
 
Volume 20 (2026), Issue 3, 30-42 

 

________________________________ 

Received: 11 February 2026. Accepted: 5 August 2026. Available online: 26 September 2026 

© 2026. B. Bektur, D. Amanzholov, A. Alip, Y. Abshayakov 

Mining of Mineral Deposits. ISSN 2415-3443 (Online) | ISSN 2415-3435 (Print) 

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. 

30 

https://doi.org/10.33271/mining20.03.030 

Development and substantiation of vertical shaft lining designs 

under complex mining-geological and hydrogeological conditions 

Bakytbek Bektur 1  , Dikhan Amanzholov 2*  , Abylay Alip 3  , Yeldar Abshayakov 4   

1 D. Kunayev Mining Institute, Almaty, Kazakhstan 
2 Satpayev University, Almaty, Kazakhstan 
3 JSC Altynalmas, Almaty, Kazakhstan 
4 Asia Gas Pipeline, Almaty, Kazakhstan 

*Corresponding author: e-mail 3747437@gmail.com 

Abstract 

Purpose. Development and substantiation of an injection-grouting technology for stabilising an aquifer during vertical 

shaft sinking in a serpentinite rock mass containing alkaline, magnesium-bearing groundwater that limits the effectiveness of 

conventional cement grouting. 

Methods. The study included an analysis of the geochemical conditions of water-bearing sublayer IV-4 at the 10th Anniver-

sary of Kazakhstan’s Independence Mine and determination of the geochemical aggressiveness factor Kgc; laboratory testing of 

two two-component polyacrylate grouts on consolidated serpentinite specimens with a particle size of 0.5-3.0 mm in a water-

saturated alkaline environment at pH = 10; microscopic analysis of the polymerisation process; uniaxial compression testing using 

a GCTS ULT-200 press; and finite element modelling in Rocscience RS3 for the rock mass before and after injection grouting. 

Findings. The geochemical conditions of the aquifer, characterised by pH = 9-11 and the presence of Mg2+ and HCO3⁻ ions 

and dissolved SiO2, limit the use of Portland cement because of magnesium-induced corrosion. The factor Kgc = 0.118 repre-

sents an 8.5-fold reduction in the load-bearing capacity of the serpentinite rock mass after water saturation. The strength of 

specimens prepared with the first polyacrylate grout reached 6.1 MPa at Kstr = 2.68, which was 61 times higher than that of 

specimens prepared with the second grout. Numerical modelling showed that the minimum SF increased from 0.50 to 0.67 and 

the maximum from 2.85 to 3.83, with a zone of improved stability forming around the shaft. 

Originality. The combined use of the Kgc and Kstr factors was substantiated for assessing geochemical effects and the effec-

tiveness of serpentinite rock mass strengthening. The interaction of polyacrylate gel with Mg2+ ions was interpreted through the 

formation of (–COO)2Mg coordination complexes. 

Practical implications. An injection-grouting scheme was proposed for stabilising the aquifer through 25.0 m long bore-

holes drilled at an angle of 5°, forming a 0.75 m thick grouted rock zone around the shaft. The use of polyacrylate grout im-

proves the stability of the water-saturated serpentinite rock mass, reduces the likelihood of groundwater inflow pathways, and 

provides safer conditions for vertical shaft sinking. The proposed technology can be used in mine shaft construction under 

similar mining-geological and hydrogeological conditions. 

Keywords: mine shaft; aquifer; serpentinite; polyacrylate gel; injection grouting; strengthening factor; numerical modelling 

 

1. Introduction 

Vertical mine shafts are key components of underground 

mining infrastructure. They connect underground workings 

with the surface and provide access for transporting ore and 

personnel, ventilation, and mine water drainage. The reliabil-

ity and service life of mine shafts largely determine the over-

all efficiency of a mining operation, since damage to the 

shaft lining or the loss of shaft functionality may cause pro-

longed downtime and significant economic losses [1], [2]. 

Therefore, maintaining the stability of vertical shafts 

throughout their construction and operation remains a priori-

ty in mining engineering. Global experience indicates that 

vertical shaft construction accounts for approximately 30% 

of the total cost and up to 50% of the overall duration of 

mine construction, while shaft lining installation represents 

up to 60% of these costs [3]. Improvements in vertical shaft 

construction are associated with the mechanisation of shaft-

sinking operations, increased reliability of mine hoisting 

systems, and the electrical safety of equipment. Progress in 

these areas reduces labour requirements and improves the 

safety of shaft operations [4]-[6]. 

The efficiency of underground excavation also depends 

on improvements in drilling and blasting operations and the 

service life of shaft-sinking tools [7]. Sectional blasting ena-

bles more efficient formation of cut cavities [8], while im-

proved manufacturing methods for drill-bit teeth and the use 

of wear-resistant hardfacing and thermite alloys increase the 

durability of equipment components [9]-[13]. 
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A characteristic trend in the modern mining industry is 

the gradual increase in mining depth. As mining operations 

advance to deeper levels, rock pressure, temperature, and 

water inflow increase, making the construction and operation 

of vertical shafts considerably more challenging. The most 

difficult sections are those that intersect zones of unstable 

and water-saturated rocks with low strength and deformation 

characteristics. Under such conditions, conventional support 

methods developed mainly for relatively stable rock masses 

do not always provide the required lining reliability through-

out the entire service life of the shaft [14]. 

Maintaining the stability of engineered mining structures 

in disturbed rock masses requires an integrated assessment of 

deformation processes, support parameters, and geomechani-

cal monitoring results [15]. International experience shows 

that more than half of the surveyed mine shafts at deep levels 

have lining damage of varying severity, confirming the im-

portance of this problem [16], [17]. 

The chromite deposits of the Kempirsai Massif in Ka-

zakhstan, which are developed by the mines of the Donskoy 

Mining and Processing Plant, are notable for their complex 

mining-geological conditions. The deposits are located near 

the town of Khromtau in the Aktobe Region of the Republic 

of Kazakhstan and contain some of the world’s largest chro-

mite ore reserves. The balance reserves of the ore field in 

categories B + C amount to approximately 100 million 

tonnes. The ore bodies occur at depths ranging from 300 to 

1500 m and form large lens- and vein-shaped structures, 

some of which contain reserves of up to 60 million tonnes. 

They are hosted by ultrabasic rocks, mainly serpentinites and 

gabbro-amphibolites, which have specific physical and me-

chanical properties. The rock mass is characterised by nu-

merous tectonic faults, extensive fracturing, and a hierar-

chical block structure, with an average structural block size 

ranging from 0.05 to 1.0 m. A quantitative assessment of 

fracture parameters and the spatial orientation of structural 

discontinuities is essential for developing reliable geome-

chanical models of the rock mass. 

When saturated with water, serpentinite strength decreas-

es significantly: the internal friction angle declines from  

35-40 to 17-20°, while cohesion decreases from 4-6 to  

0.8-1.5 MPa. This results in higher loads on the support sys-

tems of underground workings [18], [19]. Under such condi-

tions, the support design should be selected with considera-

tion of the local geomechanical and hydrogeological charac-

teristics of the rock mass [20]. The reliability of geomechani-

cal assessment depends on the quality of geological and geo-

physical data processing and their spatial integration. For this 

purpose, optimisation methods for processing gravimetric 

data, geographic information systems, and three-dimensional 

modelling of mining structures are used [21]-[24]. 

The experience of vertical shaft construction at the 10th 

Anniversary of Kazakhstan’s Independence Mine clearly 

demonstrates the complexity of this problem. In five mine 

shafts, lining stresses reached the compressive strength of 

concrete at depths below 500 m. Cracks and lining defor-

mations were recorded in the cage shaft and the skip-and-

cage shaft. The most serious failure occurred in the cage 

shaft, where approximately 200 m of concrete lining was 

completely destroyed within the depth interval of 552-765 m. 

The repair work lasted more than two years. The damaged 

concrete lining was replaced with a type 85N tubbing lining 

with a back-plate thickness of 40 mm, while the space behind 

the lining was filled with class B15 concrete. However, after 

shaft sinking resumed, horizontal tensile cracks developed in 

the tubbing lining. These deformations were associated with 

the transition of the rock mass to an inelastic state and the 

displacement of structural blocks under high stresses. These 

circumstances required special studies to develop a reliable 

lining design for the Skipovoy shaft, which has a planned 

depth of 1200 m [25]. Geomechanical risks are assessed 

using numerical modelling, spatial mapping, and instrumen-

tal monitoring of deformations. These methods help identify 

potentially unstable sections of the rock mass and predict the 

development of deformation processes [26], [27]. 

The most challenging stage in the construction of the 

Skipovoy shaft is its intersection with the water-saturated  

IV-4 stratum at depths of 1040-1057 m. The combination of 

extensive fracturing, the reduced strength of water-saturated 

serpentinites, and the considerable predicted water inflow 

requires preliminary grouting of the rock mass. The grout 

must not only improve rock mass stability and reduce water 

flow but also retain its properties under prolonged exposure 

to alkaline, magnesium-bearing groundwater. 

A conventional method for isolating aquifers during ver-

tical shaft sinking is advance cement grouting from the shaft 

bottom with the construction of a grouting pad. The effec-

tiveness of this method depends not only on the properties of 

the grouting material but also on the quality of filling behind 

the lining, the continuity of the cemented layer, and the tech-

nological risks associated with the grouting process [28]. 

