the product and the current technological and ana-
lytical control scheme. The quality, chemical composition,
geometric dimensions, and weight of titanium ingots and
alloys were required to comply with customer specifications.

The investigations employed scanning electron micros-
copy and elemental analysis using a JEOL JSM-7000 SEM
equipped with EDS. Elemental composition was also deter-
mined by X-ray fluorescence analysis using an Olympus
Element S XRF analyzer, and the alloys were chemically
analyzed.

3. Results and discussion

3.1 Results of Ti-10V-2Fe-3Al alloy production

Vacuum arc remelting (VAR) of the Ti-10V-2Fe-3Al
alloy was carried out in three successive remelts.

During the first remelt, the melted alloy mass (4m) was
4.5 t, and the melting time (4¢) was 7 h 40 min. The electrode
cross-sectional area (S,) was 500 mm?.

In the second remelt, 4m was 4.4 t and 4t was 10 h,
with S, equal to 600 mm?.

The third remelt was performed with 4m=4.4t and
At =21 h 40 min, using an electrode with S, = 680 mm?.

The titanium density (y;) used in the calculations was
4.67-4.75 g/em®.

The calculated chemical composition of the consumable
electrodes was identical for all melts and was as follows
(Wt.%): A1—3.25; V-9.70; Fe — 1.95; 0 - 0.105; C - 0.011.

The first remelt was performed in a mold with a 620 mm
diameter. The first electrode was remelted at a mass melting
rate of 9.90 kg/min, the second at 7.49 kg/min, and the third
at 7.96 kg/min. Melting was carried out, resulting in a resid-
ual disk with a height of at least 40 mm.

Cooling after the first remelt was conducted for 10 h un-
der residual pressure in the VAR furnace chamber (a key
process parameter); cooling times for the second and third
remelts were 10 h and 8 h, respectively. The average voltage
during the steady-state melting stage ranged from 29.8 to
33.3V, and the solenoid coil operated at a +3 s periodicity.

The calculated composition of the titanium electrodes is
presented in Table 6.

Table 6. Calculated charge composition of consumable titani-
um electrodes

Charge material Melt 1, kg  Melt 2, kg Melt 3, kg Melt 4, kg

Al granules 17.1 17.1 17.1 17.1
V-Al-C master alloy 50 50 50 50
V-Al-Fe master alloy 588.3 588.3 588.3 588.3
TiO, 8.2 8.6 8.7 8.6
Fe powder 16.4 16.5 15.7 154
Sponge titanium 3819.7 3819.4 3819.9 3820.3
Total 4500 4500 4500 4500

Thus, the Ti-10V-2Fe-3Al alloy was produced by triple
VAR remelting. Subsequently, the alloy microstructure was
investigated using scanning electron microscopy combined
with energy-dispersive X-ray spectroscopy (SEM—EDS).

To study the alloy's composition and properties, four
samples were taken from the electrode in the regions “top”,
“middle 17, “middle 2”, and “bottom” on the ingot's lateral
surface. The results of the chemical analysis of the alloys are
presented in the figure. The chemical composition of the
surface samples from the four experimental Ti-10V-2Fe-3Al
alloys meets the material specification. The scheme of divid-
ing the alloys into sections is shown in Figure 2.

Top40mm  Alloy

Slice 1

Middle Slice 2

Slice 3

Bottom 40 mm

Figure 2. Scheme of alloy sectioning

Each experimental alloy was then divided into three sec-
tions, and samples were collected from the ends of each
section for elemental distribution analysis across the alloy
cross-section. The first cut was made 40 mm from the top of
the ingot; the second, from the middle of the ingot as a repre-
sentative sample of the steady-state melting regime; and the
third, 40 mm from the bottom.

3.2. SEM-EDS results

To establish the relationship between the microstructure
of Ti-10-2-3 titanium alloys and charge inhomogeneity, the
type of alloying materials (V-Al-Fe, V-Al-C, TiO,), the
charge preparation method (briquetting, layered assembly),
VAR melting regimes, and defects formed “from bottom to
top” along the electrode height, SEM—-EDS analysis was
performed on the produced Ti-10V-2Fe-3Al alloy.

From a technological standpoint, the application of this
method is also highly relevant, since industrial production
may result in vertical (along the ingot height) and radial
(from center to periphery) chemical gradients, non-uniform
distribution of f-stabilizers (V, Fe), and variations in o/f-
phase morphology during cooling. SEM—-EDS analysis ena-
bles modeling of optimal technological conditions for ingot
production and provides insight into the origins of these
production-related issues.

The objects of investigation in the SEM—EDS analysis
were four electrode zones: ingot samples taken from the
“top”, “middle 17, “middle 2”, and “bottom” regions.

The rationale for selecting these sampling locations was
to investigate the following processes occurring within the
ingot: the top-region sample was intended to identify poten-
tial defects associated with the final VAR pass; the middle-
region samples were used to confirm steady-state crystalliza-
tion; and the bottom-region sample was analyzed to reveal
possible degradation of ingot structure resulting from interac-
tion with the mold jacket or base plate.

For the SEM-EDS analysis, selected magnifications were
used to characterize the structural features and phase distri-
bution within the ingot, namely 500% for the overall micro-
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structure and primary phase distribution, 1000-2000% for the
a-phase plate morphology, and 5000% for local microstruc-
tural features, dispersed particles, and segregation zones.
Accordingly, the study focused on identifying vertical
chemical gradients (V or Fe enrichment upward or down-
ward), the distribution of f-stabilizers during remelting, the
presence of oxygen or carbon segregation, an increase in
oxygen content in the upper part of the ingot due to contact
with residual gases during VAR, and oxygen enrichment at
a-phase boundaries as an early stage of a»-TizAl formation.

3.2.1. Results of sample morphology analysis

As a result of studying the patterns of morphological evo-
lution of the a/f structure, the following structural features
were identified:

1). Top sample. At magnifications of x3000-5000, thin,
parallel, step-like layers, small, loose fragments, and isolated
fine particles on the surface were observed. The EDS spec-
trum confirms the dominance of Ti (TiKa peak at ~4.5 keV),
with pronounced peaks of V and Al and a noticeable fraction
of C. The surface is relatively smooth, with isolated defects;
however, the increased carbon content is attributed to the
influence of the final stages of remelting, surface reactions,
and/or polishing.

2). Bottom sample. At magnifications of x3000-5000,
distinct clusters of rounded and irregularly shaped particles
accumulating between the “steps” of the matrix are clearly
observed. By their morphology, these features resemble
nonmetallic inclusions (oxides or slag fragments). Pro-
nounced layering, significant defects, and a high number of
nonmetallic inclusions were identified. This indicates that the
structure formed during an unstable initial remelting stage,
with possible non-uniform crystallization and local dendritic
segregation, which is typical of the bottom region of an in-
got. The EDS spectrum shows a Ti content of approximately
83.5-84 wt.%. The contents of V and Al are also close to
nominal values, and no pronounced downward vertical seg-
regation of f-stabilizers is observed. The carbon content is
noticeably lower than in the top region, indirectly confirming
the surface-related nature of part of the carbon enrichment in
the upper section.

3). Middle 1 sample. At magnifications of x3000-5000,
individual a-plates appear more flattened and well-fused, and
the surface is relatively smooth, without many porous parti-
cles. This region of the ingot exhibits the most uniform la-
mellar structure. It contains a minimal number of inclusions,
indicating a steady-state VAR regime optimal for the for-
mation of a homogeneous a/f microstructure. In this zone,
the chemical composition is the most stable and closest to the
calculated Ti-10V-2Fe-3Al system. The low carbon content
and absence of pronounced oxygen peaks indicate a minimal
presence of gas-saturated and oxide-related defects. Morpho-
logically, this corresponds to the steady-state remelting re-
gion, where the a/f structure is uniformly formed without
pronounced columnar segregation.

4). Middle 2 sample. At magnifications of x3000-5000,
this region exhibits a layered, fractured zone containing an
oxide phase, with film-like or slag-related inclusions. The
EDS spectrum indicates the formation of structural defects in
this region.

Since the selected middle-region sample confirms a
steady-state crystallization process, SEM—EDS analyses of
this sample (“middle 17) are presented in Figures 3-5:
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Figure 3. SEM elemental analysis results of the surface area
of the “middle 1”7 sample
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Figure 4. EDS mapping results of the “middle 1” sample

(b)

Figure 5. SEM micrographs of the “middle 1” sample ob-
tained at magnifications of: (a) — x1000; (b) — x5000

Based on the study of the vertical Al-V-Ti gradient
along the ingot height, it was established that the absence of
a pronounced vertical chemical gradient in the major alloying
elements (Ti, Al, V) indicates the high efficiency of triple
VAR remelting. This process ensures deep homogenization
of the molten metal and effective suppression of segregation
phenomena. As a result, the stability of the phase composi-
tion, the uniformity of the a/f microstructure morphology,
and the predictability of mechanical properties along the
ingot height are significantly improved.

Quantitative SEM—EDS data confirm the absence of a
chemical gradient:
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1). In all three “metallic” regions (top, bottom, and mid-
dle 1), the vanadium content lies within a narrow range of
approximately 9.3-9.9 wt.%, indicating that a vertical V
gradient along the ingot height is practically absent and that
the S-stabilizer is distributed uniformly.

2). The aluminum content ranges from 2.5 to 3.1 wt.%
across all three regions, with no significant vertical Al segre-
gation detected.

3). A slight increase in titanium content from the top to-
ward the middle 1 region was observed; however, this varia-
tion falls within the measurement uncertainty.

Thus, it was established that, with respect to the main alloy-
ing elements (Ti, Al, V), the ingot is chemically homogeneous
along its height, and the VAR regime provides an acceptable
level of macrosegregation control. The concentrations of Ti, Al,
and V, the principal alloying elements in Ti-10V-2Fe-3Al, do
not change significantly between samples taken from the top,
middle 1, middle 2, and bottom regions of the ingot.

A compositional scatter of <1-1.5% is considered an ex-
cellent indicator of VAR melt quality. This level of scatter
indicates minimal concentration differences: Al variations
within £0.5-1.0%, V variations within +0.5-1.0%, and a
stable Ti fraction of approximately 83-86%. For large indus-
trial ingots with a mass of 4.5 t, such a low degree of compo-
sitional variation is regarded as a highly favorable result.

3.2.2. Results of vertical gradient analysis

An analysis of the vertical Al-V-Ti gradient along the
ingot height revealed that the absence of a pronounced verti-
cal chemical gradient in the main alloying elements (Ti, Al
V) indicates the high efficiency of triple vacuum arc remelt-
ing. This process provides deep homogenization of the mol-
ten metal and effectively suppresses macrosegregation. As a
result, enhanced phase stability, uniform a/f microstructure
morphology, and predictable mechanical properties along the
ingot height are achieved.

The absence of a significant chemical gradient is con-
firmed by quantitative SEM—EDS results:

1) Vanadium (V). In all three metallic regions (top, bot-
tom, and middle 1), the vanadium content falls within a nar-
row range of approximately 9.3-9.9 wt.%, indicating that a
vertical V gradient is practically absent and that the f-
stabilizer is distributed uniformly.

2) Aluminum (Al). The aluminum content ranges from
2.5 to 3.1 wt.% across all regions, with no evidence of signif-
icant vertical Al segregation.

3) Titanium (Ti). A slight increase in Ti content from the
top toward the middle 1 region is observed; however, this
variation lies within the measurement uncertainty.

Thus, the ingot is chemically homogeneous with respect
to the principal alloying elements (Ti, Al, V) over its entire
height, and the applied VAR regime provides acceptable
macrosegregation control. The concentrations of Ti, Al, and
V, the key alloying elements in Ti-10V-2Fe-3Al, do not
change significantly across the top, middle 1, middle 2, and
bottom regions.

A compositional scatter of 1-1.5% or less is considered
an excellent indicator of VAR melting quality. This level of
scatter corresponds to minimal elemental variations: Al with-
in £0.5-1.0%, V within +£0.5-1.0%, and a stable Ti fraction of
approximately 83-86 wt.%. For large industrial ingots weigh-
ing 4.5 t, such a low degree of compositional variation repre-
sents an optimal result.
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3.2.3. Development of an electrode quality control
method based on SEM-EDS profiles

The obtained distribution profiles of V, Fe, Al, and O
along scanning lines in the “top”, “middle 17, “middle 27,
and “bottom” regions make it possible to propose a quantita-
tive electrode quality criterion based on microsegregation
parameters:

—maximum deviation of f-stabilizer concentration (V,
Fe) from the mean value along the line, 4Cpay;

—root-mean-square deviation oc along the line length;

—correlation length L., (the characteristic scale of chem-
ically inhomogeneous regions);

—relative oxygen enrichment in locally enriched zones,
ACoocal.

In regions typical of the ingot middle, AC,x and oc re-
main limited, while L, is small, indicating fine-scale, well-
averaged microsegregation. In the bottom part of the ingot,
these parameters increase, reflecting the presence of larger-
scale chemical inhomogeneities.

It is proposed to introduce an integral chemical inhomo-
geneity index, I.em, that incorporates contributions from /-

stabilizers and oxygen, and to define a limiting value, 1"

(Critical Chemical Inhomogeneity Index). Exceeding this
threshold indicates an unacceptable level of chemical inho-
mogeneity, at which the alloy or electrode should be rejected,
or the triple-VAR remelting regime should be adjusted.

This approach transforms SEM-EDS analysis from a
qualitative tool into a quantitative method for controlling
ingot acceptance. Incorporating SEM—EDS-based homoge-
neity criteria into charge preparation regulations makes it
possible to close the process loop “briquette — electrode —
ingot” and to ensure reproducible microstructural quality
under industrial production conditions.

4. Conclusions

It was established that the central regions (“middle 1)
exhibit the most homogeneous distribution of V, Al, and Fe.
The scatter of local f-stabilizer concentrations across the
cross-section is minimal, reflecting a steady-state melting
and solidification regime during triple VAR processing. The
o-phase morphology in these regions is close to equilibrium:
o colonies exhibit comparable thickness and length, while the
£ matrix forms a continuous framework without pronounced
dendritic segregation.

Thus, for the first time, a comparative analysis of the a/f
microstructure morphology along the height of an industrial
electrode weighing 4500 kg produced by VAR at UKTMP
has been performed.

It was demonstrated that no vertical chemical gradient
exists along the electrode height, indicating the high quality
and efficiency of the triple VAR process, as well as a uni-
form distribution of Al, V, and Fe governed by melting
regimes and charge-mixing characteristics. The applied
triple VAR technology ensures chemical homogeneity of
the Ti-10V-2Fe-3Al alloy matrix along the ingot height.
Local oxygen-enriched zones were identified, which may
be used to predict a reduction in ductility and the potential
formation of the a, phase.

Based on the results, a quality control methodology for
electrodes was developed using SEM—EDS profiles.
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Ti-10V-2Fe-3Al ym mapTe KaiiTa 0aJKbITBUIFAH KOPLITIIAHBIH
KYPBLIBIMABIK K9HEe TEXHOJIOTUSIJIBIK KACHETTEPiH 3epTTey
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Angarna. Makarana Ti-10V-2Fe-3Al xypamas! yIir MopTe Kaita OalKBITBUTFaH KOPBITIIAHBI aTy HOTIKEIEPi KENTipiireH.
Atanran KopwiTnara xyprizimrer SEM—EDS TtangayblHBIH HOTHIKENEpi YCBIHBUIBIN, ©HEPKACINTIK AIIEKTPOATHIH OWIKTIri
ootipramra Ti-10-2-3 KOpBITIIACHIHBIH KYPBUIBIMBI aHBIKTANFaH. AuFam peT canMmarbl 4.5 T OONaTBIH AIEKTPOATHIH YII
CUIIaTTaMaJIbIK aiiMaFbIHIIA — «KOFAPFBD», «opTa 1», «opTa 2», «TeMeHri» — o/f-hazamapapiH MOPQOIOTHUACH MEH KEPTLTIKTI
XUMMSIIBIK KYpaMBIH Tikelneil canbIcTeipy HoTmkenepi kemenai SEM—EDS rannaysr Herizinzne ansiaasl. Herisri nerupneymri
anementrep (Ti, Al, V) GoiipiHmma Kyiima OMIKTIri 60HBIMEH TOJBIK XUMIBUIBIK TeHecTipinreHi xone BT (BakyyMabl TOFabIK
KaiiTa OAaJKpITYy) PEKHUMI MaKpOCETrperalMsHBIH KOJaWbl JCHICHIH KaMmMTaMachl3 eTeTiHi aHbkTanabl. Ti-10V-2Fe-3Al
KOPBITIIACHIHIAFBl 0acThl Jierupieymn anemeHTrep — Ti, Al koHe V KOHLEHTpalUsIapbIHBIH ChIHaMalap apachlHa
aifrapipIkTail e3repMmeiitini kepceringi. SEM-EDS tannaysl HoTHKenepi 3JeMeHTTep KOHLEHTPALUSCHIHBIH HIalIbIpaybl <1—
1.5% merinne exeHin xepcerti, Oyn BJIII OaikpITyAbIH camanbl >KYPri3UITeHIHIH KepceTKiml OOJbIn TaObUIajbl; SFHU
9JIEMEHTTEP KOHIEHTpALUsIIapbIHAaFbl allblpMaIIbUIbIKTap MUHUManabl: Al e3repicrepi £0.5-1.0%, V e3repictepi +0.5-1.0%,
an Ti TypakTsl Typae mamamen ~83-86% ynecti Kypaiiabl. Mop@oioTHsUIBIK 3epTTeyiep HATIKECIHAE a/f-KYPhIIBIMHBIH
OipKeJKi KaIbINTACKaHBI, alKBIH OaFaHAIIBI CETPETAINSHBIH KOK €KEHi aHBIKTaIABL. o/f-(azamap MOpPQOIOTHACHH Tikerei
canbIcTelpy HoTmkenepi SEM—-EDS mpodunpaepi OoWbIHIIA 3JEKTPOATApAbIH CalachlH Oakpulay oMICTEMECiH o3ipieyre
MYMKIHIIK Oepi.

Hezizei ce30ep: mumarn KOpblmnacel;, 6axyymowl doeanvi kauma oanxvimy, SEM—EDS manoaysl; yw mapme Kanima
bankbimy, o/f-MUKpoKypulLiviM, Mop@osocus.
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AHHOTanus. B craThe mpesicTaBiIeHBl pe3yNbTaThl MOJyYSHHUs CIJIaBa TPOWHOTo meperuiaBa coctaBa Ti-10V-2Fe-3Al,
npeacrasnensl pesynsratel SEM-EDS anHanusza qanHOro cruiaBa, onpejeiieHa cTpykTypa cmiasa Ti-10-2-3 mo BeIcoTe mpo-
MBIIIJICHHOTO 3JIEKTpOo/a. BrepBble MosydeHsl pe3ysbTaThl MPSMOTO COMOCTaBIECHHS MOpQosoruu o/f-ha3 M JOKaIbHOTO
XMMHYECKOTO COCTaBa B TPEX XapaKTEPHBIX 30HAX JIEKTPoJa BecoM 4.5 T — «Bepx», «cepeanHa 1», «cepequna 2», «HU3» Ha
ocHOBe KoMIuiekcHoro anaimm3a SEM—-EDS. YcraHoBieHO, 9TO 10 OCHOBHBIM JerupyromuM snementaM (Ti, Al, V) ciurox
MTOJTHOCTBIO XMMUYECKH BBHIPOBHEH 110 BeIcoTe, M B/III-peskum obecriednBaeT MpreMIIEMBI YPOBEHb MaKpOCerperain. Y cra-
HOBJIEHO, 4TO KoHUeHTpaimu Ti, Al, V (rnaBHeie nerupytomue snemeHTsl B Ti-10V-2Fe-3Al) He MeHSIOTCS CYIIECTBEHHO
Mexay npobamu. Omnpeneneno, uto SEM—EDS pe3syibrarel mpo0 MoKa3slBalOT Ha pa3dpoC KOHIEHTpAIMH 3JeMEHTOB <1—
1.5%, uro cunTaeTcs nokaszarenaeM kKadectsa nposeaeHHoit B/IIT miaBku, mpoleHT pa3dpoca 03HaYaeT, 4TO pa3indus KOHIEH-
Tpanuil 3ICMCHTOB MUHUMAITBHBIL: U3MeHeHus Al — B mpenenax +0.5-1.0%, usmenenus V — B npeaenax £0.5-1.0%, Ti 3anuma-
eT ctabmibHy0 100 ~83—-86%. Pesynpraramu MOp(hOIOTHUECKUX MCCIIEA0BaHUI YCTaHOBIIEHO, YTO CTPYKTypa a/ff chopmu-
poBaHa paBHOMEpPHO, 0e3 BBIPAKCHHOM KOJIOHHOW cerperanuu. Pe3ynbTaThl mpsMOro cormocTtaBieHus: Mopgoioruu o/f-bha3
TO3BOJIMIIM pa3paboTaTh METOIUKY KOHTPOJIS KauecTBa 3J1ekTpoaoB 1o SEM—EDS-npodusim.

Knrouesvie cnosa: mumanogulii cniag; 6axyymHo-oy2oeou nepeniae;, SEM—EDS awnanusz;, mpouwnoi nepennas; o/f3-
MUKPOCMPYKIYPA, MOPPOR02USL.
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Dynamics of temperature-strength changes in the immediate roof
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P. Saik'?, V. Lozynskyi'**, M. Berdnyk', D. Klimov'

!Belt and Road Initiative Center for Chinese-European Studies (BRICCES), Guangdong University of Petrochemical Technology,
Maoming, China
’Dnipro University of Technology, Dnipro, Ukraine

*Corresponding author: lozynskyi.v.h@nmu.one

Abstract. This study aims to identify regularities in the evolution of the temperature field and the uniaxial compressive
strength (UCS) of immediate roof rocks under the influence of chemical reaction zones along the combustion face. It also aims
to determine how the goaf area forms and changes over time as a function of gasification duration, injection pressure of the
blowing mixture, and coal seam thickness. The study was carried out using a laboratory UCG setup that reproduces combus-
tion face advance and roof deformation. The temperature in the modelled immediate roof was recorded by sensors installed
along the reaction channel. Siltstone samples taken from the immediate roof of seam n7" at the Mezhyrichanska mine (SE
“Lvivvuhillia”, Ukraine) were thermally treated and tested in uniaxial compression using a KL 200/CE-Tecnotest press. The
goaf geometry was determined from roof-subsidence reference sensors, graphical reconstruction of contours at different time
instants, and area calculation by the trapezoidal rule with consideration of producer-gas composition and concentration. At
0.55 m above the seam, temperature in the oxidizing zone (0-9 m) increased from approximately 323 to 550°C, reached about
573°C in the transition zone (9-11 m), and decreased to ~200°C in the reducing zone (11-30 m). UCS varied along the com-
bustion face with a maximum near the transition zone and a subsequent decrease in the reducing zone. An exponential relation-
ship was observed in the oxidizing zone, whereas a logarithmic relationship was observed in the reducing zone. The goaf area
changed nonlinearly, predominantly exponentially, with gasification duration and seam thickness. It was also associated with
the injection-pressure regime of the blowing mixture and roof-caving manifestations. The identified relationships can be used
to predict goaf parameters and to assess roof stability when substantiating controlled UCG operating regimes.

