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Abstract

Mining potash deposits at great depths is associated with increasing extraction losses. Conventional room-
and-pillar mining systems that leave barrier pillars between panels prevent their subsequent recovery be-
cause of progressive stress accumulation and deterioration of excavation stability, which necessitates the
development of new technological solutions. This study proposes and substantiates a mining approach for
gently dipping potash seams at great depths aimed at reducing ore losses through secondary recovery of
barrier pillars between panels while controlling the rock mass stress state by backfilling. The study was con-
ducted using finite element modeling with a Mohr-Coulomb elastoplastic constitutive model. The model
was calibrated against field measurements of roof subsidence for mining conditions at a depth of 1100 m.
The influence of extraction thickness, chamber filling ratio, and deformation properties of backfill materials
(dry fill, hydraulic fill, and cemented backfill) on the stress state of the barrier pillar was evaluated. The re-
sults show that in the absence of backfilling, stresses in the barrier pillar at the stage of ground movement
stabilization exceed the geostatic stress level by more than six times, which precludes its subsequent ex-
traction. An empirical relationship between the stress concentration factor and the properties of the back-
fill mass was derived, enabling the prediction of safe mining conditions. A configuration of inter-chamber
pillars with variable width, increasing from the center toward the periphery, is proposed to achieve a more
uniform load distribution. A method was developed for calculating the width of first-stage pillars, ensuring
that the factor of safety remains above the regulatory threshold (>1). Simultaneous mining and backfilling
operations limit stress buildup in the barrier pillar. This creates conditions for the safe recovery of the pillar
using second-stage chambers. The proposed technology enables additional recovery of mineable reserves,
does not require major modifications to the existing development layout, and allows mining waste to be
used as backfill material.
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mining, potash seam, pillar, barrier pillar, backfilling, mined-out space, two-stage extraction, reserves,
secondary recovery, inter-chamber pillars, numerical modeling, finite element method
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AHHOTauunA

Pa3paboTKa KaJauitHbIX MECTOPOKIEHMIA Ha O0IbIIMUX ITy6MHAX COTTPOBOKAAETCS POCTOM SKCILTYaTaIl[MOHHBIX
IIOTepb I10JIE3HOI'0 MCKOIIaeMOro. Tpa,HI/ILU/IOHHbIe KaMepHbIe CUCTeMBbI C OCTaBJ/IEHMEeM OITOPHBIX IIEeJIMKOB
He ITO3BOJISIOT B ,ZLaJ'IbHeI‘/'ILHeM M3BJIEKATDb 3TN 3aIllaChl M3-3a MPOTPECCUPYIOIIEro poCTa HaHpH)KeHI/[fI nIiore-
PU YCTOMUYMBOCTY BbIPABOTOK, UTO OIIpEIe/sieT He06X0AMMOCTD ITOMCKA HOBBIX TEXHOIOTMYUECKUX PeIleHMIt.
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ViccinemoBaHue CTaBUT mepeq coboii 1iesib — 060CHOBaHMe ITapaMeTPOB TeXHOJOIMM BbIEMKM ITOJIOTUX Ka-
JIMITHBIX TVIACTOB Ha OOIBIINX INTyOMHAX, 00ecIIeuMBaoIlei CHMKEHYE TTOTEPh PYOBI 38 CUET TOU3BICUEHUS
OIOPHBIX MEXKYUYaCTKOBBIX LI€JIMKOB MPU YHpaBIeHUM HANPSDKEHHBIM COCTOSIHMEM MacCHBa C IMOMOILBIO
3aknanku. VccnemoBaHue BBIMOJHEHO HA OCHOBE MOZIENIMPOBAHMS METONOM KOHEUYHBIX 37IeMEHTOB C MC-
MTOTb30BAHMEM YIIPYTO-TIACTUYECKOI Momeny Mopa—Kyrnona. Mogenb OTKaMOpoBaHa M0 HaTypPHBIM JaH-
HbIM OCeJIaHMsI KPOBJIM JJist yeiaoBuii mmy6uHsbl 1100 M. O1ieHeHO BJIMSIHME BBIHMMAeMOl MOIIHOCTH, CTeIe-
HM 3aIIOTHEHMS KaMep U JedOopMallMOHHBIX CBOJMCTB 3aK/IaJ0YHOrO MaTepuasia (cyxas, IMapaBiandeckas,
TBepIelolas 3aKaagKa) Ha HalpsoKeHHOe COCTOSIHME OMMOPHOTrO LieMKa. YCTaHOBIEHO, YTO IIPYU OTCYTCTBUM
3aKJIaIKM HAMIPSDKEHMSI B OIIOPHOM IIe/IMKe K MOMEHTY CTabMIM3aliuy COBVKEHUI ITPeBbINIAIOT re0CTaTh-
yecKuit ypoBeHb 6ojiee ueM B 6 pa3, UTO MCK/IIOUAeT ero Mmocjeayonyio oTpaboTky. [lonyyeHa sMmnupuye-
CKasl 3aBUCUMMOCTh KO3 UIMEeHTa KOHLIEHTPAIMM HaIPssKeHMIT OT apaMeTpoB 3aK/IagoYHOr0 MacCuBa,
ITO3BOJISIONIAST ITPOTHO3MPOBATh YCIOBMSI 6€30MaCHOCTM BeleHMs] TOPHBbIX pabort. IIpemioskeHa KoHUry-
pauysi MeXXIyKaMepHbBIX 11eJIMKOB IepeMeHHOl IMPUHbBI (YBEJIMYMBAIOLIENCS OT LEeHTpa K repudepun),
obecrieunBamwInasl paBHOMEpPHOe paclipefie/ieHie Harpysok. PazpaboraH crmoco6 pacueTra MIMUPUHBI LIeIN-
KOB IIepPBOi1 ouepeay, Ipyu KOTOPOM KO3 GUIIMEHT 3aIaca MPOYHOCTM COXPAHSIETCS BbIllle HOPMaTUBHOTO
3HaueHust (>1). OmMHOBpeMeHHOe BeIdeHMe OUMCTHBIX M 3aK/JIaJOUHBIX PaObOT MO3BOJISIET OTPaHUUUTh POCT
OITaCHBIX HAMIPSIKEHNI B OTIOPHOM II€JTMKE, UTO CO3aeT YCA0BMSI [IJist 6€30I1acHO BbIEMKM Ie/IMKa Kamepa-
MM BTOpoOIi ouepenu. [Ipeajaraemast TeXHOJIOIMsI 00ecieunBaeT JOIOTHUTEIbHOE M3BjIeueHye 6a1aHCOBbIX
3aracoB, He TpeOyeT KOPEHHOIT MepeCcTPONKYM IMOATOTOBUTEIbHBIX BIPAOOTOK M CIIOCOOCTBYET YTUIN3ALIUA
TeXHOTeHHBIX OTXO/IOB.

KnioueBble cnoea

JI00bIYa, KaJTUIHbIN TIJIACT, LeJIVK, OTIOPHBIN 1[eIUK, 3aK/IaKa, BhIpaboTaHHOE ITPOCTPAHCTBO, IBYXCTAI M-
Has BbleMKa, 3aIachl, JOM3BIeUeH e 3aacoB, MeKIyKaMepHble 1eJIMKM, MOeIMpoBaHe, MeTolI, KOHeU-
HbBIX 3JIEMEHTOB
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Introduction

Mining potash deposits becomes increasingly
challenging as operations progress to greater depths,
where operational losses of mineral reserves increase
significantly. In global mining practice, such condi-
tions are typically addressed using room-and-pillar
mining with barrier pillars left between extraction
panels [1]. However, previous attempts to reduce loss-
es through partial extraction of pillars or reduction of
their width have not yielded positive results [2-4].

Possible approaches to increasing recovery in-
clude mining the inter-chamber pillars within the
panels, as well as recovery of reserves contained in
the barrier pillar. However, earlier studies [5] have
shown that achieving a practical reduction of losses
through secondary extraction of inter-chamber pillars
within the life of a mining block is almost impossi-
ble. In particular, it is difficult to ensure an acceptable
time lag between the secondary extraction operations
and the primary stoping activities within the panel.
By the time the technological conditions allow sec-
ondary extraction to begin, the inter-chamber pillars
have already entered a critical stress-strain state due
to rheological deformation processes.

Observations at potash mines operating at
depths of approximately 1000-1200 m indicate that
salt pillars undergo plastic deformation. As a result,
the mined-out chambers gradually close, eventually

forming a continuous technogenic rock mass. Roof
subsidence during the first year after stoping rea-
ches 150-200 mm, and after 2-3 years the excava-
tions become non-operational. At the same time,
stresses in the retained barrier pillars increase seve-
ral-fold relative to the natural geostatic stress level,
making it impossible to conduct mining operations in
their vicinity without risking instability of the entire
mining system.

This situation creates a fundamental contra-
diction: barrier pillars are required to maintain the
stability of mining panels during extraction, yet
a substantial portion of the reserves remains locked
within these pillars and cannot be recovered using
conventional methods. One possible solution is the
implementation of a two-stage mining approach,
which allows secondary recovery of reserves while
protecting overlying aquifers through backfilling
of the mined-out space. Timely filling of first-stage
chambers with backfill material can limit stress
buildup in the barrier pillar and prevent excessive
deformation. After backfilling of adjacent panels is
completed, the barrier pillar can be mined using sec-
ond-stage chambers, leaving only the technological-
ly required inter-chamber pillars.

In this context, the paper proposes a two-stage
scheme for barrier pillar extraction, enabling secon-
dary recovery of reserves while ensuring protection of
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overlying aquifers through backfilling of the mined-
out space.

The objective of this study is to develop and justify
a mining technology for gently dipping potash seams
at great depths that minimizes extraction losses.

To achieve this objective, the following tasks were
addressed:

— forecasting geomechanical processes in the salt
rock mass under different mining scenarios and as-
sessing the influence of time-dependent factors on
the stress state of barrier pillars;

— developing methods to reduce stresses in the
barrier pillar through optimization of backfill para-
meters and inter-chamber pillar configuration;

- investigating the influence of mined-out space
backfilling (degree of chamber filling and type of back-
fill material) on the stress state of the barrier pillar;

— developing an algorithm for determining the
parameters of the proposed technology (number of
chambers and width of inter-chamber pillars) based
on numerical modeling results.

Methods

To achieve the study objective and address the
research tasks, computer-based numerical modeling
was employed [6, 7]. In modern geomechanics, nu-
merical modeling is widely recognized as an effec-
tive tool for assessing the stress—strain state of rock
masses. The simulations were performed using the
software package developed by Rocscience, which
implements the finite element method (FEM). This
software is widely used to solve a broad range of ge-
omechanical problems, including the evaluation and
justification of engineering design solutions in min-
eral deposit development [8, 9]. The selection of this
software was determined by its ability to efficiently
construct and analyze complex multistage numerical
models, requiring significantly less effort than phys-
ical modeling. This capability is particularly impor-
tant for investigating geomechanical processes in
salt rock masses.
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Model geometry and parameters

The model represents a two-dimensional frag-
ment of a room-and-pillar mining system including
the roof and floor strata as well as the main productive
seam. The model incorporates inter-chamber pillars
within the mining panel and a barrier pillar separa-
ting adjacent panels. Because the stress—strain state
is symmetric with respect to the vertical axis of the
barrier pillar, the calculations consider half of the pil-
lar width and half of the adjacent mining panel. The
model geometry and layout of structural elements are
shown in Fig. 1.

Boundary conditions and loading

At the lateral boundaries of the model, horizon-
tal displacements were constrained, while vertical
displacement was restricted along the bottom boun-
dary. A distributed load corresponding to the weight
of the overlying rock mass was applied to the upper
boundary. The initial stress state of the rock mass
was assumed to be hydrostatic, which corresponds to
the conditions of deep potash seam occurrence. The
simulations were carried out within an elastoplastic
framework using the Mohr-Coulomb strength crite-
rion, which adequately describes the mechanical be-
havior of salt rocks within the considered stress range.

Modeling of the backfill mass

To evaluate the influence of backfilling opera-
tions on the stress state of the barrier pillar, the model
includes the filling of mined chambers with material
characterized by specified strength and deformation
properties [10-12]. The variable parameters were
the degree of chamber filling (the ratio of backfill vo-
lume to the volume of the mined-out space) and the
mechanical properties of the backfill mass, which al-
lowed different backfill types to be considered, ran-
ging from dry fill to cemented backfill. Varying these
parameters made it possible to perform parametric
analyses aimed at identifying the most suitable type
of backfill material for specific mining and geological
conditions [13, 14].

Load from the weight of the overlying rock strata
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Fig. 1. Geometry of the geomechanical model used in the study:
a — without chamber backfilling; b — with chamber backfilling
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The adopted modeling approach enables quan-
titative evaluation of the influence of each factor
on the stresses acting within the barrier pillar, pro-
viding a basis for developing recommendations on
the parameters of the proposed two-stage mining
technology. The simulations used average values
of the strength and deformation properties of the
salt rocks forming the modeled stratigraphic se-
quence [15-17].

Results

1. Prediction of geomechanical processes

The evolution of geomechanical processes was
evaluated using vertical roof convergence as the
primary indicator (Fig. 2). Field observations at
a Russian potash deposit, where the productive seams
occur at a depth of approximately 1100 m, show that
roof subsidence in extraction chambers during the
first year after mining reaches up to 200 mm. Since
further monitoring of chamber conditions was not
conducted, the numerical model was calibrated using
data reported in previous studies [18-20]. Earlier
investigations [21, 22] have shown that salt pillars
deform plastically, resulting in gradual closure of
the mined-out chambers and eventually forming
a continuous technogenic rock mass. Maximum roof
subsidence typically ranges from 30-40% of the
extraction thickness and depends on the ratio of
pillar area to the total panel area. To evaluate the
time-dependent evolution of stresses in the barrier
pillar, pillar deformability was varied in the model.
The results show that stresses in the barrier pillar
increase progressively as deformation of the seam
develops (Fig. 3).

The stress increase occurs gradually rather than
instantaneously. Calibration of the model using the
observed roof convergence made it possible to track
the evolution of stresses in the barrier pillar. The
simulations indicate that after one year the stres-
ses in the barrier pillar exceed the natural geostatic
stress level by approximately 1.5 times, and by more
than six times at the final stage of ground movement
stabilization.

The resulting stress distribution across the pil-
lar cross-section at the final stage of deformation
shows pronounced stress concentration near the pil-
lar edges, where maximum stresses are 1.4—1.7 times
higher than the average stress level. When evalua-
ting the potential for secondary recovery of reserves,
it is therefore necessary to consider the maximum
stresses acting within the barrier pillar, since these
highly stressed zones complicate the determination
of the required width of second-stage inter-chamber
pillars (ICPs).
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An increase in the time interval between mining
and backfilling operations leads to higher stress levels
and also complicates backfilling operations.

Results of visual and instrumental observations
conducted at the deposit on deformation processes
in ICPs and extraction chambers indicate that mine
workings become non-operational within 1-2 years
after the completion of mining operations. Other
studies [23, 24] report that pillar wall failure in deep
salt deposits occurs approximately 250 days after
chamber extraction, although in those cases no back-
filling was performed.
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Backfilling of chambers reduces the deformation
rate of the seam, decreases roof subsidence, and con-
sequently limits stress growth in the barrier pillar.

Clearly, minimizing the delay between mining
and backfilling operations is advantageous. However,
these processes must be coordinated both spatially
and temporally [25-27], taking into account that the
backfill mass does not provide mechanical support
immediately after placement.

The potential amount of secondary reserve recov-
ery (i.e., the number of chambers that can be extract-
ed) from the barrier pillar depends on the stress level
within the pillar. When the delay between mining and
backfilling operations is minimized, roof convergence
remains small and stresses in the barrier pillar do not
increase; in some cases they may even approach the
natural geostatic stress level.

To assess the influence of backfill parameters on
the stress state of the barrier pillar, the simulations
varied the seam extraction thickness, degree of cham-
ber filling, and the strength and deformation proper-
ties of the backfill material.

For the range of conditions considered in this
study, the stresses acting in the barrier pillar during
backfilling operations can be estimated using the fol-
lowing relationship:

Opp = k- Onat»
where o,, — natural stress level at the mining depth;
k — coefficient derived from numerical simulations

for estimating stresses acting in the barrier pillar o,
(Fig. 4), defined as:

k=A-x5,

where x — degree of chamber filling with backfill ma-
terial; A and B — empirical coefficients depending on
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mining parameters of adjacent panels (A is a function
of the extraction thickness, while B depends on the
deformation properties of the backfill mass).

The coefficient A can be expressed as a function of
the seam extraction thickness m (m) with a coefficient
of determination R? = 0.9241:

A = X . e0.0lm’

where X - is a coefficient depending on the type of
backfill (0.8 for cemented backfill; 1.5 for hydraulic
backfill; 2.9 for dry backfill).

The exponent B is described by a second-order
polynomial function depending on the elastic mo-
dulus E (MPa) of the backfill mass; the coefficient of
determination is R? = 0.9458:

B=-0.000002 - E*+0.0033 - E + 0.5598.

When first-stage chambers are filled, a mono-
lithic backfill structure is formed that prevents fur-
ther stress accumulation in the barrier pillar and
allows it to remain in a relatively unloaded state.
The obtained relationships are valid for typical con-
ditions of gently dipping potash seams occurring at
depths of about 1100 m, with extraction thickness
ranging from 5 to 20 m, provided that the required
pillar loading conditions are maintained.

The stress level in the barrier pillar depends
strongly on backfill characteristics. Dry backfilling of
chambers has little effect on pillar stability [5, 28].
Hydraulic backfill provides some improvement but
does not fully realize the potential of the proposed
technology. Maximum recovery of second-stage
chambers, with stresses in the barrier pillar reduced
to the natural geostatic stress level, can only be
achieved when cemented backfill is used.
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4.000 -
3.500 -
3.000
2.500 -
2.000 -
1.500

1.000 T T
0.5 0.6 0.7

0.8 1.0

Chamber filling ratio

—&— Dry backfill
—#— Hydraulic backfill

—
} Cemented backfill
_._

Fig. 4. Stress concentration coefficient as a function of backfill deformation properties and chamber filling ratio
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2. Development of a mining technology tween them. The width of these pillars is calculated
for gently dipping seams based on the stress level acting in the barrier pillar

The concept of limiting stress growth in the  after backfilling.
barrier pillar can be implemented when mining and The proposed technology involves a pillar con-

backfilling operations are conducted simultaneously. ~ figuration in which the width of inter-chamber pillars
The proposed method for mining deep potash seams  decreases from the panel boundaries toward its cen-

is implemented as follows!. tral part (Fig. 5).

The mining field is divided into extraction pa- The minimum width of ICPs is determined based
nels, separated by inter-panel barrier pillars. The  on the degree of pillar loading, taking into account
width of the barrier pillars is calculated for condi-  the time lag between mining and backfilling opera-

tions of complete undermining, in which the pillars  tions within the block, and is calculated using estab-
are subjected to the load of the entire overburden lished empirical design relationships.

column extending to the surface. Within each pa- The width of the intermediate ICPs bjc, increases
nel, mining is carried out using first-stage cham-  linearly from the center toward the boundaries of the
bers, leaving rib pillars between them. These pillars ~ mining panel, while the average loading coefficient of
are subjected to the load of the overlying rock mass  ICPs within the panel C,,, must not exceed the maxi-

within the natural arch of equilibrium. mum value permitted by regulatory guidelines:
As each first-stage chamber is completed, back- b C

filling operations are initiated, so that mining and C,, :L@"

backfilling proceed simultaneously within the panel. ¢ Zbﬂ:p

After adjacent panels have been backfilled, the
inter-panel barrier pillar is mined using second-stage
chambers. The number of second-stage chambers is
determined by the width of the barrier pillar while
accounting for the required width of the ICPs left be-

The presence of a zone with variable pillar width
smooths the roof subsidence curve and reduces the
stress level in the barrier pillar compared with the
case where ICPs of uniform width are left within the
mining panel. At the same time, the factor of safety

1 Kovalsky E.R., Kongar-Syuryun Ch.B., Sirenko Yu.G., of ICPS in the p.roposed conﬁgura.t ion is not lower
Karpov G.N. Method for mining potash seams at great depths. than in the baseline case and remains greater than 1

Russian Federation patent application No. 2025136780; filed (Fig. 6), indicating that the proposed method does not
December 18, 2025. reduce the level of operational safety.
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The backfill material is selected so that the calcu-
lated value of the empirical function k is minimized,
which allows the stresses in the barrier pillar to be re-
duced as much as possible.

Based on the results of numerical modeling and
current regulatory and technical standards gover-
ning potash mining operations, a methodology was
developed for determining the parameters of the
proposed technology for mining gently dipping po-
tash seams at great depths with reduced ore losses.
The algorithm of the proposed methodology is pre-
sented in Fig. 7.

Discussion

A key issue in assessing the feasibility of the
proposed technology is the need for backfilling op-
erations, which has traditionally been regarded as
a factor increasing both capital costs and the or-
ganizational complexity of mining operations [29].
Indeed, the construction and operation of a back-
filling system require additional investment and are
associated with a number of technological challen-
ges [30, 31]. However, under modern deep potash
mining conditions, backfilling of the mined-out
space is no longer merely a desirable improvement
but has become a practical necessity.

This conclusion is supported by the negative ex-
perience of several potash mines where the absence
of backfilling operations in the past resulted in seri-
ous geomechanical and hydrogeological problems,
including uncontrolled ground movements, brine
inflows, and loss of excavation stability [32-34]. Pre-
venting such phenomena at newly designed and op-
erating mines requires the use of backfilling systems
regardless of the selected mining method. In this
context, the costs associated with the construction
of a backfilling system, as well as the related organi-
zational and technological challenges, should not be
regarded as disadvantages of the proposed two-stage
extraction method. Rather, they should be considered
inevitable conditions for ensuring the safe and sus-
tainable mining of deep potash seams.

An important advantage of the proposed techno-
logical solution lies in its compatibility with existing
mine development and panel layout schemes. Imple-
mentation of two-stage extraction with backfilling
does not require the development of a large number of
additional access or development workings and does
not imply a fundamental restructuring of the techno-
logical scheme adopted at the mine. This considerably
reduces the barriers to practical implementation and
allowing the proposed method to be implemented at
operating mines with minimal changes to existing in-
frastructure.
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Another important advantage of the proposed
technology is the possibility of using large volumes
of processing waste and waste rock in backfill mix-
tures. This approach makes it possible not only to
address the problem of waste storage at the surface
but also to reduce the negative environmental impact
associated with mining operations. Consequently,
the benefits of the proposed technology are multifa-
ceted and consist of two main components. The first
is a direct economic benefit resulting from the addi-
tional recovery of mineable reserves from barrier pil-
lars. The second is an environmental and economic
benefit associated with reducing the area occupied by
waste storage facilities and preventing environmental
contamination [35]. Taken together, these considera-
tions indicate that the proposed technology, despite
the objective challenges associated with the need for
backfilling, represents not only a geomechanically
justified but also a technologically feasible solution.
Its implementation makes it possible to increase the
completeness of reserve recovery while simultane-
ously addressing the tasks of industrial safety and en-
vironmental protection.

Conclusion

As a result of this study, a method for mining
gently dipping potash seams at great depths has been
developed and substantiated. The proposed method
makes it possible to reduce operational losses through
the secondary recovery of inter-panel barrier pillars.
A key condition for implementing the proposed ap-
proach is the simultaneous execution of mining and
backfilling operations, which limits stress growth in
the barrier pillars and creates favorable conditions
for their subsequent extraction using second-stage
chambers.

For typical conditions of potash mining (depth
1100 m, seam extraction thickness 5 m), the results
show that the use of cemented backfill reduces stress
concentration in the barrier pillar to a level characte-
rized by a coefficient k = 1.2. In contrast, when back-
filling is not applied, this coefficient reaches k = 5.0.
The resulting fourfold reduction in stresses makes it
possible to carry out second-stage chamber mining
within the boundaries of the barrier pillar, thereby
enabling additional recovery of mineable reserves.
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Based on the results of the study, the following main
conclusions can be drawn:

1. Stress in barrier pillars increases gradually
over time. According to the modeling results, one
year after mining operations the stresses exceed the
natural stress level by approximately 1.5 times, and
at the final stage of ground movement stabilization
they exceed it by more than six times. Increasing the
time interval between mining and the start of back-
filling results in irreversible stress growth. Therefore,
mining and backfilling operations should be synch-
ronized within 1-2 years of excavation, while the
workings still remain operational.

2. The stress state of the barrier pillar is con-
trolled by two key factors: the use of inter-cham-
ber pillars with variable width (increasing from the
center toward the boundaries of the mining panel)
and the simultaneous execution of mining and back-
filling operations. Under these conditions, the factor
of safety of inter-chamber pillars remains greater
than 1, which confirms the stability of the proposed
method.

3. The stress level in the barrier pillar after back-
filling of first-stage chambers is described by an em-
pirical function obtained from numerical modeling.
This function takes into account the deformation
properties of the backfill material (elastic modulus
from 100 to 1000 MPa) as well as the degree of cham-
ber filling (0-100%). The reliability of the obtained
relationships is confirmed by coefficients of determi-
nation R? = 0.9241 for parameter A and R? = 0.9458 for
parameter B.

4. The developed algorithm for determining the
parameters of two-stage extraction is based on calcu-
lating stresses in the barrier pillar, which determine
both the allowable number of second-stage chambers
and the width of the inter-chamber pillars left be-
tween them.