However, the application of this method in serpentinite rock 

masses is subject to geochemical limitations. Groundwater in 

these rock masses is formed during the serpentinisation of 

ultrabasic rocks and is characterised by an alkaline reaction 

and elevated concentrations of Mg2⁺ and HCO3⁻ ions and 

dissolved SiO₂. In magnesium-rich environments, Portland 

cement may undergo magnesium-induced corrosion. Mg2⁺ 

ions react with the hydrated phases of the hardened cement 

paste, producing loose and unstable brucite, Mg(OH)2. This 

process gradually reduces the strength and waterproofing 

properties of the grouting material [29], [30]. An additional 

challenge is the presence of talc minerals in fracture fillings, 

whose surfaces do not provide reliable adhesion to cement 

grout, as reported in previous studies [31], [32]. The effec-

tiveness of grouting also depends on the injectability of the 

rock mass, the stability of grout flow, and the ability of the 

injection channels to remain permeable. In related geotech-

nological processes, grout activation, well declogging, and 

the regeneration of process wells are used for this pur-

pose [33]-[38]. The selection of operating parameters should 

therefore be treated as a comprehensive optimisation prob-

lem that links the characteristics of the underground system, 

the parameters of surface equipment, and the technological 

constraints of the process [39], [40]. 

In recent years, polymer-based chemical grouts have been 

increasingly used in mine construction [41]. Comparative 

studies of cement and polymer grouting show that epoxy- 

and polyurethane-based materials can provide stronger adhe-

sion to fracture surfaces than conventional cement grouts. 

Studies of acrylate and polyacrylate compounds have con-

firmed their resistance to alkaline environments and their 

ability to form a waterproof, elastic gel directly within a 

water-saturated rock mass [42], [43]. The low viscosity of 
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acrylate gels, approximately 1-2 mPa·s, allows them to pene-

trate microcracks less than 0.05 mm wide, which are inacces-

sible to most cement grouts [44]. The geomechanical interac-

tion between support systems and disturbed rock masses 

under different support arrangements has also been examined 

in several studies [45], [46]. Numerical modelling of the 

stress-strain state, taking into account rock mass fracturing, 

the physical and mechanical properties of the rocks, and 

mining parameters, is widely used to assess the geomechani-

cal condition of disturbed rock masses [47], [48]. 

Modern mining technologies are also assessed in terms of 

resource efficiency and environmental safety. Current  

research addresses resource recovery from mining waste, the 

use of technogenic raw materials in mineral binders, drilling 

waste treatment, and the assessment of soil contamination in 

mining areas [49]-[53]. 

However, the selection of grouting materials based on the 

geochemical properties of groundwater in serpentinite rock 

masses remains insufficiently studied. In particular, little re-

search has examined the compatibility of grouting materials 

with alkaline, magnesium-bearing groundwater or their inter-

action with serpentinite and talc-bearing fracture surfaces 

under deep-shaft conditions. The parameters of the grouted 

rock zone and their influence on the stability of the rock mass 

surrounding the shaft also remain insufficiently justified. The 

lack of comprehensive recommendations for selecting suitable 

grouting materials and determining the design parameters of 

rock mass grouting highlights the relevance of this study. 

This study aims to develop and substantiate differentiated 

lining designs for the Skipovoy shaft of the 10th Anniversary 

of Kazakhstan’s Independence Mine within the depth inter-

val of 900-1200 m, considering the geomechanical character-

istics of individual rock strata. It also aims to justify the use 

of a chemical grout for stabilising the water-saturated stratum 

based on an analysis of geochemical conditions, laboratory 

testing of grouting materials, and numerical modelling of the 

proposed technology. 

2. Methods 

The study focuses on the Skipovoy vertical shaft of the 

10th Anniversary of Kazakhstan’s Independence Mine (DNK 

Mine), operated by the Donskoy Mining and Processing 

Plant. The shaft is being constructed to a design depth of 

1200 m. Within the studied depth interval of 900-1200 m, the 

shaft intersects a sequence of ultrabasic rocks that differ 

considerably in lithological composition, degree of distur-

bance, and hydrogeological conditions. Based on enginee-

ring-geological investigation data from shaft pilot borehole 

No. 5-KS, six main rock strata were identified within this 

interval. These strata differ significantly in their physical and 

mechanical properties, stability categories, and hydrogeolog-

ical characteristics (Fig. 1). 

The fourth layer is of particular importance because it 

contains a 17 m thick aquifer at depths of 1040-1057 m. The 

hydraulic conductivity within this aquifer is kf = 0.025 m/day, 

which is several times higher than the average value for the 

surrounding rock mass. Without advance grouting, the total 

predicted water inflow into the shaft may reach 35 m3/h, 

while inflow from individual zones ranges from 2.0 to 

3.5 m3/h. The clear internal diameter of the shaft is D = 8.0 m, 

and a combined shaft-sinking method is used. When the shaft 

intersects the aquifer, its lining is subjected to the combined 

pressure of the surrounding rocks and groundwater, with a 

design value of 1.16-1.32 MPa [25], [54]. 

The upper part of the geological section, extending to a 

depth of 927 m (layer I), consists of moderately to slightly 

fractured gabbro-amphibolites with a compressive strength of 

σс = 42.5 MPa and a deformation modulus of E = 15.0 GPa. 

Below this, at depths of 927-943.2 m (layer II), highly frag-

mented serpentinites occur. These rocks have considerably 

lower strength properties, with σс = 2.28 MPa and an internal 

friction angle of φ = 25°. Layer III (943.2-983 m) consists of 

moderately fractured serpentinites with σс = 24.6 MPa. 

Layer IV (983-1065.8 m) is the most complex and hetero-

geneous part of the section. It is divided into five sublayers 

(IV-1-IV-5), which differ considerably in their degree of frac-

turing, strength properties, and hydrogeological characteristics. 

Sublayer IV-4 (1040-1.057 m) is particularly important be-

cause it represents a 17 m thick water-saturated zone with a 

hydraulic conductivity of kf = 0.025 m/day. Layers V (1065.8-

1136.1 m) and VI (1136.1-1200 m) consist of slightly frac-

tured serpentinites with compressive strengths of σс = 30.68 

and 39.1 MPa, respectively. The physical and mechanical 

properties of the rocks in all layers are presented in Table 1. 

To assess rock mass stability within the studied interval, 

an integrated approach involving two independent methods 

was used. The first method was the Mining Rock Mass Rat-

ing (MRMR) classification developed by D. Laubscher [55]. 

This method assesses the rock mass rating by considering the 

strength of rock blocks, fracture density and condition, as 

well as adjustment factors for weathering, joint orientation, 

blasting operations, and water inflow. 

 
Table 1. Physical and mechanical properties of rocks within the shaft depth interval of 900-1200 m 

Layer No. H, m σc, MPa φ, degrees E, GPa ν 
Weakening 

coefficient 

I 900-927 42.48 41 15.0 0.29 0.6 

II 927-943.2 2.28 25 7.0 0.31 0.2 

III 943.2-983 24.6 33 9.0 0.31 0.4 

IV-1 983-1024.3 28.0 35 10.0 0.31 0.4 

IV-2 1024.3-1028,6 14.0 35 10.0 0.31 0.2 

IV-3 1028.6-1040 19.6 35 10.0 0.31 0.4 

IV-4 1040-1057 19.6 35 10.0 0.31 0.28 

IV-5 1057-1065.8 28.0 35 10.0 0.31 0.4 

V 1065.8-1136.1 30.68 40 14.0 0.30 0.4 

VI 1136.1-1200 39.1 36 12.0 0.29 0.5 
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Layer 

No. 
 

Depth, 

m 

Absolute 

level 

scale 

Thickness  

of the engi-

neering 

geological 

unit 

Description of the engineering geological unit 

Rock mass 

fragmen- 

tation map 

Lithological 

column 

I 

 900 -513.5 Н = 900 m Medium-weakly cracked gabbro amphibolites. 

In the ranges 911.8-922.5 m – amphibolites; 

in the range 911.8-927.0 m – amphibolite serpentinites. 

The rocks have a massive texture, with the exception of the interval  

911.8-927.0 m, where they are shale.  

Quartz-siliceous filler along the cracks. Pyritization is marked on the walls of 

cracks. Crack thickness ranges from fractions of 1-2 mm. 

  

 905 -518.5 

H = 927 m 

 910 -523.5 

 915 -528.5 

 920 -533.5 

 925 -538.5 

 930 -543.5 

II H = 943.2 m 

Fragmented serpentines. 

Serpentines are apopyroxenitic, antigoritic fragmented. 

The cracks are filled with serpophyte filler. 

Crack thickness ranges from fractions of 1-5 mm 

  

 935 -548.5 

 940 -553.5 

 945 -558.5 

III H = 983 m 

Medium-cracked serpentines. 

Serpentines according to peridolite, hornblende peridolite. 

The rocks have a massive texture and are intensely fractured. 

Seopophyte filler is marked along the cracks. The crack thickness  

ranges from fractions of 1-3, 1-5 mm. 

  

 950 -563.5 

 955 -568.5 

 960 -573.5 

 965 -578.5 

 970 -583.5 

 975 -588.5 

 980 -593.3 

 985 -598.5 

IV-1 H = 1024.3 m 
Medium-cracked serpentines. 

In the range 983.0-1028.6 m – serpentines of pyrexene  

peridolite and peridotite; 

in the range 1028.6-1057.6 m – apopyroxene serpentinites 

(1040-1057 m heavily watered); 

in the range 1057.6-1065.8 m – apodunite serpentines.  

The rocks are mostly of massive texture, 

with the exception of the interval 1024.3-1028.6 m,  

where they are cataclysmic and fractured. 

The cracks are filled with serpophyte and serpentine 

filler. The crack thickness ranges from fractions of 1-3 mm. 