Keywords: underground coal gasification; goaf; temperature field; rocks, uniaxial compressive strength; combustion face.
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1. Introduction The implementation of underground coal gasification is
particularly relevant for the coal-mining regions of Ukraine,
where a considerable share of reserves occurs under chal-
lenging mining and geological conditions, including thin
seams, significant depths, and previously mined or otherwise
hazardous zones [13-15]. Under such conditions, under-
ground gasification may become one of the key directions for
transforming the coal sector by combining energy efficiency
with environmental and technical safety.

The efficiency, stability, and safety of this process are de-
termined mainly by the parameters of the underground gasi-
fier, where complex coupled thermal, physico-chemical, and

Today, underground coal gasification is regarded as one of
the promising technologies that enables the rational use of a
substantial part of the resource base that was previously con-
sidered economically impractical or technically unsafe for
conventional mining [1, 2]. One of the key advantages of un-
derground coal gasification is a significant reduction in an-
thropogenic pressure on mining regions [3, 4]. Unlike conven-
tional mining, underground gasification does not require the
development of underground workings, hoisting of rock mass
to the surface, or the creation of waste rock dumps, sludge
ponds, or tailings storage facilities. As a result, the area of

technogenically disturbed land is substantially reduced, the
scale of potentially hazardous geoenvironmental objects is
limited, and the risk of adverse environmental impacts is re-
duced [5-9]. Another essential advantage is improved industri-
al safety. Since the main processes occur without personnel in
underground space, the primary hazards typical of convention-
al underground coal mining are eliminated, including gas-
dynamic events, roof falls, sudden outbursts, and methane or
coal-dust explosions [10-12].

© 2026. P Saik, V. Lozynskyi, M. Berdnyk, D. Klimov
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gas-dynamic processes develop within the rock mass [16-
18]. In this context, studying the geomechanical stability of
the rock mass under the action of thermal and chemical pro-
cesses accompanying gasification becomes especially im-
portant. Because the behaviour of the immediate roof rocks
governs the stability of the reaction cavity, the safe operation
of the gasifier, and the overall process performance, their
condition requires comprehensive and rigorous integrated
investigations.

Engineering Journal of Satbayev University. eISSN 2959-2348. Published by Satbayev University
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.



mailto:lozynskyi.v.h@nmu.one
mailto:berdnyk.m.g@nmu.one
mailto:klimov.d.h@nmu.one
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.51301/ejsu.2026.i1.0
mailto:lozynskyi.v.h@nmu.one

P. Saik et al. (2025). Engineering Journal of Satbayev University, 148(1), 16-28

In addition to purely technological factors, the relevance
of underground coal gasification is strengthened by the need
to ensure energy resilience and flexibility of energy supply
systems under instability, where the role of decentralised
approaches and optimisation of power generation control is
increasing [19]. At the same time, the efficiency and control-
lability of the UCG process depend on the correct considera-
tion of mass and heat balances in the reaction channel. This
is particularly important under complicated geological condi-
tions, including discontinuities and faults, which directly
affect the formation of temperature fields and the energy
performance of gasification [20, 21].

One of the key characteristics of underground gasifier
operation is the formation of the gasification goaf, which
directly influences the intensity of gasification reactions, the
conditions of heat and mass transfer, and the filtration prop-
erties of the rock mass [22, 23]. The evolution of the gasifi-
cation goaf is nonlinear. It is governed by the combined
effects of mining and geological conditions, the physico-
chemical properties of coal, the composition of blowing
mixtures, reactant injection regimes, and the thermodynamic
parameters of the process [24].

2. Literature review

The influence of high temperatures on the physico-
mechanical properties of rocks is intensively studied in con-
temporary scientific literature. This interest is driven by the
development of high-temperature mining technologies, in
particular underground coal gasification and in situ coal
combustion [22-24]. The implementation of these technolo-
gies is accompanied by substantial thermal, gas-dynamic,
and chemical impacts on the coal seam and surrounding
rocks. As a result, the stress-strain state changes, and
strength parameters within the rock mass are redistributed
[25-28]. The relevance of investigating rock-mass strength
dynamics stems from the fact that roof and surrounding-rock
stability within the thermally affected zone is a critical factor
for predicting potential deformations, preventing uncon-
trolled caving, defining the boundaries of the reaction cavity,
and assessing process safety. Under the combined action of
high temperatures, thermochemical decomposition, and the
formation of secondary porosity, the mechanical properties
of rocks may vary over a wide range. This requires a com-
prehensive analysis that accounts for the rock mass's tem-
poral and spatial heterogeneity. Therefore, given the growing
interest in coal thermochemical conversion technologies in
Ukraine and worldwide, assessing rock strength characteris-
tics is particularly important.

Understanding the regularities of strength degradation in
the rock mass and the formation of weakened zones is essen-
tial for developing reliable geomechanical models, optimis-
ing gasification operating regimes, and preparing recommen-
dations for industrial implementation [29]. Studying the
dynamics of rock-mass strength during underground coal
gasification is an important scientific and applied task that
provides a basis for improving the safety, efficiency, and
controllability of these geotechnologies.

In contrast to combustion, underground gasification ena-
bles a controlled thermal regime and a more uniform distri-
bution of chemical reaction zones along the reaction channel
[30-32]. This can substantially reduce the thermal load on the
rock mass and ensure a more stable development process,
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thereby improving overall safety. Underground coal gasifica-
tion is characterised by continuous formation and migration
of active zones within the reaction channel. Their dynamics
are governed primarily by the temperature field in the under-
ground gasifier. Experimental and laboratory studies [33, 34]
describe the spatiotemporal temperature distribution around
the gasifier in detail and demonstrate a consistent pattern of
evolution that corresponds to the progression of chemical
reactions across different sections of the reaction channel.
Temperature variations determine the character, intensity,
and position of the oxidizing and reducing zones, which, in
turn, control thermochemical transformations and the geo-
mechanical state of the surrounding rocks [35].

Laboratory and analytical studies have shown that the
temperature gradient along the reaction channel varies wide-
ly depending on reaction activity [36-38]. In the oxidizing
zone, the temperature ranges from 600 to 1050 °C. This zone
is characterised by intensive exothermic oxidation of carbon
(C+ 0Oy — CO;, + g, where g =394 kJ/mol), which provides
the primary input of thermal energy to the system. The tem-
perature gradient within this section is 25-50°C/m, which is
explained by the high rate of heat release concentrated in a
limited volume.

Endothermic reactions, in particular, characterise the re-
ducing zone:

C +H,0 — CO + H, — ¢ (=131 kJ/mol), (1)
C +CO, — 2CO — ¢ (=172 kJ/mol). )

In this part of the channel, the temperature gradually de-
creases to 412°C, and the gradient is 15-20°C/m. The lower
rate of change is due to reactions consuming heat and to the
limited availability of reagents from the blowing mixture.
The transition zone between the exothermic and endothermic
intervals is significant because it produces the most tremen-
dous thermal impact on the rock mass. This zone is associat-
ed with peak thermal loading, resulting in the most intense
changes in rock geomechanical properties.

Today, despite a substantial body of research on under-
ground coal gasification, systematic investigation of the gasifi-
cation goaf dynamics remains underdeveloped. Most existing
approaches focus on individual aspects of the process, in par-
ticular on generalised characteristics of goaf growth [39]. They
do not provide a unified methodological basis for analysing its
temporal evolution and its expansion relative to the chemical
reaction zones within an underground gasifier [40]. For exam-
ple, study [41] substantiated the parameters governing the for-
mation of bedding-separation cavities in roof rocks during
underground coal gasification and established their dependence
on reaction channel length. However, that approach did not
account for the spatial arrangement of chemical reaction zones
along the reaction channel, thereby limiting the scope for a
comprehensive analysis of gasification goaf dynamics. Study
[42] identified regularities in the formation of the gasification
goaf during coal gasification through vertical wells. At the
same time, the reported goaf parameters mainly describe the
final stage of the process, namely the attenuation of gasification
operations, which restricts analysis of the active stage. The
authors of [43] demonstrated that the parameters of the gasifi-
cation goaf, including its shape, dimensions, and the spatial
position of active zones, are closely related to gasification pro-
cess control regimes. This supports the need to predict gasifica-
tion goaf geometry based on thermal and technological parame-
ters as a prerequisite for improving controllability UCG.
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Most studies on the effect of temperature on the physico-
mechanical properties of rocks have been conducted under
laboratory conditions [44, 45]. They typically do not account
for the spatial variation of the temperature field along the
combustion face of an underground gasifier. In many cases,
the results of such experiments have been considered sepa-
rately from the actual conditions that govern the formation of
chemical reaction zones. This complicates direct transfer of
the obtained data to field-scale objects [46-48]. At the same
time, research on the effects of temperature on rock proper-
ties shows both common trends and pronounced differences.
This allows the identification of regularities in the evolution
of strength as a function of rock type, mineralogical compo-
sition, and structural features. In particular, most sedimentary
rocks exhibit an initial increase in strength due to dehydra-
tion and changes in intercrystalline contacts. At higher tem-
peratures, however, structural rearrangement, mineral de-
composition, and crack formation are observed [49-52].

Study [53] established a clear relationship between tem-
perature and sandstone strength. As the temperature in-
creased from 25 to 800°C, the uniaxial compressive strength
decreased from 95.6 to 49.5 MPa. A similar trend was re-
ported for the elastic modulus, which decreased after 200°C
and 400°C. The authors attributed these changes to rock
dehydration, microcrack development, and the subsequent
thermal decomposition of quartz and feldspar. Research [54]
confirmed a reduction in sandstone tensile strength during
heating. Up to 500°C, the changes remained relatively sta-
ble, whereas at 600°C, a sharp drop in strength of 22-23%
was observed. Study [55] examined the behaviour of mar-
ble, limestone, and sandstone. The authors noted that the
peak strength and elastic modulus of carbonate rocks de-
crease after 200-400°C, and that a sharp deterioration in
mechanical properties occurs after 600°C. It was also em-
phasised that peak strain increases markedly when rocks are
heated above 600°C. In [56] and [57], it was reported that
the strength evolution depends strongly on rock mineralogy.
Carbonate rocks may temporarily strengthen when heated to
150°C. With further temperature increases, dehydration
begins, and intensive microcracking develops. Study [58]
found that granite strength decreases by 80% when heated to
1000°C. The most pronounced change occurs in the 400-
600°C range, which the authors associated with the quartz
phase transition at 573°C.

Results for sandstone heated to 1100°C [59] indicate a
more complex response. Strength increases up to 400°C by
nearly a factor of two, but then drops sharply to 26 MPa.
Claystone specimens show a different pattern. When heated
to 400°C, strength increases due to water evaporation and
rock densification, but above 400°C, it rapidly decreases,
reaching 70 MPa [60]. Study [61] reported data on clay- and
sandy-shale samples heated to 1000°C, where strength in-
creased, attributed to dehydration and decarboxylation reac-
tions. Studies on limestone properties [62] indicate that sig-
nificant strength loss occurs already at 100°C, while further
heating to 700-800°C produces little additional change in
load-bearing capacity. Study [63] analysed changes in sand-
stone strength and permeability. Both were reported to in-
crease up to 200°C, after which mechanical properties dete-
riorated due to microcrack development. Investigations of
residual strains in sandstone at 700-1200°C [64] showed a
sharp increase caused by profound changes in rock structure.
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A synthesis of the above studies indicates that the effect
of temperature on rock mechanical properties is complex and
nonlinear. It depends strongly on mineralogical composition,
texture, porosity, and the specific mechanisms of thermally
induced reactions. Temperature-driven changes may manifest
as temporary strengthening, especially in water-bearing
rocks, or as abrupt structural weakening once critical temper-
ature thresholds are reached. These thresholds are commonly
associated with phase transformations and thermal decompo-
sition of minerals [65]. Therefore, specialised experimental
investigations are required for each specific mining and geo-
logical setting to account for rock-specific behaviour.

At the same time, without linking laboratory-derived reg-
ularities to the actual temperature distribution along the reac-
tion channel of an underground gasifier, it is not possible to
adequately reproduce the rock mass's mechanical response
under UCG conditions. This emphasises the need for inte-
grated studies that consider the spatial arrangement of chem-
ical reaction zones, the nature of temperature gradients, and
their influence on roof conditions. Such studies should also
address the associated parameters governing gasification
goaf formation in underground gasifiers. Because goaf ge-
ometry evolves in space and time and results from coupled
thermal and geomechanical processes, its dynamics should
be treated as an integral component when assessing reaction-
cavity stability and gasification controllability. In this regard,
an important scientific and practical task is to investigate the
dynamics of the gasification goaf in an underground gasifier.
Such investigations provide an integrated framework for
analysing the temporal evolution of its parameters and lay
the groundwork for improving the controllability and pre-
dictability of the underground gasification process.

In view of the above, this article aims to investigate
changes in the strength characteristics of the immediate roof
rocks of an underground gasifier due to high-temperature
chemical reaction zones along the combustion face. It also
aims to establish regularities in the formation and evolution
of the gasification goaf area in space and time as a function
of gasification duration and coal seam thickness.

Achieving this aim requires solving the following interre-
lated tasks:

—to determine the temperature dependence in the imme-
diate roof rocks of the underground gasifier;

—to examine changes in the strength characteristics of the
immediate roof of the underground gasifier along the combus-
tion face length, where the roof is represented by siltstone;

—to propose a method for calculating the gasification
goaf area of the underground gasifier;

—to establish relationships describing the formation and
evolution of the gasification goaf area as a function of gasifi-
cation duration and coal seam thickness.

3. Materials and methods

3.1. Temperature field and strength testing of the
immediate roof rocks

The temperature-field distribution was investigated using
a dedicated bench-scale test rig designed to reproduce condi-
tions close to those of underground coal gasification [66].
Temperature was recorded by thermocouples embedded in
the modelled immediate roof of the laboratory gasifier,
which provided reliable data on the thermal regime along the
reaction channel.
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Changes in the physico-mechanical properties of the rock
mass were evaluated through laboratory testing of rock sam-
ples collected from the immediate roof of seam n7" at the
Mezhyrichanska mine of SE “Lvivvuhillia” (Ukraine). The
immediate roof is represented by siltstone. This choice was
motivated by the fact that, in most mines in the region, the
immediate roof rock consists of approximately 80% siltstone,
with claystone and sandstone each accounting for about 10%.
The collected rock fragments were pre-processed using a
TCM350 stone-cutting machine to prepare samples with the
required geometry for further testing.

Heating prepared samples batches simulated thermal im-
pact in an electric muffle furnace to preset temperatures
characteristic of different chemical reaction zones along the
combustion face of the underground gasifier. The investigat-
ed temperature range covered values typical of the chemical
reaction zones in the underground gasifier. These values
were defined at a distance of 0.55 m above the seam, which
corresponds to half the thickness of the siltstone layer in the
immediate roof.

This approach enabled reproducing the thermal impact on
the rock under conditions as close as possible to natural ones.
It enabled an objective assessment of how increased tempera-
ture affects the physico-mechanical properties of the rock
mass within the underground gasifier's influence zone. The
general view of the selected rock samples and their condition
during laboratory testing is shown in Figure 1.

(b)

Figure 1. General view of the selected rock samples (a) and
the strength testing procedure (b)

(@)

Uniaxial compressive strength was determined using a
KL 200/CE-Tecnotest testing press, which provides high-
precision load control and enables reliable evaluation of rock
mechanical behaviour before and after thermal treatment.

3.2. Determination of gasified space parameters during
laboratory UCG modeling

The advance rate of the combustion face governs the di-
mensions of the gasification goaf in an underground gasifier.
This rate is a variable parameter and depends on the location
and activity of the chemical reaction zones. During the investi-
gation of underground coal gasification, the following were
determined. These included combustion face displacement
parameters as a function of gasification duration, roof subsid-
ence parameters in the underground gasifier, and the concentra-
tions of combustible gases (CO, Ha, CHa) in the producer gas.

Roof subsidence parameters were established from dis-
placement measurements of reference sensors installed in the
modelled immediate roof of the underground gasifier under
laboratory conditions. The use of these sensors enabled accu-
rate tracking of rock deformation and real-time analysis of
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accumulated laboratory data. Based on the maximum roof
subsidence data over a given time interval, a detailed graph-
ical reconstruction of the gasification goaf was performed.
This reconstruction reflected the dynamics of combustion
face advance. It enabled the identification of potential roof-
caving zones and supported real-time assessment of structur-
al changes in the underground gasifier's roof. Figure 2 pre-
sents an example schematic illustrating combustion face
advance and the formation of the gasification goaf.

Blowing-mixture
injection well trajectory
[

Production well trajectory
]

Coal seam

. 0 .
X0 Y Combustion ]
\ face advance
. 1
X5y LB ) S ) ]
X5 Y Xy X5 ¥ XY X Y
L0 Lol L2 L3 1 R L6
X07 yO Xl? y() XZ’ Y(x X}’ YU x49 yU ?(5’ yU x()? y()
Goaf Reaction channel
30m

Figure 2. Schematic of combustion face advance and gasifica-
tion goaf formation

Based on the obtained data (Figure 2) on the combustion
face position (xo, 3%;... xs, ¥°) and the reaction channel posi-
tion (xo, 10%....; X6, o°), the area of the gasification goaf of
the underground gasifier and the area of collapsed rocks are
determined. During underground coal gasification, it is rea-
sonable to distinguish three main zones within the gasifica-
tion goaf. Each zone exhibits both standard and distinct fea-
tures that govern the process behaviour.

The first zone is the combustion face zone, which is char-
acterised by the combustion face area Sy It forms adjacent to
the combustion face and extends into the gasification goaf.
The zone depends on the combustion face advance rate and
the roof-caving step. It is the most active zone and the most
critical for process control because the main chemical reac-
tions converting coal into producer gas occur there.

The second zone is the caving zone, which is character-
ised by the caving area S.. It covers regions where roof rocks
lose stability and may collapse, potentially altering the ge-
ometry of the underground gasifier.

The third zone is the total gasification goaf area, XS,
which encompasses the entire region where underground
coal gasification occurs.

For optimising the blowing-mixture injection parameters,
the Sy value is important. It is determined using the following
equation:

S;=%8-S,,m. ®)

The boundaries of variation of LS are defined by the com-
bustion face position, its length, and the reaction channel posi-
tion. When these parameters are considered in a coordinate
system, x represents the locations of the reference sensors
along the combustion face length (30 m with a 5 m spacing).
The coordinate y represents the combustion face position with-
in the gasification panel. It changes over time and depends on
the chemical reaction zone along the combustion face. The
coordinate yo denotes the reaction channel position. Based on
these coordinates, the gasification goaf area can be deter-
mined using the trapezoidal rule. As an example, the proce-
dure for calculating the area of the XS zone is given below.
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Area between the coordinates (xo, y°) and (x1, '):

)

— 2.
S.Xo—xl - 2 , M7 (4)
Area between the coordinates (x;, y') and (x2, 1?):
o) -a)
SXI*X2 = 2 > m > (5)
Area between the coordinates (xs, y°) and (xs, 1°):
5,.6
s s)
SXS —X6 = 2 > m ’ (5)
38 =Sy Sy Fooot Sygy s M (6)

The parameters of the S. zone are determined using the
same calculation scheme.

The calculated areas XS, S5, and S. characterise both the
development of the gasified space and the onset of caving
within the modelled roof. This enables the process to be inter-
preted in terms of controllability, because changes in Syreflect
the active reaction region that responds to the blowing-
mixture regime. The following section presents the results
and discusses the relationships among the gasified space
evolution, the thermal field, and the roof-rock behaviour.

4. Results and discussion

4.1. Temperature field and strength variation of the
immediate roof rocks

As a result of the conducted studies, data were obtained
on the variation in the temperature field in the immediate
roof rocks along the combustion face, at a distance of 0.55 m
above the coal seam (Figure 3).

Oxidizing ~ Transition Reducing
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N
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g / \
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= 400 Y ~
& /7 * ~
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B 300 h
N
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Combustion face length (L), m

Figure 3. Dynamics of temperature variation in the immediate
roof rocks

According to the analysis of the data shown in Figure 3,
within the oxidizing zone (0-9 m), the temperature increas-
es from approximately 320 to 550°C. This corresponds to
the intensive development of exothermic carbon-oxidation
reactions, which release substantial heat. At a distance of 9-
11 m, the maximum temperature gradient is recorded. This
interval corresponds to the transition zone, where the tem-
perature reaches 575°C. In the reducing zone (1130 m), the
temperature gradually decreases to 200°C. This decline
results from endothermic reduction reactions, during which
heat is actively absorbed.
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The obtained results are consistent with previous studies
reporting an asymmetric temperature-field distribution in the
rock mass surrounding an underground gasifier. This asym-
metry is caused by changes in the type and intensity of chem-
ical reactions along the combustion face, which produces a
complex spatial pattern of thermal impact on the roof rocks.

Further analysis that accounted for the spatial temperature
distribution enabled the identification of regularities in the
variation of rock strength characteristics along the combustion
face length. This approach reproduced the actual pattern of
thermal impact on the rock mass and enabled evaluation of
the degree of weakening in the corresponding chemical reac-
tion zones. This is critical for predicting rock-mass stability
during underground gasifier operation. The dependence of the
uniaxial compressive strength of rock specimens from the
Mezhyrichanska mine of SE “Lvivvuhillia” on temperature,
which corresponds to different chemical reaction zones of
underground coal gasification, is shown in Figure 4.
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Figure 4. Data on the variation in rock uniaxial compressive
strength across the chemical-reaction zones of underground coal
gasification: 1-3 — rock samples; 4 — averaged value

Analysis of the data in Figure 4 shows a clear relation-
ship between rock strength variation and temperature along
the combustion face. In the oxidizing zone (0-9 m), strength
increases. At 0 m, which corresponds to the location of the
injection well, the average values are 11.3-11.5 MPa. At
5 m, strength increases to 12.7-13.1 MPa. At 10 m, corre-
sponding to the maximum thermal impact within the transi-
tion zone, a strength peak of 14.50-14.89 MPa is observed,
with an average strength of 14.8 MPa. In the reducing zone
(11-30 m), strength decreases gradually from 12.9 to
10.1 MPa. The minimum values of 9.9-10.4 MPa corre-
spond to the location of the production well of the under-
ground gasifier. Therefore, along the combustion face
length, the uniaxial compressive strength varies according to
a polynomial relationship as follows:

UCS, =11.8+0.28L—0.01> , MPa, )

where L is the combustion face length, m.