Thus, the proposed method represents a geome-
chanically substantiated solution aimed at increa-
sing the completeness of reserve recovery while en-
suring safe mining operations. An additional bene-
fit of the technology is the possibility of utilizing
processing waste in backfill mixtures, which contri-
butes to reducing the environmental impact of mi-
ning activities.
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Abstract

This study addresses the growing recognition of zirconium raw materials as a critical mineral resource
in most industrialized countries and the need for a comprehensive assessment of the complex global zir-
conium market. Using statistical, graphical, and analytical methods, the study examines the zirconium
resource base, the spatial distribution of zirconium deposits by geological type, global commodity flows
(production, imports, exports, and consumption) by country, as well as prices and future production and
consumption trends. The analysis shows that global consumption of zirconium raw materials has increased
rapidly, from 39 kt in 1950 to 2.191 Mt in 2024. The main demand-side trend is the sharp rise in consump-
tion in China, driven by rapid economic growth: from 84 kt (8.7% of the global market) in 1997 to 1.83 Mt
(78%) in 2024. At the same time, growth of the global zirconium raw materials market is constrained by
rising demand and prices, the high share of international trade, and conflicting interests between produc-
ing countries (Australia, South Africa, Mozambique, Indonesia, and Senegal) and the major consuming
countries (China, the European Union, the United States, India, and Japan). Another major challenge is
that a significant share of global reserves is located in complex endogenic deposits that are difficult to
develop both technologically and economically. In most industrialized countries, zirconium is classified
as a critical mineral resource. Global proven reserves of zirconium raw materials in developed deposits
are estimated at 95 Mt, while forecast resources amount to 232 Mt. Production is currently concentrated
mainly in titanium-zirconium placer deposits; however, zirconium also occurs in complex endogenic de-
posits in carbonatites and alkaline igneous rocks in the form of zircon, baddeleyite, and eudialyte. Global
production of zircon concentrate increased from 537 kt in 1970 to 1.64 Mt in 2024 (+2.4% per year), while
cumulative global production for 1950-2024 reached 59.7 Mt. Export supply of zircon concentrate to the
global market, including re-exports, increased from 395 kt in 1970 to 1.86 Mt in 2024. In the 2010s, the
share of exports in global zirconium raw material production ranged from 61% to 98%. High demand led to
the emergence of a new group of producers developing placer deposits in Indonesia, Mozambique, Senegal,
Kazakhstan, Madagascar, Kenya, Vietnam, and Sierra Leone. Their share of global exports increased from
0.2% in 1999 to 30% in 2024. Production from placer deposits may increase significantly in Mozambique,
Madagascar, and Vietnam, while new mining operations may also emerge in Namibia and Tanzania. In
addition to placer deposits, projects are being considered for the development of complex endogenic de-
posits in which zircon concentrate would be produced as a by-product, including Strange Lake and Thor
Lake (Canada), Bear Lodge (USA), Baerzhe, Bozigor, and Tudiling (China), Khalzan-Buregtei (Mongolia),
and Katuginskoye, Ulug-Tanzekskoye, and Zashikhinskoye (Russia). Development of deposits representing
a new technological type—eudialyte ores, which constitute complex zirconium-rare-earth raw materials,
is also possible. These projects include Nechalacho (Canada), Tanbreez—-Kvanefjeld (Greenland), Toongi-
Dubbo (Australia), Lovozerskoye (Russia), and Saima (China).
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critical mineral resources, zirconium, zircon, baddeleyite, eudialyte, proved reserves, forecast resources,
production, export, import, consumption, prices
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MMpOBOﬁ PbIHOK LLUPKOHMA — KPUTUYECKOIro MMHepasibHOro Cbipbf
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AHHOTaUuA

AKTyanbHOCTh PabOTHI OOYC/IOBJEHA CTATYyCOM LIMPKOHMEBOIO ChIPbSI KaK KPUTUYECKOTO MUHEDPATbHOTO
CBIPbSI, TPUHSATHIM B GOBIIMHCTBE MPOMBIIIIEHHO-PA3BUTBIX CTPaH, M HEOOXOOMMOCTBIO TIOTyUYEHUST MaK-
CUMAaJIbHO TIOJTHOM KapTUHBI €ro CJIO(KHOTO MMPOBOTO pPhIHKA. Ha OCHOBE CTaTMCTUUECKOTO, rpaduyeckoro
U JIOTMYECKOTO METOMOB IPOBEIeHO M3yUeHVe MMHEePaTbHO-ChIPbeBOii 6a3bl IIMPKOHMEBOTO ChIPHS, TTPO-
CTPaHCTBEHHOTO pa3MeleHNs MeCTOPOKIEeHM I IIMPKOHMS 10 TUTIAM reoiormyeckux hopmainmii, ITMHaAMUKA
TOBApHBIX IOTOKOB (ITPOU3BOJCTBA, UMIIOPTA, SKCIIOPTA, MOTPE6IEHMS) TIO CTPAaHAM MUPA, & TAK)KE MUPOBBIX
IeH U TIePCIeKTUB JO6bIUM U MOTpebieHus. AHaIU3 MOKa3al, YTO MUPOBOE MOTpebieHne UPKOHNEBOTO
CBIPbSI CTPEMUTENIBHO pacTeT — ¢ 39 Toic. T B 1950 . 1o 2,191 muin T B 2024 1. B AMHAMMKe CIIpoca IJIaBHbIM
SIBJISIETCSI TPEH[L ero B3pbIBHOTO pocTa B Kutae Ha poHe cTpeMuTeNbHOTO NMOJbeMAa HALMOHAIBHON 9KOHO-
MuKu: ¢ 84 Toic. T (8,7 % OT 06beMOB MUPOBOTO pbIHKA) B 1997 1. mo 1,83 mutH T (78 %) B 2024 1. PasButne
MMPOBOTO PbIHKA TIPEIJIOKEHNS] IIMPKOHMEBOTO CHIPBSI TP 3TOM OCJIOKHSIETCSI POCTOM OOBEMOB CIIPOCA
U LIeH, 3HAYUTEJIbHOI JoJeli MeXIYHapOIHO TOPTOB/IM MPY HAJIMUMK IIPOTUBOPEUMiT MHTEPECOB N06bIBA-
fomux crpad (ABcrpanusi, FOAP, Mo3am6uk, unoHesusi, CeHeras) U IJIaBHBIX CTpaH-moTpeduTeneit (Kurait,
EBpocoto3, CIIA, Uuaus, SdmnoHust), a Takke HaXOXAeHMeM 3HAUMTEeIbHON O MUPOBBIX 3al1acOB B KOM-
IVIEKCHBIX SHIOT€HHBIX MEeCTOPOKIEHUSIX, CJIOKHBIX AJ1S1 OCBOEHMS KaK I10 TEXHOJIOTMYECKUM, TaK U 3KOHO-
MMWYEeCKMM MPUUYMHAM. B GONBIIMHCTBE IIPOMBIIIIEHHO-Pa3BUTBIX CTPAH IMPKOHMII pacCMaTpPUBAETCsST Kak
KpPUTHUYECKOe MMHepaIbHOe ChIpbe. MUpOBbIe 3amachl UMPKOHMEBOTO ChIPbSI B MOATOTOBJIEHHBIX OJISI 9KC-
TJTyaTanyy MeCTOPOXKIEHNSIX OLIeHUBAIOTCS B 95 MIIH T, TPOTHO3HbBIE pecypchl — B 232 MuTH T. B pazpaboTke
HaXOISITCS MTPEUMYIIeCTBEHHO MeCTOPOXKAEHMSI TUTaH-IIMPKOHMEBO POCCHITTHOM GopMalu, OMHAKO IUp-
KOHMI TaKKe MPUCYTCTBYET B KOMIUIEKCHBIX SH/IOT€HHBIX MECTOPOKAEHUSIX B KAPOOHATUTAX U MIEIOYHBIX
MarmaTuMJyecKkux opojaax B BUe UMPKOHA, 6aaaenenTa u 3BauanuTa. MupoBoe mpou3BOACTBO IIMPKOHOBOTO
KOHIIEHTpaTa BbIPOCIO ¢ 537 Thic. T B 1970 1. mo 1,64 muH T B 2024 1. (+2,4 %/T0[), a HAKOIJIEHHAsI MUPOBast
mo6biva 3a 1950-2024 rr. coctaBuia 59,7 MJIH T. IKCIIOPTHOE IIpeIIoskeHle YPKOHOBOTO KOHIIEHTpaTa Ha
MMPOBOJ PHIHOK (BKJIIOUAsI PE3KCIIOPT) YBeIUUMIOCh ¢ 395 Thic. T B 1970 1. mo 1,86 muiH T B 2024 1. IIpu sTOM
B 2010-e rombl J0JIsT SKCIIOPTa B MYPOBOI TOOBIUE IIMPKOHMEBOTO ChIPbsI COCTABJIsLIA OT 61 10 98 %. BeicOKMIt
CITPOC MPUBEJ K MOSIBJIEHMIO Ha PbIHKE ITyJIa HOBBIX MTPOM3BOAMTEIEI, pa3pabaThiBAIOIIMX POCCHITHbIE Me-
cropoxknennst B iumonesuu, Mosambuke, CeHerasne, Kazaxcrane, Magarackape, Keaun, BbetHame u Chep-
pa-JleoHe. VX momnsi B MUPOBOM 3KcropTe yBeauumaach ¢ 0,2 % B 1999 r. go 30 % B 2024 r. B nepcriekTuBe
BO3MOXXHO 3HAUUTENIbHOE yBeIUeHe 00beMOB A00bIUM U3 pocchineir B Mo3ambuke, Mamarackape, BoeTHa-
Me, a TaKKe TI0SIBJIeHMe HOBBIX MPon3BoacTB B Hamu6un v Tanzanuu. Hapsigy ¢ poCChITHBIMMU CYIIIECTBYIOT
MPOEKTHI Pa3pabOTKM KOMIUIEKCHBIX SHIOT€HHBIX MECTOPOXKIEHUI C MOJTyYeHMEM LIMPKOHOBOTO KOHIIEH-
Tparta: CrpeitHmk-Jleiik u Txop-JIsiik (Kanaga), beap-Jlogx (CIIA), bamke, bosurop u Tyaunuur (Kuraii),
XansaH-byperte (Mouronus), Karyruackoe, Viuyr-Tanzerckoe u 3ammxmuHckoe (Poccust). BosmoskHa Takke
pa3paboTka MeCTOPOXKIEHNIT HOBOTO TEXHOJIOTMYECKOTO TUIIA — 3BIUATIUTOBBIX Py, TTPEICTABIISIONIUX CO-
60Ji KOMIUIEKCHOE IMPKOHUII-penKo3emMenbHoe chipbe: Heuanauo (Kanama), Tan6pus-Ksanedoenn (IpeH-
naugus), Tyuru-IIy66o (ABctpanus), JloBoszepckoe-aauanuToBoe (Poccust) u Cauma (Kuraii).

KnioueBble cnoea

KPUTMUYECKOe MIUHEpAIbHOE ChIpbe, IMPKOHMI, IMPKOH, Oae/IenT, SBAMAIUT, 6alaHCOBbIE 3aI1achl, IPOTHO3-
HbIe peCypChl, ,HOﬁbI‘-Ia, SKCIIOPT, MUMIIOPT, l'IOTpe6.HeHI/Ie, LIEeHbI
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Introduction
Since the 1920s, zirconium raw materials have
been used primarily as refractories, anti-adhesion
coatings and high-temperature ceramics, both in the
form of zirconium silicate (natural zircon) and zirco-
nium oxide — natural (baddeleyite) and synthetic, pro-
duced during the processing of zircon [1]. Beginning
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in the 1950s, a portion of zirconium raw materials has
been processed to produce metallic zirconium used in
the nuclear industry [2]. New zirconium dioxide-based
materials have since been developed, including single
crystals, thin-film coatings, microfibers, nanopow-
ders, and composite materials. Accordingly, the range
of applications for zirconium products has expanded.
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The biocompatibility of zirconium products enables
their use in medical devices, including dental im-
plants, joint replacements and bone screws [3].

Global consumption of zirconium raw materials
increased from 35-60 kt per year in the early 1950s
to 1.83-2.34 Mt/year in the 2020s. In most developed
industrial countries, zirconium is regarded as a cri-
tical mineral raw material [4-6]. The rapid growth in
the consumption of zirconium raw materials neces-
sitates assessing the adequacy of the global mineral
resource base and analyzing changes in global com-
modity flows.

Methodology

To examine the mineral resource base of zirco-
nium, data on global zirconium production for the
period 1950-2022 were compiled!. Production is un-
derstood here as the mining of zirconium deposits
followed by the production of concentrate. The vo-
lumes of mining, imports, exports, and consumption
of zirconium raw materials (zircon and baddeleyite
concentrates) are reported in metric tons. Prices for
zirconium raw materials are given in USD per metric
ton. Reserves and resources of zirconium raw mate-
rials are expressed in terms of 100 % ZrO,.

For indicators of commodity flow volumes, the
baseline data were taken from the U.S. Geological
Survey (USGS). These data were compared with infor-
mation from the British Geological Survey, the Uni-
ted Nations Data, the TrendEconomy platform, the
Mineral Information and Analytical Center and na-
tional customs statistics of individual countries, pri-
marily China. When discrepancies between sources
were identified, values reported by at least two inde-
pendent sources were adopted.

For a long period (1959-2014), USGS statistical
reports did not contain direct data on zirconium raw
material production; therefore, these values were de-
termined indirectly based on the balance of available
information on imports, exports, national consump-
tion, and stock changes of these products. Data on
zirconium raw material commodity flows in Australia
for the period 2007-2024 are also nontransparent: the
reported export figures (and, accordingly, production
levels) are significantly lower than the import volumes
of Australian zircon concentrate reported by importing
countries (primarily China). For this period, Austra-
lian import and production figures were adjusted based

! Data sources: U.S. Geological Survey. URL: http:/
minerals.usgs.gov/minerals/pubs/commodity/tin/index.
html#mcs; British Geological Survey. URL: https:/www.
bgs.ac.uk/; United Nations Data. URL: https://data.un.org/;
TrendEconomy. Open Data Portal. URL: https://trendeconomy.
ru/; Mineral Information and Analytical Center. URL: https://
www.mineral.ru/
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on the difference between Australia’s reported export
volumes and China’s reported imports from Australia.

Information on China’s imports of zirconium raw
materials prior to 1991 is almost entirely unavaila-
ble; therefore, the country’s domestic consumption
in the 1970s-1980s was most likely underestimated.
Estimates of zirconium raw material production in
China for the period 2006-2024 also vary conside-
rably across different sources. Data on reserves and
forecast resources for individual countries were com-
piled using the most recent information from the
Mineral Information and Analytical Center, the U.S.
Geological Survey (USGS), and national statistical
agencies. These figures were further adjusted to ac-
count for extraction volumes (reserve depletion) and
reported additions to reserves resulting from nation-
al geological exploration programs, reflecting the si-
tuation as of 2022.

Overview of global zirconium raw
material production

Between 1950 and 2022, a total of 59.7 Mt of zir-
conium raw materials (zircon and baddeleyite con-
centrates) were produced worldwide (Fig. 1). From
production levels of 33-75 kt per year in 1950-1955,
concentrate supply increased to 1.52-1.63 Mt/year in
2020-2024 (Fig. 2), corresponding to an average an-
nual supply growth rate of +5.7%.

Zircon concentrate, which accounts for about 99%
of all zirconium raw materials produced, is obtained
exclusively from the development of coastal marine
placer deposits (both modern and buried). Baddeleyite
concentrate, produced in very small quantities, is de-
rived from ores of carbonatite deposits.

i )
China Bgagl Iréd(;a
i 1.3 ’ :
Indonesia Other countries
2.7 2.7

USSR / Ukraine
2.7

United States .
6.5
South Africa ~

12.9

V/

Australia
29.1

59.7 Mt

Fig. 1. Cumulative zirconium raw material production
by country worldwide, 1950-2024, Mt

Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/
minerals/pubs/commodity/tin/index.html#mcs;
British Geological Survey. Commodities & Statistics.
URL: https://www.bgs.ac.uk/; United Nations Data.
URL: https://data.un.org/
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Fig. 2. Dynamics of global zircon concentrate production by countries
with the largest cumulative output and its average global price, 1950-2024
Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs;
British Geological Survey. Commodities & Statistics. URL: https://www.bgs.ac.uk/;
United Nations Data. URL: https://data.un.org/

In the 1930s, global consumption of zirconium
raw materials was below 5 kt per year. Zircon concen-
trate production at that time took place in Brazil (the
leading producer until 1935), India, Senegal, Mada-
gascar, and Japan. In 1928, the development of tita-
nium-zirconium placers began in the United States (on
a relatively small scale), followed by the start of pro-
duction in Australia in 1932, which rapidly became the
dominant global producer of zirconium raw materials.

The 1950s marked the beginning of a period of
rapid growth in global zirconium raw material con-
sumption, largely driven by a sharp increase in prices
for metallic zirconium used in the nuclear industries
of the United States, the USSR, and France. Demand
for zirconium oxide used in refractory materials and
high-temperature ceramics also increased. As a re-
sult, zircon concentrate production rose from 50 kt in
1952 to 465 kt in 1971, while global consumption ex-
panded at a very high rate of +13.2% per year during
this period. Australia accounted for 60—-80% of global
zirconium raw material production, while the United
States contributed 15-25%. Beginning in 1962, zir-
conium raw material production also started in the
USSR, reaching 3-4% of global output.

During the 1970-1990s, global zirconium raw
material production increased from 510 kt in 1972 to
1.01 Mt in 1997. At the same time, the growth rate of
global consumption slowed to +2.6% per year, slight-
ly below the average global economic growth rate for
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that period (+3.24% per year). Production levels of the
global leader, Australia, remained relatively stable at
350-520 kt per year, although its share of global out-
put declined from 70% in 1972 to 50% in 1997. This re-
duction was largely due to the emergence of South Af-
rica as a major new supplier, increasing its production
from 15 kt in 1977 to 320 kt in 1996 (32% of global
output). The USSR also expanded production during
this period to 80-90 kt per year (8-11% of global out-
put), while the United States, despite increasing pro-
duction to 80-120 kt per year, saw its share of global
supply decline to 8-13%, compared with 17-30% in
the 1960s.

In the 21st century, global consumption of zirco-
nium raw materials accelerated again (+3.5% per year,
compared with global economic growth of +3.28% per
year) and reached 2.34 Mt in 2024. The supply of zircon
concentrate increased from Australia (up to 700 kt per
year) and South Africa (up to 420 kt per year). Several
new producers also emerged: China, which increased
production from 15 kt in 1999 to 140 kt per year; In-
donesia (up to 130 kt per year); Mozambique (up to
100 kt per year); Kenya (up to 90 kt per year); Kazakh-
stan (up to 78 kt per year); Senegal (up to 65 kt per
year); and Vietnam (up to 40 kt per year). At the same
time, production declined in Ukraine, which inheri-
ted zirconium production capacity from the USSR, de-
creasing from 60-80 kt per year in the 1990s to about
10 kt per year in the 2020s.


https://mst.misis.ru/
http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs
https://www.bgs.ac.uk/
https://data.un.org/

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOMA https://mst.misis.ru/

2026;11(1):16—34 Boyarko G. Yu., Bolsunovskaya L. M. Global zirconium market as a critical mineral raw material

Australia accounts for 48.8% of cumulative global  in the world, containing numerous deposits: the Perth
zirconium raw material production (29.1 Mt). Zircon Basin (Coburn, Eneabba, South Tutunup, Keysbrook,
mining in the country began in 1932 with the deve- Cataby, Cooljarloo, Thunderbird); the Eucla Basin
lopment of beach sand deposits at Greenbushes and  (Jacinth, Ambrosia, Tripitaka); the Murray Basin
Cheynes Beach in the Perth Basin of Western Austral- (Douglas, Donald, Mindarie, Pooncarie, Euston); and
ia. Following substantial production growth in the  deposits on the Tiwi Islands (Kilimiraka, Lethbridge
1950-1970s, Australia became the dominant global South) [7-9] (Fig. 3). In addition to placer deposits,
supplier of zircon concentrate (accounting for 83% of = Australia also hosts primary zirconium ore deposits,
global demand in 1970) and continues to hold up to  including the large zirconium-rare earth (eudialyte)
50% of the global zirconium raw material market, ex- deposit Toongi, located in alkaline syenites [10]. This
porting up to 916 kt of zircon concentrate per year. Aus- deposit is currently being prepared for development
tralia hosts some of the largest coastal placer basins  as part of the Dubbo Zirconium Project.
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Fig. 3. World map showing the distribution of zirconium deposits and the leading producers, exporters, and importers
of zirconium raw materials. Compiled using data from [7, 8].
Zirconium deposits: 1-4 — Canada (I - Thor Lake, 2 — Nechalacho, 3 — Athabasca, 4 — Strange Lake, 5 — Kipawa Lake); 6 — Greenland
(Tanbreez—Kvanefjeld); 7- 19 — United States (7 - Coos Bay, 8 — Bear Lodge, 9 — Aurelian Springs, 10 - Hickory, 11 — Lulaton,

12 — Mission, 13 — Amelia, 14 - Folkston, 15 — Boulogne, 16 — Green Cove Springs, 17 — Brink, 18 — Concord, 19 — Trail Ridge);
20-23 - Brazil (20 - Guai, 21 - Cumuruxatiba, 22 — Guaratiba, 23 — Pocos de Caldas); 24-25 - Senegal (24 — Diogo, 25 — Kayar—
Lompoul); 26 — Gambia (Brufut); 27-29 - Sierra Leone (27 — Sembekhan, 28 — Bradford-Rotifunk, 29 - Gbangbama-Mogbwemo);
30 — Cameroon (Tongo—Gandima); 31-33 — Namibia (31 — Cape Cross, 32 — Omaruru, 33 - Swakopmund); 34-40 - South Africa
(34 - Namaqua, 35 - Tormin, 36 — Fairbreeze, 37 — Hillendale, 38 — Richards Bay, 39 — Palabora, 40 - Pilanesberg);

41-45 - Mozambique (41 - Corridor Sands, 42 — Pilivili, 43 — Namalope, 44 - Sangage, 45 — pegmatites Muiane, Naimpa, Nanro,
Macula, Morrua, Marropino); 46 - Madagascar (Toliara); 47 - Tanzania (Fungoni); 48 — Kenya (Kwale, Vipingo, Kilifi, and Mambrui);
49 - Somalia (Kismayo); 50 — Egypt (Rashid); 51 - Turkey (Biiyiik Kuluncak); 52 — Germany (Cuxhaven); 53 — Sweden (Norra Karr);
54-58 — Ukraine (54 — Stremigorodskoye, 55 — Irshanskoye, 56 — Malyshevskoye, 57 — Mezhdurechenskoye, 58 - Volchanskoye);
59-74 — Russia (59 — Kovdor, 60 - Lovozero, 61 — Sakharyok, 62 - Unecha, 63 — Lukoyanovskoye, 64 — Tsentralnoye,

65 - Beshpagirskoye, 66 — Yaregskoye, 67 — Tarskoye, 68 — Tuganskoye, 69 — Ulug-Tanzekskoye, 70 — Zashikhinskoye,

71 - Katuginskoye, 72 — Algama, 73 — Rucharskoye, 74 — Khalaktyrskoye); 75-77 — Kazakhstan (75 — Shakashskoye,

76 — Obukhovskoye, 77 — Karaotkel); 78 - Mongolia (Khalzan-Buregtei); 79 — North Korea (Samchon); 80 — South Korea (Dancheon);
81-84 - India (81 - Kerala, 82 - Chavara, 83 — Chhatrapur, 84 — Srikurmam); 85-87 — Sri Lanka (85 - Trincomalee, 86 — Pulmoddai,
87 — Beruwala); 88 — Bangladesh (Cox’s Bazar Beach); 89-97 — China (89 - Bozigor, 90 - Baerzhe, 91 - Saima, 92 - Bohaiwan,

93 - Tudiling, 94 - Lingshui, 95 - Wanning, 96 — Qionghai, 97 — Wenchang); 98—-102 - Vietnam (98 — Cam Hoa, 99 - Ky Ninh,
100 - Ke Sung, 101 - De Ji [Cat Khanh], 102 — Ham Tan); 103-105 - Indonesia (103 — Bangka-Belitung, 104 — Mandiri,

105 - Tisma); 106-123 — Australia, including: 106 — Toongi; Perth Basin: 107-113 (107 - Coburn, 108 - Eneabba,

109 - South Tutunup, 110 - Keysbrook, 111 — Cataby, 112 - Cooljarloo, 113 - Thunderbird); Eucla Basin: 114-116 (114 -Jacinth,
115 - Ambrosia, 116 - Tripitaka), Murray Basin: 117-121 (117 - Douglas, 118 - Donald, 119 - Mindarie, 120 — Pooncarie,

121 - Euston); Tiwi Islands: 122-123 (122 - Kilimiraka, 123 — Lethbridge South); 124 - New Zealand (Barrytown)
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South Africa, a traditional supplier of mineral raw
materials, ranks second among producers and ex-
porters of zirconium raw materials since the 1970s
in terms of cumulative production of zirconium pro-
ducts (12.9 Mt, or 21.7% of total global cumulative
production) [8, 11]. After the commissioning of the
Richards Bay deposit in 1977, the country reached
a production level of about 150 kt/year in the 1980s
(14-22% of global production). In the 1990s, pro-
duction increased to 230-320 kt/year (17-36%), in
the 2000s to 320-420 kt/year (20-33%), in the 2010s
to 320-380 kt/year (20-28%), and in the 2020s to
290-310 kt/year (18-21%) (see Figs. 2, 4 a, b). Coas-
tal-marine placer deposits currently under develop-
ment include Namakwa, Tormin, Fairbreeze, Hillen-
dale, and Richards Bay [6, 7, 11] (see Fig. 3). At the
Palabora copper-phosphate carbonatite deposit,
by-product baddeleyite concentrate (5-13 kt/year)
was recovered from the ore until 2001 [12]. In northern
South Africa there is also the unique Pilanesberg zirco-
nium rare-earth (eudialyte) deposit hosted by alkaline
syenites [13]; however, its development is problematic
because it lies within a national park.

The United States, which has supplied 6.5 Mt to
the global market (10.8% of cumulative global produc-
tion) and ranks third among zirconium raw material
producers, has also long been the world’s largest con-
sumer of zirconium products. Domestic production of
zirconium raw materials in the United States began
in 1922 at the Pablo Beach placer deposit in Florida®.
By 1960, zircon concentrate production reached up to
56 kt (30% of global production). In the 1960-1980s
production remained at 60-80 kt/year (10-15%), in-
creased to 100-110 kt/year (8—9%) in the 1990-2010s,
and in 2019-2024 declared production remained at
100-110 kt/year (7-8%) (see Figs. 2, 4 a, b). Coas-
tal-marine placer deposits are exploited on both the
eastern coast (Coos Bay) and the western coast (Aure-
lian Springs, Hickory, Lulaton, Mission, Amelia, Folk-
ston, Boulogne, Green Cove Springs, Brink, Concord,
Trail Ridge) (see Fig. 3) [7]. Zirconium products may
also be obtained as by-products during the develop-
ment of the large complex Bear Lodge carbonatite
deposit in Wyoming, which is being considered as an
alternative source of rare-earth raw materials outside
China [14].