  

 990 -603.5 

 995 -608.5 

 1000 -613.5 

 1005 -618.5 

 1010 -623.5 

 1015 -628.5 

 1020 -633.5 

 1025 -638.5 

IV-2 H = 1028.6 m 
 1030 -643.5 

IV-3 H = 1040 m  1035 -648.5 

 1040 -653.5 

IV-4 

 1045 -658.5 

H = 1057 m 
 1050 -663.5 

 1055 -668.5 

 1060 -673.5 

IV-5 H = 1065.8 m  1065 -678.5 

 1070 -683.5 

V H = 1036.1 m 

Slightly cracked serpentines. 

In the range of 1065.6-1080.5 m, there are serpentines 

of massive texture. 

In the ranges 1080.5-1107.0 m and 1124.0-1136.1m,  

the serpentines are apodunite of massive 

texture. In the range of 1107.0-1124 m,  

the serpentines are apopyroxene with a weakish 

texture. There are serpophyte and serpentine fillers along the cracks,  

and brown spots (crusts) of calcification are noted 

along the crack stacks.  

The crack thickness ranges from fractions of mm to 1-3 mm,  

and in the range of 1078.0-1115.3 m up to 5-6 mm. 

  

 1075 -688.5 

 1080 -693.5 

 1085 -698.5 

 1090 -703.5 

 1095 -708.5 

 1100 -713.5 

 1105 -718.5 

 1110 -723.5 

 1115 -728.5 

 1120 -733.5 

 1125 -738.5 

 1130 -743.5 

 1135 -748.5 

 1140 -753.5 

VI H = 1200 m 

Slightly cracked serpentines. 

In the range of 1136.1-1150.0 m, there are serpentines. 

In the range 1136.1-1150.0 m – apopyroxene serpentines;  

in the range 1150.0-1173.0 m – apodunite serpentines;  

in the range 1173.0-1200 m – apoperidotative serpentines. 

The rocks have a massive texture. 

In the ranges 1151.0-1152.0 m; 1158.0-1160.0 m and 

1196.0-1198.0 m, the rocks are intensely fractured.  

The cracks are filled with serpophyte and brusite aggregate. 

Chloritization is observed in the range of 1194.6-1195.1 m.  

The crack thickness ranges from fractions of 1-3 mm. 

  

 1145 -758.5 

 1150 -763.5 

 1155 -768.5 

 1160 -773.5 

 1165 -778.5 

 1170 -783.5 

 1175 -788.5 

 1180 -793.5 

 1185 -798.5 

 1190 -803.5 

 1195 -808.5 

 1200 -813.5 

Figure 1. Stratigraphic column and engineering-geological description of rocks based on the geological section of borehole No. 5-KS 

within the shaft depth interval of 900-1200 m 
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The rock mass rating is calculated as follows: 

w j b gwMRMR RMR A A A A=     ,          (1) 

where: 

RMR – basic rock mass rating (RMR = RRBS + JS + JC); 

Aw – weathering adjustment factor; 

Aj – joint orientation adjustment factor; 

Ab – blasting adjustment factor; 

Agw – groundwater inflow adjustment factor. 

The second method was a code-based calculation of the 

horizontal radial load acting on the lining along the main 

shaft section, determined using the following expression [3]: 

( )01 0.1 3h o u w gc nP K K m K P r =      + −  ,       (2) 

where: 

Ko – load factor (1.3); 

Ku – non-uniform load distribution factor; 

mw – lining service-condition factor; 

Pn – standard horizontal load, kPa; 

r0 – clear shaft radius, m; 

Kgc – geochemical aggressiveness factor.  

The Kgc factor accounts for the reduction in serpentinite 

strength caused by water saturation and is determined  

as follows:  

wet wet
gc

dry dry

C
K

C






=


 ,              (3) 

where: 

φwet – internal friction angle of water-saturated rocks,  

degrees; 

Cwet – cohesion of water-saturated rocks, MPa; 

φdry – nternal friction angle of dry rocks, degrees; 

Cdry – cohesion of dry rocks, MPa. 

For the conditions of sublayer IV-4: φdry = 35°; 

Cdry = 5.0 MPa; φwet – 18°; Cwet = 1.15 MPa; Kgc = 0.118. 

The use of two independent stability assessment methods 

allowed the results to be cross-checked and provided a more 

reliable understanding of the geomechanical condition of 

each rock layer. Based on the stability assessment, an indi-

vidual lining design was developed for each layer. The load-

bearing capacity of the monolithic concrete lining under 

uniform loading was determined using the strength condition 

for a thick-walled ring: 

2

0

0

0.5 1c c

r
P

r




  
 =   −    

+   

,           (4) 

where: 

[σc] – allowable compressive stress of the lining mate-

rial, MPa; 

δ – lining thickness, m. 

The thickness of the monolithic concrete lining was cal-

culated as follows: 

1 3 7
0

1 3 7

1
2

c
l w sc

c s

m m m R
m r

m m m R K P

  

  

 
   

=   − − 
    −  

,    (5) 

where: 

Rc – design compressive strength of concrete, MPa; 

Ks – stress concentration factor; 

P – horizontal pressure acting on the lining, MPa; 

δsc – thickness of the rock-concrete composite shell, m. 

For the aquifer in sublayer IV-4 at depths of 1040-

1057 m, the total pressure acting on the lining was deter-

mined by considering both rock and hydrostatic pressures: 

( )t r w cdP P P K= +  ,             (6) 

where: 

Pr – rock pressure acting on the lining, MPa; 

Pw – hydrostatic pressure (0.01 · h = 0.17 MPa); 

Kcd – long-term stability factor of the grout in an aggres-

sive geochemical environment.  

For Portland cement exposed to magnesium-bearing 

groundwater Kcd >1.0, whereas for polyacrylate gel, 

Kcd = 1.0. 

The conventional method for isolating aquifers during 

shaft sinking is advance cement grouting from the shaft bot-

tom with the construction of a grouting pad. However, the 

geochemical conditions of the serpentinite aquifer at the 

DNK Mine make Portland cement unsuitable as a grouting 

material. The groundwater contains high concentrations of 

Mg2+ and HCO3⁻ ions and has an elevated pH of 9-11 due to 

the active serpentinisation of ultrabasic rocks [54]. Under 

these conditions, Portland cement undergoes magnesium-

induced corrosion according to the following reaction: 

( ) ( )4 42 2
Ca OH + MgSO CaSO + Mg OH→  .      (7) 

The resulting gypsum, CaSO4, causes expansion and  

deterioration of the hardened cement paste, while loose bru-

cite, Mg(OH)2, has no binding properties. As a result, the 

hardened grout gradually deteriorates and loses its water-

proofing properties. An additional challenge is the presence 

of talc minerals, Mg3Si4O10(OH)2, in the fracture fillings. 

Their surfaces are chemically inert and do not provide suffi-

cient adhesion to cement grout. 

Two polyacrylate injection grouts, each consisting of two 

components, were selected for the study. The first was a poly-

acrylate gel based on acrylic acid and its salts. It had a viscos-

ity of 1-2 mPa·s and formed an elastic, waterproof polymer 

network with high resistance to alkaline environments after 

curing. Its main components were acrylic acid monomers, 

CH2 = CH–COOH, which polymerised in the presence of an 

initiator and accelerator to form polyacrylate chains: 

( ) ( )
initiator

2 2CH = CH COOH CH CH COOH
n

n  − → − − −  .    (8) 

The second grout belonged to the class of acrylate gels 

based on methacrylic acid, CH2 = C(CH3)–COOH. It had a 

similar polymerisation mechanism but a higher molecular 

weight of the polymer chains and a different component 

ratio. These differences affected its viscosity, gelation time, 

and adhesion to mineral surfaces. Both grouts were solvent-

free and cured directly within a water-saturated environment. 

The chemical resistance of these materials to alkaline, 

magnesium-bearing groundwater is related to their interac-

tion with Mg2+ and Ca2+ ions. The carboxyl groups of the 

polyacrylate matrix, –COO⁻, form coordination bonds with 

divalent cations according to the following reaction: 

( ) ( )22 COO Mg COO 2Mg− + −− + → − .        (9) 

This reaction forms insoluble metal-organic complexes 

that provide additional crosslinking of the polymer network 

and increase its mechanical strength. Thus, the Mg2+ ions 

present in the groundwater of the serpentinite aquifer do not 
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degrade the grout as they do Portland cement. Instead, they 

act as an additional crosslinking agent that strengthens the 

polymer structure of the gel. The low viscosity of these 

grouts allows them to penetrate microcracks less than 

0.05 mm wide, which is not possible with cement suspen-

sions containing particles 15-40 μm in size. 

Laboratory tests were conducted to compare the adhesion 

properties of two polyacrylate grouts under conditions repre-

sentative of the aquifer at the DNK Mine. Rock samples with 

a mineralogical composition similar to that of the serpentin-

ites in water-bearing sublayer IV-4 were prepared for testing. 

The samples contained at least 80% serpentine minerals, with 

inclusions of talc and magnetite. They were crushed to a 

particle size of 0.5-3.0 mm, corresponding to the typical 

particle-size distribution of disintegrated serpentinites within 

sublayer IV-4. Due to active serpentinisation and water satu-

ration, these rocks partially transform into a loose, sandy 

material with a disturbed structure. Before mixing with the 

grouts, the prepared rock particles were wetted to reproduce 

aquifer conditions, with a degree of water saturation of at 

least 95%. To simulate the alkaline groundwater environ-

ment, the particles were kept in a magnesium hydroxide 

solution, Mg(OH)2, with a pH of 10. 