Along the combustion face of the underground gasifier,
rock strength varies widely due to differences in the physico-
chemical processes in the corresponding reaction zones.
Therefore, it is more appropriate to evaluate strength parame-
ters separately for each interval rather than generalise them
using a single polynomial relationship. With these considera-
tions, separate relationships were obtained for the strength
variation of the immediate roof rocks of the underground
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gasifier for different chemical reaction zones. This enabled a
more accurate description of rock mechanical behaviour
under the temperature conditions characteristic of the oxidiz-
ing, transition, and reducing sections of the reaction channel.

Two characteristic temperature ranges were identified.
The first range corresponds to the oxidizing zone and is char-
acterized by a gradual increase in rock strength due to dehy-
dration, partial densification, and strengthening of intercrys-
talline contacts. The second range corresponds to the reduc-
ing zone, where the temperature variation along the combus-
tion face length results in only a minor increase in rock
strength. Such a separation of temperature intervals enabled
the correct interpretation of the results and the development
of relationships that reflect the actual strength changes in the
immediate roof rocks during underground coal gasification.
The obtained results are shown in Figure 5.
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Figure 5. Variation in the uniaxial compressive strength of

rocks along the length of the combustion face as a function of the
temperatures in the chemical-reaction zones: (a) — oxidizing zone;
(b) — reducing zone: 1-3 — rock samples; 4 — averaged value

Analysis of the data in Figure 5 shows that an exponential
relationship of the form describes the strength variation in
the oxidizing zone (a):

UCS® =11.4exp(0.0231") , MPa, 7

where L, is the length of the oxidizing zone of the com-
bustion face, m.

This curve shape reflects an intensive increase in strength
under temperatures typical of this section of the reaction
channel, where dehydration processes and changes in inter-
crystalline bonds dominate. In contrast, the strength variation
of the immediate roof rocks in the reducing zone is described
by a logarithmic relationship of the form:
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UCS’™ =—=23.8-3.9In(L"*), MPa, ®)

where L,.q is the length of the reducing zone of the com-
bustion face, m.

Within the oxidizing zone up to the transition zone, the
temperature rise leads to a 22-38% increase in rock strength
compared with the initial mean value of 9.1 MPa. The max-
imum strength is reached in the transition zone of the under-
ground gasifier. After that, towards the production well, the
values begin to decrease. In the plane of the production well,
the average rock strength increased by 10% (1.0 MPa). In
general, an increase in the strength of the immediate roof
rocks directly improves the overall stability of the rock mass.
Stronger rocks can more effectively carry and redistribute
stresses that arise during the formation of the reaction cavity
in the underground gasifier. As a result, the probability of
deformations, subsidence, and local caving is reduced,
providing more stable operating conditions for the under-
ground gasifier and improving operational safety.

4.2. Dynamics of gasified space formation and its relation
to process control

Based on the obtained data, each experimental series in-
cluded not only a graphical reconstruction of combustion
face advance but also a detailed analysis of the formation of
the gasified space over time. This covered the dynamics of
temperature, pressure, and gas concentrations at different
stages of gasification. In total, 216 graphical representations
of process dynamics were developed. They enable determin-
ing the gasified area as a function of time, including the stage
associated with roof caving, using the trapezoidal rule. Sec-
tional profiles of the gasified space were also analysed,
which enabled the accurate determination of its geometric
parameters.

The data in Figure 6a indicate that after 6 h of gasifica-
tion, the gasified space area is 12.6 m>. When the reaction
channel area is included, the total area equals 18.6 m?. The
combustion face advance rate is 0.07 m/h. The combustion
face is linear, and the oxidizing-zone length is L, =9.0 m.
The blowing-mixture injection pressure is 0.4 MPa. The
concentration of combustible gases is 37.9%.

During further gasification of the coal seam, an accelera-
tion of combustion face advance in the oxidizing zone is
observed (Figure 6b). At 10.5 h of gasification, a decrease in
the concentration of combustible gases to 37.2% was record-
ed. For this reason, a decision was made to increase the
blowing-mixture injection pressure. At an average pressure
of 0.45 MPa, the concentration of combustible gases in-
creased to 38.5% at 12.0 h of gasification. This indicates
active interaction between the blowing-mixture components
and the coal seam surface. An increase in pressure intensifies
interphase contact, thereby promoting thermochemical gasi-
fication reactions.

Under these conditions, the gasified space area is
32.5m?2. For a coal seam thickness of 1.0 m, the pressure
increase of the blowing mixture started at 9.0 h of the pro-
cess. For seam thicknesses of 0.8 m and 0.6 m, it started at
6.8h and 5.8 h, respectively. The corresponding gasified
space areas were 31.2 m?, 32.1 m?, and 34.2 m?.

It should be noted that throughout the gasification pro-
cess, which lasted 16.4h (Fig. 6¢c), the gasified area in-
creased, resulting in a total increase of 7.5 m?.
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Figure 6. Schematic of combustion face advance at coal seam
thickness m=1.2m, and blowing-mixture injection pressure
P=0.45 MPa for different gasification durations (a)— 6.0 h;
(b)—10.5 h; (c)—16.4 h
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This increase occurred while the blowing-mixture injec-
tion pressure remained stable at 0.45 MPa, which indicates
high gasification efficiency under the given conditions. At
19.8 h of gasification, the concentration of combustible gases
began to decrease, reaching 37.5%. Therefore, the blowing-
mixture injection pressure was increased to 0.57 MPa. The
gasified space area reached 53.0 m>. For a seam thickness of
1.0 m, the pressure increase started at 16.9 h. For seam
thicknesses of 0.8 m and 0.6 m, it started at 14.2h and
11.2 h, respectively. The corresponding gasified space areas
were 52.5m?, 53.4m?, and 51.5 m% The average blowing-
mixture injection pressure was 0.57 MPa.

With further growth of the gasified space to 60.4 m? at
23.7h (Figure 7), the blowing-mixture injection pressure
reached 0.67 MPa. At the same time, roof subsidence was
recorded on the injection-well side. A pressure of 0.67 MPa
was applied for 5.5 h. The average combustible gas concen-
tration was 39%. Measurements of the combustion product
composition showed that CO, is a significant component of
the producer gas.
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Figure 7. Schematic of combustion face advance at coal seam
thickness m = 1.2 m, blowing-mixture injection pressure P = 0.65 MPa,
and gasification duration t =23.7 h

The CO concentration includes the contribution from the
primary reaction, where CO is formed in the oxidizing zone.
During the secondary reaction, CO is formed in the reducing
zone involving carbon dioxide and carbon at gasifier channel
wall temperatures of 800-1200°C. The CO content increases
along the channel. After that, roof subsidence was recorded
at different points of the seam roof, as shown in Figure 8.
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Figure 8. Schematic of combustion face advance at coal seam
thickness m = 1.2 m; blowing-mixture injection pressure P = 0.45 MPa;
nd gasification duration t =29.2 h

Analysis of the data in Figure 8 indicates a decrease in
the gasified space area. This decrease is associated with roof-
rock caving that occurs at a specific step along the combus-
tion face. Roof caving is non-uniform. In the reducing zone,
the caving step varies from 1.23 to 1.37 m. In the oxidizing
zone, it ranges from 1.4 to 2.75 m. The non-uniformity of the
caving step is primarily due to temperature effects on the
rock mass. During gasification of coal seams with thickness-
es from 0.6 to 1.0 m, the caving-step parameters are similar.
This indicates that temperature plays a decisive role in the
roof-caving mechanisms. The obtained caving-step values
are consistent with parameters reported previously [67, 68].

After roof caving was observed during the experiments, it
was decided to reduce the blowing-mixture injection pressure
to 0.4 MPa. During further gasification, after 11.2 h, the gas
concentration decreased to 36.8%. When the pressure was
increased to 0.47 MPa, the gas concentration began to rise.
The same pattern was observed during gasification of seams
with thicknesses from 0.6 to 1.0 m. At each stage of the ex-
periments, four pressure-increase steps were recorded. These
adjustments were made in response to changes in the gasified
space size during the gasification process. Figure 9 presents
the variation of the gasified space area S with gasification
duration ¢ and coal seam thickness m.
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Figure 9. Relationships between the gasified space area and
gasification duration and coal seam thickness

Analysis of the data in Figure 9 indicates an exponential
increase in the gasified space area with gasification duration.

The established relationships enable the prediction of the
gasified space expansion parameters as a function of gasifi-
cation duration. They can also support controlled adjustment
of underground coal gasification operating regimes, which
improves process stability and efficiency.

4.3. Synthesis and implications for UCG process control
and roof stability

The measured temperature pattern in the immediate roof
along the combustion face reflects the canonical spatial sepa-
ration of reaction zones in underground coal gasification. In
UCG, the oxidizing zone near the injection side is dominated
by exothermic oxidation reactions, which provide most of the
heat input. Further downstream, the reducing zone is gov-
erned by endothermic gasification reactions that progressive-
ly consume heat, thereby reducing the thermal driving force
for conductive heating of the surrounding rock mass. This
zonation and the associated nonuniform heat release are
widely reported as the main reasons for an asymmetric tem-
perature field around the UCG reactor and for the presence of
localized high gradients near the interface between exother-
mic and endothermic intervals [24, 69-71].

A key point for interpretation is that the temperatures re-
ported in this study were registered in the roof rocks at
0.55 m above the coal seam rather than inside the reaction
channel. Therefore, the absolute values in the roof are ex-
pected to be substantially lower than the commonly reported
peak temperatures inside the UCG cavity, which may reach
about 1000-1200°C depending on the operating regime and
coal type. The observed maximum in the roof near the transi-
tion zone is nevertheless consistent with the general under-
standing that the highest thermal loading on the surrounding
rocks is typically associated with the moving combustion
front and the region of most intense change in reaction rate
[24, 69, 70, 72].

The strength response of the immediate roof siltstone,
namely a pronounced increase in uniaxial compressive
strength toward the transition zone, followed by a decrease
toward the production side, can be explained by competing
temperature-driven mechanisms well known from high-
temperature rock mechanics [73]. Many sedimentary rocks
exhibit an initial strengthening stage as temperature increas-
es, which is often attributed to dehydration, reduction of free
and bound water, and changes in intergranular contacts that
can temporarily increase stiffness and peak strength. With
further thermal exposure, microcrack initiation and growth
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become dominant, driven by thermal expansion mismatch
among mineral phases, thermal fatigue, and thermochemical
alteration, which ultimately reduce strength and increase
deformability. Comprehensive reviews and recent high-
temperature datasets for siliciclastic rocks support this non-
linearity and the existence of temperature windows where
strengthening and weakening may alternate depending on
mineralogy, texture, and porosity [74, 75].

In the context of the present results, the peak strength near
the transition zone is plausibly associated with the “strength-
ening-dominated” stage in the roof rock at the investigated
offset distance. At the same time, the proximity of the peak
temperature to ~573°C is noteworthy because it coincides
with the o—p transition of quartz, which is often implicated in
microcrack development and subsequent degradation in
quartz-bearing rocks [76]. This supports the interpretation that
the transition zone is not only the location of maximum ther-
mal loading but also a likely trigger for accelerated damage
accumulation. The downstream reduction in UCS toward the
reducing zone can then be interpreted as the net effect of
accumulated microdamage under repeated or prolonged heat-
ing and cooling, combined with stress redistribution caused
by the evolving gasification goaf geometry [77, 78].

The dynamics of gasification goaf growth observed in the
laboratory, including periods of rapid expansion and episodic
decreases in effective area due to roof collapse, are consistent
with the established concept that UCG cavity evolution is
controlled by both chemical conversion of coal and thermo-
mechanical failure of the surrounding materials. Cavity growth
mechanisms discussed in the UCG literature typically include
coal consumption, spalling from cavity walls and roof, rubble
accumulation, and intermittent roof falls, which together pro-
duce a strongly nonlinear evolution of cavity shape and hy-
draulic connectivity. This nonlinearity is a core reason why
many authors emphasize coupled thermo-mechanical model-
ling for predicting roof deformation, stress redistribution, and
subsidence trends around UCG reactors [70, 71, 78-80].

The observed linkage between adjustments in blowing-
mixture injection pressure and combustible gas concentration
is also consistent with prior experimental and modelling stud-
ies. Laboratory UCG studies have demonstrated that opera-
tional changes in oxidant and steam delivery affect local tem-
peratures, reaction rates, and, consequently, the syngas com-
position, including the balance between CO, H,, CHs, and
CO;. In particular, the expected roles of secondary reactions
in the reducing zone, such as the Boudouard and water-gas
reactions, provide a mechanistic explanation for changes in
CO and H; yields along the reactor length. This supports the
practical conclusion that process controllability requires adap-
tive operating regimes that respond to evolving goaf geometry
and flow paths rather than fixed setpoints [66, 81-83].

From an engineering perspective, the combined trends in
temperature and strength identified here highlight a critical
implication for UCG design and monitoring. Even when the
immediate roof experiences moderate temperatures relative
to the cavity interior, localized gradients near the transition
zone can produce the most pronounced changes in mechani-
cal behaviour. Because cavity evolution and roof response
are coupled, the gasification goaf geometry should be treated
as a dynamic state variable in process control and in geome-
chanical risk assessment, particularly when evaluating the
likelihood of roof falls that may alter permeability pathways
and affect environmental containment.
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5. Conclusions

Laboratory investigations established the spatial regulari-
ties of the temperature field in the immediate roof rocks of an
underground gasifier, located 0.55 m above the coal seam.
Within the oxidizing zone (0-9 m), temperature increases
from approximately 323 to 550°C. In the transition zone (9-
11 m), the maximum temperature gradient is observed, with
temperatures reaching about 573°C. Within the reducing
zone (11-30 m), temperature decreases to approximately
200°C. This profile reflects the change in the contribution of
exothermic and endothermic reactions along the reaction
channel.

It was shown that variations in the temperature regime
across the combustion face lead to pronounced variability in
the uniaxial compressive strength of the immediate roof
rocks (siltstone). Strength increases in the oxidizing zone and
attains a maximum near the transition zone, with an average
value of about 14.75 MPa. In the reducing zone, strength
decreases gradually toward the production well, reaching
about 10 MPa.

The strength evolution should be described in a zone-
specific manner rather than by a single generalised relation-
ship. In the oxidizing zone, strength variation is best repre-
sented by an exponential function, reflecting intensive struc-
tural transformations in the rock, including dehydration and
strengthening of intercrystalline contacts. In the reducing
zone, strength changes are smoother and best described by a
logarithmic function, consistent with the lower thermal im-
pact intensity.

The formation and expansion of the gasification goaf
were confirmed to be dynamic and strongly nonlinear. The
gasification goaf area varies over time and is controlled by
the combustion face advance rate, the blowing-mixture injec-
tion regime including pressure, and the coal seam thickness.

Under the investigated conditions, the increase in the gas-
ification goaf area with gasification duration is predominant-
ly exponential. This provides a basis for predicting the geo-
metric parameters of the gasification goaf and for process
control through adjustment of operating regimes.

It was demonstrated that stabilisation and correction of
the blowing-mixture injection pressure are key factors for
intensifying gasification. An increase in pressure is accom-
panied by a higher concentration of combustible components
in the producer gas and promotes a more uniform advance of
the combustion face.

Regularities of roof-rock caving were identified. They
manifest as non-uniform caving steps along the combustion
face and differ between the oxidizing and reducing zones.
This confirms the controlling role of the temperature field in
deformation and caving mechanisms and justifies incorporat-
ing the caving step into predictions of geomechanical stabil-
ity and gasification goaf management.
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TemueparypajibIK-0epiKTIK e3repicTepaiH Tikejed Tede
JKbIHBICTAPBIHAAFbI JUHAMMKACHI JKIHE 7KePaCThl ra3 reHeparopbl
ACTBIHAAFbI I'a3ChI3AAHFAH KEHICTIKTIH KAJbINTACYbI
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Annarna. JKyMBICTBIH MaKcaThl — OTTHI KEH)KapOOHWBIHIAFbl XUMHSUIBIK PEaKLIsIap alMaKTapbIHBIH SCEpiHEH TiKenel Tede
JKBIHBICTAPBIHBIH TEMIIEpaTypajiblK epici MeH OepIKTIriHiH e3repy 3aHJbUIBIKTApBIH aHBIKTAy, COHJal-aK ra3u(uKalusHbIH
Y3aKTBIFBIHA, YPJIEY KOCTACHIH Oepy KBICHIMBIHA KOHE KOMip KaOaTHIHBIH KaJbIHIBIFBIHA OaiJIaHBICTHI Ta3ChI3IaHFAaH KEHICTIK
ayJaHBIHBIH YaKbIT OOMBIHIIA KAJIBINTACYhl MEH ©3Trepy TOyeIIUIIKTEepiH Oenriiey. 3epTreyiep OTThl KeHXap (PPOHTHIHBIH i11-
repijieyi MeH Te0Oe KbIHbICTaphl JieopMalsiIapblH KaiTa KaHFBIPTa OTHIPBII, JKEpacThl ra3u(UKAIMICHIHBIH 3epTXaHaAIBIK
KOHJIBIPFBICBIH/IA OpBIHAANABI. MoOnenbIeHreH Tikeneld Tebele Temreparypa peakLsUIBIK apHa OOWBIMEH TEpMOJATUHKTED
apKpLIBI TipKenmi. YkpanHa, «JIsBoByroas» MK (I'TI) kypambiHaarsl « MeKupHYaHCKash» axXTACBIHBIH /7" KaOaTHIHBIH TiKeIeH
TeOCCIHEH AJIbIHFaH aJICBPOJUT Yiruiepi TepMusiiblK eHueyacH etkisimin, KL 200/CE-Tecnotest npeccinae OipochTi CBIFyFa
CBhIHAKTaH OTKI31i. ["a3chI3laHFaH KeHICTIKTIH FeOMETPUSIChI TOOSHIH TOMEH TYCYIH OJIICHTIH pernepiliK JaTYuKTep JepeKTepi,
OPTYPITi yaKbIT Me3eTTepiH/eri KOHTYpiap/pl rpadMKaiblK BU3yIN3alMsIIAY KOHE TeHepaTOPIIbIK Ta3/blH KypaMbl MEH KOH-
LICHTPAIMSCHIH €CKEepe OTBIPBIN, Tparnenusuiap oAIiCIMEH ayJaHAbl ecenTey HeTi3iHAe aHbIKTaAbL. #7" KabartbiHaH 0,55 M
KaIIBIKTBIKTa TOTBIFY aiiMarbiHga (0—9 M) Temmeparypa ramamer 323-ten 550°C-ka aeifin eceTiHi, etneni aiimakra (9—11 m)
mamamer 573°C-Ka KeTeTiHi, al KanmbiHa kKentipy aimarsiaaa (11-30 m) ~200°C-ka aeiid ToMEHAEHTiHI aHBIKTaIIbl. AJIeB-
POTUTTEPiH OCPIKTIri KeHxkap OONBIMEH OTIENi aiiMaK MaHBIHIA MAaKCHMYMFa JKETIN, KCHiH KaJbIHA KENTIpy aiMarblHaa
azasiqpl; OYJI peTTe TOTHIFY aiiMarbl YIIIH SKCIIOHSHIIUAJ/IBIK, aJl KAJIIbIHA KeNTIpY aiiMaFbl YIIiH JOrapupMIiK TOyeNUTiK ToH.
I"a3chI3ganFaH KEHICTIK ayNaHBIHBIH Ta3u(UKaWs Y3aKThIFBIHA JKOHE Ka0aT KalbIHJBIFBbIHA OaiJIaHBICTBI CBHI3BIKTBIK €MEC,
HETi31HeH SKCIIOHEHIMAJIbI TYPAE ©3TEpPeTiHi KoHe Ypliey KOCHAChIH Oepy KbhICBIMBI PEXHMMIMEH api Te0e KBIHBICTAPHIHBIH
KyJlay KepiHICTepiMeH OaiJIaHbICThI €KeHI KOpCeTunal. AJbIHFAH 3aHABLUIBIKTAP XKepacThl ra3u(uKalusChbIHbIH 0acKapbUIaThIH
peXUMAEPIH HETi3Ney Ke3iHIe ra3chl3aHFaH KEHICTIK mapaMeTpiepiH Ooipkay jkoHe TeOeHiH OpHBIKTHUIBIFBIH Oaranay VIIiH
MaiIaIaHbLUTy bl MYMKIH.