In the USSR, the zirconium raw material produc-
tion base was established in the 1960s with the de-
velopment of placer titanium-zirconium deposits in
Ukraine (Stremigorodskoye, Irshanskoye, Malyshevs-
koye, Mezhdurechenskoye, and Volchanskoye) [15, 16].
The cumulative production of zirconium raw mate-

2 U.S. Geological Survey. URL: http://minerals.usgs.gov/
minerals/pubs/commodity/tin/index.html#mcs
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rials in the USSR and post-Soviet Ukraine amounts
to 2.7 Mt, or 4.6% of global production. Production
levels in the 1960s ranged from 8-16 kt/year, in the
1970s from 16-73 kt/year, and in the 1980s from
75-90 kt/year (9-10% of global production). Af-
ter Ukraine’s independence, zirconium raw material
production declined from 75 kt in 1992 to 25 kt in
1999, remaining at 20-30 kt/year in the 2000-2010s
(1-3% of global production) and decreasing further
to 8—10 kt/year in the 2020s (see Figs. 2,4 a, b).

China accounts for 2.2% of cumulative global zir-
conium raw material production (1.3 Mt). Production
began in 1969 with the development of coastal-marine
placer deposits Bohaiwan, Lingshui, Wanning, Qiong-
hai, and Wenchang (see Fig. 3). Production during
the 1970-1990s was 10-15 kt/year. After increasing
output from 15 kt in 1999 to 120 kt in 2004, Chinese
zirconium mining has maintained zircon concentrate
production at 100-140 kt/year (7-10% of global pro-
duction) (see Figs. 2, 4 a, b). Zirconium is included in
the list of critical materials for Chinese industry, and
therefore projects are being considered for the deve-
lopment of ore deposits containing zirconium mine-
rals: zircon in the carbonatite deposits Bozigor,
Baerzhe, and Tudiling, as well as eudialyte in the alka-
line syenites of the Saima deposit [6, 17].

In the 21st century, rising prices for zirconium
raw materials led to the emergence of new suppliers
on the global market: Vietnam (since 2003), Indonesia
(since 2006), Mozambique (since 2007), Sierra Leone
(since 2009), Kazakhstan (since 2011), Senegal (since
2014), and Kenya (since 2014).

Indonesia ranks fifth in cumulative global zirco-
nium raw material production, with 2.7 Mt (4.4% of
global production). Development of tin-rare-metal
coastal-marine (Bangka and Belitung) and buried
(Mandiri and Tisma) placer deposits began in
2006 [18] (see Fig. 3). In 2006-2015 the country
produced 65-120 kt/year (5-8% of global produc-
tion), but production later declined to 30-60 kt/year
(2-3%) (see Figs. 2, 4 a, b). Zircon concentrate is also
produced as a by-product during the exploitation of
numerous placer tin deposits in Indonesia.

In Mozambique, coastal-marine placer deposits
Corridor Sands, Pilivili, Namalope, and Sangage have
been developed since 2007 (see Fig. 3). Cumulative
production amounts to 1.1 Mt (1.2% of global produc-
tion). In 2007-2013 concentrate production ranged
from 25-45 kt/year, later increasing to 50—100 kt/year
(3-5% of global production) (see Fig. 4, a). Projects
are also being considered to develop rare-metal peg-
matites containing zirconium and tantalum-niobium
raw materials (Muiane, Naimpa, Nanro, Macula, Mor-
rua, and Marropino) [19].
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Coastal-marine titanium-zirconium deposits in
Senegal have been developed since the 1930s, when
the country was still a French colony. Production
later ceased and resumed only in 2014 amid rising
zirconium prices, at the Diogo and Kayar-Lompoul
deposits (see Fig. 3) [20], reaching up to 64 kt/year
(see Fig. 4, a). Cumulative production amounts to
613 kt (1.0% of global production).

In Vietnam, rising zirconium prices led to the start
of zircon concentrate production in 2004 at offshore
coastal-marine placer deposits Cam Hoa, Ky Ninh, Ke
Sung, De Ji, Cat Khanh, and Ham Tan (see Fig. 3), with
production volumes of 10-15 kt/year [21]. Cumulative
production totals 416 kt (0.7% of global production).

Four placer titanium-zirconium deposits have
been explored in Kenya: Kwale, Vipingo, Kilifi, and
Mambrui (see Fig. 3). Mining began at the Kwale
deposit in 2014 and continues to the present, with
zircon concentrate production ranging from 26 to
90 kt/year [20]. Cumulative production amounts to
415 kt (0.7% of global production).

In Kazakhstan, development of the Obukhov tita-
nium-zirconium deposit began in 2010 [22, 23], with
production increasing to 78 kt in 2024 (see Figs. 2, 4 a).
Cumulative production in Kazakhstan already amounts
to 218 kt (0.4% of global production).

In Madagascar, the coastal-marine Toliara deposit
has been developed since 2009, with annual production
of up to 35 kt. Cumulative production in Madagascar
amounts to 351 kt (0.6% of global production).

In Sierra Leone, zircon concentrate is produced
as a by-product during the development of titanium
(mainly rutile) coastal-marine placer deposits Brad-
ford-Rotifunk, Gbangbama-Mogbwemo, and Sem-
bekhan [24]. Although rutile placers have been mined
since 1967, significant volumes of associated zirco-
nium raw materials were marketed in 1991-1994 (up
to 1.3 kt/year) and in 2009-2024 (3-11 kt/year) (see
Fig. 4, a). Cumulative production amounts to 415 kt
(0.7% of global production).

In India, coastal-marine placer mining began as
early as the 1930-1940s, but a significant increase in
zirconium raw material production at the Kerala, Cha-
vara, Chhatrapur, and Srikurmam (see Fig. 3) deposits
occurred in the 1970s [7, 25, 26]. Production volumes
were 10-20 kt/year, increasing to 30-40 kt/year in
2007-2017, but declining again to about 20 kt/year
by 2020 (see Fig. 2). Cumulative production in India
amounts to 853 kt (1.4% of global production). Zir-
conium raw materials have been designated a critical
resource for the nuclear industry in India [27].

In the 1930s Brazil was the global leader in zir-
conium raw material production. Initially mining was
carried out from weathering crusts of eudialyte-bear-
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ing alkaline syenites at the Pocos de Caldas depos-
it, with extraction of a colloform mixture of badde-
leyite and zircon (brazilite)®. Later, coastal-marine
titanium-zirconium deposits Guai, Cumuruxatiba,
and Guaratiba were brought into production (see
Fig. 3) [7, 28]. Production volumes in the 1950-1970s
reached up to 5 kt/year, increasing to 20-25 kt/year in
the 1980-2010s, but declining again to 6—11 kt/year
in the 2020s (see Fig. 2). Cumulative production in
Brazil amounts to 940 kt (1.6% of global production).

In Sri Lanka, as in India, zirconium raw materials
were mined as early as the 1930-1940s, with a signifi-
cant increase in production in the 1970s. Coastal-ma-
rine placer deposits Trincomalee, Pulmoddai, and
Beruwala are currently exploited (see Fig. 3) [7, 29].
Production volumes were 1-5 kt/year, increasing to
10-25 kt/year in 1990-2010, but subsequently declin-
ing again to about 5 kt/year. Cumulative production
amounts to 302 kt (0.5% of global production).

In Russia, zirconium raw materials are produced
at the Kovdor Mining and Processing Plant during
the beneficiation of apatite-magnetite ores from the
Kovdor carbonatite deposit, with recovery of by-pro-
duct baddeleyite concentrate (4-9 kt/year) [12, 30]. Zir-
con concentrate previously used in Russia was entirely
imported (up to 15 kt/year), but following the launch
in 2022 of the Tugan Mining and Processing Plant at
the buried coastal-marine placer deposit of the same
name, production is expected to reach up to 15 kt per
year from 2025 [30, 31]. At the Yarega oil-sand deposit,
which contains titanium-zirconium placers, extraction
of these minerals is technologically difficult and eco-
nomically inefficient [32]. In addition, several buried ti-
tanium-zirconium placer deposits have been (Tsentral-
noye [33], Lukoyanovskoye [34], Beshpagirskoye [35],
and Tarskoye [36]), as well as complex zirconium-bea-
ring ore deposits (Katuginskoye [37], Ulug-Tanze-
kskoye [38], Zashikhinskoye [39], and Sakharyok [40])
hosted by alkaline granites, and the Lovozero eudialyte
deposit in alkaline syenites [41] (see Fig. 3). The Alga-
ma baddeleyite deposit is also known in the weathering
crusts of the Algama carbonatite massif [42].

Small-scale zirconium raw material production
also occurs in Malaysia (up to 2 kt/year), Nigeria (up to
2 kt/year), Turkey (up to 1 kt/year), and Thailand (up to
1 kt/year).

Prepared reserves and forecast resources

The currently available prepared (proven) reserves
of zirconium raw materials worldwide (95 Mt) are suf-
ficient for 20 years at the current level of global con-
sumption, assuming annual growth of +3.5% (Fig. 5).

5 U.S. Geological Survey. URL: http://minerals.usgs.gov/
minerals/pubs/commodity/tin/index.html#mcs
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Of this total, 55 Mt, or 58% of global reserves, are con-
centrated in Australia, the undisputed and longstan-
ding world leader in zirconium raw material produc-
tion, supported by the largest resource base of numer-
ous coastal-marine placer deposits along the southern
and southwestern coasts of the continent.

Russia, with 12.4 Mt of zirconium raw materials
recorded on its balance sheet, formally ranks second
in the world. However, most of these reserves are as-
sociated with complex ore deposits in carbonatites, as
well as in alkaline granites and syenites* whose deve-
lopment is problematic. Only the Kovdor apatite-iron
ore deposit hosted by carbonatites has been under
development, where baddeleyite has been recovered
in small quantities as a by-product. The reserves of
technologically favorable titanium-zirconium placer
deposits in Russia amount to 2.3 Mt.

4 Ministry of Natural Resources and Environment of the
Russian Federation. The State Report “On the State and Use of the
Mineral Resources of the Russian Federation in 2023”. URL: https://
rosnedra.gov.ru/activity/documents/gosudarstvennyy-doklad-2023/
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South Africa, which ranks third in reserves and
second in production, holds 5.3 Mt (13% of global re-
serves) in placer deposits along the country’s southern
coast. Ukraine ranks fourth; although it is no longer
among the top ten producers of zirconium raw mate-
rials, it still has a substantial prepared explored base
of buried placer deposits amounting to 4 Mt (4.2%
of global reserves). The decline in production is due
to the fact that the Ukrainian deposits under devel-
opment are buried placers, which increase operating
costs, as well as to the complications arising under the
current economic and political crisis.

India (fifth in reserves) and Senegal (sixth in re-
serves and eighth in production) also have fairly large
prepared reserves of zirconium raw materials in coas-
tal-marine placer deposits, amounting to 3.4 Mt and
2.6 Mt, respectively (3.6% and 2.7% of global reserves).
However, whereas titanium-zirconium placer deposits
in Senegal are being brought into production relatively
actively, their development in India is constrained by
the high cost of land acquisition in coastal zones.
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Other countries

Egypt
Australia United States 0.6
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18 China .
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Fig. 5. Global proven reserves (a) and forecast resources (b) of zirconium as of 2024

Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs;
Mineral Information and Analytical Center. URL: https://www.mineral.ru/


https://mst.misis.ru/
http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs
https://www.mineral.ru/
https://rosnedra.gov.ru/activity/documents/gosudarstvennyy-doklad-2023/
https://rosnedra.gov.ru/activity/documents/gosudarstvennyy-doklad-2023/

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2026;11(1):16-34

R

In Canada, zirconium raw materials are not cur-
rently mined, but several explored complex ore de-
posits are known: Strange Lake [43] in carbonatites;
Thor Lake [44], Nechalacho [45], and Kipawa Lake [46]
in alkaline syenites; as well as technogenic accumu-
lations in the tailings of oil sand processing at the
Athabasca deposit that have been evaluated for zir-
conium raw materials [47] (see Fig. 3). These deposits
contain 2.3 Mt of zirconium raw materials (2.4% of
global reserves), placing Canada seventh in terms of
reserves. These deposits periodically attract interest
as potentially promising business projects, but their
development is complicated by technological and
economic challenges associated with complex miner-
al raw materials.

The top ten countries in terms of prepared (proven)
reserves of zirconium raw materials also include Brazil
with 2.2 Mt (2.3% of global reserves), Madagascar with
2.1 Mt (2.2%), and Mozambique with 1.5 Mt (1.6%).

Zirconium raw material reserves are being ex-
plored not only in the traditionally major producing
countries, but also in other states. Many deposits have
been explored but have not yet been brought into pro-
duction: Cape Cross, Omaruru, and Swakopmund in
Namibia [48]; the Rashid deposit in Egypt [49]; Ton-
go-Gandima in Cameroon [50]; Shakashu [51] and
Karaotkel [52] in Kazakhstan; and Cox’s Bazar Beach in
Bangladesh [53, 54]. The reasons for the delay in their
commissioning include marginal project economics in
some cases (Kazakhstan, Russia) and the high cost of
acquiring coastal land occupied by settlements and ag-
ricultural land in others (the coasts of India, Sri Lanka,
Bangladesh, Brazil, Turkey, and Germany).

There are notable differences between the rank-
ing of countries by zirconium raw material resources
(232 Mt) and by prepared reserves (see Fig. 5). While
Australia remains the leader, with 30 Mt of zirconi-
um raw material resources (mainly placer deposits),
or 12.9% of global resources, Russia ranks second with
28 Mt (12.1%), predominantly in complex endogenic
deposits. Mozambique ranks third (while fifth in the
production ranking), with 24 Mt (10.3%): its coastline
containing placer deposits remains only weakly devel-
oped, and extensive lateritic weathering crusts over
alkaline granites are also considered prospective for
zircon. Fourth and fifth places are occupied by coun-
tries with limited zirconium raw material production
but substantial resources: coastal-marine deposits in
India (22 Mt, or 9.5% of global resources) and com-
plex ore deposits in Canada (20 Mt, or 8.6%). Senegal,
which ranks eighth in zirconium raw material produc-
tion, is sixth in resources, estimated at 20 Mt, or 8.6%
of the global total. The top ten countries in terms of
zirconium raw material resources also include Sierra
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Leone (18 Mt, 7.8%), South Africa (14 Mt, 6.0%), Indo-
nesia (9 Mt, 3.9%), and China (8.0 Mt, 3.9%).

The resources of many countries remain under-
estimated because of limited geological knowledge in
some cases and economic and political problems in
others. New coastal-marine placer deposits of zirconi-
um raw materials may be discovered along the marine
coasts of Somalia, Libya, Madagascar, Liberia, Cote
d’Ivoire, and Ghana in Africa; Indonesia and Papua
New Guinea in Asia; and Uruguay, Guyana, Suriname,
and French Guiana in South America (see Fig. 3).

Despite the traditional focus on technologically
favorable placer deposits of zirconium raw materials,
interest in ore deposits containing zirconium miner-
alization is increasing. As a rule, these are complex
rare-metal deposits in carbonatites, alkaline granites,
and syenites, as well as in weathering crusts devel-
oped over their ores and host rocks. The marketable
zirconium products from such deposits are zircon,
baddeleyite, and eudialyte.

Zircon concentrate is regarded as one of the sale-
able products of integrated development projects
for zirconium-rare-earth deposits in carbonatites
(Strange Lake [43] in Canada, Bear Lodge [14] in the
United States, Baerzhe [55] in China, Khalzan-Bu-
regtei [56] in Mongolia), as well as in alkaline granites
(Katuginskoye [37], Ulug-Tanzekskoye [38], and Za-
shikhinskoye [39] in Russia) and in alkaline syenites
(Thor Lake [44] in Canada, Bozigor [57] and Tudil-
ing [58] in China).

Baddeleyite (natural zirconium oxide), previously
mined at the carbonatite deposits of Pocos de Caldas
in Brazil and Palabora in South Africa, and current-
ly produced at the Kovdor deposit in Russia, may be-
come a target for future development at the Algama
deposit [42] in Russia.

Eudialyte ores represent a complex zirconium-ra-
re-earth raw material. Their deposits are known in al-
kaline syenite complexes: Nechalacho [45] in Canada,
Tanbreez [59] and Kvanefjeld in Greenland, Norra Karr
in Sweden [60], the Lovozero eudialyte deposit [41] in
Russia, Pilanesberg [13] in South Africa, Saima [62] in
China, and Toongi (the Dubbo Project) [10] in Austral-
ia. The development of eudialyte ores is complicated
by the production of several marketable products (zir-
conium and individual rare earths) that differ in value,
are subject to price fluctuations and vary in market
demand.

There is also some interest in zirconium deposits
in weathering crusts, not only those developed over
known primary zirconium occurrences (the carbon-
atites of Pocos de Caldas in Brazil [61], and the ra-
re-metal pegmatites Muiane, Naimpa, Nanro, Macula,
Morrua, and Marropino in Mozambique [19]), but also
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those developed over rocks with disseminated zirco-
nium mineralization, for example over ultrabasic-al-
kaline complexes in Brazil and the Philippines [63]
and over alkaline syenites in Turkey [64].

Technogenic dumps from old placer tin workings
in Indonesia [18] and Malaysia, as well as old gold
workings in New Zealand [65], may also potentially be
used for zirconium raw material production.

Commodity flows of zirconium raw materials

The marketable products of zirconium raw ma-
terials are zircon concentrate and baddeleyite con-
centrate.

The supply of baddeleyite (natural zirconium oxi-
de) on the global market is limited due to the rarity of
its deposits and amounts to only 4-9 kt/year [12, 30],
supplied primarily from Russia. It is used as an abra-
sive raw material and for the production of refrac-
tories. The share of baddeleyite concentrate in the
total global production of zirconium raw materials
accounts for only 0.3-0.7%.

Global production of zircon concentrate increased
from 537 kt in 1970 to 1.64 Mt in 2024 (+2.4% per year)
(see Fig. 4, a). Significant volumes of zircon concentrate
are produced by a limited group of producer countries.
While traditional producers of zirconium raw materials
(Australia, South Africa, and the United States) con-
tinue to dominate, the contribution of new producing
countries has increased over time, including Mozam-
bique, Senegal, Indonesia, China, as well as Madagas-
car, Kenya, Sierra Leone, and Vietnam. Production of
zirconium raw materials has declined at the enterpris-
es remaining in Ukraine, which inherited production
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capacity from the former USSR, decreasing from 65 kt
in 1991 to 10 kt in the 2020s. At the same time, stable
but relatively small-scale production of zirconium raw
materials continues in Brazil, India, and Sri Lanka.

Although the production volumes of the traditio-
nal leaders (Australia, South Africa, the United States,
the USSR /Ukraine, Brazil, India, Sri Lanka, and Malay-
sia) increased in supplies to the global market from
455 kt in 1970 to 1,130 kt in 2024, their share in the
global supply of this raw material declined from 92% in
1999 to 69% in 2024. In contrast, the production of zir-
conium raw materials in new producing countries (Chi-
na, Mozambique, Senegal, Indonesia, Vietnam, Kenya,
Madagascar, Sierra Leone, and Kazakhstan) increased
from 2.2 kt in 1999 (0.2% of global exports) to 500 kt in
2024 (30%). The combined share of all other countries
amounts to 0.2-2.5% of global production (Fig. 6).

The dynamics of total global exports of zircon
concentrate (see Fig. 4, ¢) broadly correspond to the
dynamics of its total global production (see Fig. 4, a).
This relationship is explained by the extremely high
share of total global exports (including re-exports)
relative to production (61-98%). The supply of zircon
concentrate to the global market (exports) increased
from 395 kt in 1970 to 1.86 Mt in 2024. The growth
rate of global zircon concentrate exports (+2.8% per
year) slightly exceeds the growth rate of its produc-
tion (+2.4% per year), which indicates incomplete or
non-transparent reporting of production volumes by
some countries. There is also a clear trend toward an
increasing share of global zircon concentrate exports
relative to its production, rising from 60-80% in the
1970s to 85-98% in the 2010s-2020s (Fig. 7).
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Fig. 6. Dynamics of the shares of zircon concentrate production in total global output, 1970-2024

Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs; British Geological
Survey. Commodities & Statistics. URL: https://www.bgs.ac.uk/; TrendEconomy. Open Data Portal. URL: https://trendeconomy.ru/
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Fig. 7. Shares of global zircon concentrate exports and imports, 1970-2024

Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs;
British Geological Survey. Commodities & Statistics. URL: https://www.bgs.ac.uk/; United Nations Data. URL: https://data.un.org/;
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Australia ranks first in exports of zircon concen-
trate as the undisputed global leader in its production.
The country increased export volumes from 387 kt in
1970 to 950 kt in 2024 (adjusted to account for data
on imports of Australian concentrate into China) (see
Fig. 4, ¢), although its share in global zircon concen-
trate supply declined over this period from 98% to
50% (see Fig. 4, d). Australia exports 93-99% of the
zircon concentrate it produces.

South Africa, which began large-scale production
of zircon concentrate only in 1977, also exports 80—
98% of its output. Its exports increased from 3 kt in
1977 to a peak of 465 kt in 2017, with a high export
growth rate of +13.4% per year. In subsequent years,
exports have remained relatively stable in the range
of 340-400 kt/year. South Africa’s share in interna-
tional trade reached a maximum of 51% in 2002, but
later declined to local minima of 16% in 2022 and 20%
in 2023-2024, primarily due to the emergence of new
suppliers of zirconium raw materials (see Fig. 4, d).

Among the established exporting countries, the
United States shows a highly variable export flow
(6-119 kt/year, accounting for 2-13.6% of global ex-
ports), while Malaysia contributes a smaller export
stream (4-40 kt/year, or 0.8-4.8%) (see Fig. 4, ¢).

New producing countries rapidly expanded their
exports, shipping almost all of the zircon concentrate
they produce (see Fig. 4, ¢, d): Mozambique — exports
since 2007, reaching 101 kt in 2021, with a global ex-
port market share of up to 6.8%; Senegal — since 2014,
up to 92 kt/year, share up to 6.2%; Madagascar - since
2009, up to 68 kt/year, up to 6.8%; Kenya — since 2015,
up to 69 kt/year, up to 4.8%; Kazakhstan — since 2011,
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up to 78 kt/year, up to 4.2%; Vietnam — since 2000, up
to 25 kt/year, up to 1.9%.

Since 1991, international trade in zirconium raw
materials has experienced a sharp increase in transit
trade (re-exports), reaching 15-20% of total import
volumes. Among the re-exporting countries, several
traditional transit trading hubs without domestic pro-
duction should be noted, exporting 60-100% of their
import volumes: the Netherlands (up to 40 kt/year),
Belgium (up to 37 kt/year), and Hong Kong (up to
70 kt/year). In the United States, re-exports of zir-
con concentrate amounted to 7-26 kt/year in the
1970s-1980s, representing 10-25% of imports, but
in the 1990s-2010s they increased to 40-120 kt/year,
reaching up to 100% of import volumes. Malaysia, while
producing up to 26 kt/year of zirconium raw materials
and importing up to 65 kt/year, simultaneously exports
up to 40 kt/year (50-80% of its import volumes). Tran-
sit re-exports of zirconium raw materials also occur in
Italy and Thailand, though at smaller shares of imports.

For total global imports of zircon concentrate,
the share of imports relative to consumption shows
a smoother dynamic than the changes in the share
of exports relative to production, possibly due to the
influence of re-export accounting and unreported
changes in stock levels (see Fig. 7). Global imports
of zircon concentrate (including the double counting
associated with transit trade) increased from 319 kt
in 1970 to 2.19 Mt in 2024. The ranking of importing
countries includes both countries without domestic
production capacity (Japan and the European Union)
and producer countries (the United States, China, and
India) (see Fig. 4, e, f).
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In the 1970s-1980s, the European Union was the
global leader in zircon concentrate imports, pur-
chasing 100-280 kt/year, or 38-52% of global im-
ports. In the 1990s-2000s, import volumes increased
to 370-470 kt/year, although the EU share did not
grow and began to decline as China’s imports rose
to 25% of global imports by 2010. Subsequently, vo-
lumes decreased due to declining domestic con-
sumption, reaching 164 kt in 2024 (7.5% of global
imports) (see Fig. 7, e, f).

Within the European Union, imports are distrib-
uted among Italy, Spain, Germany, France, the Uni-
ted Kingdom, and the Netherlands (Fig. 8, a). Italy,
which imported 30-45 kt/year in the 1970s (10-15% of
global imports), increased purchases to 55-80 kt/year
(10-14%) in the 1980s and to 115-150 kt/year (11-16%)
during 1992-2008, reflecting the overall dynamics of
global zirconium raw material consumption. Howe-
ver, imports into Italy later declined to 40-65 kt/year
in the 2010s (2.6-6.7%) and to 28-44 kt/year in
the 2020s (1.3-2.4% of global imports). In Spain
(EU member since 1986), imports increased from
10-20 kt/year in the 1970s (3—-5% of global imports)
to 125-155 kt/year in the 2000s (7-15%), followed
by a decline in the 2010s-2020s (65-140 kt/year,
3-7%). Germany experienced a period of relatively
high zircon concentrate imports during 1970-2000
(40-85 kt/year, 6—14% of global imports) and lower
import levels thereafter (25-40 kt/year, 1.1-2.7%).
France maintained imports at 25-50 kt/year through-
out the entire period studied (2-6% of global im-
ports). In the United Kingdom, imports of zirconium
raw materials remained at 25-50 kt/year (2-6% of
global imports) until 2005, after which they declined
to 3-7 kt/year (0.2-1.0%). In the Netherlands, imports
range from 15-50 kt/year (1-6% of global imports),
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although a large share is re-exported through the
country’s transit trade. A portion of imported zirco-
nium raw materials is also re-exported from Germany
and France (up to 20-25% of import volumes).

Japan, which imported 90-190 kt/year in the
1970s-1990s (25-35% of global imports), began re-
ducing its imports after 1997 to 55-65 kt/year (5-9%)
in the 2000s and to 20-40 kt/year (1.0-3.3%) in the
2010s-2020s.

A similar trend is observed in the dynamics of zir-
conium raw material imports into the United States,
which imported 60-90 kt/year in the 1970s-1990s
(10-25% of global imports), followed by a decline to
25-45 kt/year (1.5-3.5%) in the 2000s-2020s (see
Fig. 4, e, f).

For China, reliable data on imports are not avai-
lable prior to 1991. Subsequently, however, imports
of zircon concentrate increased rapidly — from 99 kt
in 1992 to 1.75 Mt in 2024 (from 14% to 80% of glo-
bal imports), with an average growth rate of +8.9% per
year (see Fig. 4, e, f).