The tests were conducted in two stages. During the first 

stage, the rock particles were mixed with each of the two 

polyacrylate grouts and examined under an optical micro-

scope after 15, 30, and 60 min, as well as after 2 and 5 h. The 

microscopic examination focused on the coating of mineral 

particles by the polymer matrix, the uniformity of intergranu-

lar void filling, and the polymerisation behaviour of the grout 

in an alkaline, water-saturated environment. 

During the second stage, each mixture of rock particles 

and grout was placed in cylindrical moulds with a diameter 

of 50 mm and a height of 100 mm. The specimens were then 

kept in a moist environment at a temperature of 20 ±2°С. 

The appearance and labelling of the consolidated specimens 

prepared for testing are shown in Figure 2. 

 

(a) (b) 

  

Figure 2. Consolidated serpentinite specimens prepared using two 

polyacrylate grouts before uniaxial compression testing: 

(a) grout 1; (b) grout 2 

 

The specimens were labelled according to the grout type 

and curing period. For grout 1, specimens 1(1) and 1(2) were 

tested after 1 and 3 days, respectively. For grout 2, speci-

mens 2(1) and 2(2) were tested after the same curing periods. 

The compressive strength of the consolidated specimens was 

determined by uniaxial compression testing using a GCTS 

ULT-200 hydraulic press. The rock mass strengthening  

factor was calculated as follows: 

1

c
str

c

K



= ,              (10) 

where: 

σc – compressive strength of the consolidated specimen, MPa; 

σc1 – compressive strength of the unconsolidated rock, MPa. 

The reference strength of the unconsolidated, disintegrat-

ed serpentinite was taken as σc1 = 2.28 MPa. This value cor-

responds to the strength of the fragmented serpentinites in 

layer II and represents the limiting weakened state of the 

water-saturated rocks in sublayer IV-4 after a complete loss 

of structural integrity under aquifer conditions. 

This factor links the laboratory test results with the geo-

mechanical calculations and provides a quantitative measure 

of the increase in rock mass load-bearing capacity after grout 

injection. The Kstr value was also used as an input parameter 

in the numerical model to assign the improved strength prop-

erties of the consolidated rock mass in Rocscience RS3. 

The effectiveness of the proposed aquifer stabilisation tech-

nology was verified using finite element modelling in 

Rocscience RS3. The numerical model covered the depth inter-

val of 1037.3-1062.3 m and consisted of 87216 finite elements, 

with mesh refinement near the shaft boundary. The model 

configuration and finite element mesh are shown in Figure 3. 

 

 

Figure 3. Numerical model configuration and finite element 

mesh in RS3 

 

The clear internal diameter of the shaft was D = 8.0 m. 

Two cases were modelled: a shaft without advance rock mass 

grouting and a shaft surrounded by a 0.75 m thick rock zone 

consolidated with polyacrylate grout. The boundary condi-

tions were specified according to the depth of the aquifer, 

H = 1040-1057 m. The vertical stress was taken as 

σv = γH 27.2 MPa, while the horizontal stress was calculated 

as σh = λσv, where λ is the lateral pressure coefficient deter-

mined from geomechanical calculations for the studied interval. 

The parameters of the unconsolidated, water-saturated rock 

mass in sublayer IV-4 were specified considering the reduction 

in strength caused by water saturation and the geochemical 

aggressiveness factor Kgc = 0.118: σc = 19.6 MPa, φ = 18°, 

С = 1.15 MPa, E = 10.0 GPa, and v = 0.31. The parameters 

of the consolidated rock mass were determined from the 

laboratory test results using a strengthening factor of 

Kstr = 2.28: σc = 6.1 MPa, E = 10.0 GPa, and v = 0.31. For the 

consolidated rock mass, the internal friction angle and cohe-
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sion were taken to be equal to those of dry serpentinite: 

φ = 35° and C = 5.0 MPa. 

The strength factor (SF), defined as the ratio of rock 

strength to the stress acting at a given point in the rock mass, 

was used as the main stability criterion in the numerical 

model. At SF ≥ 1.0, the rock mass is considered stable, 

whereas SF < 1.0 indicates that the rock is at or beyond fail-

ure and that failure zones may develop. The effectiveness of 

grouting was evaluated by comparing the SF distributions 

obtained for the two modelled cases. 

3. Results and discussion 

Microscopic examination of the interaction between the 

two polyacrylate grouts and serpentinite particles with a size 

of 0.5-3.0 mm in an alkaline, water-saturated environment 

(pH = 10) ) revealed clear differences in polymerisation 

behaviour and adhesion to mineral surfaces. Micrographs of 

grout 1 at different stages of polymerisation are presented in 

Figure 4, while those of grout 2 are shown in Figure 5. 

 

(a) 

 

(b) 

 

Figure 4. Micrographs of polyacrylate grout 1 with serpentinite 

particles at pH = 10: (a) initial stage of polymerisation 

after 30 min; (b) completed polymerisation after 5 h 

 

Microscopic analysis of grout 1 showed that within  

15-30 min after mixing, the mineral particles were actively 

coated by the polymer matrix, forming a continuous film  

on the surfaces of serpentine and magnetite grains. The 

rapid gelation of grout 1 in an alkaline, magnesium-bearing 

environment may be associated with the coordination bind-

ing of polyacrylate carboxyl groups with Mg2+ and Ca2+ 

ions according to Eq. (9). In addition, at pH = 9-11,  

acrylate groups may undergo ionisation under the action  

of hydroxide ions: 

( )

( )
2

2 2

CH CH COOH + OH

CH CH COO + H O.

−

−

− − →

→ − −
        (11) 

(a) 

 

(b) 

 

Figure 5. Micrographs of polyacrylate grout 2 with serpentinite 

particles at pH = 10: (a) initial stage of polymerisation 

after 30 min; (b) completed polymerisation after 5 h 

 

The ionisation reaction in Eq. (11) increases the number 

of active carboxylate groups, –COO⁻, that can form coordi-

nation bonds with Mg2+ ions according to Eq. (9). Thus, the 

alkaline environment of groundwater in serpentinite rocks 

does not inhibit the polymerisation of grout 1 and may in-

crease the crosslinking density of the polymer matrix. Poly-

mer-mineral bonding may also be promoted by the interac-

tion between polyacrylate hydroxyl groups and the silicate 

surfaces of serpentine minerals: 

( )

( )

2

2 2

Si OH+ HO CH CH COO

Si O CH CH COO + H O.

n

n

−

−

  − − − − − →
 

 → − − − − −
 

     (12) 

The interaction shown in Eq. (12) may promote bonding 

between the polymer matrix and the silicate surfaces of ser-

pentine minerals. This explains the high uniformity and den-

sity of the polymer network observed in the micrographs in 

Figure 4. The characteristic shiny inclusions correspond to 

serpentine minerals beneath the polymer coating, while the 

dark spots represent magnetite inclusions. 

After 60 min, the polymer matrix of grout 1 uniformly 

filled the intergranular voids and formed continuous bridges 

between the rock particles. Polymerisation was completed 

within 2-5 h, and the intergranular space was completely 

filled with a homogeneous gel. This behaviour corresponds 

to the typical polymerisation kinetics of acrylate systems in 

an alkaline environment. 

Grout 2 behaved quite differently. During the early stages 

of polymerisation (15-30 min), its polymer matrix was light-

er in colour and had a clearly viscous consistency, but the 

coating of mineral particles was less uniform. This was par-

ticularly evident on talc surfaces. Talc, Mg3Si4O10(OH)2, has 

a layered structure with saturated siloxane bonds, Si–O–Si, 

on its basal surfaces. These surfaces are chemically inert and 
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provide no active sites for the adhesion of polymer mole-

cules. One possible interaction mechanism on the edge sur-

faces of talc involves Si–OH and Mg–OH groups: 

( )Si OH+ COO Si O CO+ OH− − − − → − − .     (13) 

However, the number of these active sites on talc parti-

cles is considerably lower than on serpentine minerals. Con-

sequently, grout 2 did not form a continuous adhesive film in 

areas containing talc inclusions. This is confirmed by the 

micrographs in Figure 5, where breaks in the polymer matrix 

and unfilled pores can be seen in the dark areas containing 

talc. This difference in the adhesion of the two grouts to talc 

surfaces explains the difference subsequently observed in the 

strength of the consolidated specimens. 

The results of uniaxial compression tests conducted on 

the consolidated cylindrical specimens using a GCTS ULT-

200 hydraulic press are presented in Table 2. The specimens 

after testing are shown in Figures 6 and 7. 

 
Table 2. Results of uniaxial compression tests on the consolidated specimens 

Specimen Grout 
Curing time, 

days 
σс, MPa 

Height after 

testing, mm 

Axial  

shortening, % 

Deformation  

behaviour 

1(1) Grout 1 1 6.1 85.0 15.0 
Plastic deformation 

without failure 

1(2) Grout 1 3 0.8 97.0 3.0 
Plastic deformation 

without failure 

2(1) Grout 2 1 0.1 44.9 55.1 
Brittle deformation 

with complete failure 

2(2) Grout 2 3 0.1 90.1 10.0 
Brittle deformation 

with partial failure 

 
(a) (b) 

  

Figure 6. Specimens prepared with polyacrylate grout 1 after 

uniaxial compression testing: (a) specimen 1(1) after 1 

day of curing; (b) specimen 1(2) after 3 days of curing 

 

(a) (b) 

  

Figure 7. Specimens prepared with polyacrylate grout 2  

after uniaxial compression testing: (a) specimen  

2(1) after 1 day of curing; (b) specimen 2(2) after 

3 days of curing 

 

The results revealed clear differences in the strength and 

deformation behaviour of the specimens prepared with the 

two grouts. The specimens prepared with grout 1 showed 

considerably higher strength. The maximum compressive 

strength of σc = 6.1 MPa was recorded for specimen 1(1) 

after 1 day of curing, which was 61 times higher than that 

obtained with grout 2 (σc = 0.1  MPa). The variation in the 

strength of both grouts with curing time is shown in Figure 8. 