Hezizzi co30ep: komipOiy srcepacmol 2a3upukayuscel, eascbi30anean KeHicmix, memnepamypanviy opic, may HColHblCma-
pbl, bipocemi cvleyza bepikmik, ommul KeHxcap.
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JIMHAMUKA TeMIIePATYPHO-NIPOYHOCTHBIX U3MEHEHUI HenocpeICTBEeHHOM
KPOBJIU U GOpMHPOBAHHE BHLITA30BAHHOI0 MPOCTPAHCTBA MOA3€MHOI0
razoreHeparopa
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AnHoTanus. Llensio paboThl SBIISETCS YCTAaHOBJICHHE 3aKOHOMEPHOCTEH M3MEHEHHS! TEMIIEPaTypHOTO IOJS U MPOYHOCTH
HIOPOJT HEMIOCPEICTBEHHOW KPOBIIH T10J1 BO3JEHCTBUEM 30H XUMHYECKUX PEaKlyii BIOJIb OTHEBOTO 32004, a TaKkKe ONpeelieHne
3aBUCHMOCTEl ()OPMUPOBAHMS ¥ U3MEHEHHMSI IUIOIIAIM BBITA30BaHHOTO NPOCTPAHCTBA BO BPEMEHH B 3aBHCHMOCTH OT IIPOJION-
KHUTEIBHOCTH Ta3u(HKaIiY, JaBJIeHHs OAa4n TyTHEBOH CMECH M MOIIHOCTH YTOJIBHOTO IUIacTa. MccinenoBaHms! BBITOJHEHB
Ha J1abopaTOpHOW yCTaHOBKE MOA3EMHOI rasuduKkanyy ¢ BOCIIPOU3BEAESHHEM IPOABIKEHHs (PpOHTa OTHEBOTO 32005 U 1edop-
Mauui Kkposiu. Temrneparypy B CMOAEIMPOBAHHON HEMOCPEACTBEHHON KPOBJIE PETUCTPUPOBAIN TEPMOAATYNKAMU BIOJb PEAK-
IMOHHOrO KaHaima. OOpaslsl aneBpOJUTOB W3 HENOCPEICTBEHHOW KpOBIM Iutacta #7" maxThl  «MexupryaHcKas)
(T'TI «JIpBOBYTOBY», YKpanHa) MOABEprajn TepMooOpabOTKe W HMCHBITHIBAIN Ha OnHOOCHOe cxxarne Ha mpecce KL 200/CE-
Tecnotest. I'eomeTpH0 BBIra30BaHHOTO MPOCTPAHCTBA ONPEIEISUTH MO JAaHHBIM PENEpHBIX AaTYUKOB OMYCKaHUsI KPOBIIH, Ipa-
(ryeckoi BU3yann3anuy KOHTYpPOB B Pa3INYHbIe MOMEHTHI BPEMEHHU M pacdeTa IUTOIa i METOIOM Tparennii ¢ y4eToM cocTa-
Ba U KOHLEHTPAIUM T€HEePaTOPHOTo Irasa. Y CTaHOBIEHO, YTO Ha paccTosiHuH 0,55 M OT Iuiacta TeMmneparypa B OKUCIUTEIbHON
3o0He (0-9 M) Bo3pactaeT npumepHo ot 323 g0 550°C, B nepexoaHoi 30H€e (9-11 M) gocturaet okosno 573°C, a B BOCCTaHOBH-
tenpHON 30HE (11-30 M) crmxaercst 1o ~200°C. [IpodHOCTH aNeBPOIUTOB U3MEHSAETCS BIOIb 32005 ¢ MAKCHMyMOM B paiioHe
TIePEXOHON 30HBI ¥ MOCIIETYIONIMM YMEHBIIEHHEM B BOCCTAHOBUTEILHOMN 30HE, IIPUYEM JUTSI OKUCIUTENILHOM 30HBI XapaKkTepHa
OKCIIOHCHIHAaJIbHAasd, a JIJIA BOCCTAaHOBUTEILHON — HOFapI/I(i)MI/I‘IeCKaH 3aBUCHUMOCTbD. HOKaSaHO, YTO IIOIaAb BbIIa30BaAHHOI'O
MIPOCTPAHCTBA W3MEHSETCS] HEJIMHEHHO, MPENMYIIECTBEHHO SKCIOHEHINAIBHO, B 3aBUCUMOCTH OT NPOJODKHTEIBHOCTH Ta3u-
(UKaMKM ¥ MOITHOCTH IJIaCTa M CBS3aHA C PEKMMOM JIaBJICHUS T10/1a4d JyTHEBOM CMECH M NPOSBICHUSMU OOPYIIEHUS TTOPOJ]
KpPOBIJIH. HOJ’[y‘{CHHBIe 3aKOHOMEPHOCTU MOT'yT 6BITB HCIIOJIb30BAaHbI I MIPOTHO3UPOBAHUA MMAapaMETPOB BbIra30BAHHOI'O IIPO-
CTPAHCTBA M OICHKH yCTOHYMBOCTH KPOBIIM NPH 0OOCHOBAHNH YNIPABIAEMBIX PEKHIMOB TOA3EMHON Ta3n(prKaInm.

Knrouegvle cnosa: noosemnas cazuduxayust y2is,; 8blea308anHoe NPOCMPAHCMEO, MeMNepamypHoe noie; 2opHvle nopoobl,
NPOYHOCMb HA OOHOOCHOE corcamue, 02Hesol 3a001l.
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Abstract. The paper presents the results of a comprehensive geological and hydrogeological assessment of the Alakol
groundwater deposit in the Alakol Depression, southeastern Kazakhstan. This deposit represents one of the principal
groundwater sources for the rapidly developing resort infrastructure on the southern shore of Lake Alakol. It is therefore of
considerable socio-economic importance for the region. The study examines the geomorphological setting of the area, the
lithological composition and thickness of aquifer-bearing deposits, groundwater occurrence conditions, and the main factors
governing groundwater recharge, flow, and discharge. The groundwater regime in both recharge and discharge zones is
characterized, and the principal filtration flow directions and hydraulic relationships between groundwater and surface wa-
ters are identified. In addition, the paper evaluates the configuration of existing water intake facilities, groundwater abstrac-
tion rates, and the influence of pumping on the regional hydrogeological balance. Particular attention is paid to the rational
use and protection of groundwater resources under conditions of increasing recreational pressure. The results may serve as a
scientific basis for the further development of resort infrastructure and sustainable groundwater management in the southern

coastal zone of Lake Alakol.
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1. Introduction

Ensuring a sustainable water supply in arid regions of Ka-
zakhstan, such as the foothill plains of the Dzungarian Alatau,
is a key task of regional development. In conditions of surface
water scarcity, the rational use of groundwater becomes par-
ticularly important, especially for agricultural and irrigated
farming needs. The problem is exacerbated by the fact that
most of the land suitable for agricultural use is located above
the zone where spring water flows form, where natural mois-
ture is insufficient, and supplying water through traditional
irrigation canals is associated with high financial costs. Tak-
ing these factors into account, the development of oasis irri-
gation based on groundwater is becoming a priority. Such
work enables effective use of water resources in areas far
from swampy or saline areas, creating favorable engineering
and geological conditions and minimizing the risk of flood-
ing. Of particular interest is the experience with groundwater
from the Alakol deposit, which is considered one of the key
sources of water supply and irrigation in the region [1].

This article discusses the characteristics of water intakes,
the geological conditions at their locations, and the prospects
for using groundwater for sustainable agricultural develop-
ment in the region. In geological and structural terms, the
exploration area lies in the southwestern part of the vast
Alakol intermountain basin, which is bounded on the south-
west by the Dzungarian Fault. To the northeast, beyond the

© 2026. M.M. Alzhigitova, E.M. Kuldeyeva, A.Zh. Ismagulova M.R. Zapparov, N. Tleuberdi

study area’s boundaries, lies the Tarbagatai mountain range.
The Alakol Depression is composed of a thick layer of loose
Cenozoic sediments and, in turn, within the territory of the
Alakol groundwater deposit, is located on a provincial slop-
ing plain formed by sediments from large and small rivers
flowing down from the northeastern slopes of the Dzungari-
an Alatau, and on flat alluvial-lake and partially lake plains
formed as a result of periodic transgressions of ancient and
modern lake basins. The largest lakes bordering the deposit,
Sasykkol and Alakol, are at the same hypsometric level, 347
and 340 m, respectively. Therefore, there is a weak flow
from Lake Sasykkol to Lake Alakol through a system of
intermediate lakes (Uyaly, Kashkarkol, etc.). The shores of
the lakes are mostly low and marshy, only in the south,
where Lake Alakol erodes the foothill plain, its shores are
steep and precipitous [2]. The depth of hand-dug valleys
within the deposit varies from several tens of meters in the
upper part of the foothill plain to 5-10 m at its periphery and
up to 1-2 m in the deltas. The study area covers the coastal
zone of Lake Alakol and adjacent land areas. From the
southwest, the boundaries of the area run along the 800 m
contour line to the outlet of the Tenteq River alluvial fan.

In the village of Zhaypak, the boundary follows the 380
m contour line, bypassing areas under irrigated agriculture.
Near the village of Kainar, it reaches the southern shore of
Lake Koshkarkol, crosses the Shubartobek tract, and then
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follows the shoreline of this lake. In the area of the village of
Uyal, the border runs along the northern shore of Lake Ala-
kol, including the Urzhar River delta, the Uyal River flood-
plain, and continues to the village of Koktal, located approx-
imately 8 km from the shoreline [3]. Then the line runs hori-
zontally for 360 m, crossing the Emel River floodplain and
the Kossayshagyl tract. The eastern border runs along a 400
m contour line to the southern part of the Yrgayty River
delta, then turns southwest and continues until it intersects
with the 800 m contour line (Figure 1).

SOUTHEASTERN KAZAKHSTAN

Figure 1. Example map of the Alakol depression

From a structural-tectonic perspective, the Alakol under-
ground water deposit is confined to the southwestern struc-
tural zone, which is oriented northwesterly. This zone is a
typical foreland depression formed because of prolonged
tectonic subsidence. On the northern and northeastern sides,
the deposit is bounded by a central tectonic zone that mani-
fests as a mountainous uplift, also elongated in a northwest-
erly direction.

Based on drilling and geophysical studies of the roof of
the Miocene-Pliocene deposits, composed mainly of clayey
rocks, at least two additional tectonic uplifts have been iden-
tified. These structures are transitional forms between the
central and southwestern zones and confirm the complex
structure of the aquifer roof [4].

Significant faults, such as the Dzungarian Fault (in the
southwest) and the Central Zone Fault (in the northeast),
played a key role in shaping the deposit’s hydrogeological
structure. They caused significant subsidence of the earth’s
crust, contributed to the accumulation of a thick layer of
coarse-grained alluvial deposits, and created favorable condi-
tions for the formation of aquifers. Currently, these tectonic
structures serve as natural hydrogeological boundaries of the
deposit [5].

From a stratigraphic point of view, the Alakol under-
ground water deposit is confined to a complex of alluvial-
proluvial and alluvial-lacustrine deposits of the Quaternary
system, which form the upper structural-hydrogeological
level in the Alakol artesian basin section. Within the depos-
it, Quaternary deposits are represented by all stratigraphic
subdivisions, from the lower to the modern, but their con-
tributions to groundwater formation and accumulation vary
significantly.

Lower Quaternary deposits lie on top of Pliocene and
Miocene-Pliocene rocks and comprise two main facies: allu-

30

vial-proluvial and lacustrine-alluvial. The thickness of these
deposits varies from 70 m on the elevated tectonic blocks in
the northern part of the field to 190-200 m in the central,
tectonically depressed areas and in the axial zones of the
Tente and Zhamantinsky cones [6-7].

Alluvial-proluvial deposits associated with mountain
foothills are composed mainly of a homogeneous layer of
boulder-pebble material with high filtration capacity. As one
moves away from the mountain front, layers of loam with
lower permeability appear in the section, contributing to the
formation of local areas of groundwater accumulation [8].

Alluvial-lacustrine deposits, along with clayey and grav-
elly rocks, widely contain sands and sandy loams, which play
an essential role in the formation of aquifers. Middle Quater-
nary deposits are similar to Lower Quaternary deposits in
terms of lithological and facies characteristics, but differ in
their increased thickness. In the foothill areas, their thickness
reaches 300 m, decreasing to 120-150 m in the north. These
data are confirmed by the geological section (Figure 2).
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Symbols

Sands, clay sands, loams, clays, silts, gravel, conglomerates, boulders
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Figure 2. Geological section of the Alakol depression NW-SE

Therefore, this study aims to provide a comprehensive
hydrogeological assessment of the Alakol groundwater de-
posit as a water supply source for the resort infrastructure of
the southern Lake Alakol coastal zone. The study examines
the geological and hydrogeological setting of the deposit, the
structure and hydraulic connectivity of aquifers, groundwater
regime features, recharge and discharge components, and the
suitability of groundwater for practical use.

2. Materials and methods

The study is based on a comprehensive analysis of geo-
logical, hydrogeological, engineering geological, and climat-
ic data obtained from open geoinformation sources, archival
materials from hydrogeological surveys, and modern remote
and field observations. The following methods were used in
the course of the work.

Interpretation of stratigraphic and lithological sections of
Quaternary deposits based on archival drilling data.

Classification of groundwater regimes according to D.M.
Kats’ scheme, adapted to the conditions of the Alakol De-
pression. Classification of groundwater regimes (according
to D.M. Kats’ scheme, adapted to the conditions of the Ala-
kol Depression).
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The method for classifying groundwater regimes pro-
posed by D.M. Kats is widely used in hydrogeological stud-
ies. It is based on an analysis of fluctuations in levels, re-
charge sources, water yield characteristics, and seasonal
dynamics. According to this scheme, the following types of
groundwater regimes are distinguished (Table 1).

Table 1. Types and characteristics of groundwater regimes in
the Alakol Depression

Type of
Ne Area / plot groundwater Mode characteristics
regime
Groundwater reacts quickly to
1 Koktuma tract Free precipitation and fluctuations in
lake level.
The area of the _ The water level is yvez_ikly )
2. . Semi-stable dependent on precipitation; it
village Akshi
feeds from afar
The central part of . Combined type of nutrition,
3 Mixed . .
the coast moderate fluctuations in levels
4 The eastern section Free Intensive nutrition due to infiltra-

of the coast
West of the village.
Kabanbai

tion of precipitation and lake water
Low seasonal fluctuations, weak
connection with surface waters

Semi-stable

Three groundwater regimes have been established in the
Alakol Depression, adapted to local natural features. The
most stable groundwater regime is observed in the lake-
alluvial zone- these areas can be used for the permanent
water supply of resort infrastructure facilities.

The most vulnerable areas are dune and coastal zones,
where sharp drops in water levels and the risk of pollution
are possible. Alluvial fans, despite fluctuations, are highly
productive and can be used effectively with the proper water
intake and regulation system. Methods used for the hydroge-
ological assessment of the Alakol groundwater deposit. The
research methods included:

1) Conducting preliminary and detailed exploration of the
Alakol underground water deposit. During the exploration
work, four exploratory and experimental production wells
were drilled, experimental work was conducted to assess the
water yield and filtration capacity of the aquifers, and
groundwater level and quality were monitored.

2) Analysis of groundwater regime. The classification of
the groundwater regime of the deposit is based on the scheme
developed by D.M. Kats, with modifications tailored to the
deposit’s specific conditions. This scheme takes into account
the interaction of natural and artificial regime-forming fac-
tors. The groundwater regime is considered separately for the
zone of its formation and discharge.

3) Assessment of groundwater conditions and balance.
The groundwater balance equation for the deposit was rec-
orded as follows:

grxit Q1= E+qu+ O, (H

where: g is surface water filtration; x; is atmospheric pre-
cipitation infiltration; Q; is underground inflow; E is evapo-
ration of groundwater; qq- is groundwater drainage; O is
underground drainage.

To determine surface runoff losses, data from UGMs and
temporary hydrometric stations operated by the expedition’s
hydrological team were used. The station on the Tentek Riv-
er — the Tunkuruz collective farm, which has been operating
since 1932, was taken as the reference point. To align the
data from other stations with the long-term series, a 44-year
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reference period (1932-1977) was selected for the Tente
River (Tunkuruz station). These data were used to determine
the corrective relationships between the reference and other
hydrological stations, regression equations, relationship
graphs, tables for calculating the ordinates of the theoretical
supply curve, and supply curves for the average annual dis-
charge of rivers and streams.

The source materials for determining evaporation from
the groundwater level were lysimeter observations at the
Aksu groundwater deposit and a map of groundwater depths
based on actual survey and exploration data. Evaporation
graphs of groundwater levels for various vegetation types,
based on groundwater depth, were used for the Aksu deposit.
These data were subsequently used to estimate evaporation
from the Alakol groundwater deposit, which has conditions
similar to those of the Aksu deposit.

4) Assessment of groundwater quality. To characterize
the quality of groundwater at the site and determine its suita-
bility for irrigation, its primary purpose, and possible domes-
tic and drinking water supply, water samples were taken
during pumping from wells for general, spectral, and com-
plete chemical analysis. In addition, samples were collected
to determine trace element content, and radiological and
bacteriological analyses were performed. The sampling
methodology, as well as the methods for determining the
content of chemical elements and bacteriological indicators,
were carried out in accordance with the requirements of
GOST 18963-73 and GOST 4979-49 (31.32). According to
the requirements for groundwater quality used for irrigation,
mineralization should not exceed 2.5 g/L. When the sodium
and potassium cation content exceeds 70% of the total cation
content, it should not exceed 1.5 g/l. The temperature of
groundwater for irrigation should not exceed +350°C, and
the irrigation coefficient should not be less than 18. The
content of the main components determined in groundwater
intended for water supply, as well as the permissible concen-
trations of several chemical substances entering water
sources with domestic, industrial, and agricultural pollution,
organoleptic and bacteriological indicators are controlled by
GOST 2762-57, 2874-73, and since July 1, 1978, by GOST
17.13.03-77. Engineering-geological assessment of the sta-
bility of areas near proposed water intakes, taking into ac-
count geomorphological factors (slopes, flooding, erosion,
seismic activity).

Hydrogeological zoning — aquifers suitable for exploita-
tion have been identified. Groundwater in the deposit accu-
mulates mainly in Lower and Middle Quaternary sediments.
Based on stratigraphic and genetic characteristics, the follow-
ing aquifers have been identified:

— Lower Quaternary alluvial

— proluvial deposits;

— Lower Quaternary alluvial-lacustrine deposits;

— Middle Quaternary alluvial-proluvial deposits;

— Middle Quaternary alluvial-lacustrine deposits.

In hydrogeological terms, these aquifers form a virtually
single entity (aquifer complex). Near the mountains, this is a
homogeneous layer of boulder and pebble deposits, in which
the groundwater has a common free surface. At some dis-
tance from the mountains, the single aquifer is divided into
separate aquifers in the form of lenses separated by relatively
impermeable interlayers. At the same time, the aquifers are
hydraulically connected [9].
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3. Results and discussion spring atmospheric precipitation, and by evaporation in
summer. Amplitude is 0.8-1.6 m. Irrigation — sharp rises in
levels during the irrigation period (May-September), with an
amplitude of 0.7-1.2 m. Characteristic of the isthmus be-
tween Lake Koshkarkol and Lake Alakol; levels are stable,
depth of occurrence is 4-7 m, replenishment is limited, and
outflow is formed by evapotranspiration.

It has also been established that a significant part of the
underground flow is lost to evaporation in swampy and sa-
line areas, reducing the total outflow. This confirms that
increasing irrigation water withdrawals can improve the
reclamation status of adjacent areas. The primary source of
groundwater is the filtration of surface runoff in the foothill
zone, enhanced by irrigation above the discharge zone [10-
11]. According to data from the regional water management
authority, water withdrawal for irrigation within the deposit
during the growing season averages 39.10 m%/sec, i.e., the
average annual water withdrawal for irrigation was
19.55 m®/sec. At the same time, irrigation water withdrawal
does not depend on the year’s water content.

Thus, out of the total amount of 31.25 m3/sec of total sur-
face runoff losses at 50% reliability and 23.13 m*/sec of
losses at 85% reliability, 19.55 m?/sec is lost on average in
canals and irrigation fields. Water losses directly in river
beds due to filtration and evapotranspiration amount to
11.70 m3/sec at 50% reliability and 3.58 m®/sec at 85% relia-
bility, respectively, in Table 2.

The groundwater regime was analyzed based on data
from 18 observation and exploration wells drilled in 1976—
1978. Four single and seven paired wells are located in the
recharge zone, mainly on the alluvial fans of the Tentek and
Zhamanta rivers. Wells No. 201 and 202a (310 and 307 m
deep) overlap the Lower and Middle Quaternary aquifers.
Well No. 208, located in the inter-cone space, is equipped
with filters at depths of 156—-186 m and reflects the behavior
of the Middle Quaternary horizon.

The regime in these wells is characterized by low-
amplitude level fluctuations due to the deep location of the
filters and by the smoothing effect of infiltration flows from
irrigation and rivers. The main rise in groundwater levels is
recorded in June—September, coinciding with the irrigation
season and the flood period. Minimum levels are observed in
winter, which is associated with the cessation of water sup-
ply and the winter low water period. In general, stable water
yield is recorded, and levels stabilize at the same marks an-
nually, indicating the presence of a single aquifer system in
the recharge zone. In the discharge zone, where irrigation is
not used, four types of regimes are observed. Hydrological
fluctuations in levels are associated with the water level in
the Tentek River.

The amplitudes range from 0.5 to 1.6 m. Climatic-
seasonal fluctuations are caused by meltwater runoff and

Table 2. Surface runoff losses

Cost of posts m*/sec Loss of surface runoff, m*/sec
Naming of watercourses Upper gate Lower gate C L
¢ Reliability 0% lé;eliability 85%  Reliability 50% lg{eliability gso, | Reliability 0% | Reliability 85%
Tentek River 46.94 34.74 24.39 18.05 22.55 16.69
The river of Zhamanty 5.39 3.99 0 0 5.39 3.99
Total expenses of small rivers and streams 331 2.45 0 0 3.31 2.45
Total losses of river flow - - - - 31.25 23.13

By analogy with other deposits of a similar type (Aksu,  through atmospheric precipitation infiltration was determined
Lugovskoye, Merken, Khorgos, etc.), we assume that 80% of  only in the area of groundwater flow formation, which cre-

the total channel losses are directly replenished to groundwa-  ates a certain margin of safety in the calculations, since at-
ter and 20% are lost to evaporation and soil wetting. Conse-  mospheric precipitation infiltration also occurs in the area of
quently, the amount of water supplied by filtering riverbeds ~ groundwater transit and discharge.

across the entire field will be 9.36 m3/sec at 50% availability In the area where underground runoff from the Alakol

and 2.66 m*/sec at 85% availability. The flow losses of the  deposit forms, the aeration zone consists of boulders and

Tentech River must be reduced by the flow of the Aksopa  gravel, with sandy fill and almost no loamy cover. The aver-

MK, which flows from the left bank of the river beyond the = age adequate precipitation, according to data from the Ushar-

boundaries of the field. al weather station, was 125.4 mm in a typical year and 89
According to data from the regional water management  mm in a dry year, with 85% reliability.

agency, the efficiency coefficient of the primary and distri-

bution channels is 76%. The amount of groundwater replen- 25 50% Relibility

ishment due to losses in irrigation fields within the cones of 85% Relibility

depression varies from 60 to 80% of the water supply to @ 20

irrigation fields, with an average of 65% (by analogy with i

the Khorgos field). Consequently, the amount of groundwa- 215

ter recharged from main channels will be 4.70 m3/sec, and ~;

from irrigation fields 9.65 m’/sec, for a total of 2 10

14.35 m’/sec. Thus, within the cones of groundwater dis- g

charge at the Alakol deposit, 23.71 m*/sec of the total § 5

31.25 m3/sec of surface runoff losses at 50% reliability and

17.71 m/sec out of a total of 23.13 m3/sec of losses at 85%

reliability (Figure 3). 0 0l m 3m 35m
Precipitation infiltration during the winter-spring period Tentek Zhamanty Small rivers

occurs in March-April, and during the summer period, it and streams

evaporates completely. The replenishment of groundwater Figure 3. Losses of surface runoff by the watercourse

32



M. Alzhigitova et al. (2026). Engineering Journal of Satbayev University, 148(1), 29-37

The area of the foothill plain, which is almost entirely
devoid of fine-grained cover deposits, amounts to 815 km?.
The results of the calculations of groundwater recharge due
to atmospheric precipitation infiltration are presented in
Table 3. Figures 4-6 illustrate the distribution of groundwater
recharge parameters by groundwater depth interval, showing
variations in total recharge, effective precipitation, and the
infiltration coefficient.

Table 3. Groundwater recharge due to atmospheric precipita-
tion infiltration

Groundwater | Area, Effective Infiltration Irrllﬁgritait(l)zn
depth intervals | km? |precipitation, mm coefficient 3
mm min. m
0-1 442 125.4 0.60 75.24 33.15
1-3 878 125.4 0.25 43.9 38.54
3-5 60 125.4 0.10 12.54 0.72
Total - - - 131.7 72.4
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Figure 4. Infiltration of groundwater at different depths
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Adequate precipitation remains constant across all
groundwater depth intervals (125.4 mm), whereas the infil-
tration coefficient decreases with depth, from 0.60 to 0.10.