A gradual increase in import volumes is also
observed in India, from 3-10 kt/year in the 1990s
(0.3-0.7%) to 30-75 kt/year in the 2010s (3-5%) (see
Fig.4,e, /).

Imports of zircon concentrate into Malaysia
amounted to 0.5-3.0 kt/year in 1970-1980; sub-
sequently they increased to 30-50 kt/year (see
Fig. 4, e). However, most of these volumes are re-ex-
ported (25-40 kt/year), while domestic consumption
remains relatively small (5-10 kt/year).

Whereas Brazil was a net exporter of zircon con-
centrate in the 1950s-1960s, domestic consumption
later exceeded national production capacity, re-
sulting in additional imports of 15-23 kt/year (see
Fig. 4, e).

0.5 Mt 0.5 M
0.4 0.41
0.3 0.31
0.2+ 0.21
0.1 0.17

Italy Spain Germany B France

a

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 20202024 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 20202024

UK Other countries

b

Netherlands

Fig. 8. Dynamics of zirconium raw material imports (a) and consumption (b) in the European Union countries, 1970-2024
Sources: United Nations Data. URL: https://data.un.org/; TrendEconomy. Open Data Portal. URL: https://trendeconomy.ru/
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Changes in global zircon concentrate consump-
tion are primarily driven by demand in the main ap-
plication sectors: refractories in metallurgy and the
glass industry, as well as ceramics in the construction
sector. Consequently, there has been a pronounced
increase in zircon concentrate consumption in Chi-
na, associated with the rapid growth of its national
economy — from 84 kt (8.7% of the global market) in
1997 to 1.83 Mt (78%) in 2024 (see Fig. 4, g, h), with
an average growth rate of +11.9% per year. Most zir-
conium raw materials supplied to China are imported,
accounting for up to 79% of consumption.

The United States, which was initially the world
leader in zircon concentrate consumption (159 kt, or
31% of global consumption in 1971), reduced its use
to 95-140 kt/year (13-19%) in the 1980s-1990s and
to 75-110 kt/year (4-7%) in the 2000s-2020s (see
Fig.4, g, h). This trend was consistent with the post-in-
dustrial development policy of the United States in
1990-2010, which was accompanied by a reduction in
industrial production and construction activity. Nev-
ertheless, in the 2020s a process of reindustrialization
has emerged in the United States, accompanied by in-
creased consumption of mineral resources, including
zirconium raw materials, reaching 100-135 kt/year.
Due to the presence of domestic production, U.S. im-
port dependence on zirconium raw materials remains
relatively moderate at 18—-50% of consumption.

The European Union, which led global con-
sumption of zirconium raw materials in 1979-2005
(250-450 kt, or 25-40% of global consumption), has
since maintained consumption at a somewhat lower
level of 150-250 kt, representing 6—-20% of global con-
sumption due to China’s dominant role (see Fig. 4, g, h;
Fig. 8, b). The leading EU consumers of zirconium raw
materials are Spain and Italy (see Fig. 8, a). In these
countries, the consumption of zircon concentrate
has increased as a result of the development of cera-
mic production using opaque glazes, largely oriented
toward export markets. In Spain (EU member since
1986), zirconium raw material consumption amoun-
ted to 20-35 kt/year in the 1970s-1980s (2-5% of the
global market), increased to 50-95 kt/year in the 1990s
(5-10%), and reached 90-130 kt/year in the
2010s-2020s (7-10%). Spain currently ranks fourth
globally in zirconium raw material consumption. Con-
sumption in Italy increased from 30-40 kt/year in the
1970s (7-9% of the global market) and 50-60 kt/year
in the 1980s (also 7-9%) to 80-120 kt/year in the
1990s-2000s (9-12%). However, since 2007, a decline
in ceramic production has resulted in a reduction
in zirconium raw material consumption in Italy to
30-50 kt/year (2-3%) (see Fig. 8, b). In Germany, con-
sumption dynamics have changed more gradually:
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25-40 kt/year in the 1970s (5-9% of the global market),
increasing slightly to 45-65 kt/year in the 1980s—-1990s
(5-9%), followed by a decline after 2006 to 12-25 kt/year
(0.9-1.4%). In France, zircon concentrate consumption
has remained relatively stable throughout the study
period at 20-45 kt/year, corresponding to 1-5% of
global consumption. In the United Kingdom, zirconium
raw material consumption remained at 25-50 kt/year
(2-6% of global imports) until 2005, after which it de-
clined to 3-7 kt/year (0.2-1.0%). Zirconium raw ma-
terials consumed in EU countries are supplied almost
entirely through imports.

Japan, which experienced rapid growth in the
1960s in the metal-intensive shipbuilding and au-
tomotive industries, requiring large volumes of fer-
rous and non-ferrous metals, was also among the top
three global consumers of zircon concentrate (100%
supplied by imports). In 1970-1992, consumption
amounted to 120-200 kt/year (15-30% of global con-
sumption). Subsequently, against the backdrop of
slower economic growth, consumption declined to
50-75 kt/year (4-6%) in the 2000s and 20-40 kt/year
(0.9-2.8%) in the 2010s-2020s (see Fig. 4, g, h).

During its existence, the USSR ranked third glo-
bally in zirconium raw material consumption in the
1970s-1980s, with 65-96 kt/year (10-15% of global
consumption), all of which was produced domestical-
ly. Following industrial stagnation in the 1990s, Rus-
sia significantly reduced consumption of zirconium
raw materials to 8—10 kt/year (see Fig. 4, g, h).

A smaller but steady increase in zircon concen-
trate consumption is also observed in India, rising
from 10-15 kt/year in the 1970s-1990s (2—-3% of the
global market) to 35-75 kt/year in the 2000s (3-5%)
and 60-120 kt/year in the 2010s-2020s (3-5%) (see
Fig.4, g, h). India currently ranks fourth globally in zir-
conium raw material consumption. However, whereas
in the 1970s-1990s Indian industry relied primarily
on domestic zirconium raw materials (imports ac-
counting for only 0.5-1.1%), by the 2010s the share of
imports had increased to 70-85%, making India criti-
cally import-dependent [27].

Discussion and conclusions
Global zirconium resources and reserves

The currently available prepared (proven) re-
serves and forecast resources of zirconium raw ma-
terials worldwide (95 Mt + 252 Mt) are sufficient for
several decades of global consumption at the current
level, assuming an annual growth rate of +3.5%. The
complexity of the zirconium mineral resource base
lies in the fact that most reserves and resources are
associated with endogenic deposit formations in car-
bonatites and alkaline rocks, whereas the entire his-
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torical development of zirconium raw materials has
relied on coastal-marine and alluvial placer deposits,
composed of loose sediments that are technologically
efficient for beneficiation and the production of zir-
con concentrate. High prices for zirconium raw ma-
terials make projects for processing compositionally
complex endogenic ores, which require preliminary
crushing, economically viable. At the same time, these
prices allow a reduction in the cut-off grades of plac-
er deposits, enabling the exploitation of poorer sands
and thereby expanding the resource base of this de-
posit type.

Placer deposits remain the primary source of zir-
conium raw materials, ensuring the leading positions
of Australia and South Africa in global production.
High demand for zirconium raw materials has also led
to the emergence of new producers, developing placer
deposits in Indonesia, Mozambique, Senegal, Kazakh-
stan, Madagascar, Kenya, Vietnam, and Sierra Leone.
A significant increase in zirconium raw material pro-
duction is possible in Mozambique, Madagascar, and
Vietnam, as well as the emergence of new mining
operations in Namibia, Tanzania, and Somalia.

The development of endogenic zirconium depo-
sits is complicated by the production of multiple mar-
ketable products (zirconium, niobium, and rare-earth
compounds), which have different and fluctuating
prices and varying demand in commodity markets.
Nevertheless, there are projects aimed at develo-
ping complex deposits with zircon concentrate as
a by-product, including Strange Lake and Thor Lake
(Canada), Bear Lodge (USA), Baerzhe, Bozigor, and
Tudiling (China), Khalzan-Buregtei (Mongolia), and
Katuginskoye, Ulug-Tanzekskoye, and Zashikhins-
koye (Russia). Development is also possible for a new
technological type of deposit — eudialyte ores, which
represent complex niobium-zirconium-rare-earth raw
materials. Development projects for such deposits in-
clude Nechalacho (Canada), Tanbreez and Kvanefjeld
(Greenland), Toongi-Dubbo (Australia), Lovozerskoye
(Russia), and Saima (China).

Beneficiation and processing challenges
of zirconium raw materials

Unlike the relatively simple gravity beneficiation
of sands from placer titanium-zirconium deposits,
ores from endogenic complex deposits containing
zircon mineralization require preliminary crushing
and grinding. Beneficiation (gravity and flotation)
uses complex flowsheets to produce individual mi-
neral concentrates with commercial value, inclu-
ding zircon concentrate. For eudialyte deposits, bene-
ficiation is also possible using gravity and flotation
methods, while processing of eudialyte concentrate
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can be carried out using a nitric acid flowsheet, fol-
lowed by sequential recovery of zirconium and rare
earth elements from solution through chemical pre-
cipitation [66]. The development of endogenic depos-
its (both eudialyte and zircon-bearing), in addition to
the extra costs associated with crushing and complex
beneficiation and processing flowsheets, involves
economic risks linked to the production of multiple
marketable products with different and variable pri-
ces and varying demand in commodity markets [67].

Structure of the global zirconium
raw materials trade

In the global zirconium industry, a bipolar struc-
ture has formed between producing countries and
consuming countries of zirconium raw materials. In
international trade, the share of global zircon concen-
trate exports relative to production volumes is very
high, with a clear increasing trend — from 60-80% in
the 1970s to 85-98% in the 2010s. The growth rate
of global zircon concentrate exports (+2.8% per year)
slightly exceeds the growth rate of its production
(+2.4% per year), which indicates incomplete repor-
ting of production volumes in some countries (China,
the United States, and Australia) and the presence of
significant volumes of unrecorded re-exports.

The main suppliers of zircon concentrate to the
global market remain the traditional producing coun-
tries Australia and South Africa. At the same time,
new producing countries have emerged that mine
zirconium raw materials in significant quantities,
including China, Mozambique, Senegal, Indonesia,
Vietnam, Kenya, Madagascar, Sierra Leone, and Ka-
zakhstan. New participants may also appear in the
market through the development of placer deposits in
Namibia and Tanzania, as well as through projects in-
volving endogenic complex deposits with by-product
zirconium in Canada, Greenland, and Russia.

Challenges for the global zirconium industry

The development of the global zirconium raw ma-
terials market is highly complex due to rapid growth
in consumption, rising prices, and the large share of
international trade in this raw material, combined
with conflicting interests between producing and
consuming countries. In addition, a significant por-
tion of global zirconium reserves is located in com-
plex endogenic deposits, which are difficult to develop
both technologically and economically [9, 30, 67, 68].
In most developed industrial countries, zirconium is
classified as a critical mineral resource.

In the dynamics of zirconium raw material con-
sumption, the key factor is the rapid increase in de-
mand in China, driven by the rapid growth of its
national economy. China will remain the largest
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consumer of zirconium raw materials in the future,
both through domestic production and — primarily —
through imports.

The main risk factor for the global zirconium in-
dustry lies in the existence of a group of producing
countries (Australia, South Africa, Mozambique, In-
donesia and Senegal) and major consuming countries
(China, the European Union, the United States, India,
and Japan). The share of international trade in zirco-
nium raw materials relative to production has already
exceeded 90%, prompting consuming countries to
classify this raw material as a critical commodity re-
quiring supply regulation. In most cases, consuming
countries have limited or no domestic production of
zirconium raw materials. Even in China and the Uni-
ted States, the main consumers of zirconium raw ma-
terials, domestic production (for which information
is not fully transparent) accounts for only 5-13% and
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raw material consumption, has virtually no domestic
mining operations. A substantial volume of transit
trade in zirconium raw materials has also emerged
(15-20% of global imports), with the largest re-export
volumes occurring in the Netherlands, Belgium, Hong
Kong, and Malaysia.

Given the spatial separation of production and
consumption centers, which has led to the majority
of mined raw materials entering international trade,
disruptions in the global zirconium raw materials and
zirconium products market are inevitable during eco-
nomic crises and political conflicts, inevitably affec-
ting prices, trade volumes, and supply routes.

In response to growing global demand, the deve-
lopment of new mining operations continues to focus
primarily on technologically efficient placer deposits,
while projects involving endogenic complex deposits
are slowed by risks associated with the production of

30-40% of consumption, respectively. The European
Union, which is among the global leaders in zirconium

multiple marketable products with differing prices
and market demand.
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Abstract

Coal seam permeability is a key parameter controlling degassing efficiency, the intensity of methane emis-
sion, and the safety of mining operations. As permeability decreases with depth and is critically dependent
on the stress-strain state, its reliable prediction requires models capable of adequately describing the in-
teraction between sorption-induced deformation, poroelastic effects, and fracture aperture closure mech-
anisms. Owing to the absence of a unified approach for permeability assessment under complex stress-
strain conditions, the objective of this study was to systematize and compare the principal empirical and
analytical models describing this dependence. To this end, an analytical review of models accounting for
sorption-elastic deformation, porosity evolution, effective stress effects, thermoelastic behavior, and cleat
system parameters was conducted. Model comparison was performed through numerical simulations of
permeability variation over an effective stress range of 0—-50 MPa and at depths of up to 1500 m. The mod-
els incorporated parameters such as the Biot coefficient, deformation modulus, sorption compressibility,
initial permeability, and geometric characteristics of fractures. The results of the parametric calculations
demonstrate that, despite conceptual differences, all models exhibit a common trend of nonlinear per-
meability reduction with increasing effective stress. This behavior reflects the physical processes of pore
space compression and fracture aperture reduction. It was established that the most intensive permeability
decline occurs within the effective stress range of 5-15 MPa, corresponding to active cleat closure, whereas
at depths exceeding 1000 m permeability changes tend to stabilize due to exhaustion of the deformation po-
tential of the fracture structure. Overall, the analysis revealed differing model sensitivities to geomechani-
cal parameters, with the influence of sorption-induced deformation being comparable to that of poroelastic
effects. Model selection is shown to be condition-dependent: the Seidle (1992) model is most suitable for
accounting for sorption-induced deformation, the Palmer & Mansoori (1998) model for deep coal seams
with variable porosity, and the Karkashadze & Hautiev (2015) model for describing elastic deformation
effects. The derived relationships can be applied to assess the natural permeability of coal seams in undis-
turbed rock masses.

Keywords

coal seam, permeability, stress-strain state, sorption-induced deformation, effective stress, permeability
models, degassing
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AHHOTauusa

[IpoHMIIa@MOCTDb YTOJNIBHBIX IJIACTOB — KIIOUEBOI mapaMeTp, onpenensonmii 3pdeKTMBHOCTDb era3zaluun,
MHTEHCUBHOCTh METAHOBBIJIEJIEHNS 1 6€30TIaCHOCTh TOPHBIX PAbOT. [IOCKONBbKY MPOHUIIAEMOCTb CHIKAET-
CS1 C ITYOMHOV M KPUTUUYECKU 3aBUCUT OT HAMPSIKEHHO-Te(POPMUPOBAHHOTO COCTOSIHUS, AJI €€ MPOrHo3a
HeoOXOMMbI MOJIEJM, CITIOCOOHBbIE aJeKBaTHO OMMCHIBATh B3aMMOZENCTBYE COPOIMOHHBIX AedopManuii,
nopoynpyrux 3(dexkToB 1 MexaHM3Ma 3aKpBITUSI TPEUIMH. B cBSI3u ¢ OTCyTCTBMEM YHUGUIIMPOBAHHOTO
TOIX0/1a K OLleHKEe ITPOHMUIIaeMOCTH B YCI0BUSIX CJIokKHOTO HJIC 11€/1b10 JaHHOI paboThI CTaIM CUCTEMATU3a-
LIVS ¥ COTIOCTABJIEHME OCHOBHBIX SMIIMPUYECKUX ¥ aHATUTUIECKUX MOZenelt 3TOi 3aBUCUMOCTH. [1JIs 3TOTO
ObUT BBITIOTHEH aHATUTUUYECKUIT 0630p MOZelieii, yUUTHIBAIOIINX COPOLIMOHHO-YyIIpyrue gedopmainuu, us-
MeHeHMe TMOPUCTOCTH, BausiHue 3QPEeKTUBHOTO JaBieHUs, TepMoynpyrue 3¢GdEKThI U MapaMeTpbl KIUBa-
ka. ComocTaBieHMe MOJiesei TPoBejeHO MMy TEéM YMCJIEHHOTO MOZeIVPOBAHMS MU3MEeHEeHMSI TPOHULIaeMOCTH
B Auana3oHe 3¢ deKTUBHbIX Hanpspkenuit 0—50 MIla u Ha rry6mHax 1o 1500 M. B Mogeny 6bU BKIIOUEHBI
TakKye MmapaMeTpbl, Kak KosdhdummeHT Bruo, Momynb medopMaliny, COpOIIMOHHAS CKMMAeMOCThb, Hadyalb-
Hasl IPOHUI[AEeMOCTb U TeoMeTpuYecKye XapakKTepUCTUKM TpeuinH. Pe3yabTaThl BapualMOHHBIX PAaCUETOB
TOKa3a/iv, 9YTO HECMOTPSI Ha Pa3anuus BCe MOJENU TeMOHCTPUPYIOT OOIIYI0 TeHAEHUIVIO K HeJIMHETHOMY
YMEHbIIIeHUIO TTIPOHUITAEMOCTH € POCTOM 3Gb(EKTUBHOrO HAMPSKEHMSI. DTO OTpakaeT (pusuveckue Mmpo-
1IeCChl C)KATUSI TIOPOBOTO MPOCTPAHCTBA U 3aKPBITUS TPEIIVH. YCTAHOBJIEHO, YTO HAaMOOIee MHTEHCUBHOE
CHM3KEHMe ITPOHMUIIAeMOCTY ITPOUCXOANUT B MHTepBase 5—15 MIla, cooTBeTCTBYOLeM aKTMBHOMY 3aKPBITUIO
TPeIMH KIUBaska, TOrga Kak Ha rmyouHax cbimie 1000 M M3MeHeHMe TPOHUIAeMOCTY CTaOMIU3UPYETCS U3-
3a McuepraHus noTeHunana sehopManum TPeuMHHON CTPYKTYpbl. TakMM 06pa30M, aHaIU3 BBISIBUII pa3-
JIMYHYI0 YYBCTBUTEIBHOCTh MOJe/Ieli K TeOMeXaHMYeCKUM IlapaMeTpaMm, MPUUEM BIMSIHYE COPOLIVMOHHBIX
Iedopmanuit 0Kazaaoch COTIOCTABMMBIM C MOpoynpyrumu 3¢ dexramu. Bei6op KOHKPETHOI MOJEeNny 3aBu-
CUT OT YCJIOBMIA: AJIS yuéTa COpOLMOHHBIX AedopMalinii onTuManbHa Mogenb Seidle (1992), mst rry60KuUx
MJIACTOB C M3MEHYMBOIi MOPUCTOCTbIO — Mogenb Palmer (1998), a ajis onucanus ynpyrux gedopmanmii —
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Introduction
Accurate prediction of coal seam permeabi-
lity directly affects the assessment of methane
abundance in mine workings and the efficien-
cy of pre-drainage operations. Unsubstantiated
estimates of these parameters may, on the one
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hand, lead to reduced longwall production rates
(and, consequently, lower coal output) and, on the
other hand, to the manifestation of hazardous
gas-dynamic processes in underground mines, pos-
ing risks to miner safety and the stability of mine
workings [1].
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Coal is formed in sedimentary basins where the
accumulation of organic matter occurs under a wide
range of tectonic settings, from stable platform re-
gions to actively deforming fold-and-thrust belts [2].
Tectonic movements cause redistribution of sedimen-
tary material and changes in pressure and tempera-
ture conditions. As a result, coal seams acquire com-
plex structural features, including folding, faulting,
and zones of tectonic mélange [2]. These processes
are accompanied by the development of tectonic frac-
ture systems, which may either enhance or reduce
rock mass permeability depending on their orienta-
tion and scale [3, 4]. Fault zones are typically associa-
ted with increased fracturing and alterations in the fil-
tration-storage properties of coal. In addition, faults
induce stress redistribution within the rock mass, cre-
ating specific geomechanical conditions that signifi-
cantly influence the permeability of the coal-bearing
strata [5]. The surrounding host rocks also affect the
mechanical behavior of the coal-bearing rock mass,
albeit more locally. For example, strong and brittle
rocks such as sandstones and limestones may form
zones of elevated stress concentration, whereas wea-
ker and more ductile layers (e.g., clay-rich rocks) fa-
cilitate stress redistribution [4, 6].

Coal permeability is primarily governed by its
fracture density and porosity. A spatially variable
stress field involving compression, tension, and shear
promotes the formation of faults and microfractures,
thereby increasing the volume of void space [4]. Ho-
wever, the influence of the stress-strain state of the
coal-bearing rock mass on methane emission from
coal seams is not unambiguous. An increase in stress
may lead to a reduction in fracture permeability due
to cleat closure, whereas stress relief is commonly as-
sociated with an increase in fracture aperture and en-
hanced permeability [5]. At the same time, structural
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changes in the mineral skeleton of the coal-bearing
rock mass may intensify methane desorption from
coal micropores [3, 4].

The aim of this study is to perform a compa-
rative analysis of existing empirical and analytical
models describing the dependence of coal permea-
bility on the stress-strain state. To achieve this aim,
the following objectives were addressed: (1) analysis
of the mathematical framework of coal permeability
models accounting for the stress-strain state of the
coal-bearing rock mass; (2) a systematic analytical
review of existing models of this type; (3) numerical
simulation of permeability variations over an effec-
tive stress range of 0-50 MPa and depths of 0-1500
m to compare model behavior; (4) assessment of
model sensitivity to their intrinsic hyperparameters
and determination of applicability limits; and (5) de-
velopment of practical recommendations for selec-
ting permeability models for filtration modeling of
coal-bearing rock masses.

Data and methods

The coal matrix exhibits a unique ability to swell
during gas adsorption and to contract during de-
sorption. During methane desorption, gas diffuses
through the coal matrix into the natural fracture net-
work of coal, commonly referred to as the coal cleat
system [3]. Within the matrix of hard coal, fractures
of endogenous and exogenous cleat are distinguished,
while fracture transmissivity depends on their den-
sity, aperture, orientation, persistence, and other
parameters [3, 7]. Endogenous cleat forms during
coalification and is controlled by internal processes
associated with changes in coal composition during
its genesis [8]. It is typically represented by two mu-
tually orthogonal cleat sets — the face cleat and the
butt cleat [9] (Fig. 1, a).

Butt cleat
DO AN \\ MIMNZDNNEDINN
MY Y SY | o
b; - Va, D
0 N
> b,
Coal micropores b,
a b c

Fig. 1. Coal matrix model [9] and cellular (cubic) permeability model of the coal matrix [10, 14]:
a — coal matrix model; b — anisotropic model: a,, a,, a; — the edge lengths of the cubic cells (intact coal matrix blocks),
b,, b,, b — the effective fracture apertures associated with the cleat systems; ¢ — isotropic model
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In general, absolute permeability can be derived
from the Navier—Stokes equations for viscous fluid
flow. In practice, however, due to limited availability
of detailed information, Darcy’s law is commonly ap-
plied [10]. It is generally assumed that Darcy flow in
coal is governed by flow within the cleat system, while
the contribution of flow through matrix pores is neg-
ligible. Fracture permeability typically ranges from
0.001 to 100 mD, whereas the permeability of coal
microblocks is on the order of microdarcies or nano-
darcies [9, 11, 12]. Consequently, coal seam permea-
bility is primarily controlled by the cleat system [8].
The presence of cleat results in pronounced permea-
bility anisotropy. Experimental studies indicate that
the ratio of permeability along the face cleat to that
along the butt cleat varies from 2:1 to 17:1 [11, 13].
In this case, the components of the absolute permea-
bility tensor of coal can be described using a model of
a homogeneous impermeable medium intersected by
two mutually orthogonal fracture systems [10]:

b1
12a; n

= AP, M)
where b, is the fracture aperture, m, and g, is the edge
length of the cubic cell, m.

Equation (1) is applied to a single cleat system
i contributing to the overall flow. Considering the
roughness of the fracture-pore space, the parameter
b, is referred to as the effective hydraulic aperture and
is typically smaller than the corresponding cell edge
a.. The absolute permeability of the cleat system is de-
termined according to Scheidegger [15]:

b’
abs — 12’“;’ ) (2)
or, in ratio form,
k [ b JS
kb ®

where b, is the effective fracture aperture, m; k; is the
effective phase absolute permeability of the medium,
m?; b; is the initial fracture aperture, m; and k; is the
initial absolute permeability, m?.

The stress-strain state of a mined coal seam is
primarily controlled by the lateral stress coefficient,
mining depth, physico-mechanical properties of the
rocks, structural heterogeneities, and sorption-kine-
tic properties of the rock mass.

Vertical stresses acting within the rock mass give
rise to lateral confinement stresses. Several approa-
ches exist for estimating lateral stress [16]: accor-
ding to A. Heim, lateral stress in the rock mass equals
lithostatic pressure, analogous to hydrostatic condi-
tions; according to A.N. Dinnik, lateral stress is de-
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fined by the lateral stress coefficient characterizing
elastic horizontal response to the weight of overlying
strata; according to N. Hast, lateral stress includes, in
addition to the Dinnik component, tectonic stresses
induced by the regional tectonic stress field. In some
parts of the Earth’s crust, horizontal tectonic stresses
may even exceed lithostatic values, as confirmed by
instrumental measurements [16, 17].

Mechanical or thermal loading of coal induces
a range of sorption-related effects that result in ex-
pansion or contraction of the rock material [6, 9]. As
a consequence, an additional and distinct component
of the stress-strain state — sorption-induced stress —
develops within the coal mass. The magnitude of sorp-
tion-induced deformation (and, consequently, stress)
depends on gas saturation, gas pressure, temperature,
as well as structural and textural characteristics of
coal. Coal with high microporosity exhibits greater gas
adsorption capacity, which enhances swelling effects.
The relationship between stress and sorption-induced
deformation in coal can be described using a genera-
lized elasticity law modified to include sorption ef-
fects analogous to thermal expansion [18-20]. For
a linear elastic medium, this relationship can be ex-
pressed as:

K £ 0.