 

 

Figure 8. Compressive strength σc of the consolidated specimens 

as a function of curing time 

 

The specimens prepared with grout 1 exhibited plastic de-

formation. Instead of brittle failure, they underwent uniform 

axial shortening while maintaining their integrity, as shown 

in Figure 9. The axial shortening of specimen 1(2) after 3 

days of curing was only 3%, whereas that of specimen 2(1) 

reached 55.1%. This behaviour is particularly important 

under the conditions of a shaft aquifer, where the consolidat-

ed rock mass is subjected to long-term quasi-static loading 

caused by rock and hydrostatic pressures. The plastic behav-

iour of grout 1 is related to the highly elastic nature of the 

polyacrylate gel crosslinked by magnesium–carboxylate 

coordination complexes, (−COO)2Mg, according to Eq. (9). 

This polymer network can redistribute loads between its 

chains without brittle rupture. 
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Figure 9. Axial shortening of the consolidated specimens after 

uniaxial compression testing 
 
The specimens prepared with grout 2 showed considerably 

lower strength, with σc = 0.1 MPa after both curing periods. 
Specimen 2(1) lost its shape and underwent an axial shorten-
ing of 55.1%, indicating weak bonding between the polymer 
matrix and mineral particles. The absence of any strength 
increase between 1 and 3 days suggests that the interaction of 
grout 2 with the surfaces of serpentine and talc particles 
either ended at an early stage with the formation of a weakly 
bonded structure or failed to produce stable bonds. This 
finding is consistent with the microscopic observations. 

For specimen 1(2) prepared with grout 1, the compressive 
strength after 3 days of curing was σc = 0.8 MPa, which was 
lower than that of specimen 1(1) after 1 day. This difference 
may be attributed to the variability typical of manually mould-
ed specimens prepared from particulate materials, which may 
reach 30-50% of the mean value. Nevertheless, both speci-
mens prepared with grout 1 retained their shape and integrity 
after testing, qualitatively confirming its greater effectiveness 
compared with grout 2. To establish statistically reliable rela-
tionships between strength and curing time, further studies 
should include 3-5 specimens for each curing period. 

The rock mass strengthening factor Kstr was calculated 
from the test results using Eq. (10). At the reference strength 
of the unconsolidated serpentinite, σc1 = 2.28 MPa, the ma-
ximum strengthening factor obtained for grout 1 was 2.68. 
Thus, grout 1 increased the strength of the disintegrated 
serpentinite within the aquifer by a factor of 2.68. After 
grouting, the rock mass strength in sublayer IV-4 increased 
from 2.28 to 6.1 MPa, resulting in the formation of a stable 
water-sealing grouted zone around the shaft. This strength, 
combined with the monolithic concrete lining, is expected to 
improve rock mass stability and support safe shaft sinking 
through the aquifer while limiting groundwater inflow. 

Thus, the combined results of microscopic observations 
and mechanical tests clearly indicate that polyacrylate grout 
1 is preferable for use in the water-bearing sublayer IV-4 of 
the DNK Mine. Its advantages are associated with three 
interrelated factors. First, it remains chemically stable in an 
alkaline, magnesium-bearing environment: Mg2+ ions do not 
degrade the grout but strengthen its polymer network through 
(−COO)2Mg coordination crosslinks. Second, the consolidat-
ed rock mass reaches a high compressive strength of 
σc = 6.1 MPa and exhibits plastic deformation without brittle 
failure. Third, the grout provides a more uniform coating of 
both serpentine and talc mineral surfaces, as confirmed by 
microscopic observations. 

Based on the laboratory results, an advance grouting 

scheme for stabilising the aquifer from the shaft bottom was 

developed, as shown in Figure 10. The grout is injected 

through boreholes with a length of L = 25.0 m, drilled at an 

angle of α = 5° to the shaft axis and spaced 1.2 m apart. This 

creates a 750 mm thick annular grouted zone around the 

shaft. The boreholes begin 2.7 m above the roof of the aqui-

fer, at a depth of 1037.3 m, and extend 5.3 m below its floor 

to a depth of 1062.3 m, providing complete isolation of the 

1040-1057 m interval. 

 

 

Figure 10. Advance grouting scheme for water-bearing sublayer 

IV-4 from the bottom of the Skipovoy shaft 

 

To compare rock mass stability with and without advance 

grouting, the SF distribution was analysed in a horizontal 

section at a depth of 1037 m (Fig. 11) and in a vertical section 

along the shaft axis (Fig. 12). This made it possible to assess 

changes in the shape and extent of the zones with SF < 1.0. 

A three-dimensional visualisation of the strength factor 

distribution near the shaft boundary is presented in Figure 13. 

The numerical modelling results revealed clear differences 

in the stress–strain state of the rock mass between the two 

cases. In case 1, without advance grouting, the strength factor 

along the shaft boundary within the aquifer interval was 

SF ≈ 0.5-0.7. These values indicate that the rock mass ap-

proaches failure and does not have the strength required for 

safe shaft sinking. In the horizontal section (Fig. 11a), an ex-

tensive zone with SF < 1.0developed around the shaft and 

extended a considerable distance from its boundary. This indi-

cates the formation of continuous potential failure zones and a 

high risk of groundwater inflow when the aquifer is exposed. 

The vertical section (Fig. 12a) confirms that the low-SF zone 

extends uniformly throughout the 1037-1062 m interval, with 

no local areas providing an adequate strength reserve. 

In case 2, with polyacrylate grouting, the stress-strain 

state changed considerably. The minimum SF along the 

shaft boundary increased from 0.50 to 0.67, while the  

maximum value increased from 2.85 to 3.83. More im-

portantly, the horizontal section (Fig. 11b) shows a concen-

tric zone with SF > 1.0 around the shaft boundary. This 

zone forms a continuous ring of consolidated rock that acts 

as a water-sealing barrier.  
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(a) (b) 

  

Figure 11. Strength factor (SF) distribution in a horizontal section at a depth of 1037 m: (a) without advance grouting, case 1; (b) with 

polyacrylate grouting, case 2 

 

(a) (b) 

  

Figure 12. Strength factor (SF) distribution in a vertical section along the shaft axis within the depth interval of 1037-1062 m: 

(a) without advance grouting, case 1; (b) with polyacrylate grouting, case 2 

 

(a) (b) 

  

Figure 13. Three-dimensional visualisation of the strength factor (SF) distribution near the shaft boundary at a depth of 1037 m: (a) 

without advance grouting, case 1; (b) with polyacrylate grouting, case 2 

 

The change from the green-cyan range (SF = 0.5-0.9) in 

case 1 to dark blue (SF > 1.0) in case 2 demonstrates the effect 

of grouting. In the vertical section (Fig. 12b), the consolidated 

zone extends continuously throughout the 1037-1062 m inter-

val and beyond both the roof and floor of the aquifer, reducing 

the risk of water inflow through untreated sections. 

The three-dimensional visualisation of the strength factor 

distribution near the shaft boundary shows that case 1 

(Fig. 13a) contains extensive zones with SF < 1.0 directly 

adjacent to the shaft. These zones represent rock at or beyond 

failure and could lead to local rock collapse and uncontrolled 

groundwater inflow during shaft sinking. In case 2 

(Fig. 13b), the same areas are shown in dark blue, corre-

sponding to SF > 1.0. The rock zone consolidated with poly-

acrylate gel covers the potential failure areas and provides a 

stable shaft boundary around its entire perimeter. 
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The maximum principal stress σ1 near the shaft boundary 

remained at a comparable level of approximately 24-47 MPa 

in both cases. This range corresponds to the natural stress 

field at the studied depth and indicates that grouting does not 

significantly redistribute the stress field. Instead, it increases 

the load-bearing capacity of the rock mass by improving its 

strength properties in accordance with Kstr = 2.68. 

Thus, the numerical modelling results indicate that ad-

vance grouting of water-bearing sublayer IV-4 with poly-

acrylate grout can effectively improve rock mass stability 

during shaft sinking at depths of 1040-1057 m. The laborato-

ry results (Kstr = 2.68; σc = 6.1 MPa), together with the in-

crease in SF predicted by the numerical model, support the 

use of the proposed technology as an alternative to conven-

tional cement grouting in alkaline, magnesium-bearing 

groundwater. 

4. Conclusions 

The geochemical conditions of water-bearing sublayer 

IV-4 at depths of 1040-1057 m in the 10th Anniversary of 

Kazakhstan’s Independence Mine limit the effective use of 

Portland cement as a grouting material. The groundwater is 

alkaline (pH = 9-11) and contains high concentrations of 

Mg2+ and HCO3⁻ ions and dissolved SiO2. In this environ-

ment, Portland cement undergoes magnesium-induced corro-

sion, producing loose brucite, Mg(OH)2, and gradually losing 

its waterproofing properties. The geochemical aggressiveness 

factor Kgc = 0.118 indicates an approximately 8.5-fold reduc-

tion in the strength characteristics of water-saturated serpen-

tinite, accompanied by a decrease in the internal friction 

angle from 35° to 18° and in cohesion from 5.0 to 1.15 MPa. 