Infiltration of atmospheric precipitation within this zone
is 131.7 mm per year or 30.644 million m* (0.97 m3/sec) in a
normal year in terms of water content, and 26.7 mm or
21.761 million m? (0.69 m*/sec) in a dry year with 85% reli-
ability. It’s impossible to figure out how much underground
water flows from the mountains into the foothill plains. It
was assumed that there is no deep underground flow from
the mountainous border to the deposit under consideration.
This leads to a slight underestimation of natural resources
and creates a certain reserve of “engineering” strength.

The expenditure items in the groundwater balance under
undisturbed conditions include evaporation (evapotranspira-
tion) and groundwater discharge into rivers and springs.
Groundwater evaporation occurs in areas where it lies close
to the surface, mainly located below the zone of groundwater
formation. Table 4 below shows the results of determining
evaporation from the groundwater surface [12].

Table 4. Evaporation from the surface of groundwater

Average evapora- = Total evaporation of

Groundwater Area,

2 tion of groundwater
depth ranges km groundwater, mm. = min. m? m*/sec
0-1 442 800 353.6 11.22
1-3 878 300 263.4 8.35
3-5 60 50 3 0.1
Total - - 620.0 19.67

Figure 7 presents total groundwater evaporation and av-
erage evaporation by groundwater depth interval. The most
significant moisture losses occur where groundwater lies
within 1 m of the surface. Evaporation decreases significant-
ly with increasing depth, indicating a strong dependence of
evaporation intensity on groundwater level. Despite lower
average evaporation in the 1-3 m range, the large area com-
pensates, contributing significantly to the total evaporation
volume. At depths greater than 3 m, moisture loss through
evaporation is almost negligible. The deeper the water, the
less evaporation, as the availability of water for evaporation
decreases. The highest average annual evaporation occurs in
waters at 0-1 m depth. The closer the water is to the surface,
the easier it evaporates. Although evaporation is lower in the
1-3 m interval, due to the large area, it produces almost the
same amount of evaporation as the 0-1 m interval. m¥/sec is
the conversion of total evaporation into flow over time.
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350 800
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é 300 700 g
£ g
- 600 §
g 250 g
£ 200 200 2
g 400 £
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Figure 7. Evaporation from the surface of groundwater at dif-
ferent depths
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Total evaporation is 620 million m?/year or 19.67 m3/sec
and also includes evaporation of atmospheric precipitation
that has filtered down to the water table in the shallow
groundwater zone [13-14].

Discharge of groundwater into springs, Karasu rivers, and
surface water bodies. The spring zone can be traced along the
periphery of the Tenteq River’s alluvial fan, roughly along a
line passing through the settlements of Usharal, Zhagatal,
Obukhovka, Chistopolskoye, Socialdy, and Izendy. Merging,
the springs form small Karasu rivers, on which temporary
hydrometric stations have been installed to record spring
discharge. Hypsometrically below the line of springs is an
area of surface discharge, which occupies the entire north-
eastern half of the deposit and is bounded by the lakes Ala-
kol, Uyal, Kashkarkol, and Sasykol. This zone consists of
extensive swamps, the most significant of which is located in
the form of a strip 3 to 8 km wide and 26 km long, directly
adjacent to the spring wedge line.

Groundwater depth varies across the study area. Regular
hydrometric measurements of discharge were carried out
every ten days using a hydrometric propeller device. The
average annual value of the measured spring flow is
12.0 m?/s. The total length of the spring line is approximately
60 km, corresponding to an average discharge rate of
0.20 m*/s per kilometer of groundwater emerging as springs
and feeding the Karasu River. In the area of the Zhaypak
spring, the zone of groundwater discharge approaches the
shoreline of Lake Alakol and is further controlled by the
coastal line up to the Zhamanty River. These observations
indicate a strong hydraulic connection between the aquifer
system and surface water bodies, highlighting the importance
of springs as a major outlet of the regional groundwater flow.
The shore of Lake Alakol in this area is steep, rising 3-
5 meters or more. At the base of the cliff, composed of large
pebbles, groundwater seepage can be observed everywhere,
but it is not possible to take this discharge into account. The
erosion zone apparently extends below the lake’s waterline,
as the slope below it is also composed of large pebbles. As-
suming that the intensity of wedging in this zone remains the
same, approximately 4.0 m3/sec of groundwater is discharged
along the 20 km of coastline from the Zhaypak spring to the
Zhamanty River. Thus, the total spring discharge is
16 m*/sec. The total amount of groundwater discharge at the
deposit will be 18.06 m*/sec. The groundwater balance of the
deposit is presented in Table 5.

Table 5. Groundwater balance of the Alakol groundwater deposit

Groundwater flow rate

Name of income and expense items Reliability 50% Reliability 85%

. . 11.08 3.58
Losses of river runoff for filtration 9560.83 247 10

Filtration of water from the main 4.54 4.54
channels 392.26 392.26

S S 9.36 9.36
Filtration losses in irrigation fields 9560.83 9560.83

. . o 19.67 0.69

Infiltration of atmospheric precipitation 8381 5962
Total revenue items 44.65 1745
2093.47 1507.68

Discharge of groundwater into springs, 18.06 1291
rivers, "Karasu" and surface reservoirs 1560.4 1115.42

Evaporation and transpiration 1567 e
660.96 720.58

. . 37.73 21.25

Total expenditure items 22227 1836

Balance discrepancy 692 3.80
127.87 328.32
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Under the 50% reliability scenario, the main components
of groundwater inflow are atmospheric precipitation infiltra-
tion (19.67 m%/s) and river runoff losses (11.08 m/s). The
principal discharge components are evaporation and ground-
water discharge into surface water bodies. The calculated
balance discrepancy amounts to 6.92 m*/s (approximately
15.5%), reflecting the difference between total inflow and
discharge and likely due to accounting uncertainties or un-
considered subsurface flows.

Under the 85% reliability (dry-year) scenario, precipita-
tion infiltration decreases significantly to 0.69 m®/s. As a
result, the total inflow is reduced by nearly 2.5 times. Alt-
hough total discharge also decreases, a balance discrepancy
of 3.80 m*/s remains. Thus, under conditions of average
water availability (50%), recharge from precipitation plays
a substantial role, whereas under dry conditions (85%), the
groundwater balance is considerably reduced but remains
positive.

The imbalance requires further analysis (possible losses
due to deep drainage or underestimation of individual items).
The expenditure items for the 85% security balance are ap-
proximately determined based on the dependence of total
groundwater discharge through springs on aquifer recharge.
The imbalance in the balance of 6.92 m*/sec for normal con-
ditions and 3.80 m?*/sec at 85% security is 6.1% and 21.5%,
which is quite acceptable, given the degree of accuracy in
determining the expenditure items of the balance [15].

To increase the reliability and accuracy of calculating the
total groundwater discharge from springs with 85% confi-
dence, a series of spring discharge observations was con-
ducted over three years (1976-1978) in the area of intensive
discharge. The average total discharge was 12 m®/s. Analyz-
ing data on surface runoff and precipitation in this area, the
spring discharge period corresponds to a water content range
of 55%-65%. The value of 12 m>/s was taken as the average
annual discharge in the area of intensive spring discharge.

The results determined the structure of aquifers and pro-
vided data on water abundance, permeability, and long-term
stability of reserves.

Application of the regime classification scheme accord-
ing to D.M. Kats, taking into account local conditions. Sepa-
rate consideration of recharge and discharge zones based on
the results revealed the characteristics of the interaction be-
tween natural and anthropogenic factors. It was established
that the groundwater regime is seasonal, with elevated levels
in spring and summer.

To assess the recharge and water balance of groundwater at
the Alakol deposit, the following balance equation was used:

gr&tOi=E+q+ Qs @)

The calculations were based on data from the Hydrome-
teorological Service and hydrometric observations on the
Tentek River (Tunkuruz station) over a 44-year period. It
was established that the main recharge of aquifers is provid-
ed by infiltration of atmospheric precipitation and filtration
of river water, with evaporation and drainage losses account-
ing for a significant part of the water balance.

Evaporation from the groundwater level was estimated
based on lysimeter data from the Aksu deposit and graphs
showing the dependence of evaporation on water depth and
vegetation cover. It was established that at depths <2 m, evap-
oration reaches maximum values similar to those in Aksu and
significantly reduces available groundwater resources.
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The quality of groundwater was determined through a
comprehensive analysis of samples collected during pump-
ing, including chemical, spectral, radiological, and bacterio-
logical testing. Compliance was assessed in accordance with
GOST standards 18963-73, 4979-49, 2762-57, 2874-73, and
others. The results showed that the water mostly meets the
requirements for irrigation, with mineralization <2.5 g/1, but
for drinking water supply, additional purification is needed to
meet specific indicators.

The engineering-geological assessment of the area around
the water intakes included an analysis of relief slopes, flood-
ing zones, erosion processes, and seismic activity. Overall,
the area is stable, but it is advisable to restrict construction
near slopes and to provide erosion control measures.

Hydrogeological zoning of the deposit was performed
based on stratigraphic and genetic analyses of sections, identi-
fying the structure and interrelationships among the aquifers. It
was established that groundwater is confined to a single aqui-
fer complex formed by alluvial-proluvial and alluvial-
lacustrine deposits of the Lower and Middle Quaternary age,
with a pronounced hydraulic connection between the layers.

The capacity of water supply points in the Alakol basin
ranges from 2.5 to 50 dm’/s. The flow rates of self-spilling
wells reach 50 dm’/s. The waters are mainly sodium and
calcium bicarbonate, with mineralization not exceeding
0.7 g/dm®. Sediments of stratigraphic-genetic complexes
associated with accumulative hummocky-ridge and flat con-
cave plains are linked to groundwater with a level depth (de-
pending on the relief) ranging from 0 to 20 m or more. The
mineralization and chemical composition of groundwater are
highly diverse. As groundwater flows toward the center of the
depressions, water salinity increases, ranging from 1 to
10 g/dm®. Accordingly, the composition changes from calci-
um bicarbonate to magnesium-sodium sulfate-chloride.

Groundwater, mostly occurring at shallow depths (1-5m),
is associated with alluvial deposits. In floodplains and river
deltas, the groundwater level depth is no more than 1 m. The
thickness of alluvial aquifers does not exceed 30 m. The water
content of rocks varies widely. Flow rates of tenths of a liter
per second prevail, and only in the upper reaches of rivers,
where the water-bearing rocks are pebbles, do well flow rates
reach 3 dm%/s. The mineralization of the waters reaches 5-
10 g/dm® and, in some cases, even 50 g/dm?>. The composition
of the water is sulfate and sodium chloride [16, 17].

The natural regime of groundwater is characterized by
smooth, shallow-amplitude (0.5-1.0 m) fluctuations in levels
throughout the year, with weakly expressed spring maxima
and summer minima. The central autumn-winter maximum is
due to the filtration flow of irrigation and wastewater from
irrigated areas. The level rise is 1.8-2.2 m, and in areas of
rice crop rotations, it reaches 5 m. An irrigation-type
groundwater regime has developed over a large area.

Modern geological processes and phenomena in the re-
gion are mainly associated with human engineering and
economic activities, particularly land reclamation and con-
struction. Until the 1960s, the development of DGPs was
episodic. The erosive activity of water flows was observed
only during spring floods and heavy rains, leading to bank
erosion and collapse. Deflation was evident in the eolian
processing of alluvial-lacustrine sediments, resulting in the
formation of blow basins, dunes, wind ripples, and other
microrelief forms [18, 19]. Salinization and waterlogging
occurred through the extensive development of salt marshes,
sores, and puffs in areas with shallow groundwater levels.
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Abrasion was intensely observed on the southern and
eastern shores of Lake Alakol. The southern shore of the lake
(near the village of Koktuma) has moved more than 200 m
over 20 years. As a result of the washout and collapse of the
coastal ledge, part of the village was destroyed. The shore-
line of the lake has advanced very close to the railway track.
Abrasion is activated by frequent hurricane winds and an
increase in the lake’s surface area. According to measure-
ments from 1862 and 1931, the lake’s length and width in-
creased by 5 km. Even more intensive growth of the water
area was established by the 1951 measurements. Over 20
years, the lake’s length increased by 15 km, its width by 5
km, and its depth significantly as well [20].

4. Conclusions

The study established the hydrogeological structure of the
Alakol groundwater deposit. It clarified the main characteris-
tics of its aquifer system, including water abundance, perme-
ability, and the long-term stability of groundwater reserves.
The results confirmed the existence of a hydraulically con-
nected single aquifer complex formed by Lower and Middle
Quaternary alluvial-proluvial and alluvial-lacustrine deposits.

The groundwater regime was found to be predominantly
seasonal, with higher groundwater levels during spring and
summer. The primary sources of aquifer recharge are infiltra-
tion of atmospheric precipitation and filtration of river water,
whereas evaporation and drainage constitute major compo-
nents of groundwater discharge. Evaporation from the
groundwater table is especially significant when groundwater
occurs at depths of less than 2 m, substantially reducing the
volume of available water resources.

The study also demonstrated the critical role of both natu-
ral and anthropogenic factors in shaping the groundwater
regime and balance. In particular, irrigation-related infiltra-
tion contributes noticeably to groundwater recharge, while
shallow groundwater occurrence in lowland and swampy
areas enhances evaporation losses.

In terms of water-use potential, groundwater in the Ala-
kol deposit generally meets irrigation requirements, with
mineralization in most cases remaining below 2.5 g/L. At the
same time, its use for drinking water supply may require
additional treatment depending on specific chemical indica-
tors. Overall, the obtained results confirm the practical sig-
nificance of the Alakol groundwater deposit as a promising
source of water supply for irrigation development in the
region, provided that groundwater abstraction is managed
with consideration of recharge conditions, evaporation loss-
es, and local hydrogeological constraints.
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Annarna. Makanana Ka3akctaHHbIH OHTYCTIK-IIBIFBICBIHIAFbI AJTaKesT OWBICHIH/IA OPHATACKAH AJIAaKes *ep acThl Cy KeH
OPHBIHBIH T€OJIOTHSUIBIK JKOHE THAPOTEOIOTHSUIBIK epeKIIeTiKTepiHe KemeH i 3epTTeY KYPTi3ireH. ATaFaH xKep acThl Cy Ke3i
Auaken KeJliHIH OHTYCTIK jKaranayblHa KapKbIHIbI JaMBII KeJe JKaTKaH KYPOPTTHIK HMH(PaKYPhLUIBIMIBI CYMEH KaMTaMachl3
eTY/IIH Heri3ri ke3lepiHiH Oipi Oonbln TaObUIAABI KOHE AMAKTBIH OJICyMETTIK-DKOHOMUKANBIK JAaMybl YIIIH MaHbI3/Ibl POJ
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MEH KaJbIHJIBIFBI, OJNIapIblH JKaTy >arjaijapbl »oHE JKep acThl CyJapbIHBIH TYy3lUlyi MEH AMHAMHKAChIHA dcep eTeTiH
(dakropnap TtanmaHablKep acThl CyJapBIHBIH PEKUMI  OJapAbIH KOPEKTCHY JKOHE aFrbi3bUly aiMakrapbl OOWBIHIIA
KapacThIPBUIBIIN, CY3Tijiey arbIHBIHBIH HETI3ri OarbITTapbl MEH JKep acThl JKOHE XKEp YCTi CYJapbIHBIH T'MIPOJMHAMHKAIBIK
GaiinaHbIChl aHBIKTaIABL. Epekine Ha3ap KypOpTTHIK aliMaKTarbl KYPbUIBICTApIbIH TYPAKTBIIBIFBIHA SCEP €TeTiH MH)KEHEPIiK-
TeOJIOTHSIIBIK JKaFrAainap sl Oaranayra )KoHe aHTPOIOTeH/IK (haKTOpIIap/IbIH ScepiHeH cy OallaHChIHBIH ©3repyiHe ayaapblUlibL.
Kep acTbl cynmapbIHBIH XUMHSUIBIK KYpaMbl ME€H (DM3HKA-XUMHSIIBIK KaCHETTEpiHe Tajliay XKYpri3ilin, olapIblH aybl3 Cy JKoHE
aybUl [IapyallbUIbIFbl KaKETTUTIKTEpiHE >KapaMAbUIBIFB aHBIKTanAbel. HoTikenep OoibIHINA, ANaken KEH OPHBIHBIH CYHI
CaHHUTapJIBIK-TUTHEHANBIK HOpMaJlapra cail Kelleli, MHHepajJaHy ACHredi opTalla jKoHE OHbI TONBIPAKKa 3USH KeNTipMei
Cyapy MakcaTblHAa MaijanaHyra Oonaipl. 3epTTeyle KOJIAHBICTAFBI Cy TapTy KYpPBUIBICTAPBIHBIH KOH(QUTYPaLHsCHI, XKep
acThl CYyBIHBIH OHJIpY KeneMi KapacThlppurraH. CoHpai-ak, Kep acTbl CyJapblH YTBIMIBI JXKOHE TYpPaKThl NalijanaHy
MacelleNiepiHe, Cy pecypcTapblH KOpray LIapalapblH d3ipieyre epeKile Hazap ayJapbuiraH. AJBIHFaH HOTIDKeNep AJakel
KOJiHIH OHTYCTIK JKaralaybIHbIH KyPOPTTHIK ’KOHE arpapiiblK HH(GPAKYPHUIBIMBIH O/IaH 9pi TaMBITy/a Mai1aJaHbUTy bl MyMKiH.

Hezizzi co30ep: dsicep acmul cynapbl,; sHcep acmul CYIAPLIHBIY PEXCUMI; CYIbL Kabammap, dcep acmol CYIapblHbll Oa1aHCbl,
Cy any; KeH opHul.

I'uaporeosiornyeckasi XapaKTepuCcTUKA AJIAK0JIbCKOIO
MeCTOPOK/ICHUS MOA3EMHBIX BO/ ISl HY2K/I KyPOPTHOM

HH(PPACTPYKTYPbI
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AnHoTanus. B craree npezcraBieHO KOMIITIEKCHOE HCCIIEI0OBAHUE T'€0JIOTMYECKUX M THAPOT€0JIOTHYECKUX XapaKTePUCTHK
ITOJI3€MHOTO BO/103a00pa AJIaKkoJib, PacloJIOKEHHOTO B TpejiesiaXx AJIakoJILCKOM BHaJIWHBI Ha roro-Boctoke Kaszaxcrana. Jlan-
HOE MECTOPOXJICHHE IMOJ3EMHBIX BOJ| CIIY)KHT OJHUM M3 OCHOBHBIX MCTOYHHKOB BOJOCHAOXEHWS OBICTPO Pa3BHUBAIOIIEHCS
KypOPTHOW HH(paCTPyKTyphl Ha I0KHOM Oepery o3zepa AJIakoib ¥ IMEET BaKHOE 3HAUCHHUE /IS COLUATBHO-9KOHOMUYIECKOT0
pas3BuTHs peruona. B pabore npoanannzupoBaHsl reoMopdoorndeckne 0cOOCHHOCTH TEPPUTOPUH, JIUTOJIOTMYECKUI COCTaB
1 MOIIHOCTH BOJIOHOCHBIX TOPU30HTOB, YCIIOBHS MX 3aJIETaHMs, a Takke (haKTOPHI, BIUSIONIIE Ha (GopMUpOBaHHUE M TUHAMUKY
MOJ3EMHBIX BOA. PaccMOTpeH pexuM MOA3EMHBIX BOJ B 30HAX NMUTAHUS U Pa3rpy3KH, ONPEAEICHBl OCHOBHBIC HAIpPaBICHUS
(UIBTPAIMOHHOTO MOTOKA M OCOOEHHOCTH THIPOJUHAMHYECKON CBSI3M MEXIY IOA3EMHBIMH M ITOBEPXHOCTHBIMH BOJAMHU.
Ocoboe BHUMaHHE YJENECHO OIIEHKE MHKEHEPHO-TEOJIOTHYECKUX YCIOBHI, BIMSIOIINX HAa YCTOWYHMBOCTH COOPYKEHUH Ky-
POPTHO# 30HBI, a TaKKe W3MEHEHHSIM BOIHOTO OanaHca MOJ BO3JCHCTBHEM aHTpOmHoreHHeix (akropor. [IpoBenén anamus
XMUMHYECKOTO cOCTaBa U (PU3MKO-XMMUYECKUX CBOMCTB MOA3EMHBIX BOJ| C LIEJIBIO ONPEIEICHHS NX MPUTOIHOCTHU sl TMThEBO-
IO BOJJOCHA0KEHHUS M CEIBCKOX03HCTBEHHOT'O UCIIOJIb30BaHMs. Pe3ybpTaThl mokasaiu, 4To Boja AJIAKOJIBCKOTO MECTOPOXKIE-
HUSI B LIEJIOM COOTBETCTBYET CAaHUTAPHO-TMI'MEHMYECKUM HOPMaM JIJIsl TUTHEBBIX LEIeH, IMEeT yMEPEHHYI0 MUHEPAIH3aLHI0 1
MOJKET MPUMEHSTBCS JJIsl OPOILIEHHS CENbCKOX03SHCTBEHHBIX yroauid 6e3 ymiepba st moy. Ocoboe BHUMaHUE YZEICHO BO-
IIPOCaM panMoHAIBHOTO U YCTOWYMBOTO MCITOIb30BAHMS TTO/I3EMHBIX BOJ, a TaKKe pa3paboTKe MEePCHEKTUBHBIX Mep MO OXpaHe
BOJHBIX pecypcoB. [lomydeHHbIe pe3ysbTaThl MOTYT OBITH MCIHOJIB30BAaHBI NPH ITUIAHUPOBAHWHM JABHEHIETO0 Pa3BUTHS Ky-
POPTHOH M arpapHOi MHPPACTPYKTYPHI I0XKHOTO OOEPEXbs 03epa ATIaKoIb.