S s7s i

i Cz’jkl xXeg; +

)

4)
where K is the sorption modulus characterizing the
influence of gas sorption-induced deformation; ¢, is
the sorption strain caused by gas adsorption or de-
sorption; J; is the Kronecker delta (5; = 1 if i = j, and
8;=0ifi=j).

In coal permeability models, the dependence
of permeability on the stress state is commonly ex-
pressed in terms of effective stress. The effective
stress tensor is defined as:

Oefrij = Oy — 0P By,

®)
where c; are the components of the total stress ten-
sor;  is the Biot coefficient (dimensionless); P;is the
pore fluid pressure, Pa; and 3, is the Kronecker delta
(6;=1ifi=j,and 5;=0if i #)).

Thus, the generalized stress model for a coal-bear-
ing rock mass comprises several principal compo-
nents: lithostatic stress c,, lateral confinement stress
o,, tectonic stress o, thermal stress o, and sorp-
tion-induced stress o..

Dependence of coal permeability
on the stress-strain state and practical implications
In empirical models describing the dependence
of permeability on the stress-strain state, the mean
stress within the rock mass is commonly used. Factors
related to sorption-induced deformation and pore
pressure are typically incorporated at the macroscale.
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Below, the principal empirical models are reviewed,;
for consistency and comparability, they are recast into
a unified analytical form.

One of the earliest models of this type was pro-
posed in [21] as an empirical relationship between
permeability and mean stress, based on laboratory
data obtained from coal samples collected from the
Pittsburgh and Virginia coalfields (USA). The dis-
tinguishing feature of this model is that it accounts
solely for stress-induced changes in fracture aperture
resulting from mechanical loading:

kc:ko[e(fz.,lofz.c.kao,l)+2'10—4_G%,kél (6)

where k_ is stress-dependent permeability, mD; k, is
permeability at zero stress, mD; and o is the mean
normal stress, Pa.

In [22], an empirical relationship between per-
meability and effective stress was proposed for coals
from the Leigh Creek Basin (Australia):

k =1.013.10" %", (7)

This relationship was subsequently generalized
into an exponential form that serves as a basis for
more advanced permeability models:

ks =koexp(—=C, -Gef ), €))

where k_ is the current coal seam permeability un-
der effective stress, m?; k, is the natural (initial) per-
meability of the coal seam in the absence of applied
stresses, m?*; C, is the permeability sensitivity coef-
ficient with respect to effective stress, Pa™! (typically
ranging from 0.01 to 0.1 Pa™! depending on fracture
structure); and o, is the effective stress, Pa.

Model [23] accounts for the influence of sorption-in-
duced deformation on fracture aperture variations. In
contrast to the previous models, it employs changes in
stress and strain rather than their absolute values:

k, =k, exp(-3C Ac ;. - SAe ), C))

where Ao, is the change in effective stress, Pa; Ag, is
the change in sorption strain caused by variations in
the amount of adsorbed gas; and S is the permeabili-
ty sensitivity coefficient with respect to sorption-in-
duced deformation. The parameter S typically varies
in the range 0.1-1.0 (other parameters are identical
to those in model [22]).

Model [24] also incorporates the effect of sorp-
tion-induced deformation on fracture behavior; ho-
wever, unlike model [23], it uses absolute values of

stress and strain:
k, =k, exp(-C, -c,; +(1-7)Ag,), (10)

where y is the sorption deformation compensation co-
efficient, varying between 0 and 1 (other parameters
are consistent with models [22, 23]).
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Models [25, 26], which further develop model [23],
explicitly include coal porosity and sorption-induced
deformation within a Darcy-flow framework. These
models are based on changes in deformation and
stress within the rock mass:

k =k, ((p%} exp(—SCpAceff +SAg)), (11)
where ¢ is the current coal seam porosity under effec-
tive stress (fraction); ¢, is the initial porosity in the
absence of applied stresses (fraction); and n is an em-
pirical exponent typically ranging from 1 to 3 (other
parameters correspond to those in model [23]).

Model [27] proposes an alternative formulation to
model [22] by explicitly accounting for the deforma-
tion properties of the rock. Its distinguishing feature
is the use of mean stress and Young’s modulus in ex-
plicit form:

03110 (o, - 0)- E.
k,=k,-10 T E (12)

In a generalized form, the model can be ex-
pressed as:

k,=k,-10
where o is the current mean normal stress, Pa; o, is
the initial mean normal stress, Pa; E is the current
Young’s modulus of the rock under mean stress, Pa;
E, is the initial Young’s modulus in the absence of ap-
plied stresses, Pa; C, is the permeability sensitivity
coefficient with respect to effective stress, Pa™'. The
coefficient C, typically ranges from 0.01 to 0.1 Pa™’,
depending on fracture structure.

The mean normal stress is defined as:

,,-10’(’»(f50—(5)~E£
0y

(13)

Gxx + ny + Gzz
3
Using a lithostatic stress model combined with
lateral stress estimated following the Dinnik approach
enables evaluation of depth-dependent variations in
mean and effective stress:

(14)

o=

G,=p- 8- H’
B
zq_ mn ’
Fig. 2, a presents the calculated permeability-effective
stress relationships for five models: Gray (1987) [22],
Seidle (1992) [23], Palmer & Mansoori (1998) [24], Shi
& Durucan (2004) [25, 26], and Karkashadze & Hautiev
(2015) [27]. Using the same data, permeability-depth
relationships can be derived (Fig. 2, b). All models ex-
hibit a common trend of nonlinear permeability re-
duction with increasing effective stress, reflecting the
physical processes of pore space compression and frac-
ture closure within coal seams under external loading.

o, =0 as)
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At the same time, each model incorporates different
physical and geomechanical mechanisms, resulting in
distinct curve shapes.

The results of the comparative analysis demon-
strate significant practical relevance for the coal min-
ing industry. The derived relationships (Fig. 2) can
be applied in the development of three-dimension-
al geomechanical and filtration models of coal-bea-
ring rock masses used to assess degassing efficiency,
gas-dynamic behavior of coal seams, and methane
abundance in mine workings. Appropriate selection
of a permeability model reduces uncertainty in the
design of degassing systems, optimizes the place-
ment and parameters of drainage boreholes, decrea-
ses the number of ineffective drilling operations, and
mitigates the risk of gas-dynamic hazards. The expec-
ted economic benefits are associated with increased
longwall productivity and reduced costs of degassing
operations.

Sensitivity analysis of permeability-stress
relationships and discussion of results

Analytical permeability models require data on
the microstructural characteristics of coal, reservoir
pressure parameters, fluid distribution within the
coal-bearing rock mass, and the stress state gover-
ning coal deformation. However, at the scale of coal
seam permeability modeling, acquiring such detailed
information is practically infeasible. In this context,
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through stress-state parameters. This simplifies the
modeling procedure and makes it feasible in practice;
however, reliable application of such relationships
requires an assessment of model sensitivity and ap-
plicability limits.

Based on the analysis performed, the following
criteria are proposed for model selection:

- the dominant deformation mechanisms in the
seam (sorption-induced, thermoelastic, poroelastic,
and structural porosity changes);

- coal seam depth and the expected range of ef-
fective stress, which control the shape of the permea-
bility reduction curve;

- microstructural characteristics of the reservoir
(presence of a well-developed cleat system and poros-
ity sensitivity to pressure);

— approximate gas saturation and the intensity of
sorption processes;

— contrasts in elastic properties among different
coal ranks.

To evaluate model sensitivity to stress terms in
their governing equations, a set of parametric (varia-
tion) calculations was performed by varying the stress
values. Model sensitivity is defined as the derivative
of permeability with respect to effective stress [28].
It characterizes the rate at which permeability chan-
ges as stress increases and is expressed as the follo-
wing gradient:

. . . . ok
empirical relationships are more appropriate, as Sens =——. (16)
they enable coal seam permeability to be described 00y
1.21 1.21
1.01 1.01
=) =)
£ 0.8 £0.81
£ 0.61 £0.6-
<] 9]
£ g
& 0.4 & 0.4
0.2 0.2
0 T T T J 0 T T T T T T T
0 10 20 30 40 50 0 250 500 750 1000 1250 1500 1750 2000
Effective stress, MPa Depth, m
——Gray (1987) Seidle (1992) — Palmer & Mansoori (1998)

—Shi & Durucan (2004)

a

—Karkashadze & Hautiev (2015)

b

Fig. 2. Permeability as a function of effective stress (a) and coal seam depth (b) for different model
(calculations performed using the following constants: C, = 0.1 Pa™'; k, = 1-10"2 m? (1 mD);
Ae,=0.5;S=0.5;y=0.5; ¢,=0.03; ¢ =0.02; E, = 5-10% E = 3-10°)
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Sensitivity reflects the rate of permeability
change in response to stress variations. High (ab-
solute) sensitivity implies a more rapid reduction
in permeability with increasing stress, whereas low
sensitivity indicates a more gradual change. To deter-
mine applicability limits, the sensitivity analysis was
carried out for the stress-dependent terms in each
model using the parametric calculations described
above. The calculation parameters are summarized in
Table 1. The full set of results for all models is avai-
lable as a dataset in the Zenodo repository: https://
zenodo.org/records/18441537.

Table 1
Model parameters

Model

No.
parameters

Parameter ranges

C,=0.01;0.05; 0.1 Pa™!
Geff: 0-50 MPa
Acz=0-50 MPa

Agg =0.005; 0.05; 0.5
§=0.1;0.5; 1.0
E=3-10°4-10° 5-10° Pa
v=0.1;0.5; 1.0

¢ =0.025; 0.035; 0.045
n=1,2,3

Variable
parameters

ky=1-10"m? (1 mD)
C,=0.1

Ag,=0.5

2=0.5

y=0.5

¢, =0.03

E,=5-10°

c,=0MPa

2 | Constants

1.0

N e o
~ o)) oo
1 1 1

Permeability, mD

o
S
1

0 T T T T
0 10 20 30 40 50

Effective stress, MPa
—C,=0.01

a
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The Gray (1987) model [22] describes permeabili-
ty as a simple exponential function of effective stress
(Fig. 3). This is a baseline model that accounts solely
for compression of the pore space as stress increa-
ses. Permeability decreases rapidly at low stress levels
and gradually stabilizes at higher stresses. The model
exhibits moderate sensitivity and is commonly used
as a reference for comparison with more advanced
formulations. Owing to the absence of additional
parameters, it is less suitable for site-specific condi-
tions where sorption-related, thermal, or mechanical
deformation effects must be considered.

The Seidle (1992) model [23] predicts a more pro-
nounced reduction in permeability at low effective
stress values, which is attributed to the influence of
sorption-induced deformation. The model introdu-
ces an additional parameter, ¢, representing sorption
strain caused by gas adsorption or desorption (meth-
ane or carbon dioxide), as well as the parameter S,
which characterizes the sensitivity of the sorption
contribution. As a result, permeability decreases more
rapidly within the effective stress range of 0-5 MPa.
This model is particularly suitable for evaluating in
situ coal masses where sorption effects are expected
to play a significant role.

The Palmer & Mansoori (1998) model [24] exhi-
bits a smoother permeability decline compared with
models [22, 23], owing to its consideration of the
combined effects of sorption-induced and thermal
deformation. The parameter y allows the influence of
deformation associated with temperature variations
and gas sorption to be represented. At low stress le-
vels, the model behavior is similar to that of the Gray

0 —
-0.027
o
<
% -0.047
z
=
= _
2 -0.06
[«P]
w
-0.087
-0.10 T T T T
0 10 20 30 40 50
Effective stress, MPa
C,=0.05  —C,=0.10

b

Fig. 3. Sensitivity analysis of the Gray (1987) model [22]. Permeability (a) and sensitivity (b)
as functions of effective stress for different values of the coefficient C,
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model [22]; however, as stress increases, the perme-
ability reduction becomes more gradual. This model
is well suited for assessing the natural permeability
of coal-bearing rock masses at greater depths, where
variations in the geothermal gradient become in-
creasingly important.

The Shi & Durucan (2004) model [25, 26] expli-
citly incorporates the effect of porosity on permeabi-
lity. Permeability is expressed as a power-law function
of porosity ¢, normalized to its initial value ¢,. The
model includes the exponent n, which controls the
degree of porosity influence, as well as the sorption
strain parameter .. Among the models considered, it
demonstrates the most uniform permeability reduc-
tion, particularly at effective stress levels exceeding
10 MPa. This behavior reflects its dependence on po-
rosity and its comparatively lower stress sensitivity.
The model is therefore appropriate for evaluating the
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natural permeability of rock masses characterized by
potentially variable pore structure within the mineral
skeleton.

The Karkashadze & Hautiev (2015) model [27]
exhibits intermediate behavior between models [22]
and [24] (Fig. 4). Its distinguishing feature is the ex-
plicit consideration of Young’s modulus E, norma-
lized by its initial value E, which enables permeabili-
ty changes induced by elastic deformation of the coal
seam to be described. Permeability decreases mode-
rately with increasing effective stress, while the pa-
rameter C, smooths the permeability curve within the
intermediate stress range. The model is more sensitive
to the mechanical properties of the coal mass, making
it suitable for conditions where variations in physi-
co-mechanical properties are significant, particularly
in settings where elastic and tectonic stresses contri-
bute substantially to the formation of the stress field.

1.0
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g § 0.125-
2 0.6 kS
= & 0.100+
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a o
= S 0.08-
2 0.6 kS
=) 2 0.06
g 04 =
o) g 0.04-
& A

0.21 0.02 1

0 T T T L 0 T T T
0 10 20 30 40 50 0 10 20 30 40 50
Mean stress, MPa Mean stress, MPa
—E=3.0GPa —E=40GPa —E=5.0GPa

(o

d

Fig. 4. Sensitivity analysis of the Karkashadze & Hautiev (2015) model [27]. Permeability (a) and sensitivity (b)

as functions of effective stress for different values of the coefficient C

»; permeability (c) and sensitivity (d)

as functions of effective stress for different values of Young’s modulus of the rock mass, E
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Conclusions

Analytical models of geological medium perme-
ability require consideration of coal microstructural
characteristics, reservoir pressure parameters, fluid
distribution within the coal-bearing rock mass, and
factors governing the stress-strain state. However,
under coal seam-scale permeability modeling condi-
tions, acquiring such detailed data is practically infea-
sible. In this context, a systematic analytical review
and analysis of the mathematical frameworks of ex-
isting models were conducted, making it possible to
identify the parameters that play a decisive role in
shaping permeability-stress-strain relationships.

The study demonstrates that a wide range of
stress—strain factors influence coal permeability. In
accordance with the stated objectives, numerical ex-
periments and sensitivity analyses of the principal
empirical models with respect to variations in effec-
tive stress were performed. The parametric calcu-
lations revealed a common trend across all models:
a nonlinear decrease in permeability with increasing
effective stress. This behavior reflects the physical
processes of pore space compression and fracture clo-
sure in coal seams under external loading. At the same
time, each model is based on distinct physical and
geomechanical assumptions, resulting in differences
in curve shape and in the degree of sensitivity to key
parameters. A comparative sensitivity analysis of the
main empirical and analytical permeability models to
changes in the stress-strain state of the coal-bearing
rock mass was carried out.

The principal scientific contribution of this
study lies in identifying differences in the sensitivity
of existing permeability models to the geomechani-
cal parameters of coal-bearing rock masses, as well
as in delineating stress-strain ranges in which these
models either diverge most strongly or, conversely,
converge in their behavior. The following criteria are
proposed for model comparison and selection: the
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nature of dominant deformation mechanisms within
the seam; depth of occurrence and the expected
range of effective stress; microstructural charac-
teristics of the reservoir; approximate gas satura-
tion and the intensity of sorption processes; and the
presence of contrasting elastic properties among dif-
ferent coal ranks.

Within a unified problem formulation, the be-
havior of the models was examined for variations
in effective stress over the range 0-50 MPa and
depths up to 1500 m. This approach enabled com-
parison of their responses to intrinsic geomecha-
nical parameters, including deformation modulus,
sorption-induced strain, porosity, and elastic prop-
erties. Although the study does not aim to develop
a new permeability model, it yields a methodological
outcome: zones of increased and reduced sensitivi-
ty were identified for each relationship, facilitating
informed selection of an appropriate permeability
model for specific geomechanical conditions. Mo-
del choice should therefore depend on the dominant
stress-field formation mechanisms within the coal
seam: sorption-induced deformation is best cap-
tured by model [23]; deep seams with variable po-
rosity are more adequately described by model [24];
and elastic deformation effects are most effectively
represented by model [27]. These relationships can
be applied to assess the natural permeability of coal
seams in undisturbed rock masses.

Overall, the study provides a comprehensive com-
parative analysis of permeability models within a uni-
fied computational framework. Key zones of model
divergence and convergence as functions of geome-
chanical parameters have been established, forming
a scientific basis for their justified selection. The pro-
posed criteria and specific recommendations consti-
tute a practical toolkit for improving the reliability
of filtration modeling of coal-bearing rock masses
within defined stress and depth ranges.
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Potential for using belite sludge from the Achinsk Alumina Refinery
to reduce the carbon footprint of aluminum production
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Siberian Federal University, Krasnoyarsk, Russian Federation
< vmakarov58s@mail.ru

Abstract

Certain types of waste from mining and metallurgical industry have the potential to directly absorb carbon
dioxide (CO,) from the atmosphere, as some of them contain minerals capable of carbonation. The paper
demonstrates that belite sludges from the Achinsk Alumina Refinery (AAR, RUSAL Achinsk JSC), a byproduct
of processing nepheline ores from the Kiya-Shaltyrskoye deposit, possess this property. An investigation of
the variability in the mineral composition of the sludges as a function of storage duration in the sludge field
(sludge storage facility), across the duration intervals of 0-5, 5-25, 25-50 years revealed a steady decrease in
the content of calcium silicates (larnite, wollastonite, merwinite) and an increase in the content of carbonates
as the sludge aged from fresh to old. This study examines the factors influencing the rate of sludge carbonation
including those observed under conditions typical of an operational sludge storage facility. The electron mi-
croscopy (SEM-EDS) analysis of the sludge revealed the porous structure of the silicate particles in the sludge,
as well as the extent to which they had been replaced by calcite. An assessment has been conducted of this
storage facility’s potential for carbon dioxide deposition through the carbonation of silicate minerals in sludge
that are chemically unstable under atmospheric conditions. Based on the results of the analysis and literature
data on the CO, absorption capacity of calcium silicates under atmospheric conditions, it was concluded that
larnite has the maximum absorption potential in belite sludges. Based on the conditions at the ARR’s belite
sludge storage facility, the maximum volume of CO, that can be absorbed during complete interaction between
larnite and atmospheric air has been calculated. The absorption capacity of one ton of the sludge solely due to
larnite (with its content of 32.6%) is 83.3 kg of CO,, and taking into account wollastonite and merwinite, the
total potential reaches 262 kg/t. The scale and dynamics of the process of converting silicates into carbonates
in the sludge storage facility will allow the volume of absorbed carbon dioxide to be taken into account in cal-
culations of the carbon footprint of the enterprise’s end-use product, aluminum produced from nepheline ore.

Keywords
CO, absorption, belite sludge, larnite, wollastonite, merwinite, carbonation, carbon footprint
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AHHOTauus

PH,ZL OTXOOOB TOPHO-META/UTYPIMYECKOro Impom3BOACTBA o6na/:LaeT BO3MOJXHOCTBIO IIPAMOIO IIOIVIOIIE€HMS
yraekucioro raza CO, u3 atMocdepsl, MOCKOJIBbKY HEKOTOPBIE 13 HUX COEPIKAT MUHEPAJIbl, CIOCOOHbIE K Kap-
60oHM3anuu. B cTaThe MOKa3aHo, YTO TAKOI CITIOCOOHOCTHIO 00/1aAAI0T OETUTOBbIE IIIAMbI AUMHCKOTO TJIMHO-
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3eMHOro kombrHata (ATK, AO «PYCAJI AunHCK») — OTXOAbI epepaboTky HedenmHoBbIX pyn Kus-IlaaTsip-
CKOT'0 MeCTOpOXIeHMs. Mi3yueHne M3MeHUMBOCTY MMHEPATIbHOTO COCTaBa IlJlaMa B 3aBUCUMOCTY OT BpeMeHU
ero XpaHeHMsI Ha IIIJTAMOBOM I10jie B BO3PACTHBIX MHTepBaiax 0-5, 5-25, 25-50 sieT rmokasanao ycToitunBoe
CHUKEHME COflepKaHMSI CUITMKATOB KaIbIUs (JIADHUT, BOJUITACTOHUT, MEPBUHUT) U POCT COAEPsKaHMs KapOboHa-
TOB B PSIAY OT CBEXXMX IIJIAMOB K JieXKasibIM. PaccmoTpeHb! haKTopsl, BAMSIONME Ha CKOPOCTh KAapOOHM3aAUN
LJIaMOB, B TOM UMCJIe TPOSIBJISIIOLIMECS] B YCAOBUSIX JEeJCTBYIOLIEro MJIaMOXpaHWINILA. DJIeKTPOHHO-MUKPO-
ckonmyeckoe msydyeHye nutramoB (COM-3/1C) mokasasio MOPUCTYIO CTPYKTYPY CWJIMKATHBIX YaCTUIL IIJIaMa,
a TaKKe xapakTep 3aMelleHUs UX KaJIbLUTOM. BpilosiHEHA OlleHKa MOTeHLMaaa JaHHOTO XpaHWINILA AJIsT
JIeTIOHMPOBAHMS YITIEKMCIIOTO ra3a 3a CUeT KapOoHMU3aUN CWJIMKATHBIX MMHEPAIOB IJIAMOB, XMMUYECK! He-
YCTOMUMBBIX B aTMOChepHbIX yuIoBMsX. [1o pesyapTaTaM MpoBeIeHHOTO aHAIM3a U INTePaTyPHbIM JaHHbIM
o moroawiieit cnocobHoctu CO, CUIMKATaMM KalbLysl B aTMOCHEPHbIX YCJIOBUSIX CHOEIaH BbIBOJ, UTO
MAaKCYMaIbHBIM MTOTEHIMAIOM IOITIONIeHMS B GeIMTOBBIX IIJIaMax 0b1amaeT JapHuT. [I[pMMeHUTeNbHO K yC-
JIOBUAM XpaHMIMIa 6eMToBbIX 11aMoB AIK paccunrtan npefenbHblii 06bem CO,, KOTOPbIii MOKET ObITh 10~
IJIOIIEeH TIPY TIOTHOM B3aMMOZENCTBUM JIAPHUTA C aTMOCHEpPHBIM BO3AyXOM. [ToIOTUTENIbHASI CITOCOOHOCTh
OIHOJ TOHHBI 1lIJIaMa TOJIBKO 3@ CUET JIapHUTa (TIpU ero cogepkanmu 32,6 %) cocrasiusiet 83,3 kr CO,, a ¢ yué-
TOM BOJUIACTOHUTA ¥ MEPBUHUTA OOLIMIT TOTeHIMA focTuraet 262 Kr/T. [loka3aHHbIe MacIITaObI U TUHAMM-
Ka mpoliecca npeo6pasoBaHus CUIIMKATOB B KapOOHATHI B 06beMe MIJIAMOXPAaHMINIIA [TO3BOJIAT YUUTHIBATD
06beM TIOTVIOIEHHOTO YIVIEKMCIOTO ra3a B pacyeTax YIJIepOAHOro cjiefa KOHEYHO! MPOAYKIMM TIPenIIpusi-
THUS — ATIOMUHYS, TPOU3BEIeHHOTO 13 He(eIMHOBOTO ChIPbSI.
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KnioueBble cnoBa

nioriomieHne CO,, 6eTUTOBbIE IJIAMBI, JAPHUT, BOJITACTOHUT, MEPBUHUT, KapOOHM3AIMs, YIJIEPOJHBIN Clief,

bnaropapHocTu

ABTOpBI BhIpaXkaloT 6iarogapHocTty coTpyguukam AO «PYCAJT» JIokk EBrennu IOpbeBHe 1 MyxuHoit Harta-
Jibe BiamuMupoBHe 3a aKTMBHYIO MOAIEPKKY M CO3IaHMe OaronpUsITHBIX YCIOBMIA IJIsT IPOBEIEHMS MC-

cJieOBaHMIA.
Ansa yutupoBaHmsa

Makarov V.A., Koulemou L.T., Mikheev V. G., Lobastov B.M. Potential for using belite sludge from the Achinsk
Alumina Refinery to reduce the carbon footprint of aluminum production Mining Science and Technology
(Russia). 2026;11(1):46-55. https://doi.org/10.17073/2500-0632-2025-12-1065

Introduction

Reducing the carbon footprint of large industrial
enterprises is becoming a key factor in their compe-
titiveness. In October 2021, the Russian government
approved a strategy for Russia’s low-carbon socio-
economic development through 2050, which calls for
reducing emissions to 70% of the 1990 levels by 2030.

According to experts, CCUS (Carbon Capture,
Utilization, and Storage) technologies which encom-
pass a range of methods for capturing, utilizing, and
storing carbon dioxide (CO,) will play a key role in
reducing greenhouse gas emissions and addressing
climate change [1-3]. The main components of CCUS
are: Capture — separating CO, from industrial emis-
sions (e.g., thermal power plants, cement plants) or
directly from the air; Utilization - using CO, in in-
dustry; Storage — geological disposal (pumping CO,
into underground geological formations (former oil
and gas fields, saline aquifers)) or mineralization
(binding CO, into solid carbonates). The latter area is
related to the development of technologies for Direct
Air Capture (DAC) of CO,.

Wastes from mining and metallurgical industry
have the potential to directly absorb CO, from the
atmosphere, as many of these materials (tailings,
overburden, slag, sludge, etc.) may contain minerals
capable of carbonation. In particular, some mining
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waste (especially ultrabasic and basic rocks) contains
calcium, magnesium, and iron silicates (olivine, ser-
pentine, wollastonite, etc.), which are chemically un-
stable under surface conditions and, when interacting
with atmospheric gases, are capable of binding CO,
into stable carbonates (calcite, magnesite, etc.) [4-6].

The purpose of this study is to demonstrate the
potential and feasibility of using belite sludge, a by-
product of the Achinsk Alumina Refinery, to absorb
carbon dioxide from the atmosphere.