Polyacrylate grout 1, based on acrylic acid, provided 

stronger adhesion to serpentinite surfaces than grout 2, which 

was based on methacrylic acid. Microscopic observations 

indicate the possible formation of (−COO)2Mg coordination 

complexes between the carboxyl groups of grout 1 and Mg2+ 

ions in an alkaline environment at pH = 10. This interaction 

improves the chemical resistance of the grout and provides 

additional crosslinking of its polymer network. The weaker 

adhesion of grout 2 to talc surfaces, Mg3Si4O10(OH)2, is 

associated with the chemical inertness of Si–O–Si siloxane 

bonds on the basal surfaces of talc. 

After 1 day of curing, the compressive strength of conso-

lidated serpentinite specimens with a particle size of  

0.5-3.0 mm prepared using grout 1 reached σc = 6.1 MPa. 

The specimens exhibited plastic deformation without brittle 

failure, with an axial shortening of 15%. Their strength was 

61 times higher than that of the specimens prepared using 

grout 2 (σc = 0.1 MPa; axial shortening of 55.1%). The 

strengthening factor of the disintegrated serpentinite treated 

with grout 1 was Kstr = 2.68, corresponding to an increase in 

strength from 2.28 to 6.1 MPa and supporting the formation 

of a stable water-sealing grouted zone around the shaft. 

Finite element modelling in Rocscience RS3 using a 

model consisting of 87216 elements showed that, without 

advance grouting, the strength factor along the shaft bounda-

ry within the aquifer was SF = 0.50-0.70, indicating that the 

rock mass was close to failure. With polyacrylate grouting, 

the minimum SF increased from 0.50 to 0.67, while the  

maximum increased from 2.85 to 3.83. A concentric 0.75 m 

thick zone with improved stability formed around the shaft 

boundary and was designed to act as a water-sealing barrier. 

The results demonstrate the potential of polyacrylate 
grouts for stabilising aquifers during vertical shaft sinking in 
serpentinite rock masses containing alkaline, magnesium-
bearing groundwater. The proposed technology can be con-
sidered an alternative to conventional cement grouting under 
similar mining-geological and hydrogeological conditions. 
Further research should focus on optimising injection pres-
sure, grout consumption per metre of borehole, and injection 
borehole layout to reduce costs while maintaining the  
required shaft stability. 

Author contributions 

Conceptualization: BB; Data curation: BB; Investigation: 
DA; Methodology: AA; Resources: YA; Software: AA; Vali-
dation: DA; Visualization: AA; Writing – original draft: BB, 
DA; Writing – review & editing: AA, YA. All authors have 
read and agreed to the published version of the manuscript. 

Funding 

This research is funded by the Science Committee of the 
Ministry of Science and Higher Education of the Republic 
of Kazakhstan (Grant No. AP27510373 “Development of 
an innovative method for driving and supporting mine 
shafts using stabilizing structures in unsteady and water-
saturated rock masses”). 

Acknowledgements 

The authors sincerely thank the specialists of the Donskoy 
Mining and Processing Plant and the 10th Anniversary of 
Kazakhstan’s Independence Mine for their assistance in col-
lecting and interpreting the geological and geotechnical data. 
The authors also acknowledge the technical support provided 
during the laboratory testing and numerical modelling. 

Conflicts of interest 

The authors declare no conflict of interest. 

Data availability statement 

The original contributions presented in the study are  
included in the article, further inquiries can be directed to the 
corresponding author. 

References 

[1] Li, Z., Lai, J., Ren, Z., Shi, Y., & Kong, X. (2023). Failure mechanical behav-
iors and prevention methods of shaft lining in China. Engineering Failure 
Analysis, 143, 106904. https://doi.org/10.1016/j.engfailanal.2022.106904 

[2] Yang, R., Lu, F., Ma, X., Yang, L., Hu, Y., & Zhang, S. (2025). Model 
experimental study on the safety characteristics of surrounding rock sup-
ports in deep wells. International Journal of Minerals, Metallurgy, and 
Materials, 32(12), 2866-2879. https://doi.org/10.1007/s12613-025-3132-8 

[3] Beysebaev, A.M., Bitimbaev, M.Zh., & Pshenichnyiy, A.Ya. (1999). 
Provedenie gornykh vyrabotok. Almaty, Kazakhstan: KazNTU, 394 p. 

[4] Buktukov, N.S., Gumennikov, Y.S., Moldabayeva, G.Z., Buktukov, B.Z., 
& Yesbergenova, E.S. (2024). New solutions for mechanized small di-
ameter shaft sinking for residual oil production. SOCAR Proceedings, 
1, 81-86. https://doi.org/10.5510/OGP20240100944 

[5] Utegulov, B., Utegulov, A., Begentaev, M., Zhumazhanov, S., & 
Zhakipov, N. (2011). Method for determining parameters of isolation 
network voltage up to 1000 V in mining enterprises. Source of the 
Document Proceedings of the IASTED International Conference on 
Power and Energy Systems and Applications, PESA, 50-53. 
https://doi.org/10.2316/P.2011.756-028 

[6] Zhautikov, B.A., & Aikeyeva, A.A. (2018). Development of the  
system for air gap adjustment and skip protection of electromagnetic 
lifting unit. Journal of Mining Institute, 229, 62-69. 
https://doi.org/10.25515/PMI.2018.1.62 

https://doi.org/10.1016/j.engfailanal.2022.106904
https://doi.org/10.1007/s12613-025-3132-8
https://doi.org/10.5510/OGP20240100944
https://doi.org/10.2316/P.2011.756-028
https://doi.org/10.25515/PMI.2018.1.62


B. Bektur, D. Amanzholov, A. Alip, Y. Abshayakov. (2026). Mining of Mineral Deposits, 20(3), 30-42 

 

41 

[7] Pashchenko, O., Khomenko, V., Ishkov, V., Koroviaka, Y., Kirin, R., & 

Shypunov, S. (2024). Protection of drilling equipment against vibrations 

during drilling. IOP Conference Series: Earth and Environmental Science, 

1348(1), 012004. https://doi.org/10.1088/1755-1315/1348/1/012004 

[8] Lozynskyi, V., Yussupov, K., Rysbekov, K., Rustemov, S., & Bazaluk, O. 

(2024). Using sectional blasting to improve the efficiency of making 

cut cavities in underground mine workings. Frontiers in Earth Science, 

12, 1366901. https://doi.org/10.3389/feart.2024.1366901 

[9] Toshov, J.B., Fozilov, D.M., Yelemessov, K.K., Ruziev, U.N., Abdul-

layev, D.N., Baskanbayeva, D.D., & Bekirova, L. (2024). Increasing 

the durability of drill bit teeth by changing its manufacturing technolo-

gy. Obrabotka Metallov/Metal Working and Material Science, 26(4), 

112-124. https://doi.org/10.17212/1994-6309-2024-26.4-112-124 

[10] Trembach, B. Hossain, M.M., Kabir, M.H., Silchenko, Y., Krbata, M., 

Sadovyi, K., & Kolomiitsev, O. (2024). Prediction of phase composi-

tion and mechanical properties Fe-Cr-C-B-Ti-Cu hardfacing alloys: 

Modeling and experimental validations. Heliyon, 10(3), E25199. 

https://doi.org/10.1016/j.heliyon.2024.e25199 

[11] Pashchenko, O., Ratov, B., Khomenko, V., Gusmanova, A., & 

Omirzakova, E. (2024). Methodology for optimizing drill bit perfor-

mance. International Multidisciplinary Scientific GeoConference Sur-

veying Geology and Mining Ecology Management, 24(1.1), 623-631. 

https://doi.org/10.5593/sgem2024/1.1/s06.78 

[12] Ratov, B.T., Mechnik, V.A., Bondarenko, N.A., Kolodnitsky, V.N., 

Khomenko, V.L., Sundetova, P.S., Korostyshevsky, D.L., Bayamirova, R.U., 

& Makyzhanova, A.T. (2024). Increasing the durability of an impreg-

nated diamond core bit for drilling hard rocks. SOCAR Proceedings, 1, 

24-31. https://doi.org/10.5510/OGP20240100936 

[13] Skidin, I.E., Vodennikova, O.S., Saithareiev, L.N., Baboshko, D.Y., & 

Barmenshinova, M.B. (2023). Technology of forming a wear-resistant 

thermite alloy layer based on the Fe-Cr-C system by self-propagating 

high-temperature synthesis. IOP Conference Series: Earth and Envi-

ronmental Science, 1254(1), 012008. https://doi.org/10.1088/1755-

1315/1254/1/012008  

[14] Serdaliyev, Y., Iskakov, Y., Shukirbayev, K., Kenessov, Z., & Amangeldi, 

S. (2026). Geomechanical justification of combined support for temporary 

workings during rib pillar extraction under dynamic loading. Mining of 

Mineral Deposits, 20(2), 75-88. https://doi.org/10.33271/mining20.02.075 

[15] Nurpeisova, M., Kirgizbaeva, D., Kopzhasaruly, K., & Bek, A. (2015). 

Integrated sustaining of technogenic mine structures. New Developments 

in Mining Engineering 2015: Theoretical and Practical Solutions of 

Mineral Resources Mining, 199-204. https://doi.org/10.1201/b19901-36 

[16] Fabich, S., Bauer, J., Rajczakowska, M., & Świtoń, S.P. (2015).  