Kntroueevie cnosa: noosemmvie 800bl, pexcum NOO3EMHbIX 800, B000OHOCHbIE 20PU3OHMNbL, OANAHC NOO3EMHBIX 800, 80003d-
b0p,; MecmopodicoeHue.
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Abstract. The purpose of this study is to develop an approach for the quantitative assessment and prediction of rock mass
condition surrounding unfilled underground voids, with a focus on a limit state associated with potential instability and ground
surface collapse, using numerical modelling techniques. The investigation was carried out using finite element modelling of the
stress-strain state of a stratified rock mass in the RS2 software package. To adequately reproduce the mechanical behaviour of
fractured rocks of the Kryvyi Rih Iron Ore Basin, the stratified geological structure of the rock mass was incorporated into the
model. The nonlinear Hoek-Brown failure criterion was applied, accounting for the Geological Strength Index (GSI). The exist-
ence of a transitional (near-failure) geomechanical state of the rock mass surrounding unfilled underground voids has been es-
tablished. This state develops between stable and unstable conditions and is characterised by mechanical interaction between the
void and the ground surface. A stable logarithmic relationship between the lower and upper bounds of the critical ratio H/L. and
the void depth has been identified, quantitatively reflecting the increase in rock mass resistance as the depth increases toward the
limit state. An exponential relationship between the width of the ground surface subsidence trough and the parameter H/Lc has
been identified, enabling the prediction of the extent of the potential collapse zone. An exponential relationship between the
required strength of the cemented paste backfill and the H/L. ratio has been established, defining the minimum bearing capacity
of the backfill under near-failure conditions. For the first time, the existence of a distinct near-failure geomechanical regime of
the rock mass surrounding unfilled underground voids has been quantitatively substantiated as an independent state preceding
progressive ground surface collapse. The obtained relationships enable predicting the geomechanical condition of the rock mass
above unfilled voids, determining the range of their critical geometric parameters, and timely identifying voids in a near-failure
state. The developed approach can be applied in engineering practice to justify the parameters of cemented paste backfill from
the surface to prevent sudden ground surface collapse.

Keywords: numerical modelling; underground void; stratified heterogeneous rock mass; Hoek-Brown failure criterion;
near-failure state; ground surface collapse; cemented paste backfill.

Received: 3 November 2025
Accepted: 22 February 2026
Available online: 28 February 2026

1. Introduction Over more than a century of intensive iron ore mining in
the Kryvyi Rih Basin, the subsurface and the ground surface
have undergone large-scale anthropogenic transformation. In
the rock mass, a complex set of geomechanical processes has
developed, including the formation of extensive zones of
strata movement and discontinuities, the accumulation of
unfilled underground voids, and a progressive deterioration of
rock mass stability. At the surface, gradual soil depletion and
degradation, destruction of natural ecosystems, and large-
scale stockpiling of mining and beneficiation wastes are ob-
served, accompanied by contamination of groundwater, sur-
face waters, and the atmosphere [4-8]. Under these condi-
tions, the design and implementation of environmentally
oriented mining technologies become important tasks [9-12].
The most pressing issue remains elevated anthropogenic
and geomechanical hazards, manifested by recurrent sudden
rockfall events and slope failures, the formation of collapse

Ukraine possesses strategically important proven iron ore
reserves. More than 45% of these reserves (8.6 billion t) are
located in Dnipropetrovsk Oblast, with the greater part con-
centrated within the large Kryvyi Rih Iron Ore Basin (Kryv-
bas). The mining and processing of iron ores form the back-
bone of Ukraine’s metallurgical industry. In contrast, the
produced iron ore feedstock and concentrate are supplied to
both the domestic market and export. A substantial share of
the extracted ore and beneficiation products is exported,
generating significant foreign-currency revenues for the state
budget and supporting the country’s external economic bal-
ance; in 2021, these revenues amounted to USD 3.91 billion.
At present, approximately 70% of Ukraine’s total iron ore
production is mined annually in the Kryvyi Rih Iron Ore
Basin, with 90% extracted by open-pit mining and 10% by
underground mining [1-3].
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zones and subsidence troughs, and the resulting threats to
infrastructure, the environment, and public safety. Owing to
the long-term operation of deposits in the Kryvyi Rih Iron Ore
Basin, many of which were developed by underground mining
without adequate closure of the mined-out space, a considera-
ble number of blind and isolated ore bodies and lenses have
been extracted, and the resulting voids pose a significant geo-
mechanical and anthropogenic risk to the region.

At present, approaches to assessing the stability of a rock
mass containing voids created by the extraction of ore depos-
its, as prescribed in existing scientific and methodological
documents [13, 14], are generally based on determining the
conditions for the formation of primary sinkholes. These
approaches allow only the identification of the transition of
the system into an unstable state, with a likelihood of defor-
mation reaching the ground surface in the form of collapse
funnels, and effectively reduce the geomechanical state of
the rock mass to two categories: stable and unstable.

However, as practical experience in the Kryvbas demon-
strates, sudden ground surface collapses are periodically
recorded even after the extraction of reserves from blind,
isolated ore bodies has been completed [15, 16]. The occur-
rence of such collapses indicates the presence of an interme-
diate state, namely, a near-failure state of the rock mass sur-
rounding unfilled underground voids, in which the rock mass
is weakened but still retains residual stability and is capable
of an abrupt transition to an unstable regime. These formed
and unfilled underground voids may suddenly destabilise,
leading to sinkholes or the development of subsidence
troughs at the ground surface. These sudden events are par-
ticularly hazardous in urbanised areas, where industrial or
civil infrastructure, as well as natural assets, may be located
above the voids. Therefore, there is a need for geomechanical
forecasting that enables the identification of underground
voids in a near-failure state and supports scientifically
grounded decisions on their timely stabilisation.

The importance of timely identification of formed voids
that are in a near-failure state lies in the opportunity to im-
plement preventive measures and thereby avert ground sur-
face collapse. A practical mitigation measure is the place-
ment of cemented paste backfill into unfilled voids from the
ground surface through a drilled backfilling borehole [4, 17-
19], as such voids are typically located at a relatively shallow
depth. The paste backfill mixture is prepared from fine-
grained iron ore beneficiation tailings (65-80%) recovered
from dewatered tailings storage facilities, locally available
binders (3-10%) such as cement, ground slag, and fly ash and
15-30% water [20]. These components are mixed at a surface
backfilling plant and then delivered by pressurized pipeline
transport to technogenic voids, in this case, unfilled under-
ground voids left after the extraction of blind, separated, and
isolated ore bodies.

Identification of a near-failure rock mass state surround-
ing unfilled voids is advisable using finite-element numerical
modelling in modern geomechanical software packages.
Studies by Kryvyi Rih researchers have made a significant
contribution to understanding the deformation patterns of the
rock mass during ore extraction [21-23]. However, most
investigations were local in scope, focused on stoping cham-
bers, and were performed mainly under the assumption of
linear-elastic rock mass behaviour. Given the hard-rock and
fractured nature of the Kryvbas formations, the application of
generalised nonlinear strength criteria, particularly the Hoek-
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Brown failure criterion, is promising. This approach provides
a more accurate representation of the influence of rock mass
structural disturbance and improves the prediction of strata
movement zones and potential collapses.

2. Materials and methods

At present, the following research approaches can be dis-
tinguished for solving geomechanical problems in mining
engineering: analytical methods [24, 25], physical modelling
[26-28] and numerical modelling [29-32]. The most wide-
spread approach is finite element numerical modelling due to
its ability to realistically reproduce phenomena and process-
es, provide reliable results, and reduce labour intensity.

One of the most suitable strength criteria for hard rock
and fractured rock masses is the empirical Hoek-Brown
failure criterion, which accounts for rock mass quality
through the Geological Strength Index (GSI), jointing, and
the degree of disturbance. E. Hoek and E. T. Brown devel-
oped the Hoek-Brown criterion in 1980 [33]. It was proposed
as an empirical alternative to the Mohr-Coulomb criterion to
describe the strength of intact rock and rock masses exhibit-
ing nonlinear behaviour, while accounting for fracturing,
structure, and disturbance.

Today, the Hoek-Brown failure criterion is widely used
for modelling rock mass behaviour in geomechanical anal-
yses. Its direct implementation is available in major special-
ised software packages, including FLAC3D, RS2, RS3, and
Slide2/3 (Rocscience), as well as UDEC and 3DEC (Itasca),
where it is provided as a core function with options to ac-
count for strength degradation and staged excavation.

Within this study, the numerical calculations were per-
formed using the RS2 software package, which provides a
range of strength criteria, including the Hoek-Brown criteri-
on [34]. A key parameter of the Hoek-Brown criterion is the
Geological Strength Index (GSI), which provides an integrat-
ed assessment of rock mass structural disturbance and ac-
counts for scale effects.

To model the stability of rocks surrounding unfilled
voids in the Kryvbas, the GSI values for different lithologies
were estimated as GSI =3045 based on an analysis of the
rock mass structure and the condition of discontinuity sur-
faces observed in exposures within collapse zones, using
photo documentation and supplementary data. This range is
justified because it reflects a combined weakening effect
relative to the natural rock mass state, for which GSI is
typically assessed as 60-70 increased weathering due to the
shallow depth of the voids, and additional anthropogenic
damage to the rock mass caused by historical blasting during
mining operations.

For the study, a geomechanical model was developed
that includes unconsolidated overburden deposits, a strati-
fied hard-rock mass, and an unfilled underground void left
after the extraction of a blind, isolated ore body, according
to the averaged stratigraphic section of the central (Saksa-
han) iron ore district of the Kryvbas. The model domain was
set to 600 m in the vertical direction and 800 m in the hori-
zontal direction.

The unfilled void considered in this work is located with-
in the V iron-bearing horizon, which is characterised by the
highest ore-bearing coefficient and the greatest concentration
of ore bodies in the Saksahan district of the Kryvbas. Given
an average thickness of about 60 m for the rocks of the V
iron-bearing horizon and an average ore body thickness of
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20-30 m, it is evident that, in a cross-strike section toward
the hanging wall, the model must include rock layers of adja-
cent iron-bearing and shale horizons up to the lateral bounda-
ry of the domain; therefore, the geomechanical model is
represented as a stratified rock mass.

In the model, the stratigraphic sequence starts with ar-
kosic sandstones of the Skelevatska Suite. Upsection, chlo-
rite-amphibolite schists represent the III-V shale horizon.
This is followed by an alternation of productive and barren
units: the V iron-bearing horizon consists of martite ores and
jaspilites; the VI shale horizon is composed of silicate
schists; and the VI iron-bearing horizon comprises martite
hornfels. The sequence in the model is completed by the VII
shale horizon, which contains chlorite-biotite schists with
barren hornfels, and the VII iron-bearing horizon, represent-
ed by amphibole-magnetite and martite hornfels. The con-
structed finite element model is shown in Figure 1.

- {800,000} >

600.000)

Figure 1. Finite element model of a stratified rock mass con-
taining an unfilled underground void

The numerical modelling scheme involves systematically
varying the geometric parameters of underground voids
formed by mining blind ore bodies to assess rock mass sta-
bility. Five depths of the void roof below the ground surface
are considered (50, 100, 150, 200, and 250 m), with an ore
body dip of 60° and an average horizontal ore body thickness
of 25 m. The void length along the dip is varied as follows:
an initial excavation length of 50 m is modelled, after which
the length is gradually increased in 10-15 m increments until

a size is reached at which the rock mass and the ground sur-
face lose integrity completely.

The geomechanical model employs the physical and me-
chanical properties of Kryvbas rocks, generalised from the
scientific and technical literature. Because the behaviour of
the fractured hard-rock mass is described using the Hoek-
Brown failure criterion, the built-in RS2 calculator is used to
automatically convert the laboratory properties of intact
rock (uniaxial compressive strength, o.;, and Young’s modu-
lus, E;) and rock mass quality indices (GSI, D) into the di-
mensionless Hoek-Brown parameters required for analysis
(mb, s, and a). This approach ensures the correct application
of the criterion based on the fundamental rock characteris-
tics. For each lithology, the model specifies both the derived
rock mass parameters according to the adopted Hoek-Brown
failure criterion (computed using the above procedure) and
additional general mechanical properties (density, defor-
mation modulus, compressive strength, and Poisson’s ratio).
The generalised physical and mechanical properties are
presented in Table 1.

In addressing the stated geomechanical problem, rock
strength is not treated as a variable parameter. This is be-
cause, for relatively weak rocks (f'<5), the rock mass above
unfilled voids created by mining blind ore bodies several
decades ago would, with a high probability, have already
collapsed. However, where rock strength is higher (f=10-
15), a void may remain in either a stable or a near-failure
(collapse-prone) state depending on several controlling fac-
tors, including the void depth, the horizontal thickness of the
extracted ore body, its extent along the dip, and the dip angle.
Therefore, numerical modelling with systematic variation of
these conditions enables the identification of potential stress-
strain states of the rock mass and the assessment of the risk
of ground surface collapse.

Within this study, a two-factor criterion-based approach
is proposed to determine the critical void length along the
dip, L.. This approach allows defining the range correspond-
ing to a controlled near-failure state of the rock mass. The
bounds of this range are determined by:

—the onset of an unacceptable risk to surface facilities
due to ground surface damage, Usuy;

—the loss of geomechanical stability of the void roof
(crown contour), Ucn. Together, these criteria define an
interval of critical void lengths along the dip within which
preventive measures, timely stabilisation/closure of the void
using a backfill mixture, are required [35].

Table 1. Physical and mechanical properties of rocks based on the modified Hoek-Brown failure criterion

Rock type Suite, horizon GSI my,
Arkosic sandstones Skelevatska suite 45 %
Chlorite-amphibolite 1-v 30 0.49
schists shale horizon 0.29

. 1.68
Martite ores v 45 098
Martite jaspilites iron-bearing horizon 45 %

. . VI 0.7
Silicate schists shale horizon 40 041

. VI 1.86
Martite hornfels iron-bearing horizon 35 1.09
Chlorite-biotite schists VII 38 1.09
with barren hornfels shale horizon 0.64
Amphibole-magnetite and VII 40 1.99

martite hornfels

iron-bearing horizon

1.16

S a E,GPa y,t/m* o,MPa E,GPa v
00.600001224 % 78 263 130 49 025
(&)%0—(%1719 % 3.0 3.0 110 36 0.22
(%%2422 (%552 7.4 3.8 65 33 0.2
(% (% 21.2 3.45 170 95 0.18
(% 8% 7.9 3.2 100 50 0.21
8:8383 81—231 91 336 150 80 021
0%9 % 55 2.9 85 39 024
(%)0%‘ % 15.1 3.25 140 95 0.21
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The first criterion is defined as Ug,r> 0.2 m and is based
on principles of structural mechanics and safety, and it corre-
lates with regulatory limit deformations for subgrades and
foundations [36-38]. Exceeding this threshold indicates the
onset of unacceptable deformations that pose a direct risk to
the serviceability and integrity of industrial buildings and
structures, and also lead to degradation of valuable soils.

The second criterion is the limit displacement of the void
contour, Ucon, Which represents the loss of structural integri-
ty of the void roof (crown) associated with instability of the
exposed hanging-wall rocks. The limit displacement is taken
as 15% of the horizontal ore-body thickness (m; =25 m). In
our case, Ugom <3.75 m [39-41]. The adopted displacement
limit separates two fundamentally different geomechanical
states of the rock mass: before reaching this limit, the roof
retains residual load-bearing capacity and behaves as a single
quasi-stable structure; once the limit is exceeded, local shear
and fracture zones coalesce into a continuous slip surface,
and the roof enters a stage of progressive, uncontrolled fail-
ure, with the likelihood of ground surface collapse depending
on the void depth [42-44].

Geomechanical assessment of the rock mass condition is
performed using three indicators that enable both quantitative
and qualitative characterisation of the stability of the “void-
ground surface” system:

— SFy,r is the ground-surface strength factor above the
void, which reflects the ratio of the available shear strength
of the rocks to the actual shear stresses acting in the near-
surface layer of the rock mass;

— Usuy 1s the maximum vertical settlement of the ground
surface, indicating the degree of its deformation;

— Ucont 1s the maximum displacement of the contour of the
hanging-wall rocks as a response to the loss of support due to
the formation of the void.

To justify the required strength of the cemented paste
backfill for closing an unfilled void, the contours of the max-
imum and minimum principal stresses are analysed directly
along the rock mass contour, and their quantitative values are
obtained using the query function.

3. Results and discussion

As a result of the numerical calculations, a large set of to-
tal displacement contours and strength factor contours was
obtained for void roof depths in the range of 50-250 m (at
50 m intervals). To avoid excessive graphical loading, con-
tour plots are presented only for the case in which the void
roof is located at a depth of H# =50 m below the ground sur-
face. For greater depths, the main geomechanical trends are
discussed in the text. An analysis of the numerical modelling
results for an ore body dip angle of o =60° and a depth of
H =50 m reveals the following features (Figure 2).

To accurately determine the void length along the dip that
characterises the near-failure state range and satisfies the
adopted criteria (Usyr> 0.2 m, Ucom < 3.75 m), linear interpo-
lation between discrete modelling steps was applied. Because
the numerical analysis was performed using fixed increments
of the void length along the dip (L =52.1; 78.1; 91.2; 104.2
and 117.2 m), this approach made it possible to reliably es-
timate the critical length L. within the interval between adja-
cent iterations. As a result, the onset of stability loss in the
system could be identified with improved mathematical pre-
cision, and the lower and upper bounds of the near-failure
state could be established.
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At a depth of H =50 m, the rock mass exhibits a progres-
sive instability mechanism. Up to a void length of
L =178.1 m, the system remains in a stable state (SF > 2.7,
Usry=0). However, at L =91.2 m, the strength factor de-
creases to SF=1.48, ground surface settlement appears
(Usurs=0.26 m), and local contour displacement develops
(Ucons=1.01 m). This indicates the initiation of a defor-
mation path within the hanging wall.

Further extension of the void to L =104.2 m leads to a
pronounced increase in deformations (Usy=2.75 m, Ucon =
6.0 m), while at L=117.2 m, a limit state is reached with
rock mass collapse (Usuy= 6.9 m, Uconr = 14.5 m, SF =1.0).
An increase to L =130.2 m results in complete failure: Ug,r
increases to 12.0 m, and contour displacements reach 24.0 m.

At a depth of H =100 m, the failure stages shift to larger
void lengths. Specifically, at L =104.2 m, the system re-
mains stable (SF > 2.6), whereas at L =117.2 m, a defor-
mation path is already formed (Usry= 1.2 m, Ugon = 12.5 m).
The critical state is reached at L=1302m (SF=1.0,
Usurr=3.75 m, Ucon = 12.6 m).

At H =150 m, the rock mass shows a further increase in
resistance to deformation: the limit state is recorded only at
L =143.3 m, while ground surface settlement remains mod-
erate (Usyy=6.7m) relative to internal displacements
(Ucom = 24.6 m), indicating the formation of a natural arch
(self-supporting roof).

At depths of H=200-250 m, the system transitions to an
internal collapse regime without breakthrough to the ground
surface. Even at the maximum analysed void length
(L =169.3 m), substantial internal deformations are recorded
(Ucomt = 26-28 m), whereas the ground surface remains al-
most unchanged (Us,y=1.1-1.2 m). This indicates a fully
developed arching effect and effective attenuation of defor-
mation transmission to the surface.

It is important to note that the loss-of-stability process
becomes more abrupt: the system remains stable over a rela-
tively long interval, after which even a minor further increase
in void length triggers an avalanche-like transition to com-
plete rock mass collapse, potentially accompanied by the
propagation of deformations to the ground surface.

At an ore body (and bedding) dip angle of 60°, the failure
mechanism is combined, in which high shear stresses are
superimposed on bending stresses. Failure initiates at the
void contour, with tensile cracking and the onset of hanging-
wall sliding. As a result, the collapse channel propagates
along an inclined trajectory, and an asymmetric subsidence
trough forms at the ground surface.

Based on the step-by-step analysis of the numerical mod-
elling results, the transition point of the system from a stable
state to an intensive deformation-development phase was
identified. Ranges of the critical void length along the dip,
L., were determined, quantitatively characterising the attain-
ment of a near-failure rock mass state. These ranges are
summarised in Table 2.

Because the near-failure rock mass state is reached pre-
dominantly within the void-depth interval of H = 50-150 m,
additional simulations were performed at depths of 75 m and
125 m to provide a more detailed representation of defor-
mation development in the rock mass between the void and
the ground surface. This densified depth increment yielded
more reliable data. The results for the variation of the void
length along the dip at H =75 m and H = 125 m complement
those obtained for 4 =50, 100, and 150 m.
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Figure 2. Numerical modelling results (o = 60°): I — total displacement contours; Il — strength factor contours

Table 2. Determined ranges of the critical void length along
the dip, Lc, characterising the near-failure state of the rock mass
between the void and the ground surface

Dip angle, Depth

Lower bound, m

(f), m L. HIL.

50 96.2 0.52

60 75 107.1 0.7
100 117.6 0.85

115 122.3 0.94

Upper bound, m
L. H/L.
106.4 0.47
113.6 0.66
120.5 0.83
125.0 0.92
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The conducted set of studies makes it possible to identify
regularities in the evolution of the geomechanical state of the
rock mass from the formed unfilled underground void (Fig-
ure 3), created by mining blind and isolated ore bodies, up to
the ground surface, and to directly determine the near-failure
state of the rock mass under conditions where sudden ground
surface collapse is likely to occur, thereby supporting more
reliable prediction and timely implementation of preventive
stabilisation measures.
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Figure 3. Relationships between the lower and upper bounds
of the critical ratio H/Lc and the void depth H for an ore body dip
angle of 60°

Analysis of Figure 3 shows a stable nonlinear relationship
between the void depth H and the stability parameter H/L..
The high coefficients of determination (R*=0.99) indicate
that logarithmic functions accurately approximate these rela-
tionships. The main identified regularity is that, as H increas-
es, the ratio H/L. also increases, directly indicating an in-
crease in geomechanical stability with depth: transition to a
limit state at greater depth requires a substantially larger
critical void length L.. Thus, for a dip angle of 60°, the
bounds of H/L. increase from 0.47-0.52 at H =50 m to 0.92-
094at H=115m.

The numerical modelling results also make it possible to
predict the ground surface area that is likely to be affected in
the absence of preventive measures such as cemented paste
backfilling, as well as the potential transition of a void-
containing rock mass from a near-failure state to progressive
collapse due to degradation of mechanical properties under
external factors. During simulations of the near-failure-to-
collapse transition, the subsidence trough width across the
strike of the ore body was recorded for each geomechanical
model. These values were then correlated with the H/L. ratio
and the ore body dip angle a. To establish the governing
trends, the upper bound of the near-failure state closest to the
onset of rock collapse was adopted. The resulting relation-
ships are shown in Figure 4.
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Subsidence across the strike, m
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Figure 4. Relationship between the ground surface subsidence
trough width and the H/L. ratio at a = 60° under progressive
collapse conditions

The analysis of Figure 4 indicates that the subsidence
trough width across the strike of the ore body exhibits a sta-
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ble exponential increase with increasing geomechanical
parameter H/L., which is confirmed by the obtained regres-
sion equations with high goodness of fit (R?>=0.98). The
area of the potential collapse zone can be estimated by multi-
plying the across-strike subsidence trough width determined
from this relationship by the extent of the underground void
along the strike. It was established that during the transition
to progressive collapse at a dip angle of 60°, the surface
subsidence trough width varies between 150 and 210 m.

To determine the required strength of the backfill mass, a
preliminary analysis of the stress distribution after weaken-
ing of the surrounding rocks is performed. First, the zone
where the load is actually transferred to the backfill is identi-
fied, i.e., without the influence of arching effects and local
clamping zones near the void corners. In the edge regions of
the void, o; may increase artificially due to the contact ge-
ometry; however, such stresses do not represent the load that
will act on the backfill mass.