The objectives of the study included examining
the variability of the mineral composition of the sludge
as a function of its storage duration in the sludge stor-
age facility and assessing the potential of this stor-
age facility for carbon dioxide deposition through the
carbonation of the sludge silicate minerals, which are
chemically unstable under atmospheric conditions.

The research subject and methods

The Achinsk Alumina Refinery (ARR, RUSAL
Achinsk JSC) was commissioned in 1973. Alumina is
produced at the refinery by processing nepheline ore
from the Kiy-Shaltyrskoye deposit. An important en-
vironmental aspect of the alumina production at this
facility is the generation of large amounts of waste, be-
lite sludge, which is stored in a sludge storage facility
located in the floodplain of the Chulym River (Fig. 1).
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The sludge storage facility covers an area of
90 hectares, and the sludge pile is over 100 m high.
The total volume of the belite sludge accumulated ex-
ceeds 300 million tons.

Research into the properties of the sludge and its
potential applications in the national economy began
almost as soon as the refinery began operations. Since
then, various applications have been identified: pro-
duction of belite cement and soda ash products, use
as soil ameliorant (soil deoxidizer), sorbent, and food
additive in poultry feed; pigment for paint produc-
tion, and others.

Despite the wide range of the belite sludge ap-
plication properties, the volume of its reuse is insig-
nificant (no more than 20% of the amount delivered
to the depositing sites) and is incomparable with the
scale and speed of accumulation. At the same time,
given the significant volume of this material, it seems
appropriate to consider it as a promising candidate
for carbon capture, since the magnesium and calcium
silicates contained in these sludge dumps are poten-
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tial materials for binding atmospheric CO, into stable
carbonates. This technological approach is relevant
to combating the greenhouse effect and could be one
of the factors in reducing the carbon footprint of the
alumina produced at the refinery and, ultimately, of
the aluminum produced.

The basis for this study was a quantitative X-ray
phase analysis of three randomly selected sludge
samples from depositing sites with different storage
durations, which revealed a sharp decline in the cal-
cium silicate content in the sludges following pro-
longed exposure to the atmosphere (Fig. 2). Sludges
(samples) collected from different depositing sites
were conditionally classified as “old”, “intermediate”,
and “fresh”.

The methodology for further research inclu-
ded the selection of 76 samples of sludge of various
ages from the surface of the depositing sites, as well
as a comparative study of their mineral (X-ray phase
analysis, optical and electron microscopy) and chemi-
cal (ICP-AES, ICP-MS) composition.

[mitermnedial

sludige

)

Fig. 1. Location of the ARR’s sludge storage facility and its general view
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“.-‘"'Tr .

QI NdEe ™

with indicating sludge depositing sites of different ages: fresh sludge (0-5 years of storage);
intermediate age sludge (5-25 years of storage); old sludge (25-50 years of storage)
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Research findings

Lithologically, the sludge is a loose material
with a predominance of sand and silt particles, i.e.,
the sludge corresponds to silty sand. At depths up to
2.5-4 m, the sludge is generally loose, while at greater
depths it becomes cemented due to the interaction of
the sludge water with calcium silicates (larnite, wol-
lastonite, and merwinite). In some cases, cementation
of the sludge starting from the surface is observed.
With increasing depth, the content of coarse-grained
sludge (up to the size of coarse sand) increases, while
the content of silt (dust-like) fractions decreases.

The sludge storage facility is formed by hydrau-
licking using a system of sludge pipelines with a re-
circulating water system. This determines the layered
texture of sludge characteristic of sedimentary rocks.
The layers dip at angles of 1-5° toward the center of
the storage facility. The composition of the sludge and
its structural and textural characteristics account for
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its high porosity and good surface water drainage. Pro-
cess water supplied to a depositing site via the sludge
pipelines has a temperature of about 60 °C, which, to-
gether with high humidity and good aeration of the
sludge material, leads to the intensive formation of
secondary minerals, including in cold season (Fig. 3).

It is noteworthy that the highest contents of cal-
cite, as well as carbon, were found within the interval
of 15-30 cm from the surface, which is likely due to
specific humidity conditions and the absorption of
carbon dioxide from the air.

The chemical composition of the sludge and the
features of its variability over time are presented in
Table 1.

The table shows that, for most elements, there
are no significant changes in the composition of the
sludge samples with changing storage duration. The
active removal of elements from the surface of sludge
dumps is observed for magnesium and sodium only.

100
84.4 70,1
80 :
64.4

&
& 60
=i
3
S 40-

204

9.3 9.3
6.6 6.33 ¢ 23 5.0
0- B~ B
Larnite Calcite Andradite Quartz Albite
I Fresh sludges I Intermediate sludges Old sludges

Fig. 2. Trends of variability in the content of larnite and calcite in sludges of different storage duration
(randomly selected samples from the surface of the depositing sites): fresh sludge (0-5 years of storage);
intermediate sludge (5-25 years of storage); old sludge (25-50 years of storage)

Calcite distribution Carbon distribution

11.70%

0.5 1.0
Percentage

1.5
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Fig. 3. The formation of a white crust composed of secondary minerals (potassium and sodium salts + carbonates)
in the sludge (left). Samples (15-cm-long sample channels) were collected from the sludge near the sludge discharge point
from a layer formed two months ago. Graphs showing the distribution of calcite and carbon in samples based on X-ray phase
and X-ray fluorescence analyses, respectively are shown on the right
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Table 1

Chemical composition of belite sludge
based on ICP-AES data*
(average contents for 10-sample sets)

Elements, Sludge category by storage duration™*
g/t Fresh (FR) | Intermediate (IN) | Old (OL)
As 10.6 9.3 11.2

B 22.0 22.8 20.8
Ba 290.8 298.2 208.6
Ca 297294.0 285448.4 296804.6
Co 8.2 7.6 7.3
Cr 29.3 22.5 25.5
Cu 16.9 30.0 20.5
Li 12.2 10.1 11.8
Mg 10724.1 9314.8 7530.5
Na 11587.7 7140.7 5346.8
Ni 16.6 15.1 14.8
p 1242.6 1119.9 1197.7
Pb 16.4 22.7 17.2

S 1338.3 787.3 889.4
Sb 2.9 24 3.1
Sn 1.3 1.2 1.2
Sr 986.4 982.9 907.7
Ti 2032.4 1833.0 1790.5
Zn 46.4 48.3 524

*The assays were performed at the laboratory of TsGI Prognoz LLC.

**FR - 0-5 years; IN — 5-25 years; OL — 25-50 years.
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X-ray phase analyses of the sludge samples (two
samples were analyzed from each depositing site) se-
lected at random from the surface) showed that, in ad-
dition to larnite, the samples contained wollastonite
and merwinite among the calcium silicates (Table 2).

Table 3 shows that the sum of calcium and mag-
nesium silicates in the fresh sludge-intermediate
sludge-old sludge series decreases sequentially:
79.44-76.96-68.9 (%), while the total carbonate
content increases: 18.98-27.47-27.09 (%). At the
same time, the high carbonate content found in one
of the fresh sludge samples (Table 2, sample FR1) re-
flects the rapid and uneven carbonation of the sili-
cate minerals contained therein. An example of such
a high carbonation rate under favorable conditions is
shown in Fig. 3.

To assess the features of the processes involved
in the replacement of calcium silicates by carbonate,
electron microscopic studies were conducted on three
samples of sludges of different ages. Fresh, interme-
diate, and old sludge samples were studied using the
SEM-EDS method. Polished microsections were pre-
pared from the epoxy-cemented sample material for
the microscopic examination.

SEM-EDS analyses were performed at the Norilsk
Nickel-SFU R&D Center using a Tescan Vega III SBH
system with an integrated Oxford X-Act system, ope-
rating at an accelerating voltage of 20 kV and a probe
current of 2.0 nA (on a Faraday cup); spectra were
accumulated from point to scale of 300,000 pulses.

Table 2
Mineralogical composition of belite sludge samples of different storage duration*,
according to quantitative X-ray phase analysis data, %**
Mineral
Material Larnite Wollastonite | Merwinite Calcite Vaterite Aragonite
Ca,Sio, CaSiO; Ca,Mg[SiO,], CaCoO, CaCoO, CaCoO,
Fresh sludge (FR1) 20.8 49.3 2.22 20.9 2.8 3.44
Fresh sludge (FR2) 44.4 34.8 7.36 7.94 2.18 1.15
Intermediate sludge (IN1) 3.8 57.0 12.0 31.5 2.82 3.05
Intermediate sludge (IN2) 16.5 62.5 3.13 12.2 2.35 2.91
Old sludge (OL1) 9.54 58.4 1.7 18.8 5.1 1.89
Old sludge (OL2) 8.97 58.4 0.85 23.50 3.28 1.58
*FR - 0-5 years; IN - 5-25 years; OL — 25-50 years.
** Analyses performed at the Multiple-access Center of the Institute of Non-Ferrous Metals, Siberian Federal University.
Table 3
Average mineral contents in sludges of different storage duration
Mineral
Material Larnite Wollastonite Merwinite Calcite Vaterite Aragonite
Ca,Sio, CaSio, Ca,Mg[SiO,], CaCo, CaCo, CaCo,
Fresh sludge (FR) 32.6 42.05 4.79 14.2 2.49 2.29
Intermediate sludge (IN) 10.15 59.25 7.56 21.85 2.64 2.98
0Old sludge (OL) 9.25 58.4 1.25 21.15 4.19 1.75
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In the investigation, standard samples of chemically
pure elements and compounds of MAC standards (Mi-
cro-Analysis Consultants Ltd, United Kingdom; reg.
No. 11192) were used: O - SiO,, Al - Al20, Si - SiO,,
Ca - wollastonite, CaSiO;. Oxygen was determined
both directly and by stoichiometry that allowed in-
direct assessment of the presence of hydroxyl groups
and/or water in minerals. The probe current was
measured using a MAC cobalt metal standard (reg. No.
9941) every 60 minutes during the study.

The samples were carbon-coated using the Quo-
rum 150 RES automated conductive coating system
with thickness control; the coating thickness was
20 nm.

The results of the studies showed that the “fresh”
sludge consists mainly of calcium silicates (Fig. 4). Its
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particle size ranges from the first tens of micrometers
to 0.5 mm. The particles shape is irregular, blob-like,
or amoeboid; angular, polygonal particles are also ob-
served. Upon closer examination, the following was
observed:

- compact particles composed of an aggregate of
calcium silicate and certain impurity components;

— particles composed of an extremely fine globu-
lar aggregate of calcium silicate, with globule sizes in
the range of a few um;

— particles composed mainly of calcium silicate
globules measuring 10-20 pm.

The particles contain a very small amount of
calcium carbonate; besides, rounded and irregular-
ly shaped iron particles were occasionally observed
(bright spots in Fig. 4).

Fig. 4. “Fresh” sludge;
globular aggregates of calcium
silicates are clearly visible:
light gray larnite (Lrn)
and wollastonite (Wo) with a few bright
spots representing iron particles.
Photo in back scattered electrons

Fig. 5. “Intermediate” (a, b) and “old” (c, d) sludges;
zonal structure of the particles is clearly visible: in the central part, light gray
material occurs, presented by calcium silicates larnite Lrn and wollastonite Wo;
dark gray calcite Cal develops at the periphery, and a few quartz Qz particles
are identified; images b and d present multi-element maps
in pseudo-colors, with symbols shown in the image.
Photo in back scattered electrons
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In the “intermediate” and “old” sludges, calcium
silicate replacement with carbonate was observed.
Fig. 5 shows the particle general distribution and
features of alteration in particles in “intermediate”
and “old” sludges. It is clearly visible that the bright
areas in the particle nuclei are very small. This is
more common in “intermediate” sludges, where they
may be absent at all. Complete replacement of si-
licates is more commonly observed in “old” sludge,
indicating a significantly greater degree of altera-
tion of the initial material. Fig. 5 also shows mul-
ti-element maps of individual particles that have
undergone varying degrees of alteration: their cores
consist of small calcium silicate globules, while
a compact crust of calcium carbonate forms along
the periphery, appearing darker in backscattered
electrons compared to the core.

Findings discussion

The data obtained on the mineral composition of
the ARR’s belite sludges and the trends in its varia-
bility indicate that silicate carbonation processes are
occurring in the storage facility under current con-
ditions. Under atmospheric conditions, all silicates
(larnite, wollastonite, merwinite), which compose the
bulk of the sludge, are capable of absorbing CO, to
varying degrees.

The stability of these silicates in atmospheric
conditions and the rate of carbon dioxide absorption
vary and depend on a number of factors, namely: en-
vironmental factors, factors related to the nature of
the material, and products formed as a result of the
reaction [7, 8].

Within the first group of factors, the governing
factor is the concentration of CO, in the atmosphere
(the higher the concentration of carbon dioxide in
the air, the faster the reaction). Humidity is also
a critically important factor. If the humidity is too
low (<~25%), there is not enough water for the hy-
dration reaction and the carbonation process itself
to take place (CO, must dissolve in water). When hu-
midity is too high (> ~90%), the pores in the material
become saturated with water, which slows down gas
diffusion. Humidity levels between 50% and 70% are
considered optimal [9, 10]. Temperature has a two-
fold effect on the rate of carbonation.

As the temperature rises, the rate of chemical re-
action increases (Van’t Hoff’s rule). However, elevated
temperatures can also reduce relative humidity and
CO, solubility that in these reactions can lead to the
opposite result. The progress in the secondary mineral
formation on the surface of the storage facility shown
in Fig. 3 indicate a high rate of secondary carbonate
formation and the appearance of abnormal carbon
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contents under a thin surface layer. This is obviously
due to the dissolution of carbon dioxide from the air
in pore water, where evaporation is minimal and the
temperature conditions are optimal for the replace-
ment of calcium silicates.

In general, within moderate ranges, rising tem-
peratures accelerate carbonation. When consider-
ing environmental factors in relation to the storage
conditions of the ARR’s belite sludges, it can be not-
ed that these factors combine in a way that is con-
ducive to carbonation. This relatively high CO, con-
tent is due to the storage facility being located in an
industrial area of the city, with increased humidity
caused by both precipitation (movable elements are
being carried away, see Table 1) and the evaporation
of process water at discharge points at the depositing
sites, whose temperatures can range from 60 to 80 °C.
Hot process water also serves as a favorable temper-
ature factor for carbonation in winter. At the water
discharge point, there is a local thermal anomaly that
exists year-round.

The key material-related factors are minera-
logical composition, as well as porosity and perme-
ability. The latest two factors determine the access
of CO, into the material. The more open pores and
capillaries there are, the easier it is for CO, to pene-
trate deeply and the higher the carbonation rate. For
the ARR’s belite sludges, the fine-grained and sandy
particle coarseness of the calcium silicates, as well
as the high porosity of each individual sludge par-
ticle (see Fig. 4), are highly favorable factors. This
suggests that the belite sludge storage facility is per-
meable to atmospheric carbon dioxide, at least in its
upper part.

The mineralogical composition of sludge has
a significant effect on the rate of carbonation. The
predominant silicates in the composition of the
ARR’s sludges, which determine their carbonation
rate, are larnite and wollastonite. The reactions and
conditions for carbon dioxide absorption by these
minerals are different. For larnite, carbonation oc-
curs in stages through its hydration, resulting in the
formation of portlandite and a calcium hydrosili-
cate (Ca,SiO, + 3H,0 — Ca(OH), + CaO-Si0O,-aH,0),
followed by carbonation of portlandite (Ca(OH), +
+ CO, —» CaCO; + H,0) and then carbonation of the
calcium hydrosilicate (CaO-SiO,-aH,0 + CO, —
CaCO, + Si0,-bH,0 + H,0) [11-13].

The literature indicates that the rate of car-
bonation of larnite under atmospheric conditions
is quite high. However, it is a variable quantity and
depends on the formation of a passivating car-
bonate film on the surface. At the initial stage, the
reaction proceeds relatively quickly on the newly
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formed surface, since the concentration of CO, and
the availability of calcium ions are at their highest.
As a layer of calcium carbonate (CaCO;) forms on
the surface of the larnite particles, this layer begins
to act as a barrier. For the reaction to continue, the
CO, molecules and water must diffuse through this
layer, while the calcium ions and silicic acid must
diffuse out of it. This diffusion process signifi-
cantly slows down the overall reaction rate [7, 11].
The phenomena described are clearly observed in
belite sludges of different storage durations at the
ARR. Fig. 5 shows that large calcium silicate parti-
cles are surrounded by a rim of calcium carbonate,
while small particles are often completely replaced
by carbonate.

The international literature includes studies
assessing the dynamics and extent of carbon di-
oxide uptake by larnite under atmospheric condi-
tions [14, 15]. The observations and experiments
described there, conducted on steelmaking waste
(slag) — the main mineral of which is larnite (50%
of the initial slag) — showed that CO, absorption at
room temperature amounts to 243 kg per ton of fresh
steelmaking slag.

The carbonation rate of wollastonite under at-
mospheric conditions (0.04% CO,, 25 °C) is quite
low and almost imperceptible. However, under opti-
mized conditions (high CO, concentrations, elevated
temperature, fine grinding, presence of water), the
reaction can proceed quite rapidly. The main diffe-
rence from larnite is that wollastonite does not
require a hydration stage and is carbonatized di-
rectly [16, 17].

A study by Canadian researchers assessed the
weather resistance of wollastonite and its ability to
absorb CO, through carbonation under atmospheric
conditions. A comparative analysis of CO, absorption
rates by kimberlite beneficiation tailings from mines
in northwestern Canada and wollastonite ore rich in
CaSiO; mined at a deposit in Ontario showed that
wollastonite ore is more prone to weathering and car-
bonation than the kimberlite tailings (which contain
slowly weathering hydrated magnesium silicates and
aluminosilicates). However, under atmospheric con-
ditions, the process is slow [8, 18, 19].

Based on the analysis conducted and the litera-
ture data on the CO, absorption capacity of calcium
silicates under atmospheric conditions [12, 14, 20], it
can be concluded that larnite possesses the highest
absorption potential. With regard to the conditions
of the ARR’s belite sludge storage, it is possible to
calculate the maximum volume of the absorbed gas
assuming the minerals react completely with atmos-
pheric air (Table 4).
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Table 4
Carbon dioxide absorption capacity
of one ton of ARR’s belite sludge
Masses (of mineral and absorbed | Fresh sludge (FR),
CO,) from 1 ton of sludge test charge, kg

Larnite, CO,, |Larnite Ca,Si0, 326.00
kg Co, 83.30
Wollastonite, | Vollastonite CaSiO, 420.50
CO,, kg co, 159.31
Merwinite, Mervinite Ca;Mg[SiO,], 47.90
CO,, kg co, 19.24

co, 261.85
Total, kg

Minerals 794.40

Key findings

1. The main minerals in the ARR’s belite sludge
are calcium silicates, namely larnite, wollastonite,
and merwinite, which are prone to carbonation (ab-
sorption of carbon from atmospheric air) to varying
degrees.

2. An investigation of the changes in the mineral
composition of the sludges as a function of the dura-
tion of storage in the sludge storage facility for the
duration intervals of 0-5, 5-25, 25-50 years revealed
a steady decrease in the content of calcium silicates
(larnite, wollastonite, merwinite) and an increase in
the content of carbonates as the sludge ages from
fresh to old.

3. The main factors having an effect on the rate
of sludge carbonation under atmospheric conditions
at the existing sludge storage facility are: mineral
composition, porous structure of silicate particles in
the sludge, and the features of their replacement by
calcite. Favorable conditions that influence the rate
of carbon dioxide absorption include high surface hu-
midity and a relatively high temperature (60-80 °C)
of the recirculating water supplied to a depositing
site. The latter is a favorable factor for CO, absorption
reactions during cold periods.

4. Based on the results of the analysis, it was
concluded that larnite has the greatest potential in
terms of CO, absorption capacity under atmospheric
conditions and carbonation rate. Based on the con-
ditions at the ARR’s belite sludge storage facility,
the maximum amount of CO, that can be absorbed
during complete interaction between larnite and
atmospheric air has been calculated. With a larnite
content of 32.6%, one ton of the sludge can absorb
83.3 kg of CO,,.

5.In addition to their various uses in the na-
tional economy, the ARR’s belite sludge should be
considered as a substance that is potentially suitable
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for direct absorption of carbon dioxide from the at-
mosphere. Given the accumulated volume of waste —
more than 300 million tons — the potential for car-
bon dioxide absorption assuming that all calcium
silicates are replaced by calcite is quite significant:
80 million tons of CO,. The scale and dynamics of
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the process of converting silicates into carbonates in
the sludge storage facility will allow the volume of
absorbed carbon dioxide to be taken into account in
the calculations of the carbon footprint of the en-
terprise’s end-use product, aluminum produced from
nepheline ore.
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Abstract

The limited availability of natural core material and its unsuitability for repeated use in laboratory experi-
ments create a need for alternative ways of producing specimens for geomechanical investigations. Against
this background, 3D-printed rock replicas are attracting increasing interest. Among the available approaches,
3D-LCD printing is a readily accessible and precise stereolithographic technology based on the layer-by-layer
curing of liquid photopolymers through a liquid-crystal display. The aim of this study was to experimentally
evaluate the physical and mechanical properties of materials produced by this method and to compare them
with those of natural rocks. To address this aim, a set of tests was performed, including microstructural ana-
lysis, nondestructive testing based on elastic-wave velocity measurements, and uniaxial compression tests.
The results showed that the printed specimens were characterized by a high degree of isotropy in their elas-
tic properties and by stable mechanical parameters under varying post-curing and storage conditions. The
inclination of the printed layers relative to the loading direction was also found to have a significant effect
on compressive strength and Young’s modulus: the highest strength values were obtained at an orientation
angle of 60° (up to 162 MPa), whereas the lowest were recorded at 30° (up to 120 MPa). Comparison with test
data for natural silicites, silicified dolomites, and opoka, a carbonate-siliceous sedimentary rock, showed
comparable mechanical properties and similar deformation behavior within the elastic range (up to 20 MPa).
Thus, 3D-LCD rock replicas can be used for the physical modeling of geotechnical processes and for labora-
tory studies of failure behavior; however, differences in failure mechanisms during plastic deformation must
be taken into account.
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UccnepoBaHue rpaHuy, npumeHnmocTtu potononumepHou 3D-neyatu
Ans pu3nyecKoro Moe/IMpoBaHNs B reoHayKax

E.B. Ko>keBHMKOB! I, M.C. Typ6akos! , 3.I. BaHOB!
E.I1. Ps160KOHB! , [I.A. KameHes?

! [Tepmckuli HayuoHanwsHeill uccnedosamensCKuli norumexHuyeckuti yuusepcumenm, 2. Ilepmo, Poccutickas @edepayust
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AHHOTaUuA

IeduinUT MpUPOIHOro KEPHOBOT'O MaTepiasia i HEBO3MOKHOCTb €0 MHOTOKPAaTHOTO MCITO/Ib30BaHMSI B 1a60-
PATOPHBIX IKCIIEPUMEHTAX 00YCIOBIMBAIOT HEOOXOAVMOCTb MOUCKA AIbTEPHATUBHBIX CIIOCOO0B MOTYyYEHUS
06pasIoB IS TeOMEXaHNUECKUX MUCCIeNOBaHNiA. B cBsSI3u ¢ 3TUM BCE 6oee BOCTPEGOBAHHBIM CTAHOBUTCS
NpUMeHeHMe PeIUIMK TOPHBIX MIOPOJ, M3TOTOBAEHHBIX MeTogaMu 3D-neuatu. OMHUM U3 TaKUX METOMOB BbI-
crymaet 3D-LCD-1evaTs — JOCTYITHAS M TOYHAS TEXHOJIOTMS cTepeonnuTorpadum, oCHOBaHHAS Ha TIOCTIOTHOM
OTBEPKAEHUM KUIKUX (POTOTIOIMMEPOB Uepe3 SKUAKOKPUCTA/UIMYECKUIA AVCIUIEI. B CBSA3M C 3TUM 1€/IbI0 Ha-
CTOsIIEN PAabOThI SIBISIOCH: IKCIIEPUMEHTAIbHAS OlleHKa (PU3MKO-MeXaHNYeCKMX XapaKTepPUCTUK MaTepua-
JIOB, MMOTy4YaeMbIX JaHHBIM METOAO0M, U UX COMOCTaB/IeHMe C ITapaMeTpamMy MPUPOAHBIX TOPHBIX MOPOL. s
pelieHns MOCTABJIEHHBIX 3a/au ObLT MPOBENEH KOMILUIEKC MCITBITAHMIA, BKIIOYAOIINIT MUKPOCTPYKTYPHBIA
aHa/nINn3, Hepa3pyllawllye UCCIef0BaHMs Ha OCHOBE M3MePeHMs CKOPOCTH YIIPYTUX BOJIH M UCIIBITAHUS Ha O -
HOOCHOE CkaTue. VICTibITaHMs IToKa3a/in, YTO HarleyaTaHHbIe 06pa3Ibl XapaKTePU3YIOTCS BbICOKOI M30TPOITH -
eif yIIpyrux CBOVCTB ¥ CTaGMIbHOCTBIO MeXaHMYeCKMUX ITapaMeTpPOB IPU M3MeHeHUN YCII0BUi IOCTOTBepXKe-
HMS M XpaHeHus. [Toka3aHo TaKkke, YTO HAKJIOH CJI0EB OTHOCUTE/IbHO HallpaB/Ie€HNSI HArPy>KeHMsI CyLeCTBEHHO
BJIMSIET Ha TIpefiesl MPOYHOCTM U MOAYy/nb FOHra: MakcumasbHble 3HaUueHUSI TIPOYHOCTU AOCTUTAIOTCS [IPU yI/Ie
opueHTauuu 60° (o 162 MIla), munmumasnbHble — ipu 30° (o 120 MIla). CpaBHeHMe ¢ JaHHBIMU UCTIBITAHUI
NIPUPOAHBIX CMIUIIUTOB, OKPEMHEHHBIX IOJIOMUTOB 1 OTIOK BBISIBUJIO COM3MEPUMOCTDh MeXaHNUeCKUX XapaK-
TEePUCTUK U CXOICTBO JedOopMaIMOHHOTO MTOBeIeHUs B 00acTu yrpyrux nedopmaunii (mo 20 MIIa). Takum
06pasoM, 3D-LCD-periMKy TOPHbIX ITOPOI MOTYT OBbITh MCIIONIb30BaHbI IJIs1 (PU3MUECKOIO MOHEIVPOBAHMS
reoTeXHUYeCKMX ITPOLIECCOB ¥ OLIEHKY ITapaMeTpOB pa3pyuleHNs B J1ab0paTOPHBIX YCIOBUSIX, OOHAKO TPEOYIOT
yuéTa pasniuunii B MeXaHu3Max paspylieHus Ipy IIacTuueckoM aedhopMUpPOBaHNMN.