Design of the shaft lining and shaft stations for deep polymetallic ore 

deposits: Victoria Mine case study. Mining Science, 22, 127-146. 

https://doi.org/10.5277/msc152213 

[17] Bektur, B.K., Torehanov, A., & Beksultan, A. (2019). Razrabotka effek-

tivnoi konstruktsii krepi vertikalnogo shahtnogo stvola, sooruzhaemogo v 

slozhnykh gorno-geologicheskikh usloviyakh. Ratsionalnoe ispolzovanie 

mineralnogo i tekhnogennogo syrya v usloviyakh Industrii 4.0. Sbornik 

Trudov Mezhdunarodnoi Nauchno-Prakticheskoi Konferentsii, 316-319. 

[18] Diamantis, K., & Fereidooni, D. (2023). Assessing the strength and 

deformation properties of serpentinite rocks in dry and saturated 

conditions. Iranian Journal of Science, 47, 1169-1178. 

https://doi.org/10.1007/s40995-023-01512-9 

[19] Vásárhelyi, B. (2005). Statistical analysis of the influence of water content 

on the strength of the Miocene limestone. Rock Mechanics and Rock 

Engineering, 38(1), 69-76. https://doi.org/10.1007/s00603-004-0034-3 

[20] Bekbergenov, D.K., Jangulova, G.K., & Bektur, B.K. (2019). Current 

condition and outlooks of sustainable development of chromite under-

ground mining at lower horizons of mines of the Donskoy Mining and 

Processing Plant. News of the National Academy of Sciences of the Re-

public of Kazakhstan, Series of Geology and Technical Sciences, 

1(433), 90-97. https://doi.org/10.32014/2019.2518-170X.11 

[21] Dubovenko, Y.I., Nazirova, A.B., & Abdoldina, F.N. (2022). Data-

driven preprocessing of gravity data in oilfield GIS monitoring system 

in Kazakhstan. International Conference Monitoring of Geological 

Processes and Ecological Condition of the Environment, 1, 1-4. 

https://doi.org/10.3997/2214-4609.2022580267 

[22] Nazirova, A.B., Dubovenko, Y.I., Abdoldina, F.N., & Kuzminets, M.P. 

(2021). Optimization of GIS modules for processing data of gravity 

monitoring of subsoil in the Republic of Kazakhstan. Geoinformatics, 

1, 1-6. https://doi.org/10.3997/2214-4609.20215521136 

[23] Nazirova, A., Kalimoldayev, M., Abdoldina, F., & Dubovenko, Y. 

(2022). Optimization of an information system module for solving  

a direct gravimetry problem using a genetic algorithm. Eastern-

European Journal of Enterprise Technologies, 2(9)116), 21-34 

https://doi.org/10.15587/1729-4061.2022.253976 

[24] Kirgizbaeva, D., Nurpeisova, M., Shakirov, Z., & Levin, E. (2015). 

Use of geographic information systems at creation three-dimensional 

models of mine objects. New Developments in Mining Engineering 

2015: Theoretical and Practical Solutions of Mineral Resources  

Mining, 117-121. https://doi.org/10.1201/b19901-22 

[25] Zherebko, L., Shamganova, L., Jangulova, G., Kassymkanova, Kh., & 

Bektur, B. (2016). Specific character of Donskoy chromites develop-

ment in complex mining and geological conditions. 16th International 

Multidisciplinary Scientific GeoConference 2016: Science and Tech-

nologies in Geology, Exploration and Mining, 2, 775-789. 

https://doi.org/10.5593/sgem2016/b12/s03.101 

[26] Aitkazinova, S.K., Imansakipova, B.B., Sdvizhkova, O.O., Kirgiz-

baeva, D.M., & Imansakipova, A.B. (2025). Localization of the sink-

hole hazard of the earth's surface during underground mining. News 

of the National Academy of Sciences of the Republic of Kazakhstan, 

Series of Geology and Technical Sciences, 4(472), 8-26. 

https://doi.org/10.32014/2025.2518-170X.527 

[27] Nurpeisova, M.B., Meirambek, G., Fedotenko, N.A., & Anetov, B.T. 

(2024). A new approach to monitoring deformation of engineering 

structures in seismically active regions. Eurasian Mining, 2, 43-45. 

https://doi.org/10.17580/em.2024.01.09 

[28] Efendiyev, G.M., Moldabayeva, G.Z., Buktukov, N.S., & Kuliyev, M.Y. 

(2024). Comprehensive cementing quality assessment and risk  

management system. SOCAR Proceedings, 4, 42-47. 

https://doi.org/10.5510/OGP20240401015 

[29] Muhamedzhanov, M.A. (1989). Formirovanie podzemnykh vod Tsen-

tralnogo Kazakhstana. Almaty, Kazakhstan: Nauka KazSSR, 160 p. 

[30] Cipolli, F., Gambardella, B., Marini, L., Ottonello, G., & Vetuschi 

Zuccolini, M. (2004). Geochemistry of high-pH waters from serpentin-

ites of the Gruppo di Voltri (Genova, Italy) and reaction path modeling 

of CO2 sequestration in serpentinite aquifers. Applied Geochemistry, 

19(5), 787-802. https://doi.org/10.1016/j.apgeochem.2003.10.007 

[31] Amanzholov, D., Bakhramov, B., & Bektur, B. (2024). Rock exfoliation in 

the unstable formations during underground mine working driving and 

selection of efficient adhesive compositions for strengthening. Mining of 

Mineral Deposits, 18(3), 104-113. https://doi.org/10.33271/mining18.03.104 

[32] Serdaliyev, Y., Iskakov, Y., Bakhramov, B., & Amanzholov, D. (2022). 

Research into the influence of the thin ore body occurrence elements 

and stope parameters on loss and dilution values. Mining of Mineral 

Deposits, 16(4), 56-64. https://doi.org/10.33271/mining16.04.056 

[33] Khairullayev, N.B., Aliev, S.B., Yusupova, S.А., Eluzakh, M., & 

Akhmetkanov, D.K. (2021). Studies of solution activation in geotechno-

logical mining methods. Ugol, 9, 55-57. https://doi.org/10.18796/0041-

5790-2021-9-55-57 

[34] Omarov, A., Yussupov, K., Yeluzakh, M., & Myrzabek, G. (2024). 

Improvement of maintenance and repair work on technological wells in 

the conditions of the “North and South Karamurun” deposit, Kazakhstan. 

Geological Quarterly, 68(2), 1-10. https://doi.org/10.7306/gq.1744 

[35] Omarov, A., Yussupov, K., Yeluzakh, M., & Seitmaganbetov, E. 

(2024). Study of an innovative optimisation method for repair and 

renewal of production wells in the central section of the Mynkuduk 

field. Geomechanics and Geoengineering, 20(1), 138-159. 

https://doi.org/10.1080/17486025.2024.2367445 

[36] Yussupov, K., Abdissattar, G., Aben, E., Myrzakhmetov, S., Akhmet-

kanov, D., & Yelzhanov, E. (2025). A novel process for decolmatation of 

wells during in situ leach mining of uranium. Civil Engineering Journal, 

11(4), 1447-1457. https://doi.org/10.28991/CEJ-2025-011-04-011 

[37] Ratov, B., Borash, A., Biletskiy, M., Khomenko, V., Koroviaka, Y., 

Gusmanova, A., Pashchenko, O., Rastsvietaiev, V., & Matyash, O. 

(2023). Identifying the operating features of a device for creating  

implosion impact on the water bearing formation. Eastern-European 

Journal of Enterprise Technologies, 5(1(125)), 35-44. 

https://doi.org/10.15587/1729-4061.2023.287447 

[38] Omarov, A., Yussupov, K., Yeluzakh, M., & Akzholova, A. (2026). 

Development of an innovative combined well regeneration method for 

in-situ uranium leaching. Geomechanics and Geoengineering, 21(3), 

925-950. https://doi.org/10.1080/17486025.2026.2630675 

[39] Moldabayeva, G.Z., Turdiyev, M.F., Suleimenova, R.T., Buktukov, N.S., 

Efendiyev, G.М., Kodanova, S.K., & Tuzelbayeva, S.R. (2025). Applica-

tion of the integrated well-surface facility production system for selecting 

the optimal operating mode of equipment. Kompleksnoe Ispolzovanie 

Mineralnogo Syra, 335(4), 96-109. https://doi.org/10.31643/2025/6445.44  

[40] Pashchenko, O.A., Khomenko, V.L., Ratov, B.T., Koroviaka, Ye.A., & 

Rastsvietaiev, V.O. (2024). Comprehensive approach to calculating 

operational parameters in hydraulic fracturing. IOP Conference Series: 

Earth and Environmental Science, 1415(1), 012080. 

https://doi.org/10.1088/1755-1315/1415/1/012080 

https://doi.org/10.1088/1755-1315/1348/1/012004
https://doi.org/10.3389/feart.2024.1366901
https://doi.org/10.17212/1994-6309-2024-26.4-112-124
https://doi.org/10.1016/j.heliyon.2024.e25199
https://doi.org/10.5593/sgem2024/1.1/s06.78
https://doi.org/10.5510/OGP20240100936
https://doi.org/10.1088/1755-1315/1254/1/012008
https://doi.org/10.1088/1755-1315/1254/1/012008
https://doi.org/10.33271/mining20.02.075
https://doi.org/10.1201/b19901-36
https://doi.org/10.5277/msc152213?utm_source=chatgpt.com
https://doi.org/10.1007/s40995-023-01512-9
https://doi.org/10.1007/s00603-004-0034-3
https://doi.org/10.32014/2019.2518-170X.11
https://doi.org/10.3997/2214-4609.2022580267
https://doi.org/10.3997/2214-4609.20215521136
https://doi.org/10.15587/1729-4061.2022.253976
https://doi.org/10.1201/b19901-22
https://doi.org/10.5593/sgem2016/b12/s03.101
https://doi.org/10.32014/2025.2518-170X.527
https://doi.org/10.17580/em.2024.01.09
https://doi.org/10.5510/OGP20240401015
https://doi.org/10.1016/j.apgeochem.2003.10.007
https://doi.org/10.33271/mining18.03.104
https://doi.org/10.33271/mining16.04.056
https://doi.org/10.18796/0041-5790-2021-9-55-57
https://doi.org/10.18796/0041-5790-2021-9-55-57
https://doi.org/10.7306/gq.1744
https://doi.org/10.1080/17486025.2024.2367445
https://doi.org/10.28991/CEJ-2025-011-04-011
https://doi.org/10.15587/1729-4061.2023.287447
https://doi.org/10.1080/17486025.2026.2630675
https://doi.org/10.31643/2025/6445.44
https://doi.org/10.1088/1755-1315/1415/1/012080