The realistic loading on the backfill is associated with the
central part of the void contour, away from the corner clamp-
ing zone, where o3 =~ 0 and o, are governed primarily by self-
weight and by the reduced load-bearing capacity of the hang-
ing wall after degradation. The degraded rock mass zone that
will impose the load on the backfill can be delineated by
analysing the maximum shear strain contours, in which the
constraint region in the corner parts of the void is clearly
identifiable. An example is shown in Figure 5.

Hanging-wall load transfer zone
to the backfill mass

Rock mass
confinement zone

Figure 5. Delineation of the zones of effective rock-to-backfill
loading and corner clamping within an underground void based
on maximum shear strain contours under rock mass weakening to
a collapse state

Analysis of the stress state in the central part of the hang-
ing-wall contour (Figure 5) indicates the development of
conditions close to uniaxial compression, where the mini-
mum principal stress o3 = 0. Under such conditions, the max-
imum principal stress o1 governs the critical load acting on
the backfill mass, which it must sustain without loss of integ-
rity. Therefore, the required uniaxial compressive strength
(UCS) of the backfill should satisfy the condition UCS > ;.

After identifying the near-failure state of the void for
each combination of the H/L. parameters, the maximum
value of g1 was determined along the void contour within the
effective loading zone (Figure 6), where o3 = 0. This value
was taken as the required UCS of the backfill mass. Pro-
cessing the obtained data enabled establishing a relationship
between backfill strength and the H/L. ratio.
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Figure 6. Relationship between the required cemented paste back-
fill strength and the H/Lc ratio for an ore body dip angle of a = 60°

Analysis of Figure 6 shows a clear exponential relation-
ship between the required cemented paste backfill strength
and the geomechanical parameter H/Lc, which characterises
the rock mass stress level. As the H/L. ratio increases (i.e., as
the rock mass approaches a near-failure state), the required
backfill strength increases nonlinearly, indicating a sharp rise
in loads acting on the supporting structure as stability is lost.

Thus, based on the conducted numerical investigations
and the derived relationships (Figures 3 and 6), it was estab-
lished that unfilled underground voids formed by mining
blind and isolated ore bodies may be associated not only with
stable and unstable geomechanical states of the rock mass, but
also with a distinct near-failure state. This state represents the
onset of integrity loss and is characterised by a developed
deformation coupling between the void and the surface.

The near-failure state occurs within the critical range
H/L.=0.5-1.2 and is defined by lower and upper bounds that
increase logarithmically with void depth. In contrast, the
interval between these bounds decreases with increasing ore
body dip angle. In this state, the required cemented paste
backfill strength exhibits an exponential dependence on
H/Lc, increasing as the dip angle decreases. The obtained
relationships provide a scientifically grounded basis for iden-
tifying voids in a near-failure state, selecting the required
backfill strength, and proactively preventing the development
of progressive ground surface deformations.

A promising direction for further research is to extend the
present analysis to establish more general regularities gov-
erning the transition of the rock mass to a near-failure state.
In particular, it is advisable to perform similar numerical
modelling for ore bodies with other dip angles, such as 50°
and 70°, which would allow a quantitative assessment of the
influence of this crucial geometric factor. A comprehensive
synthesis of the resulting data would support the develop-
ment of a more universal and reliable methodology for pre-
dicting the stability of rock masses above unfilled under-
ground voids and for improving the robustness of geome-
chanical risk assessment.

For the large iron ore basin considered in this study, a topi-
cal problem is the development of deep ground-surface col-
lapse zones induced by active underground mining. Therefore,
it is reasonable to numerically model the further evolution of
collapse zones and hanging-wall deformations as the mining
depth increases, and to evaluate how the formation of a mono-
lithic cemented paste backfill mass within the created voids
can alter the geomechanical setting as an engineering measure
to block or attenuate deformation propagation.
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4. Conclusions

A numerical modelling methodology was developed
based on a two-dimensional finite-element geomechanical
model of the stratified hard-rock mass of the Kryvbas, which
contains an unfilled underground void. The model accounts
for the failure behaviour of fractured rocks by applying the
Hoek-Brown failure criterion and representing the actual
weakened rock mass condition using a justified Geological
Strength Index (GSI). This modelling approach enables par-
ametric studies by systematically varying void depth and
size, allows identification of the conditions under which the
rock mass enters a hazardous near-failure state, and provides
direct predictions of ground surface stability.

It was established that unfilled underground voids formed
by mining blind and isolated ore bodies are associated not
only with stable and unstable geomechanical states of the
rock mass, but also with a distinct near-failure state at the
threshold of integrity loss, characterised by a developed
deformation linkage with the ground surface. The near-
failure state develops within the critical range H/L. = 0.5-1.2
and is bounded by lower and upper limits that increase loga-
rithmically with increasing void depth. In contrast, the inter-
val between these bounds decreases as the ore body dip angle
increases. Within the near-failure state, the required cement-
ed paste backfill strength exhibits an exponential dependence
on HJ/L., increasing as the dip angle decreases.
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Temip KeHi KeH OPBIHAAPBIHAAFBI )KEPACThI KYbICTAPbIHBIH
allHAJIACBIH/IA TAY KBIHBICTAPbI MACCUBIHIH IIEKAPAJBIK KYHiHIiH
KAJBINTACYbIHbIH KPUTHKAJIBIK IHAPTTAPbIH CAHABIK MOAEJIbAEY
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AnpaTtna. JXyMBICTBIH MaKcaThl — CaH/IbIK MOJIEJIb/ICY HETi3i1H/e OPHBIKTBUIBIKTHIH JKOFaybIHA JKOHE ep OCTiHiH OnbIpbI-
JIyblHA KayiNTi MIEKTI KYHJAeri, )KOWbIJIMaraH >KepacThl KybICTapbIHbIH aifHallaChIHIAFbl Tay JKbIHBICTAPhl MACCHBIHIH Kaii-
KYHiH caHIbIK Oaranay jkoHe OoipKay TocimiH a3ipiey. 3eprrey RS2 Garmapmamansik KeIIeHIHAE COHFBI JIEMEHTTEp dficiMeH
Ka0aTTHI JKBIHBICTAP MACCHBIiHIH KepHeyi-nedopmanmsiianrad Kyiin (KIK) caaablk Momenbaey apKbUTBI OpeIHAANIEL. Kpu-
Boii Por TemipkeH OacceiHiHer! KapbIKIIAKThI KBIHBICTAP/IbIH MEXaHUKANBIK MiHE3-KYJIKbIH Oapadap KaiTa >KaHFBIPTY YILIiH
MAacCCHBTIH CTpaTHrpadusUIbIK epekmenikrepi eckepinmi. I'eomormsumeik Oepikrik mHmekciH (GSI) eckepe oOTBIpbIT, XO0eK—
BpayHHBIH CBI3BIKTBIK eMec OepiKTiK KpuTepHiti KoanaHeuiabl. JKoibuiMaraH skepacThl KybICTApbIHBIH afHaIaChIHA OPHBIKTHI
JKOHE OPHBIKCHI3 KYWJIEp/IiH apachklHAa KajblTacaThlH, xep OeTiMeH AedopMalsuIblK OaliinaHbICHIHBIH OOJTyBIMEH CHUIIaTTaja-
TBIH Tay JKBIHBICTAPHl MACCHBIHIH IIEKapaiblK (OY3bUTyFa KAKbIH) TEOMEXaHHUKAIBIK Kyii O0ap ekeHi aHBIKTangsl. KyBICTBHIH
XKaTy TepeHairine 6ainansicTel H/LKp KpUTHKAIBIK KATHIHACBIHBIH TOMEHT] )KOHE JKOFapFhl IIeKapalapbIHBIH OPHBIKTHI JIOTa-
PUGMIIK TOYENIUTIrT aHBIKTANABI;, OYJ TEPEHIIK apTKaH CalblH MACCHBTIH IICKTI KYyHre OTyiHE KapCHUIBIFBIHBIH CAHJIBIK
TYPFBIZaH yiiFaloblH kepceteni. H/Lkp kepceTkimine OailaHbICThl jkep OETiHIH 16Ty MYJIbJIAchl OJIIEMiHIH dKCIOHEHIHa-
JBIK TOYeINAiiiri Oenrinenyi, Oy1 aJeyeTTi OnbIpblTy aliMarbIHBIH ayAaHbIH Ooypkayra MYMKIHAIK Oepeni. KakerTi macTaisl
3aKJiaJika MaccuBi OEpIKTIriHIH OCHl KaThIHACKA SKCIIOHEHIMAIIBIK TOYEJIAUIIri aHBIKTANBII, MEeKapaiblK KYH jkaraalblHaa
OHBIH €H TOMEHT1 KOTEeprilll KaOleTiHe KOMbUIATBIH TalanTap/ibl alKbIHIAWAbI. AJIFall peT )oHbUIMaraH )KepacThl KybICTaphl-
HBIH aifHaJIaCBhIH/AAFBI Tay JKBIHBICTAPHl MACCHBIHIH IIEKapalblK KYHiHIH jkep OeTiHiH yaeMelni OmBIpBUTYbIHA Neiinri pepbec
reOMEXaHUKaIbIK KYH peTiHne Oap eKeHi CaHIBIK TYpPFbLia HeETi3feni. AJNBIHFaH TOyeJJIUIIKTep >KOMbUIMaraH KybICTap
YCTiHZIeTT MacCHBTIH FeOMEXaHUKAIIBIK Kal-KYiliH 00JDKayFa, onap/blH KPUTHKAIIBIK T€OMETPHSIIBIK MTapaMeTpIIepiHiH ayKbl-
MBIH aHBIKTayFa XOHE IIeKapalbIK KYHIEeTi KybICTapIbsl YaKTBUIBI alKbpIHAAayFa MYMKIHIIK Oepemi. O3ipIeHTEeH Tocil xep
OeTiHIH KEHET OINBIPBUTYBIH OOJNIbIpMay MaKCaThIH/A JKep OETIHeH LIEMEHTTEJITeH HacTalibl 3aKiajKa rapaMeTpiiepiH MHKe-
HEPIIIK HeTi3/ey/1e KOJIAaHbLTYbl MYMKIH.

Hezizei co30ep: canoviy modenvoey, dHcepacmovl KybliChbl, Kabammul pmeKmi may icvlHvbicmapsl maccugi, Xoek—bpayw
Kpumepuili, wekapanvlk Ky, Kyaay, nacmaisl 3akiaoxa.
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Yuc/ieHHOE MOICJTUPOBAHNE KPUTHYECKUX YCJI0BUI (POPMUPOBAHUA
MpPeAeJbHOr0 COCTOSIHMSI MACCUBA FOPHBIX MOPO BOKPYT MOA3EMHbIX
IYCTOT KeJIE30PYIHBIX MECTOPOXKIACHU I

. [V v
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AnHotanus. llenplo paboThl SBiIsSeTCs pa3padoOTKa MOAX0Aa K KOJMYECTBEHHOH OLIEHKE W MPOTHO3MPOBAHUIO COCTOSHHUS
MacCHBa FOPHBIX ITOPOJ BOKPYT HEMOTAIIEHHBIX MOA3EMHBIX IYCTOT B MPEIEIIBHOM COCTOSHHUH, OITACHOM K IOTEPE YCTOWINBO-
CTH ¥ 00pyIIEHHS 3eMHOM OBEPXHOCTH, HAa OCHOBE YHCIIEHHOTO MOZEINPOBaHK. VcciienoBanne BBITOIHEHO C HCTIOIB30BaHM-
€M YHCIIEHHOTO MOJICJIMPOBaHMs HaNpsbKeHHO-nedgopmupoBanHoro cocrosiaus (H/C) cioncroro ckambHOTO MaccHBa METOJIOM
KOHEYHBIX 3JIEMEHTOB B IIPOrpaMMHOM Komruiekce RS2. JIns afneKkBaTHOrO BOCHPOW3BEICHUSI MEXaHUUECKOTO TOBEJCHUS Tpe-
IIMHOBATHIX MOopox KprBOPOXKCKOTO )KesIe30pyTHOTO OacceliHa yuTeHb!I cTpaTHrpaduieckre ocooeHHOCTH MaccuBa. [Ipuvenen
HEJTMHEHHBI KpUTepuii TpoyHocTH Xoeka-bpayHa ¢ ydetom mHzaekca reonoruueckoi mpounoctr (GSI). YceranosieHo cymie-
CTBOBAHHE MPHUIPAHUYHOTO (IPHONIMKCHHOTO K Pa3pyIICHUIO) FEOMEXaHUIECKOTO COCTOSHHS MaccuBa FOPHBIX HOPOJ BOKPYT
HETIOTaIIeHHBIX MOJ3EMHBIX ITyCTOT, (JOPMUPYIOMIETOCsSI MEXY YCTOHYMBBIM M HEYCTONYMBEIM M XapaKTEPU3YIOIIEToCs Halli-
yreM J1e()OpMalMOHHON CBSI3U C 3€MHOH IOBEPXHOCTHIO. BbIsBIEeHa ycToiunBas JorapupmMudecKkasl 3aBUCHMOCTh HW)KHEW U
BEpXHEH I'paHuI] KPUTUUECKOTO COOTHOLIEHUs H/L,, OT TIIyOMHBI 3aJleraHus IyCTOTHI, KOJIMYECTBEHHO OTpakaromias Bo3pacTa-
HHUE CONPOTUBIICHNS MacCHBa MEPEXOy B MPEAEIBFHOE COCTOSIHUE C YBEIMYIEHHEM TTyONHBI. Y CTAaHOBIIEHA SKCIIOHEHINAIBHAS
3aBUCHMOCTb pa3Mepa MyJIbJAbl CABM)KEHHUS! 36MHOH MMOBEPXHOCTH OT IOKazatTenst H/Lyy, 4TO TO3BOJISIET IPOrHO3UPOBATH ILIO-
Ia7b MOTEHIHATBHON 30HBI 00pyIIeHHs. BrIsBIeHa 3KCIIOHEHIMAIbHAS 3aBUCHUMOCTh TpeOyeMON MPOYHOCTH IacTOBOTO 3a-
KJIaJJOYHOTO MacCHBa OT COOTHOILIEHHUS, OTPEIeIIAIONIasi MUHIMAIbHbIE TPEOOBAaHMS K €ro HecyIieil CllocOOHOCTH B YCIIOBHUSIX
MIPUTPAHUYHOTO COCTOSIHHSI MaccuBa. BriepBble KOJIMYECTBEHHO 0OOCHOBAaHO CYLIECTBOBAHUE NMPHUIPAHUYHOTO COCTOSIHUS Mac-
CHBa T'OPHLIX MOPOJ BOKPYT' HETIOTAII€HHBIX MOA3E€MHLIX IMMYCTOT KaK CaMOCTOATCIIBHOI'O I'COMEXaHNYECKOT'O COCTOSAHMUA, IPEA-
LIECTBYIOILIETO POrPECCUPYIOIIEMY OOPYIIEHHIO 3€MHOM MOBepXHOCTH. [ToTyueHHBIE 3aBUCMOCTH MO3BOJISIIOT OCYIIECTBIISITh
MIPOTHO3 T€OMEXaHMYECKOTO COCTOSHMSI MaccuBa HaJl HETOTalleHHBIMU ITyCTOTAMH, ONPENENSATh ANANa3oH HX KPUTHIECKUX
TreOMETPHYECKUX MapaMeTPOB M CBOEBPEMEHHO UJICHTH(UIIMPOBATH MyCTOTHI, HAXOISIIKECS B IIPUTPAHUYHOM COCTOSIHHHU. Pa3-
palbOTaHHBIA MOAXOA MOXKET OBITh MCIIONB30BaH JUIl MHKEHEPHOTO OOOCHOBAHMS ITapaMETPOB IIEMEHTHPOBAHHOH IMAacTOBOM
3aKJIaJIKH C TIOBEPXHOCTH C LEIIBIO MPEAyIPEKACHIS BHE3AMHBIX 00PYIIEHNH 3¢MHOW TTOBEPXHOCTH.

Kniouesvle cnosa: uucnennoe mooenuposanue; nOO3eMHdAs NyCMOma, CIOUCMbI HEOOHOPOOHBILL Maccus, Kpumeputi Xoe-
ka-bpayna; npuepanuunoe cocmosnue; 0o6pyuwenue,; nacmosds 3axkiaoxa.
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Abstract. In the context of increasing freshwater scarcity and climate change, effective transboundary water management,
including groundwater resources, is particularly important. The 1992 Helsinki Convention provides an international legal basis
for states to cooperate to protect and rationally use transboundary watercourses and aquifers. This article is aimed at a compar-
ative analysis of the practice of implementing the provisions of the Convention in different regions of the world - Europe,
Central Asia and Africa - with an emphasis on hydrogeological aspects. Particular attention is paid to the Shuya transboundary
basin, located on the territory of Kazakhstan and Kyrgyzstan, as a case of partial implementation of international standards.
Based on a systemic analysis of groundwater management, monitoring, and protection practices, recommendations are pro-
posed to integrate the Convention's provisions into regional water policies and institutional mechanisms. The study aims to
conduct a comparative analysis of the practice of applying the 1992 Helsinki Convention in various regions of the world, with
an emphasis on transboundary groundwater, highlighting the problems and prospects of its implementation using the example
of the Shuya basin. The study confirmed that the application of the 1992 Helsinki Convention varies significantly across geo-
graphical and political-institutional contexts.
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1. Introduction transboundary water conflicts becomes particularly relevant
[9, 10]. The 1992 Helsinki Convention plays a key role in
this process, the first universal international treaty aimed at
promoting cooperation in the protection and use of trans-
boundary waters [11, 12].

However, practice shows that the degree of implementa-
tion of the Convention varies significantly from region to
region. In some cases, it has served as the basis for the crea-
tion of sustainable institutions and comprehensive manage-
ment programs, while in others, its provisions remain formal
declarations, unsupported by institutional or technical im-
plementation. This is especially true for components such as
groundwater, which often remain outside the scope of trans-
boundary regulation despite their critical importance for
sustainable water use.

Thus, in the context of increasing water and environmen-
tal pressures and transboundary challenges, the development
of effective models of international water cooperation
grounded in the principles of the Convention is not only
desirable but also a necessary condition for ensuring water
security in the 21st century [13-15].

One of the key international documents in this area, as
mentioned above, is the UNECE Convention on the Protec-
tion and Use of Transboundary Watercourses and Interna-

Rational use and protection of transboundary water re-
sources are key tasks in sustainable water management, espe-
cially amid increasing global environmental challenges and
climate change. Today, against the backdrop of increasing
anthropogenic impact, urbanization, agricultural pressure and
changing hydroclimatic conditions, the vulnerability of both
surface and groundwater systems is increasing. In particular,
there are stable trends towards decreases in groundwater lev-
els, increases in mineralization, degradation of aquifers, and
disruption of natural water exchange regimes [1-4].

At the same time, the transboundary interdependence of
states sharing common water resources is increasing. This is
particularly relevant in arid and semi-arid regions where
transboundary rivers and aquifers are the only source of fresh
water for millions of people. Conflicts of interest between
countries over the distribution and use of water are increas-
ingly becoming the subject of not only technical but also
political and legal discussions [5-8].

In these conditions, the development and implementation
of effective international legal regulatory mechanisms capa-
ble of ensuring fair and sustainable management of water
resources, protection of aquatic ecosystems and prevention of
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tional Lakes (Helsinki, 1992) [12], which has now moved
from a regional to a global status, becoming a universal in-
strument of international water law. The Convention estab-
lishes principles of cooperation among states for preventing
transboundary impacts, exchanging information, monitoring,
and protecting groundwater [16, 17].

Of particular interest in the comparative analysis is the
Central Asian region, where transboundary rivers and
groundwater aquifers play a key role in ensuring water and
food security. An example is the Shu transboundary basin,
located on the territories of Kyrgyzstan and Kazakhstan,
including the Zhambyl region, where essential groundwater
resources are formed and used for drinking and agricultural
water supply. Despite the existence of an interstate agree-
ment on joint management (2000) [18], issues of integrating
the provisions of the Helsinki Convention, particularly re-
garding groundwater protection and monitoring, remain
insufficiently developed [19, 20].

The purpose of this study is to conduct a comparative
analysis of the application of the 1992 Helsinki Convention
across various geographical and institutional contexts (Eu-
rope, Central Asia, Africa), with an emphasis on hydrogeo-
logical aspects and an assessment of the degree of implemen-
tation of the key provisions in transboundary basins. Particu-
lar attention is paid to the Central Asian region as a zone of
complex water resource challenges and potential application
of international legal norms.

2. Materials and methods

The methodological framework of this study combines
complementary analytical approaches to assess the imple-
mentation of the 1992 Helsinki Convention across diverse
geographical and institutional contexts, with particular em-
phasis on transboundary groundwater [11, 12].

First, a comparative analytical approach was employed to
identify similarities and differences in the application of the
Convention in Europe, Central Asia, and Africa. The com-
parison was structured according to predefined criteria, in-
cluding: the legal status of the Convention, the level of insti-
tutionalization of transboundary cooperation, the inclusion of
groundwater in basin management frameworks, monitoring
mechanisms, and procedures for data exchange [21].

Second, geoecological and hydrogeological analyses
were conducted to evaluate aquifer conditions, groundwater
mineralization levels, seasonal variability of groundwater
levels, and vulnerability to anthropogenic pressures. Particu-
lar attention was given to the Shu transboundary basin, en-
compassing the Zhambyl region of Kazakhstan and the adja-
cent territories of Kyrgyzstan.

Third, a content analysis of legal and institutional docu-
ments was performed, including bilateral and multilateral
water agreements, official UNECE materials, and strategic
documents of national and regional water authorities
[22, 23]. This approach enabled an assessment of both formal
compliance and the practical implementation of Convention
principles within regional governance systems.

Fourth, a case study methodology was applied to the Shu
transboundary basin. This approach facilitated an in-depth
examination of institutional arrangements, hydrogeological
characteristics, existing coordination mechanisms, and the
potential for adapting international standards to the regional
level [24-26]. In addition, geographic information system
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(GIS) data, cartographic materials, and available groundwa-
ter monitoring reports from the Zhambyl region were ana-
lyzed. Where data permitted, spatial visualization of aquifer
distribution and groundwater availability dynamics was con-
ducted to support the comparative assessment [27-30].

The integrated application of these methods ensured both
regulatory-institutional and hydrogeological depth of analy-
sis, providing a foundation for evidence-based recommenda-
tions for transboundary groundwater governance within the
framework of international legal instruments.

3. Results and discussion

3.1. Institutional and legal frameworks in transboundary
water management

3.1.1. European experience in the Danube Basin

In the European region, the 1992 Helsinki Convention has
not only been widely ratified but also integrated into trans-
boundary water management practices through sustainable
institutional arrangements. One of the most illustrative exam-
ples is the International Commission for the Protection of the
Danube River, which unites 14 countries in the basin [31, 32].