KnioueBble cnoea
3D-neuatsh, GOTOMOMMMEDPHAS TI€YaTh, PEIIMKY TOPHBIX ITOPO], OJHOOCHOE CXKaTye, aHU30TPOIHUS, MOIY/Tb
lOHra, reomexaHuka, ynpyrue coictsa, 3D-LCD-TexHomOrms

®duHaHcupoBaHue
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Introduction

To overcome the shortage of core material and
enable its repeated use in research, investigators have
proposed using approximate copies of rock speci-
mens, that is, replicas produced by 3D additive ma-
nufacturing technologies [1, 2]. This approach is in-
creasingly employed in the mining [3] and oil and gas
industries [4] to investigate the mechanical properties
and permeability of rocks in relation to their internal
structure and loading conditions. A key advantage of
such replicas is that they allow the required number
of specimens to be produced for a wide range of stu-
dies, including destructive tests [5, 6].

57

A variety of technologies are currently available
for fabricating 3D rock models. The choice of printing
method and material depends on the purpose of the
study [7]. Specimens may be produced by material ex-
trusion using thermoplastic filament (FDM/FFF), by
stereolithography (SLA) based on the layer-by-layer
curing of liquid photopolymer resin, by binder jetting
of gypsum [8] or cement-silica—water mixtures [9],
or by binder jetting of quartz sand using specific bin-
der systems, including cyanoacrylate adhesive [11]
and furfuryl alcohol- and phenolic resin-based bin-
ders [12]. Thus, these 3D-printing methods differ pri-
marily in the type of material used [12].
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In experimental studies involving the physical
modeling of rocks, materials with physical and me-
chanical properties similar to those of natural rocks,
such as gypsum and sand-cement mixtures, are gen-
erally preferred. However, existing mineral-based prin-
ting methods offer low resolution and do not allow the
internal structure of specimens to be reproduced [13].
Specimens produced by material extrusion using ther-
moplastic filament (FDM/FFF) are rarely suitable as
rock replicas because of their low printing resolution
and because their structure and material properties
differ markedly from those of natural rocks [14].

Stereolithographic 3D printing (SLA), based on the
layer-by-layer curing of photopolymer resins, provides
the highest print quality and is widely used in both
industrial applications and research [15]. Depending
on the method used to expose the photopolymer re-
sin, SLA techniques are classified as laser-based [16],
digital light processing (DLP) [17], and liquid-crys-
tal-display-based stereolithography (LCD) [18]. SLA
offers the highest printing resolution, making it pos-
sible to reproduce with high accuracy the microscale
heterogeneities inherent in the original objects; for
this reason, it is widely used to fabricate porous and
fractured rock replicas [19]. LCD-based printing is the
most accessible and fastest stereolithographic method
and is therefore particularly promising for the produc-
tion of rock replicas for geomechanical investigations,
as it allows a high degree of replication to be achieved
at minimal cost and within a short time frame [20].

Thus, an analysis of previous studies has shown
that 3D-LCD printing is the most promising method
for producing accurate rock replicas. The aim of this
study was to experimentally evaluate the applicability
of this method to the fabrication of rock replicas for
investigating their geomechanical characteristics and
to determine the limits of its applicability in physical
modeling. To achieve this aim, the following objec-
tives were pursued:

- to examine the microstructure of 3D-LCD rep-
licas and assess its influence on their elastic and me-
chanical properties;

- to carry out comparative uniaxial compression
tests on the replicas and natural rocks;

- to investigate the effect of layer orientation
during printing on the Young’s modulus of the spec-
imens.

1. Theoretical background
A considerable number of studies have examined
the mechanical properties of materials produced by
3D-LCD printing and have shown that these proper-
ties are influenced most strongly by printing condi-
tions [21-23] and curing conditions [24, 25]. However,
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all other factors being equal, the defining feature of
3D-LCD printing is the inherent heterogeneity as-
sociated with the layered structure of the fabricated
parts [26, 27]. This layered structure gives rise to ani-
sotropy in mechanical properties depending on layer
orientation, owing to the heterogeneity inherent in
each layer and the presence of interlayer interfaces.

A review of the literature has shown that the re-
sults of experimental studies on the effect of layer
orientation are often contradictory. Independent re-
search groups investigating the effect of print ori-
entation on the tensile and compressive strength of
printed parts have concluded that specimens with
layers parallel to the tensile loading direction exhi-
bit the highest Young’s modulus and strength [28-30].
Under compression, however, some studies have re-
ported that specimens with inclined layers exhibit the
best mechanical properties [31, 32]. Li and Tang [28]
attributed this behavior to weaker bonding between
adjacent layers, suggesting that layer inclination af-
fects interlayer bond strength. They also noted that
strength is influenced by printing-related defects, such
as irregular edges, air bubbles, and foreign inclusions.

Other studies [21, 25, 33] have experimental-
ly shown that the strength of specimens with layers
oriented parallel to the tensile load is lower than that
of specimens in which the layers are oriented perpen-
dicular to the load. The authors of [22] attribute this
to the effect of the laser path during curing. Study [34]
showed that specimens loaded in tension along the
layering direction exhibit the highest Young’s modulus,
whereas specimens with inclined layers demonstrate
greater strength and deformation. It has also been es-
tablished that reducing the layer thickness improves
both strength and elastic properties [33]. In specimens
with layers perpendicular to the load, Young’s modulus
is slightly higher, whereas strength is noticeably lower
at any layer thickness. A reduction in layer thickness
increases the brittleness of the material, resulting in
greater stiffness and lower strength.

Thus, despite the available studies on the effect
of layer orientation on the strength of parts produced
by 3D-LCD printing, a substantial gap remains in un-
derstanding how mechanical properties vary with
loading direction. Most studies have focused prima-
rily on tensile strength, whereas comparatively few
have examined compressive strength, and the repor-
ted findings are often contradictory. These inconsis-
tencies hinder understanding of the failure mecha-
nisms involved and of the factors governing chan-
ges in strength as a function of layer orientation. This
limited understanding of material behavior also con-
strains the use of 3D-LCD printing for the fabrication
of rock replicas in geomechanical investigations.
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The present study addresses these issues. Its no-
velty lies in establishing the relationship of the me-
chanical properties of 3D-LCD rock replicas to print
orientation and material microstructure, as well as in
defining the limits of applicability of such replicas for
physical modeling. Based on the results of the expe-
rimental program and comparative analysis, the study
concludes that 3D-LCD printing is suitable for the
physical modeling of geotechnical processes.
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2. Methodology
2.1. Specimen fabrication

Digital specimen models were designed with
an initial length of 70 mm and diameter of 35 mm,
corresponding to a length-to-diameter ratio of 2 : 1,
consistent with the specimen geometry specified in
ASTM D7012-23. The models were exported in STL
format for subsequent print preparation. Using de-
dicated software, the specimens were arranged on the
build platform corresponding to the movable plat-
form of the 3D printer. The models were then sliced

Z Platform
L/
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layer by layer at different layer inclinations (Fig. 1, a),
with three specimens prepared for each print orienta-
tion. Angles of 90°, 60°, 30°, and 0° correspond to the
angle between the layer plane and the specimen axis.
All specimens were printed with supports and orient-
ed along the printer’s Y-axis.

The specimens were printed on an Anycubic
Photon Mono X printer using LCD-based stereo-
lithography (see Fig. 1, a). A layer exposure time of
2 s was identified in preliminary tests as optimal for
achieving high print quality while maintaining an
adequate printing rate. The layer thickness was
50 pum, the standard setting for this printer model.
Anycubic Basic Resin Black was used as the printing
resin; the black color was selected to minimize the
effect of stray light on print quality.

After printing, the specimens were cleaned in an
ultrasonic bath containing isopropyl alcohol. This
yielded cylindrical specimens with a nominal diame-
ter of 35 mm and a length of 70 mm (Fig. 1, b, ¢). These
dimensions were selected for the following reasons.

\ > 4 ‘
>

Model

E“Resm Tank

— — \LCD SCreen

LL
I—II—I

el

\ \ ‘ / lpUCS lpUCS lPUCS
UV
90° 60° 30°
a
& 29 mm

»
AE sensor

PUCS ' ' '
0 o
(o

Top view

/

Layers

Rubber bands

Strain gauges

e

Fig. 1. Specimen fabrication: a - schematic illustration of specimen printing at different layer orientations;
b - printing of the specimens; ¢ — printed specimens; d — specimen machining;
e — finished specimen fitted with axial and lateral strain gauges and acoustic emission (AE) sensors
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Fig. 2. Cylindrical specimens of silicites (1, 2), silicified
dolomites (3), and opoka (4) for uniaxial compression tests

First, the limited build area of the Anycubic Pho-
ton Mono X printer does not allow a large number
of large specimens to be fabricated simultaneously.
However, the simultaneous fabrication of a batch of
specimens printed at the same orientation is critical
for ensuring within-batch uniformity.

Second, owing to the specific features of the tech-
nology, namely the layer-by-layer curing of the resin
and the separation of each printed layer from the LCD
screen, increasing specimen size increases the contact
area with the screen and, consequently, substantially
increases the separation force. This may lead to pre-
mature delamination of the replicas, detachment of
the supports, as well as layer sagging and deviations
of the actual layer thickness and inclination from the
specified values.

Specimens printed with parallel and inclined
layers (see Fig. 1, ¢) exhibited deviations from the
cylindrical shape because of layer sagging during
printing. Because of these visible defects, they were
machined on a lathe to obtain the correct cylindrical
geometry (Fig. 1, d). Machining yielded specimens
with parallel end faces, a diameter of 29 mm, and
a length of 58 mm, preserving the 2 : 1 length-to-
diameter ratio required for testing.

The finished specimens were post-cured in a UV
chamber. Before and after machining, they were stored
in a dark place to minimize exposure to ambient light.
The temperature and humidity during storage cor-
responded to normal room conditions, and all speci-
mens were kept in the same environment, thereby ex-
cluding any influence of storage conditions on the test
results [25, 33, 35].

2.2. Natural rocks
Because the rock replicas were regarded as homo-
geneous materials, natural rocks with a homogeneous
fine-crystalline structure were selected for compari-
son, namely silicites (microcrystalline quartz), silici-
fied dolomites, and opoka, a carbonate-siliceous sedi-
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mentary rock. To evaluate mechanical properties over
a wide strength range and to investigate anisotropy,
specimens representing different lithotypes were
selected. Silicites were assigned to Groups 1 and 2,
silicified dolomites to Group 3, and opoka to Group 4.

The specimens were cut perpendicular to bedding
(Groups 1 and 3) and parallel to bedding (Groups 2
and 4). Cylindrical specimens measuring 30 mm in
diameter and 60 mm in length were prepared for the
mechanical tests (Fig. 2).

2.3. Uniaxial compression testing procedure

Uniaxial compression tests were carried out using
a Rock Mechanics Test System 816. To measure axial
and lateral strains, strain gauges were bonded to the
lateral surface of the specimens, and the data were re-
corded using the system’s data acquisition unit. Two
pairs of strain gauges were positioned with reference
to the printer axes. An acoustic emission (AE) sensor
was also attached to the central portion of the late-
ral specimen surface to record signals during loading.
The sensor arrangement is shown in Fig. 1, e.

During loading, data from the load cell, strain
gauges, and the AE recording system were continuous-
ly recorded on a computer. An A-Line 32D measuring
system was used to record AE signals. The specimens
were loaded to failure at a constant rate of 0.1 MPa/s,
in accordance with ASTM D7012-23.

2.4. Nondestructive methods
for strength assessment

The nondestructive methods employed in this
study included measurements of the propagation ve-
locities of longitudinal and transverse elastic waves.
Changes in these velocities over time reflect changes
in the mechanical properties of the material and make
it possible to assess anisotropy in both the replicas
and the natural rocks. Such methods are particular-
ly important for strength assessment in photopoly-
mer resins because these materials undergo property
changes during post-processing, including ultravio-
let irradiation and storage, and also possess a layered
structure [25, 33]. Elastic-wave velocity measurements
were performed using an Ultrazvuk instrument (Eco-
geosProm LLC, Russia).

3. Results
3.1. Changes in mechanical properties during
processing
Stabilization of elastic-wave velocity was used as
the criterion for determining the sufficient duration of
post-curing UV exposure. The relationships between
elastic-wave velocity and UV post-curing time are
shown in Fig. 3. After 1 min of exposure, elastic-wave
velocity increased sharply relative to the untreated
specimen and then changed only slightly, indicating
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that 1 min was sufficient for surface hardening. Four
minutes of UV exposure was sufficient to achieve com-
plete polymerization of the material, as longer exposure
produced no further changes in mechanical properties.
This is confirmed by the constancy of elastic-wave ve-
locity after 8 min of treatment: UV radiation no longer
penetrated into the interior of the specimen, and pro-
longed irradiation was therefore unnecessary.

Storage time was also found to have no effect on
internal polymerization of the material under room
conditions in a dark place. The velocities of longi-
tudinal and shear waves remained unchanged after
14 days of storage (see Fig. 3).

3.2. Anisotropy

Specimen anisotropy was evaluated in the axial
and radial directions, that is, parallel and perpendi-
cular to the printed layers, respectively (Fig. 4). These
directions are sufficient for analysis because layered
materials exhibit the greatest differences in mecha-
nical properties along them [25]. Ultrasonic measure-
ments showed that wave velocities measured across
and along the layers were identical within experi-
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mental error. The identical Young’s and shear moduli
(see Fig. 3) indicate a high degree of isotropy in the
elastic properties of the 3D-LCD specimens, as deter-
mined by nondestructive testing.

Nondestructive testing is effective for assessing
the stability of replica properties during storage and
in long-term test programs, as well as for evaluating
the effect of ambient curing on the material. Ultrasonic
methods are useful as an auxiliary tool for the indirect
assessment of elastic properties; however, they do not
provide information about the actual behavior of the
material under loading up to failure. Another limita-
tion of these methods is that elastic-wave velocity de-
pends on density and on the presence of heterogenei-
ties and voids, including artificially created cracks and
pores. In addition, such methods are applicable only to
undamaged specimens of regular shape.

Importantly, specimens produced by 3D-LCD
printing do not exhibit initial anisotropy. This en-
sures clarity in the interpretation of results, high re-
producibility of the experimental data, and the possi-
bility of fine adjustment of test parameters.

L 3
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i 2600 €
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NO UV
2400 + T T T T T T T T 1800
0 2 4 6 8

UV exposure, min
——F MPal -e-E /MPa|| -*G,MPa_l —G,MPal]|

b

Fig. 3. Effect of post-curing UV exposure time on elastic-wave velocity (a)
and on the calculated values of Young’s modulus and shear modulus (b)

Fig. 4. Measurement of elastic-wave velocity in the axial (a) and radial (b) directions
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3.3. Uniaxial compression test results

The uniaxial compression tests showed that the
highest strength was exhibited by specimens with
layers oriented at 60° to the loading vector, with an
average compressive strength of 158 MPa (maximum
162 MPa, minimum 156 MPa). The lowest strength
was observed in specimens with a layer inclination of
30°, for which the average value was 138 MPa, with
a maximum of 140 MPa and a minimum of 120 MPa
(Fig. 5). Specimens with layers oriented parallel (0°)
and perpendicular (90°) to the loading direction
showed similar strength values, averaging 146 and
147 MPa, respectively.

The tests yielded stress-strain curves and cumu-
lative AE signal plots (see Fig. 5). The stress-strain
curves indicate elasto-viscoplastic behavior of the
specimens. Under loading up to 20 MPa, all specimens
exhibited a quasi-elastic deformation zone, highligh-
ted in blue in Fig. 5, in which stress varied linearly with
strain. In this zone, no AE signals exceeding the 40 dB
filter threshold were recorded, indicating either a very
low level of internal damage or its complete absence.

This quasi-elastic deformation zone is of the
greatest engineering interest because structural ele-
ments retain their mechanical properties within the
elastic range. Young’s modulus values for specimens
with different layer orientations were determined
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from the slope of the stress-strain curve in this region.
The stress-strain relationships in the quasi-elastic
zone are described by the following equations:

G, = 4272.2¢, + 0.5489; )
G4 = 4060.8¢, + 0.4588; 2)
G = 3892.7¢, + 0.5892; (3)
G = 4006.8¢,, + 0.4912, (4)

where o is stress, MPa (the subscript corresponds to
the angle between the layers and the loading vector),
and ¢, is axial strain.

The coefficients on the right-hand side of the
equations correspond to Young’s modulus values and
range from 3893 MPa for specimens with a layer incli-
nation of 60° to 4272 MPa for specimens with layers
parallel to the loading direction. These values indi-
cate a fairly high degree of uniformity in elastic pro-
perties at stresses up to 20 MPa.

The highest Young’s modulus was recorded for
specimens with layers parallel to the loading vector,
whereas the lowest was found for specimens with
a layer inclination of 60°. Overall, Young’s modulus
tended to decrease as the layer orientation increased
relative to the specimen axis (Egs. (1)-(4)). At the
same time, the modulus of specimens with layers per-
pendicular to the load (90°) was comparable to that of
specimens with a layer inclination of 30°.
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Fig. 5. Stress-strain curves and cumulative AE signal plots for specimens with layer inclinations
of 0° (a), 30° (b), 60° (c), and 90° (d). The light blue line represents stress, and the dark blue line represents
the cumulative number of AE signals. The quasi-elastic deformation zone is highlighted in blue
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Specimens with layer orientations of 0° and 30°
combined relatively low strength with a high Young’s
modulus in the quasi-elastic deformation zone, indi-
cating greater stiffness but relatively brittle failure.
By contrast, specimens with a layer inclination of 60°,
although exhibiting the highest strength, showed the
lowest Young’s modulus values and therefore lower
stiffness. This mismatch between strength and elastic
modulus suggests that different failure mechanisms
operate depending on layer orientation.

A comparative analysis of the AE data and unia-
xial compression results (see Fig. 5) showed that, de-
spite the similar overall shape of the stress-strain
curves, the failure mechanisms differed among
specimens with different layer inclinations relative
to the loading vector. Combined analysis of the AE
signals and compression curves makes it possible
to determine with high accuracy the deformation
stage reached by a specimen at a given load level.
The comparison further showed that the duration of
each deformation stage depended on the layer incli-
nation relative to the loading vector. For example,
the longest elasto-viscoplastic stage was observed
in specimens with layers perpendicular to the load
(Fig. 5, d), whereas the shortest occurred in spe-
cimens with a layer inclination of 30° to the loading
axis (Fig. 5, b). Thus, the combined analysis of AE and

100 ‘ ; 10000
90 Compaction |Elastic! Hardening
80 zone , zone ! zone Burst
} ‘ 1000
] 70 | %)
% 60 §
4 50 | 100 3
g 40_(5=6775.78—5.641} lPUCS =
& R?=0.99 <
301 10
20+
10
0 ; . 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.0016
Axial deformation
a
10000
1604 c . Elasti
ompaction astic
140+ zone zone Burst 1000
-, 1207 Hardening
& zone 3z
=100+ =
% 80 100 8
& T P, ]
2 604 T ! ucs =
. 0 = 14609¢ - 34.704 10
40 ‘ R'=0.99 |
20+
0 T 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Axial deformation

(o

elSSN 2500-0632

https://mst.misis.ru/

Kozhevnikov E. V. et al. Assessing the limits of applicability of photopolymer 3D printing...

uniaxial compression data showed that geomecha-
nical studies must take into account the fact that the
failure mechanisms of rock-specimen replicas printed
by the 3D-LCD method vary with layer orientation.

3.4. Uniaxial compression of rocks

The results of the uniaxial compression tests on
the natural rocks are presented in Fig. 6 as stress-
strain curves.

All natural rock specimens exhibited a compac-
tion zone at the initial stage of loading, in which
stress increased nonlinearly with strain (see Fig. 6).
This zone is associated with the presence of relaxa-
tion microcracks oriented perpendicular to the prin-
cipal stress and, as a rule, parallel to bedding. Closure
of such cracks under loading occurs without failure,
as confirmed by the absence of acoustic emission ac-
tivity. As the microcracks close, the material becomes
denser and stiffer, which is reflected in an increasing
slope of the stress-strain curve.

Because of the nonuniform stress distribution,
some microcracks remain unclosed, and new ones
may also form. Once the strain reaches 0.001, stress
redistribution causes a sharp increase in AE activity.
Further loading promotes closure of both relaxation
microcracks and newly formed microcracks, so that
the specimen becomes nearly fully compacted and
then enters a linear deformation stage.
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Fig. 6. Stress-strain curves and cumulative AE count plots for natural rock specimens:
silicites cut perpendicular to bedding (a); silicites cut parallel to bedding (b); silicified dolomites (c); opoka (d).
The light blue line represents stress, and the dark blue line represents cumulative AE counts.
The red line indicates the linear elastic or quasi-elastic segment used to calculate Young’s modulus
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In all specimens, the linear segment of the stress-
strain curve is characterized by a linear increase in
stress with strain and by the absence, or low intensity,
of AE activity. The lowest AE intensity was observed
in silicite specimens drilled perpendicular to bedding
(Fig. 6, a). In silicite specimens with the bedding plane
parallel to the loading vector, as well as in opoka, AE
activity remained relatively high despite the linearity
of the stress-strain curve in this region(Fig. 6, b, d).

The tangents to the stress-strain curves in the
linear elastic or quasi-elastic segment are described
by the following equations:

G, = 6775.7¢, - 5.64; (5)
G, = 6144.5¢, - 0.85; (6)
G, = 14609.0¢, - 34.70; )
o, = 2480.3¢, - 0.95. 8)

The subscript corresponds to the specimen group.
The coefficients on the right-hand side of the equa-
tions represent the Young’s moduli of the specimens.

Beyond the elastic or quasi-elastic segment, the
intensity of microcracking increased, as reflected in
a marked rise in cumulative AE counts. In specimens
shown in Fig. 6, a, ¢, and d, this stage was accompa-
nied by hardening, as indicated by the increasing
slope of the stress-strain curve. In contrast, in silic-
ite specimens drilled parallel to bedding, microcrac-
king led to degradation of the mechanical properties,
as indicated by the descending branch of the curve
(Fig. 6, b). After the strength limit was exceeded, all
specimens failed.

The highest uniaxial compressive strength was
observed in specimens drilled perpendicular to bed-
ding, namely 117 MPa for silicites and 186 MPa for
silicified dolomites. The lowest strength was recor-
ded in specimens drilled parallel to bedding, namely
86 MPa for silicites and 51 MPa for opoka. Specimens
with bedding perpendicular to the load also exhibi-
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ted the greatest total strains (see Fig. 6, a, ¢), which
is attributable to the orientation of relaxation cracks
perpendicular to the loading vector.

4. Discussion

Effect of 3D-LCD printing features and layer
orientation on anisotropy. Because the LCD-based
3D-printing method is inherently layer-by-layer, it
results in a layered internal structure in the finished
parts. Such a structure may give rise to anisotropy in
the properties of the printed specimens depending
on layer angle and orientation. However, the present
study showed that these features do not affect the
uniformity of the elastic properties measured by non-
destructive methods or under uniaxial compression in
the stress range up to 20 MPa. Anisotropy associated
with layer angle and orientation becomes apparent
only above this threshold.

Comparison of rocks and replicas. Despite dif-
ferences in layer angle and orientation, the rock rep-
licas exhibit relative uniformity, as evidenced by the
similar shape of their stress-strain curves. In natural
rocks, by contrast, anisotropy is controlled by bedding
and has a pronounced effect on mechanical behavior
under loading.

To assess whether the replicas could be used as
analogs of natural rocks, materials spanning a broad
strength range were selected, namely homogene-
ous high-strength rocks (silicites and silicified dolo-
mites) and weak opoka. The test results showed that
even rocks with a high degree of structural uniformity
exhibit pronounced anisotropy in their mechanical
properties.

Comparative analysis of the stress-strain curves
showed that the Young’s moduli of the replicas are lo-
wer than those of silicified dolomites and silicites, but
higher than that of opoka. At the same time, the elas-
tic deformation range of the replicas coincides with the
elastic deformation range of the natural rocks (Fig. 7).
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Thus, the replicas may be regarded as analogs of natu-
ral rocks, but only within the stress range that does not
exceed the elastic limit.

At stresses above 40 MPa, microdamage begins to
develop in the replicas, and, because of their structural
features, the stress-strain curves start to diverge. The
greater strains observed in the replicas compared with
the natural rocks are attributable to the predominance
of cohesive bonding and the very low level of inter-
nal friction. Because internal friction is essentially ab-
sent, the layers slide relative to one another without
substantial resistance. This behavior is related to the
polymeric nature of the resin, which contains no solid
particles.

Nevertheless, the replicas exhibit uniaxial com-
pressive strength values comparable to those of na-
tural rocks and, in some cases, even higher. Depending
on layer inclination, the compressive strength of the
replicas ranges from 138 to 162 MPa, whereas that of
the natural rocks ranges from 51 to 186 MPa. At the
same time, the replicas accumulate substantial strain
before failure, reaching values of up to 0.37, and the
specimens assume a barrel-shaped form (Fig. 8, b).
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In natural rocks, strain remains barely noticeable even
after failure (Fig. 8, d, €) and does not exceed 0.015.

Micrographs of the fracture surfaces (Fig. 9) show
that the replica has a smooth fracture surface, indi-
cating that nothing impedes interlayer sliding or the
propagation of microcracks. The fine-grained struc-
ture of the natural rocks, by contrast, provides high
cohesion and substantial internal friction because of
their granular texture. This impedes smooth crack
propagation, so the fracture surfaces of the rocks are
irregular and rough (Fig. 9, b).

The failure pattern of the natural rock specimens
does not show a pronounced dependence on bedding
angle, unlike that of the replicas. Silicites drilled per-
pendicular and parallel to bedding exhibit a similar
type of failure characterized by extensive fragmenta-
tion and longitudinal macrocracks propagating toward
the specimen ends (Fig. 10, a, b). Despite differences
in strength and bedding angle, silicified dolomites
and opoka (Fig. 10, ¢, d) both exhibit high brittleness,
as reflected in pronounced fragmentation. The abun-
dance of cracks at the specimen ends indicates that
brittle failure predominates over ductile deformation.