B. Bektur, D. Amanzholov, A. Alip, Y. Abshayakov. (2026). Mining of Mineral Deposits, 20(3), 30-42 

 

42 

[41] Ratov, B.T., Bayamirova, R.Y., Khomenko, V.L., Kazimov, E.A., & 

Togasheva, A.R. (2025). Determination of the composition and static 

characteristics of a water shutoff agent for the Kalamkas field. SOCAR 

Proceedings, 1, 67-76. https://doi.org/10.5510/OGP20250101045 

[42] Karol, R.H. (2003). Chemical grouting and soil stabilization. New Jersey, 

United States: Marcel Dekker, 584 p. https://doi.org/10.4324/9780429213830 

[43] Warner, J. (2004). Practical handbook of grouting: Soil, rock, and 

structures. Hoboken, United States: John Wiley & Sons, 464 p. 

[44] Kutzner, C. (1996). Grouting of rock and soil. London, United King-

dom: CRC Press, 244 p. https://doi.org/10.1201/9781003077893 

[45] Yan, D., Lai, L., Xiao, X., Zhang, L., Zhao, Z., & Zhao, J. (2023). 

Water consolidation performance of acrylic-polymer-modified materi-

als and their concrete impermeability repair characteristics. Gels, 9(9), 

764. https://doi.org/10.3390/gels9090764 

[46] Skrzypkowski, K., Korzeniowski, W., Zagórski, K., & Zagórska, A. 

(2019). Flexibility and load-bearing capacity of roof bolting as func-

tions of mounting depth and hole diameter. Energies, 12(19), 3754. 

https://doi.org/10.3390/en12193754 

[47] Aitkazinova, S., Golovko, Y., Sdvyzhkova, O., Imansakipova, B., 

Babets, D., & Kirgizbayeva, D. (2025). Modeling of elastic oscillations 

in a fractured rock mass ahead of an underground roadway face. Engi-

neered Science, 35, 1582. https://doi.org/10.30919/es1582 

[48] Meirambek, G., Nurpeissova, M.B., Rysbekov, K.B., Kirgizbaeva, 

D.M., Soltabayeva, S.T., Shakirov, Z.B., Turumbetov TA. & 

Adilbekova, L.K. (2025). Numerical modelling of stress-strain state 

during combined mining of Zhilandy group of deposits. ES Energy and 

Environment, 31, 1909. https://doi.org/10.30919/ee1909 

[49] Li, M., Maffei, A., Mukhanova, G., Kuldeyev, E., Amralinova, B., & 

Tymbayeva, Z. (2025). Reverse supply chain optimization in Kazakh-

stan’s mining industry: Unlocking value from waste. Sustainability, 

17(23), 10589. https://doi.org/10.3390/su172310589 

[50] Auyesbek, S., Sarsenbayev, B., Lesovik, V., Kolesnikova, O., Begentayev, 

M., Kuldeyev, E., Kolesnikov, A., Tulaganov, B., Sauganova, G., & Zhu-

mayev, Z. (2025). Studies on the production of a ground silicate composite 

based on a mineral slag binder with the disposal of industrial waste. Jour-

nal of Composites Science, 9(5), 225. https://doi.org/10.3390/jcs9050225 

[51] Karmanov, T., Tussupbayev, N., Kaliyev, B., Zhautikov, B., & Mau-

letbekova, A.B. (2024). Optimizing separation of waste drilling muds 

through ultraflocculation and flocculant selection. Acta Montanistica 

Slovaca, 29(3), 618-629. https://doi.org/10.46544/ams.v29i3.09 

[52] Zhakypbek, Y., Toktar, M., Kossalbayev, B.D., Baktygali, A., 

Kamarkhan, Z., Tursbekov, S., Abdalimov, E., Bektayev, M.E., Bak-

bergen, T., & Belkozhayev, A.M. (2025). Effects of gold mining on the 

physicochemical properties of soils at the Akbakai gold deposit. Engi-

neered Science, 36, 1670. https://doi.org/10.30919/es1670 

[53] Li, Y., Zhuang, Z., Xia, Q., Shi, Q., Zhu, J., Wang, P., Li, D., Zhakyp-

bek, Y., & Tursbekov, S. (2025). Health risk assessment of heavy met-

als in coal mine soils of Northwest China. Journal of Arid Land, 17(7), 

933-957. https://doi.org/10.1007/s40333-025-0023-9 

[54] Bekbergenov, D., Jangulova, G., Zherebko, L., Bektur, B., & 

Seidakhmetova, Z. (2019). Study of the effect of refining on the sus-

tainability of the level of the system with ore self-mining on the deep 

levels of the “DNK” colliery. International Journal of Civil Engineer-

ing and Technology, 10(1), 2090-2103. 

[55] Laubscher, D.H. (1990). A geomechanics classification system for 

the rating of rock mass in mine design. Journal of the South African 

Institute of Mining and Metallurgy, 90(10), 257-273. 

https://doi.org/10.10520/AJA0038223X_1954  

Розроблення та обґрунтування конструкцій кріплення вертикального шахтного ствола 

у складних гірничо-геологічних і гідрогеологічних умовах 

Б. Бектур, Д. Аманжолов, А. Аліп, Є. Абшаяков 

Мета. Розроблення та обґрунтування технології ін’єкційного закріплення водоносного горизонту під час проходження вертика-

льного шахтного ствола в серпентинітовому масиві з лужними магнієвмісними підземними водами, що обмежують ефективність 

традиційної цементації. 

Методика. Дослідження включало аналіз геохімічних умов водоносного горизонту пласта IV-4 шахти “Десятиріччя Незалеж-

ності Казахстан” з визначенням коефіцієнта геохімічної агресивності середовища Kgc; лабораторні випробування двох двокомпоне-

нтних поліакрилатних складів на консолідованих зразках серпентиніту фракції 0.5-3.0 мм у водонасиченому лужному середовищі 

при pH = 10; мікроскопічний аналіз процесу полімеризації; випробування на одноосьовий стиск на пресі GCTS ULT-200; скінчен-

но-елементне моделювання в Rocscience RS3 для масиву до та після ін’єкційного закріплення. 

Результати. Встановлено, що геохімічні умови водоносного горизонту з pH = 9-11 і наявністю іонів Mg2+, HCO3⁻ та розчинено-

го SiO2 обмежують застосування портландцементу внаслідок розвитку магнезіальної корозії. Коефіцієнт Kgc = 0.118 характеризує 

зниження несучої здатності серпентинітового масиву під час зволоження у 8.5 рази. Міцність зразків із першим поліакрилатним 

складом досягла 6.1 МПа при Kstr = 2.68, що у 61 раз перевищує міцність зразків із другим складом. Чисельне моделювання показа-

ло збільшення мінімального значення SF із 0.50 до 0.67, а максимального – із 2.85 до 3.83 із формуванням навколо ствола зони 

підвищеної стійкості. 

Наукова новизна. Обґрунтовано спільне використання коефіцієнтів Kgc і Kstr для оцінювання геохімічного впливу та ефектив-

ності зміцнення серпентинітового масиву. Запропоновано інтерпретацію взаємодії поліакрилатного гелю з іонами Mg2+ через утво-

рення координаційних комплексів (–COO)2Mg. 

Практична значимість. Запропоновано технологічну схему ін’єкційного закріплення водоносного горизонту через свердлови-

ни завдовжки 25.0 м, пробурені під кутом 5°, із формуванням навколо ствола закріпленої породної зони завтовшки 0.75 м. Застосу-

вання поліакрилатного складу підвищує стійкість водонасиченого серпентинітового масиву, знижує ймовірність утворення шляхів 

водопритоку та створює безпечніші умови для проходження вертикального ствола. Запропонована технологія може застосовувати-

ся під час будівництва шахтних стволів в аналогічних гірничо-геологічних і гідрогеологічних умовах. 

Ключові слова: шахтний ствол; водоносний горизонт; серпентиніт; поліакрилатний гель; ін’єкційне закріплення; коефіцієнт 

зміцнення; чисельне моделювання 

Publisher’s note 

All claims expressed in this manuscript are solely those of the authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the reviewers. 

https://doi.org/10.5510/OGP20250101045
https://doi.org/10.4324/9780429213830
https://doi.org/10.1201/9781003077893
https://doi.org/10.3390/gels9090764
https://doi.org/10.3390/en12193754
https://doi.org/10.30919/es1582
https://doi.org/10.30919/ee1909
https://doi.org/10.3390/su172310589
https://doi.org/10.3390/jcs9050225
https://doi.org/10.46544/ams.v29i3.09
https://doi.org/10.30919/es1670
https://doi.org/10.1007/s40333-025-0023-9
https://doi.org/10.10520/AJA0038223X_1954