Based on the Convention and the EU Water Framework
Directive (2000/60/EC) [33], Danube River Basin Manage-
ment Plans have been developed and implemented, in which
groundwater is considered alongside surface water within a
single hydrological unit. Systems for monitoring groundwa-
ter quality and levels have been implemented, and regular
data exchange is carried out between countries.

Particularly noteworthy is the inclusion of transboundary
aquifers in strategic management, such as the karst and allu-
vial systems along the Upper and Middle Danube. Methods
for assessing aquifers, mapping vulnerability zones and es-
tablishing sampling standards have been developed. A criti-
cal component is the participation of all basin countries in
unified reporting and planning cycles (every 6 years), which
fosters high transparency and mutual responsibility.

In Europe, the Danube basin is one of the most successful
examples of implementing the principles of the 1992 Helsinki
Convention. It implements integrated transboundary manage-
ment, including both surface and groundwater. This was made
possible by a combination of international legal mechanisms
(including the Helsinki Convention and the EU Water Frame-
work Directive) [11, 12, 34], a high level of institutional coor-
dination and technical sophistication of monitoring.

Particular attention in the Danube Region is paid to
transboundary groundwater bodies, which play an essential
role in water supply, agriculture, and the maintenance of
ecosystems. Within the framework of the activities of the
International Commission for the Protection of the Danube
River, several hydrogeological studies were carried out and a
register of TGWBs was created, covering 11 major aquifers,
including: Karst aquifers in Austria, Slovakia, Hungary and
Slovenia; Pannonian Basin aquifers, covering Hungary, Ser-
bia, Romania; alluvial and fluvioglacial systems in the lower
and middle reaches of the Danube [35-37].

Each ICPDR Member State is required to provide infor-
mation on groundwater status, water abstraction volumes,
pollution sources, and the risk of depletion. This information
is synthesised within the framework of the joint Danube
Basin Management Plan, where groundwater is considered as
an integral part of «water bodies» in accordance with the EU
Framework Directive [38, 39].
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A coordinated monitoring system has been technically
implemented, including general parameters (pH, mineraliza-
tion, nitrates, heavy metal concentrations), as well as an as-
sessment of the chemical and quantitative state of groundwa-
ter. The integration of GIS systems and joint data platforms
ensures rapid exchange of information between countries.

The legal framework for cooperation includes not only
the provisions of the Helsinki Convention, but also special
regional agreements, such as: the Danube River Protection
Agreement [11, 12, 34], which clearly sets out obligations
for groundwater management; joint technical guidelines for
assessing the risk of groundwater pollution; participation of
countries in the EU Climate Change Adaptation Strategy,
which recognizes groundwater as a strategic resource.

Thus, the European experience shows that it is possible to
implement the principles of integrated water management, in
which groundwater is not separated from surface water and is
considered within a single ecosystem and legal framework.
This creates sustainable forms of cross-border interaction
based on trust, scientific evidence and legal responsibility.
The European experience shows that multilateral agreements
and directives complementing the Convention's provisions
provide not only a legal framework but also effective institu-
tional implementation.

3.1.2. Transboundary cooperation in the Nile Basin

The Nile River basin, spanning 11 countries, is one of the
largest and most politically sensitive transboundary water
bodies in the world. Although the 1992 Helsinki Convention
has been ratified by only a fraction of the countries in the
region, its principles, including equitable and reasonable use,
prevention of significant harm, and the exchange of infor-
mation, have been partially implemented through regional
initiatives and agreements [40-42].

The key mechanism for cooperation in the Nile Basin is
the Nile Basin Initiative [42], founded in 1999. It unites all
riparian states and seeks a sustainable, equitable distribution of
water resources. Unlike European models, there is no single
legally binding agreement covering the entire basin, reflecting
the complex political environment and the differences in inter-
ests between upstream and downstream countries [43].

As for groundwater, its role in basin management has
long remained secondary. However, in recent years, there has
been growing interest in transboundary aquifers, particularly
in the arid border areas between Sudan, South Sudan, Ethio-
pia and Uganda. Key underground systems include the deep
Nubian Sandstone Aquifer System, partly connected to the
eastern Nile Basin, and the aquifers of the East African Rift
System, which are heavily used to supply rural populations
and are under pressure due to climate fluctuations [44-47].

The NBI is implementing projects to improve monitoring
and create groundwater databases, but there is still no agreed
institutional system for managing them. Most research is
funded by international donors (GEF, World Bank) [48], and
implementation at the national level is often not synchro-
nized across countries.

Specific challenges for groundwater include: limited data
on water supplies and quality; lack of standards for trans-
boundary information exchange; inconsistent licensing of
water abstraction in border areas; climate vulnerability and
weak institutional integration.

Thus, the experience of the Nile River basin demonstrates
a partial implementation of the principles of the Helsinki
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Convention, with a primary focus on surface waters and an
initial phase of accounting for groundwater resources. How-
ever, the potential of groundwater as a sustainable resource
in a changing climate requires increased regional coopera-
tion, scientific research and the establishment of a legally
binding framework.

3.1.3. The Shu transboundary basin in Central Asia

The Shu transboundary basin, located on the territories of
Kazakhstan and Kyrgyzstan, is a vital water management
system in Central Asia's arid climate. The main watercourse,
the Shu River, crosses the state border, providing water for
irrigation, municipal services and partly industry in both
countries. The basin is characterized not only by a well-
developed surface water system but also by significant
groundwater reserves, which, however, are not sufficiently
accounted for in transboundary water management [49].

Kazakhstan ratified the 1992 Helsinki Convention in
2001, while Kyrgyzstan remains only a participant in several
UNECE programs. At the same time, bilateral agreements
are in force in the region, including the Agreement between
the governments of Kazakhstan and Kyrgyzstan on the joint
use of water management facilities on the Shu and Talas
rivers (2000) [50]. This document creates coordination
mechanisms for joint management, but the focus is almost
exclusively on surface water, infrastructure and flow distri-
bution during the growing season.

Groundwater of the Shu basin is represented by several
alluvial and intermountain aquifers, such as the Shu alluvial
aquifer (Zhambyl region, Kazakhstan), actively used for
water supply; Merke and Kordai depressions, containing
fresh and slightly mineralized waters; and Groundwater de-
posits in the Chui Valley (Kyrgyzstan), including those used
in the agricultural sector [51-52].

Hydrogeological information on the basin is fragmentary
and, in general, based on Soviet and post-Soviet research.
There is currently no regular state or transboundary monitor-
ing of groundwater. The level of mineralization of water in
the basin fluctuates between 0.3 and 1.5 g/L, with seasonal
variations influenced by melioration and climatic conditions.
In some areas, increased nitrate concentrations have been
recorded due to agricultural activities.

A significant obstacle to implementing the provisions of
the Helsinki Convention is the lack of institutionalized
mechanisms for accounting for and coordinating groundwa-
ter management. Unified assessment methods have not been
developed; there are no maps of transboundary aquifers; and
there is no coordination regarding zoning sanitary protection
zones. There is also no publicly available digital database,
although individual hydrogeological reports are available
from specialized institutes.

In addition, the Shu basin is highly vulnerable to climate
change, especially in the mountainous areas where runoff
originates. Decreasing snow cover and increasing interannual
runoff variability increase the pressure on groundwater as a
reserve source, further increasing the need for its regulation
in a transboundary context.

Thus, the experience of the Shu basin demonstrates a sig-
nificant gap between the principles of the Helsinki Conven-
tion and the actual practice of groundwater management in
Central Asia. The potential for integrating these resources
into bilateral and regional cooperation mechanisms is obvi-
ous, but requires:
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— data systematization;

— strengthening the scientific base;

— legal consolidation of the status of transboundary aquifers;

— as well as the involvement of international organiza-
tions in the development of monitoring and dialogue.

Without the formal delineation of transboundary aquifers,
the establishment of a joint monitoring system, and the inte-
gration of groundwater into the mandate of the bilateral
commission, the practical implementation of the Helsinki
Convention in the Shu Basin will remain largely declarative
thereby limiting the sustainability of transboundary water
governance in the basin.

3.2. Comparative analysis of transboundary water gov-
ernance in Europe, Central Asia, and Africa

The results of the analysis show significant differentia-
tion in the degree and form of application of the provisions
of the 1992 Helsinki Convention in different regions
[11, 12]. In the European context, using the example of the
Danube basin [31-32], the Convention serves as a basis for
establishing sustainable management institutions, in which
groundwater is considered an integral part of the basin ap-
proach. Regular monitoring, coordinated aquifer protection
programmes and joint scientific research ensure a high level

of transparency and transboundary trust (Table 1).

Table 1. Comparative assessment of transboundary groundwater governance under the 1992 Helsinki Convention

Europe
(Danube Basin)

Ratified by most basin states; fully
operational within EU legal frame-
work
High:
ICPDR, binding basin management
plans, structured reporting cycles
Fully integrated into River Basin
Management Plans; groundwater
treated as water bodies
Clearly identified and mapped trans-
boundary groundwater bodies (TGWBs)
Regular monitoring with unified
methodology and reporting standards
Actively integrated into basin plan-

Criteria

Ratification status

Level of institutionalization

Integration of groundwater into
basin management

Delineation of transboundary
aquifers

Groundwater monitoring

Use of GIS and hydrogeological

data ning and decision-making
Coordination of water use Regulated through multilateral
standards agreements and EU directives

Danube Convention and EU direc-

Formal basin agreements . . o
g tives provide binding framework

Balancing national interests; pollution

Key challenges and gaps control

In Africa (the Nile River basin) [40-42], despite attempts
to harmonize legal regulation, the level of institutional im-
plementation remains low. Groundwater is practically not
considered an object of transboundary regulation, which
creates preconditions for environmental risks (Table 1).

Central Asia, despite formal agreements, shows limited
implementation of the Convention's hydrogeological compo-
nents. In particular, in the Shu River basin (Zhambyl region,
Kazakhstan), groundwater monitoring is not systematic, and
legal regulation is declaratory [49-52]. The Interstate Com-
mission on the Use of Waters of the Shu and Talas Rivers
functions irregularly, and the protection of underground
aquifers is practically not included in its mandate (Table 1).

Table 1 provides a comparative analysis of the applica-
tion of the Helsinki Convention in different regions of the
world, reflecting the extent to which countries have formal-
ized and institutionalized cooperation in transboundary water
governance. In particular:

— Europe demonstrates the most advanced level of im-
plementation of the Convention with regard to groundwater,
supported by strong institutional structures and technological
capacity.

— Africa is progressing toward groundwater integration
but continues to face resource, legal, and coordination con-
straints.

— Central Asia, despite the existence of formal coopera-
tion frameworks, has not yet systematically incorporated
groundwater, including in the Shu Basin, into a sustainable
transboundary governance system.

Africa
(Nile Basin)

Partially ratified;
limited legal harmonization

Medium:
Nile Basin Initiative;
limited binding authority

Limited integration;
primary focus on surface water

Partially identified;

limited formal delineation

Episodic and project-based monitor-
ing

Basic and project-dependent use

Ongoing negotiations;
heterogeneous national standards
Basin cooperation agreements;

Central Asia

(Shu Basin)
Kazakhstan ratified;
Kyrgyzstan not a Party; limited
implementation
Low:
Bilateral agreement (2000);
weak coordination mechanisms
Very limited integration;
groundwater not systematically
incorporated
No formal delineation of transbound-
ary aquifers
Fragmented or local monitoring;
no coordinated transboundary system
Isolated initiatives;
no system-wide integration
No coordinated standards for
groundwater abstraction
Bilateral agreements exist; groundwa-

limited groundwater coverage

Political instability; funding con-
straints
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Figure 1. Comparative assessment of transboundary ground-
water governance in Europe, Africa, and Central Asia

Figure 1 illustrates the comparative scoring of three re-
gions across key dimensions of transboundary groundwater
governance. Europe (Danube Basin) demonstrates consistent-
ly high performance across all assessed criteria. Africa (Nile
Basin) shows a moderate level of institutionalization and
partial integration of groundwater, though significant gov-
ernance challenges remain. Central Asia (Shu Basin) exhibits
the lowest scores, particularly with respect to groundwater
monitoring and institutional integration.

Overall, the effectiveness of the Convention’s implemen-
tation depends on political commitment, the strength of insti-
tutional arrangements, and the technical capacity to monitor
and manage hydrogeological systems.
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3.3. Perspectives for further research

Further research should focus on the development of a
formalized assessment framework for evaluating the imple-
mentation of the Helsinki Convention with respect to trans-
boundary groundwater. In particular, there is a need to opera-
tionalize measurable indicators covering aquifer delineation,
monitoring density, data exchange frequency, abstraction
control mechanisms, and institutional mandates. The con-
struction of a composite governance index would allow mov-
ing from qualitative comparison to quantitative benchmark-
ing across regions.

For the Shu transboundary basin, priority should be given
to hydrogeological delineation of potential transboundary
aquifers using updated geological, geophysical, and GIS-
based spatial analysis. Joint field investigations aimed at
identifying hydraulic connectivity across the Kazakhstan-
Kyrgyzstan border would provide an empirical basis for for-
mal recognition of shared groundwater bodies. Establishing a
harmonized monitoring network with agreed observation
wells and standardized chemical parameters would allow
assessment of long-term trends and climate-driven variability.

A separate line of research should address the legal di-
mension by conducting a structured gap analysis between
specific provisions of the Helsinki Convention (Articles on
monitoring, information exchange, and prevention of trans-
boundary impact) and the current mandate of the bilateral
Shu-Talas Commission. Such analysis could support pro-
posals for expanding the Commission’s competence to ex-
plicitly include groundwater.

Finally, climate impact modelling for the Shu basin
should be integrated with groundwater recharge assessments
to evaluate the role of aquifers as buffer systems under de-
creasing snow cover and increasing interannual runoff varia-
bility. Coupling hydrological and hydrogeological models
would enable scenario-based evaluation of future water secu-
rity risks.

4. Conclusions

The study confirmed that the application of the 1992 Hel-
sinki Convention varies significantly across geographical and
political-institutional contexts. The European region demon-
strates the highest level of integration of the Convention's
provisions, including groundwater protection, through devel-
oped institutions and sustainable funding. In Central Asia,
implementation is limited, particularly regarding groundwa-
ter, despite the existence of transboundary agreements. A
weak institutional framework and the absence of a systematic
approach to hydrogeological components characterize the
African context.

Sustainable transboundary water management is impossi-
ble without integrating groundwater into the international
regulatory system. The Helsinki Convention provides the
necessary legal framework, but its practical implementation
requires political will, institutional maturity and technical
capacity. In Central Asia, and in particular the Shu River
basin, there is an urgent need to develop joint groundwater
monitoring programs, to incorporate hydrogeological data
into decisions of interstate commissions, and to adapt best
international practices at the local level. The article confirms
that the transition from formal to functional cooperation is
possible only with sustainable funding, access to data and
institutional openness.
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TpaHcekapasbIK KepacThbl CyJapbiH 0acKapy OoiibiHIAa 1992
KBLUIFbI XeJIbCHHKH KOHBEHIMACHIHBIH Ky3ere acsIpbliaysl: Hly
O0acceilHiHIH Karaaiibl MEH CAJBICTHIPMAJIBI TAJAAYbI

I.K. Anenosa'”, EJK. Myprasun', JIx. Carun?, E.B. Cotankos', C.P. Taxues', A.M. Bbaiikanamosa'

'Y .M. Axmeocapun amwinoazsr I'uopozeonozus scane 2eovkonozus uncmumymst, Aimamot, Kasagcman
’Bamvic Muuuzan ynusepcumeminiy 2e0102us Jicone Kopuazan opma uiiimoapsl 6enimi, Kanamaszy, AKII

*Koppecnondenyus ywin asmop: adenovadinara@gmail.com

AnpaTna. Tymsl cy TanmibUIBIFBIHBIH apTybl KOHE KIMMATTBIH ©3repyl jKaraaiblHIa KepacThl CyJapblHbIH PeCypcTapbiH
KOCca aJfaH[a, TPaHCIIEKapajablK CyOsl THIMII Oackapy epekmie MaHbpifra ue. 1992 KbutFbl XeIbCUHKHA KOHBEHITHSICHI
TpaHCUIEKapaJbIK Cy aFbIHAapbl MEH CYyJIbl TOPU30HTTAP/IbI KOPFay JKOHE YTHIMIbBI Maijaany callaChIHAAFbl MEMJICKETTEPIiH
BIHTBIMAKTaCThIFbIHA XaJIBIKAPAJIBIK KYKBIKTBIK HeTi3 Oepezi. byn Makana ruaporeonorusuiblk acnekriepre Oaca Hasap aynapa
OTBIPHIN, AJIEMHIH OpTYpii aliMakrapbiHZa — Eypomnanma, Opransik Asusina xkoHe Adpukana KoHBeHIMs epekenepiH icke
achIpy TOKIPUOECIH CaJBICTBIPMAIbl TaayFa OarbITTaliFaH. XalbIKapajiblK CTaHAapTTap/b! ilIHApa SHTI3Y JKaFaaibl peTiHe
Kazakcran men KpiprbiscTan aymarbiHna opHanmackaH llly TpaHcmekapanblk OacceifHiHe epekine Hazap ayAapbuUlajibl.
XKepactsl cymapbiH 6ackapy, MOHUTOPHHT >KoHE KOpFay TaXipHOeciH kyien Tanpay HeriziHne KOHBEHIUMSHBIH epexenepin
OHIPIIK Cy cascaThl MEH MHCTUTYLHMOHAIJBIK TETIKTEpre WHTErpanusuiay OONBIHINIA YCBHIHBICTAP YCHIHBIIABI. 3epTTEyIiH
MakcaTsl — 1992 KpuFbl XeIbCHHKN KOHBCHIMSICHIHBIH TPaHCIIEKapaJbIK JKEepacThl CylapblHa Oaca Ha3ap ayJapa OTBHIPHIIL,
QNIEMHIH OpTYpIi aliMaKTapblHIA KOJJaHy ToXipuOeciHe caipICThIpMaibl Tanmay xacay, lly GacceliHiHIH MBICATBIHIA OHBI
JKY3ere achIpyIblH IMpobOiieManapbl MEH MEpPCHCKTHBAIaphiH KepceTy. 3eprrey 1992  butFbl XEIbCHHKH KOHBEHIIUSCHIH
KOJIIaHy TeorpadusuibIK XKoHE CasiCH-MHCTHTYIIHOHAJIBIK KOHTEKCTKE OaiiIaHbICThl alTapIIbIKTall ©3TrepeTiHiH pacTabl.

Heczizzi co30ep: mpancuiekapanvly jcepacmol Cyiapul, ¢y Kayincizoiei, Kykvikmoix pemmey, Opmanvix A3usi.

NvniiemenTanus XeJbCMHKCKOM KOHBeHIIMU 1992 rona B ynpas/jieHuun
TPAHCTPAHUYHBIMH MOJA3€MHbIMUA BOJAMHU: CPABHUTEJIbHbBIN AHAJIU3
u npumep llyiickoro 6acceiina

K. Anenosa'”, E.K. MypTaBI/IHl, JIxk. Carun?, E.B. Corauxos!, C.P. Taxxues', A.M. Baiikagamosa'

1 Huemumym cudpozeonozuu u ceosxonocuu um. ¥Y.M. Axmeocaghuna, Anmamet, Kazaxcman
’Kaghedpa 2eonoauyeckux u 3K0102U4eCKux Hayx, Ynusepcumem 3anaonoeo Muuueana, Kanamasy, CLIA

*4Aemop ons koppecnonoenyuu: adenovadinara@gmail.com

AnHoTanus. B ycioBusix Hapacraromero aeduiura npecHol BOJbl M N3MEHEHHS KiIMMaTa 0co0oe 3HaueHne npruodperaer
3¢ PeKTUBHOE TPaHCTPAHUYHOE BOJHOE YIpaBJIeHUE, BKIIOYAs IIOA3EMHbBIE BOAHBIE PECYpChl. XelIbCHHKCKast KOHBeHIHsT 1992
roga obecrneunBaeT MEXIyHAPOAHO-TIPABOBYIO OCHOBY JJIsI COTPYIHHYECTBA FOCYAAPCTB B cepe OXpaHbl M PALIMOHATBEHOTO
HCIIONIb30BAHUSI TPAHCTPAHMYHBIX BOJOTOKOB M BOJOHOCHBIX TOpH30HTOB. HacTosmas craThs HanpaBiieHa Ha CPaBHUTEIIbHBIN
aHaM3 MPaKTUKU peaji3ainuy nojJoxeHnii KoHBeHIINN B pa3IUHBIX pernoHax mupa — EBpone, LlenTpansHoit Azun u Adpu-
KE — C aKLEHTOM Ha rujporeosioruueckue acnektsl. Ocoboe BHuMaHue yneneno lllyiickomy TpaHcrpaHMYHOMY OacceiiHy,
pacnonoxeHHOMY Ha Tepputopun Kaszaxcrana m KbIpreiscraHa, Kak Keicy 4aCTWYHOW MMIIIEMEHTAMM MEXIyHapOIHBIX
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HOpM. Ha 0ocHOBE CHCTEMHOro aHalln3a IPAKTUK YIPABJIEHHWS, MOHUTOPHHIA M 3alMTHI MMOJ3EMHBIX BOJ IPEUIOKEHBI PEKO-
MEHJIAIK [0 UHTErpaluy nosiokeHnii KoHBeHIuN B pernoHaabHbIe BOAHBIE MOJIUTUKN U MHCTUTYLHOHAIBHBIE MEXaHHU3MBI.
Ienbro nccnenoBaHus SBISETCA B MPOBEJCHUN CPABHUTEIBHOTO aHAIN3a MPAKTUKU MPUMEHEHHs XelNbCHUHKCKOW KOHBEHLIUU
1992 rona B pa3nMYHBIX PErHOHAX MUpPa C aKLEHTOM Ha TPaHCIPaHUYHBIE TIOA3EMHbIE BObI, BBLIEINsIS POOIEMbl U EpPCIIeK-
TUBBI e€ mmIuieMeHTanmu Ha npumepe lllyiickoro Gacceiina. I[IpoBenénHoe nccnenoBaHUe MOATBEPAWIIO, YTO MPUMEHEHHE
XeNnbCUHKCKOW KOHBeHIMHM 1992 rosma cymecTBEHHO BapbUpPYeTCs B 3aBHCHMOCTH OT TeorpaMueckoro W IOJHTHKO-
MHCTUTYLIMOHAJIBHOTO KOHTEKCTA.
Kniouesvie cnosa: mpancepanuinbie noo3emuule 600bl, B00HAsL DE30NACHOCMb, NPasogoe peyauposanue; Llenmpanonas A3us.
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