Fig. 8. Photographs of specimens under load:
replica and natural rock specimen before loading (a, d); replica before failure (b); failed replica and rock specimen (c, e)
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a
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Fig. 9. Micrographs of specimen fracture surfaces: a — replica; b - silicite
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Fig. 10. Natural rock specimens after uniaxial compression testing.
Specimens drilled perpendicular (a, ¢) and parallel (b, d) to bedding

In replicas with a layer orientation of 0°, numer-
ous cracks are also observed at the specimen ends;
however, unlike those in natural rocks, these cracks
result from delamination and are characteristic only
of this specimen group. In replicas with layer incli-
nations of 60° and 90°, in which prolonged harden-
ing stages were previously observed, no longitudinal
brittle cracks were found at the specimen ends, con-
firming that failure in these specimens is predomi-
nantly ductile.

Thus, the present study showed that the 3D-LCD
printing method is suitable for producing and investi-
gating the geomechanical characteristics of rock-like
specimens under low loads that do not lead to inter-
nal damage. Replicas fabricated by 3D-LCD printing
are not complete analogs of natural rocks and cannot
fully replace studies of real rocks, especially in inves-
tigations involving failure. To use the 3D-LCD me-
thod for producing rock replicas in studies involving
failure, the issue of internal friction, which is absent
in the material, must first be addressed. Nevertheless,
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the use of this replication method under purely elas-
tic loading makes it possible to evaluate the geome-
chanical characteristics and behavior of rocks with
different structural features, which can be varied over
a wide range.

5. Practical applications

The results of this study have high practical po-
tential and can be directly used in laboratory ge-
omechanical testing in the mining, oil and gas, and
construction industries. The findings confirm that
3D-LCD printing technology enables the cost-effec-
tive batch production of rock replicas with reproduci-
ble physical and mechanical properties. This makes it
possible to replace scarce core material and substan-
tially reduce the costs associated with field drilling,
transportation, and storage of expensive specimens.

The use of 3D rock replicas improves the efficien-
cy of experimental studies by eliminating the costly
and time-consuming procedures involved in sam-
pling and preparing natural specimens. The economic
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benefit is achieved through reduced testing costs and
shorter testing times, as well as through the possibi-
lity of repeatedly reproducing identical specimens for
parallel experiments.

Practical implementation of the proposed ap-
proach makes it possible to create physical models of
rock masses for assessing excavation stability, calcu-
lating drilling parameters, predicting fracture deve-
lopment, and evaluating the filtration properties of
reservoir rocks. In addition, the results may be used in
the development of digital testbeds and in the verifi-
cation of numerical geomechanical models. Thus, the
use of 3D-LCD rock replicas helps reduce experimen-
tal costs, improve the accuracy of engineering predic-
tions, and accelerate the design stage in the mining
and oil and gas industries.

3D-LCD printing technology can be effectively
used not only for fabricating rock specimen repli-
cas but also for laboratory-scale physical modeling
of various mining objects, including the assessment
of the stability of mine workings and underground
structures, the calculation of the load-bearing capa-
city of supports and pillars, and the optimization of
their shape and arrangement. This opens up new op-
portunities for the rapid and cost-effective evaluation
of design solutions in mining and construction.

Conclusion
The results of the experimental study confirmed
the applicability of 3D-LCD printing for producing
rock replicas suitable for physical modeling of geome-
chanical behavior under elastic loading. The aim of
the study was achieved, and all the stated objectives
were fully accomplished.
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The study showed that the optimal post-curing
time for the photopolymer material is 4 min, which
ensures complete polymerization without further
changes in mechanical properties. The resulting
specimens were shown to exhibit isotropy of elastic
properties: differences in the propagation velocities
of longitudinal and transverse waves in the axial and
radial directions did not exceed the measurement er-
ror. For the printed replicas, Young’s modulus deter-
mined from nondestructive testing and uniaxial com-
pression tests falls within the range of 3.89-4.27 GPa,
which is comparable to the corresponding values for
natural silicites and silicified dolomites.

The effect of printed-layer orientation on spec-
imen strength was established experimentally: the
highest strength was recorded at an angle of 60°
(average 158 MPa), whereas the lowest was observed
at 30° (138 MPa). The mechanical tests were accompa-
nied by acoustic emission monitoring, which made it
possible to identify differences in failure mechanisms
as a function of layer orientation.

Comparison with the results obtained for na-
tural rocks revealed similar patterns of deformation
behavior under elastic loading, confirming the suita-
bility of 3D-LCD replicas for modeling geomechanical
processes. The scientific novelty of the study lies in
the quantitative determination of the relationships
between elastic modulus, compressive strength, and
layer orientation angle, as well as in the experimental
confirmation of the isotropy and stability of the elastic
properties of photopolymer replicas. These findings
expand the scope of 3D-LCD printing in geotechnical
research and demonstrate its high reproducibility and
cost-effectiveness.
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Abstract

As ventilation networks in modern mines expand, airflow distribution control becomes increasingly compli-
cated due to three factors: insufficient control depth combined with unsynchronized operating schedules of
individual mine sectors; increasingly complex aerodynamic interactions between working areas and control
devices; and growing system inertia. This highlights the need for a unified approach to designing ventilation
control systems for complex networks, so that the conditions under which their implementation is techni-
cally feasible and economically justified can be assessed in advance. To achieve this objective, two key tasks
were addressed: identifying the appropriate spatial depth and temporal scale of ventilation control. The
methodology was based on a mathematical framework for analyzing aerodynamic interactions in branched
networks with numerous fans, shafts, levels, and diagonal connections. The framework includes the use of
aerodynamic influence matrices, their graphical analysis, clustering, and decomposition of the network into
subsystems. Dimensional analysis was also applied to estimate the characteristic times of various dynamic
processes in mines. As a result, principles for designing control systems were proposed, including the selec-
tion of the control level with regard to the number of air consumers and their operating schedules, as well
as matching the control time scale to the characteristic times of ventilation and mining processes. It was
shown that the duration of production cycles permits ventilation control to be applied at that level, opening
a promising direction for further research. It was also established that, in complex ventilation networks, con-
trol algorithms should be designed primarily to maintain the required airflow rate, whereas control based on
gas concentration is less effective.

Keywords
mine ventilation, ventilation on demand, mine ventilation networks, ventilation control, aerodynamic
influence, spatial depth of control, temporal scale of control
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AHHOTaUuA

ITo Mepe pa3BUTUA BEHTUIALMOHHBIX cerei COBpPEMEHHBIX PYOJHMKOB YIIpaBJ/IEeHME BO34yXOpacCIipegeeHem
OCJIOKHSIETCSI BO3MEICTBMEM TPEX (HaKTOPOB: HEAOCTATOUHON ITyOMHOM PETYyIMPOBAHMS U HECMHXPOHHO-
CTbI0 rpaUKOB pabOThI OTAENbHBIX YUACTKOB; YCIOKHEHMEM a3POAMHAMMYECKUX CBSI3ei MeXIy pabounuMu
30HAMU U peryadaropamm; poCToOM MHEPIMOHHOCTU CUCTEMBI. JTO0 06yCJ’IOBJ’[I/IBaET HeoﬁXO,EUAMOCTb pas3pa-
OGOTKM eMHOrO ITOAX0fAa K CO3IaHMI0 CUCTeM YIpaBJIeHMsT BEHTUISAIMEN B CIOKHBIX CETSIX, T03BOJISIONIe-
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TO 3apaHee OIeHUTb YCIOBMS, IPU KOTOPBIX BHEPEHME TAKUX CUCTEM OYAET SKOHOMUYECKM OTIPaBIaHHBIM
M TEXHUYECKM pearn3yeMbIM. JIOCTVKEHME YKAa3aHHOM 1y Mperoiaraio pelieHue IByX KIueBbIX 3a-
Jay: orpeneeHne IPOCTPAHCTBEHHO ITyOMHBI YIIPaBJeHMs MU BpEMEHHOTo MaciiTaba yrmpasienns. OcHO-
BOJi METOJIOJIOTUM TIOCTYKMUI Pa3paboTaHHbI MaTeMaTUYeCKuii anmapar JIJIs aHa/IK3a a3POAMHAMUYECKUX
CBsI3€li B PAa3BETBIEHHBIX CETSIX C OONBIIMM YMCIOM BEHTWISITOPOB, CTBOJIOB, TOPV30HTOB Y JUArOHATbHBIX
coenvHeHmnii. OH BK/IIOYAET MCIIOIb30BaHME MATPULL a9POAMHAMUYECKOTO BAUSHUS, UX TpaduUecKuii aHa-
JIN3, KIACTePU3AIMIO U IEKOMIIO3UIIMIO CETY Ha Mo cucTeMbI. C TOMOIIbHIO METOJA PA3MEPHOCTE TIOTyUEeHbI
OIIEHKM XapaKTEePHbIX BpEMEH PasIMUYHbIX AMHAMUYECKUX MTPOIECCOB B pyAHMKAX. B pe3ynbrare mpepjioxe-
HbI IPUHIMIIBI TPOEKTUPOBAHMUS CUCTEM YIIPaBAEHMs, IpeaycMaTpUBalolie BbI6Op YPOBHS peryaupoBa-
HUS C YIETOM YMCJIA TIOTPEOUTENEl U UX TTPOU3BOICTBEHHBIX IPadVKOB, a TAKKE COIJIACOBaHME BPEMEHHOTO
MacitTaba peryJiMpoBaHMS C XapaKTEePHbIMU BpeMeHaMM a3pOJIOTUUECKUX Y TOPHOTEXHOIOTUUECKUX TTPO-
1eccoB. [ToKa3aHo, UTO JINTETbHOCTb TEXHONOTUYECKUX IIMK/IOB JOMYCKAeT MPUMEHEHME PEryIUpPOBaHMS
BEHTW/ISILIMY Ha X YPOBHE, UTO OTKPBIBAET MEPCIEKTUBHOE HAaIlpaBJIeHye /IS JaIbHEMIINX MCCIeI0OBaHMIA.
YCTaHOBJIEHO, UTO JIJIS1 CJIOKHBIX BEHTWJISIIMOHHBIX CETel aJrOPUTMBbI YIIPaBIe€HMs TO/DKHbBI GbITh B IEp-
BYI0 O4Yepelb OPMEHTUPOBAHbI HA MOAJepskaHue TpeGyeMoro pacxoia BO34yxa, TOTAA KaK PeryanMpoBaHue
10 KOHIIEHTPALY Ta30B MeHee 3(pdeKTUBHO.

KnioueBble cnoea
PYIHUYHAST BEHTW/ISILIMSI, BEHTU/ISILIMS TI0 TPEOOBAHMIO, BEHTU/ISILIMOHHbBIE CETH, YITpaB/IeH) e IPOBETPUBAHMEM,
A3poaMHaMM4eCKoe BJIIMAHME, IPOCTPAHCTBEHHAS I‘J'[y6]/IHa YIIpaBJ/IEHNS, BPEMEHHOﬁ MaCI.HTaG YIIpaBJI€eHUS

®duHaHcupoBaHue
HcciemoBaHue BBITIOMTHEHO Py (MHAHCOBOI Hopaepskke Poccuiickoro HayaHoro ¢doHaa (poekt N2 19-77-30008I1).
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Introduction

As large mineral deposits are developed, mine
ventilation networks tend to become highly branched
over time. They may include several hundred or even
thousands of mine workings, numerous working
areas, underground levels, and pressure sources. As
the network expands, the nonproductive use of fresh
air, that is, so-called air leakage, also increases. Deli-
vering the required volume of fresh air to each wor-
king area becomes progressively more difficult, while
ensuring this in an energy-efficient manner becomes
even more challenging. As a result, mine ventilation
costs steadily increase with mining depth, the expan-
sion of the workings network, and rising production
rates. Under such conditions, the share of power con-
sumption attributable to ventilation may reach 50%
of the total energy used in mining operations [1-3].
Ventilation thus becomes such a costly production pro-
cess that its optimization can no longer be neglected if
a mining enterprise intends to remain profitable.

The number of shafts in mines is usually mini-
mized for economic reasons. However, their air-car-
rying capacity is limited by the permissible air velo-
city, which, according to safety regulations, must not
exceed 15 m/s. This naturally reduces the maximum
allowable airflow through shafts and, in turn, requires
more rational and efficient air distribution through-
out underground workings.

Energy-efficient ventilation of underground mines
requires the use of airflow control systems. The most
widespread of these is ventilation on demand (VoD),
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which provides dynamic adjustment of air supply de-
pending on the current operating conditions [4, 5].
For each shift, a required airflow rate is specified, and
the system achieves it by varying the rotational speed
of the main fans, adjusting the door opening, and
using other control means. This approach has proven
effective in relatively small mines with one or several
working areas. In such cases, it is generally possible to
rely on fairly simple control algorithms for fan instal-
lations and ventilation doors.

However, in branched ventilation networks ser-
ving numerous air consumers, the effective use of
ventilation control systems remains an open issue.
There are known cases where simple control schemes
that distribute airflow only among the main mine dis-
tricts fail to deliver appreciable energy savings [6].
This is primarily due to insufficient control depth
and the limited overlap between the operating sche-
dules of development and production districts. In this
context, control depth refers to the hierarchical level
at which ventilation regulators are installed, that is,
the extent to which ventilation doors are positioned
beyond the shaft station and the main drifts to re-
distribute airflow among individual sectors of the
network. For example, in the Verkhnekamsk potash
mines, if ventilation doors are installed only on the
main ventilation drifts near the shaft station and re-
gulate only the overall airflow by direction, the system
cannot accurately redistribute airflow among panels
and blocks within the same direction. Consequently,
a significant portion of the potential benefit is lost.
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The growing complexity of airflow distribution
control in developing ventilation networks cannot be
explained by this factor alone. Two additional aspects
are also of major importance.

First, aerodynamic interactions between working
areas and control devices become increasingly com-
plex. In practice, a ventilation network cannot always
be represented as a simple system of several parallel
airways, each controlled by a separate fan or door.
Working areas are often connected in series or by di-
agonal links, so that a single control device may affect
several air consumers to different extents [7].

Second, ventilation system inertia increases. The
greater the total length of the main ventilation air-
ways and the more complex the network, the longer it
takes for a new airflow distribution to become estab-
lished after the control settings have been changed.
This limits the performance of the control system,
which must operate on a time scale consistent with
the transition of the network to a new steady state. In
large networks, the control system is physically un-
able to respond to short-term fluctuations in airflow
rate or gas concentration; such variations must there-
fore remain outside the control range.

This raises an important question: can a unified
approach be developed for designing ventilation con-
trol systems in complex networks that would make
it possible to assess in advance the conditions under
which their implementation would be technically
feasible and economically justified? Addressing this
question requires a conceptual reappraisal of venti-
lation control, especially in mines with complex ven-
tilation networks. In the present study, complexity
is understood specifically in terms of controllability,
that is, the presence of one or more of the following
factors:

—a large number of ventilation control devices,
including fans and ventilation doors;

- numerous working areas connected in parallel,
in series, or through diagonal connections, with un-
synchronized operating schedules;

- long airways, which increase system inertia.

The aim of this study is to develop and substan-
tiate methodological principles for designing venti-
lation control systems for complex mine ventilation
networks while accounting for these factors.

To achieve this aim, two key objectives must be
addressed:

1. To identify the appropriate spatial depth of
control, that is, to determine the hierarchical level at
which ventilation regulators should be installed to ef-
fectively influence airflow in working areas.

2. To determine the appropriate temporal scale of
control, that is, to identify the characteristic times of
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transient processes that may serve as targets for au-
tomatic regulation.

The first objective concerns the placement of
negative regulators at underground levels. The key
question is where they should be installed in order to
exert a significant influence on airflow in the working
area and, ultimately, to enable the system to achieve
appreciable power savings.

Whereas the first objective relates to the spatial
structure of the network, the second concerns its dy-
namics. More specifically, it requires estimating the
characteristic times of unsteady aerological proces-
ses and comparing them with the response time of the
control system.

Some dynamic processes are so rapid that they
cannot be regulated by means of ventilation doors
or fans, as any such attempt would destabilize the
system. These include gas emission from the rock
mass [8], the aerodynamic effects produced by mo-
ving mining equipment [9], and similar phenomena.
Other processes are much slower, for example tha-
wing of the rock mass [10], for which periodic manual
adjustment of ventilation windows, once a week or
once a month, is sufficient. It is therefore essential to
identify processes whose duration is comparable to,
but not shorter than, the response time of the control
system and to use them as the basis for automatic
regulation.

The development of a unified approach to mine
ventilation control systems has been discussed in
earlier studies. Significant contributions were made
in [11-13], which established the theoretical foun-
dations for automated airflow distribution control.
In particular, [11] introduced the term automated
ventilation control system. The authors of [12] were
the first to emphasize the need to account for the
different inertia of aerodynamic and gas-dynamic
processes arising from different rates of disturbance
propagation, and they also proposed a classification
of ventilation networks into easy-to-control and dif-
ficult-to-control systems. In [13], an optimality crite-
rion for ventilation network control was formulated,
and methods for solving the corresponding optimal
control problem were proposed.

The present study builds on the definition of
complex ventilation systems proposed by S.V. Mal-
tsev!, while substantially extending it in the context
of control tasks.

It should also be noted that the above studies
considered optimal airflow distribution control pri-

1 Maltsev S.V. Research and development of methods for
determining the aerodynamic parameters of complex ventila-
tion systems in underground mines. [Diss. ... Cand. Sci. (Eng.)]
Perm; 2020. 148 p. (In Russ.)
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marily through computer models of ventilation net-
works. The present study, by contrast, focuses on the
application of automatic control theory. Thus, despite
the extensive theoretical foundation already availa-
ble, the methodology for designing ventilation con-
trol systems for mines with complex ventilation net-
works has not yet been addressed as a distinct subject
in its own right.

Determining the spatial depth
of ventilation control

Ventilation networks in modern mines are highly
branched structures in which the airflow is split not
once or twice, but many times. This is especially evi-
dent in potash mines (Fig. 1), where a central ventila-
tion system is typically used.

Air entering through the intake shaft is first dis-
tributed among the main mine districts, then routed
into the intake panel drifts, including the haulage
and conveyor drifts, and subsequently into the block
workings. If ventilation doors are installed only on the
return drifts of the main directions, it becomes im-
possible to regulate airflow distribution among the
individual branches within those directions, that is, at
the panel and block levels.
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This is due to the mining method used. At the
Verkhnekamsk deposit, room-and-pillar mining with
mechanized extraction by continuous miners is em-
ployed. Under these conditions, many production
faces, often several dozen, operate simultaneously
in different panels and on asynchronous schedules.
On average, downtime at each face may reach 10 h
per day. However, because a single ventilation door
supplies air to several faces at once, it is practical-
ly impossible to reduce the total airflow rate in the
mine [6].

By contrast, installing doors at every panel within
a given direction would substantially increase their
number and, consequently, the cost of implemen-
ting the ventilation control system. In addition, doors
would have to be installed on all parallel branches,
that is, all panels within that direction, in order to
eliminate parallel aerodynamic connections. Other-
wise, air would short-circuit through the branch not
equipped with a flow-restricting device, effectively re-
ducing the potential energy-saving effect to zero.

Thus, the placement of ventilation doors should
be determined with reference to two key factors:

- the number of air consumers served by a single
automatic ventilation door;
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Fig. 1. Fragment of the ventilation network of a potash mine in the Verkhnekamsk deposit
(generated using the Aeroset software package)
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- the degree of overlap between the operating
schedules of these air consumers.

If the number of consumers is large and their
schedules are substantially out of phase, appreciable
power savings are unlikely to be achieved. In such cas-
es, the doors should be installed one hierarchical level
lower, after the next airflow split into individual sec-
tors, and the number of air consumers served by each
automatic door should then be reassessed.

Ideally, one ventilation door should serve one
consumer. In practice, however, this is not always fea-
sible because of the large number of working areas,
their high mobility, the rapid advance of the mining
front, continual changes in active locations, and the
influence of additional disturbing factors near indi-
vidual working areas, such as auxiliary fans or moving
mining equipment. Accordingly, identifying a com-
promise solution usually requires comparing the
capital cost of installing ventilation doors with the
savings in operating costs achieved through lower fan
power demand.

This situation is not typical of the potash mines
of the Starobin deposit, where longwall mining with
caving is predominantly used. In the main directions
of the ventilation networks at these mines, there are
relatively few high-capacity working areas, namely
longwalls, which makes it possible to achieve sub-
stantial power savings [5].

A different situation arises when ventilation con-
trol systems are designed for mines with a flank ven-
tilation system. Examples include the copper-nickel
mines in northern Krasnoyarsk Krai, which typically
have 5-7 shafts, 2—4 main fan installations, and nu-
merous underground levels. Fig. 2 shows the ventila-
tion network of one such mine, including three main
fans, seven shafts, and more than ten underground
levels.

Whereas in mines with a central ventilation sys-
tem the topological relationship between individual
air consumers and ventilation doors can still be iden-
tified with reasonable clarity, in mines with a flank
ventilation system it becomes much more difficult
to trace airflow paths, determine which workings
exert the strongest influence on particular air consu-
mers, and establish where ventilation doors should
be installed.

This complexity is primarily due to the large
number of ventilation raises, inclines, connecting
ramps, and other workings that create numerous di-
agonal connections and make the overall airflow pat-
tern difficult to interpret. In this context, it is difficult
to determine the required control depth and the cor-
responding arrangement of ventilation doors across
underground levels.
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To solve this problem, the present study propo-
ses the use of aerodynamic influence matrices. These
matrices make it possible to quantify how a change
in the i-th control parameter affects the airflow rate
at the j-th consumer.

If a tentative set of ventilation doors has been
selected and the suitability of their locations needs
to be assessed, an aerodynamic influence matrix may
be calculated in the form

Ry, AQ

" 0. AR

=0i j

j ) €]
where Ry, is the initial aerodynamic resistance of the
j-th door, N-s%m?; Q. is the initial airflow rate at the
i-th consumer, m3/s; AQ; is the change in the total air-
flow rate at the i-th consumer in response to a change
in the resistance of door j, m%s; AR; is the change in
door resistance, N-s%/m?.

The coefficients of the aerodynamic influence
matrix in Eq. (1) make it possible to identify which
ventilation doors have a strong effect on the airflow
rate at a given air consumer while causing only mini-
mal disturbance elsewhere in the network. This is de-
termined by both the magnitude and the sign of the
corresponding matrix elements.

Fig. 2. Ventilation network of a copper-nickel mine
in Krasnoyarsk Krai
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A similar matrix may be constructed to evaluate
the effect of the main fan installations on the airflow
rates at the air consumers:

_ M AQ

17Q, An,’ 2)

where ny; is the initial impeller rotational speed of
the j-th fan installation, rpm, and An; is the change
in the impeller rotational speed of the j-th fan in-
stallation, rpm.

Mathematically, Egs. (1) and (2) represent the
Jacobian of the ventilation network. They are closely
related to the sensitivity matrices used in stability
analysis of mine ventilation networks [14, 15], but in
this case they are expressed in normalized dimen-
sionless form, which allows direct comparison of
matrix elements for workings with substantially dif-
ferent airflow rates.

These matrix coefficients are not fixed; rather,
they depend on the initial airflow rates Q,;, aerody-
namic resistances Ry, and fan rotational speeds n,.
Consequently, if the mine ventilation regime for
which matrices (1) and (2) were derived changes
substantially, their numerical values may also
change appreciably. In addition, qualitative chang-
es may occur, especially in parts of the network co-
ntaining diagonal connections, reflecting the va-
riable nature of aerodynamic interactions and
highlighting potentially vulnerable zones suscep-
tible to ventilation instability.

The corresponding matrix was constructed to
assess the effectiveness of the selected ventila-
tion-door locations in the copper-nickel mine shown
in Fig. 2. For six aggregated air consumers, that is,
mining districts comprising several working areas,
matrix (1) identified the ventilation doors with the
greatest influence on their ventilation (Fig. 3).

The blue and light-blue cells correspond to cases
where I; < 0, that is, where an increase in ventila-
tion-door resistance leads to a decrease in the air-
flow rate at the given consumer. At the same time,
the matrix also contains elements for which I; > 0.
In such cases, increasing door resistance causes the
airflow rate to increase at some air consumers loca-
ted on airways parallel to the corresponding door.

The ventilation door exerting the strongest ne-
gative influence was identified for each air consu-
mer. This information was then used to assign con-
trol functions among the doors so as to ensure the
required airflow rate at each consumer.

An approach of this kind, conceptually close to
clustering methods widely used in data analysis, of-
ten reveals distinct clusters in the matrices, that is,
groups of air consumers and doors that are close-
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ly interconnected but only weakly connected to the
rest of the mine. In such cases, the control system of
a complex mine can be organized as several mutually
independent subsystems, which greatly simplifies its
practical implementation.

Such clusters can be identified, for example, by
introducing a threshold value for |I;| (Fig. 4). Once all
cells with values below this threshold are removed, it
becomes clear which ventilation doors should be as-
signed to control which air consumers. At the same
time, the need for some doors may be called into
question, as in the case of doors 1, 7, and 9 in the mine
considered here.

This matrix-based approach was applied in the
development of ventilation control systems for three
copper-nickel mines in Krasnoyarsk Krai. Because
these mines use full-seam mining combined with
drill-and-blast development, work shifts are highly
synchronized. This makes it possible to distinguish
several relatively large districts containing multiple
working areas; in the mine considered above, six such
districts were identified (see Figs. 3 and 4). In such
cases, dynamic intrashift airflow distribution control
can deliver substantial average daily energy savings,
which ranged from 10.9 to 20.1% across the three
mines studied.

Ventilation doors

1 2 3 4 5 6 7 8 9 10 11
.'2.5
1
F1.7
2
g 0.8
I -
g Lo
S4
= +—0.7
<5
6 . -1.4
.-—2.1

Fig. 3. Aerodynamic influence matrix for air consumers
(production districts) in the copper-nickel mine

Ventilation doors

1 2 3 4 5 6 7 8 9 10 11
1
MI<-03

22
5} M >03
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&
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S
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Fig. 4. Binarized aerodynamic influence matrix
for air consumers in the copper-nickel mine
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Determining the temporal scale
of ventilation control

Aerological processes in the mine atmosphere are
inherently unsteady and differ substantially in their
characteristic time scales.

Fast processes. The fastest processes, such as the
passage of a shock wave during drilling-and-blasting
operations or methane outbursts, as well as the prop-
agation of an acoustic wave during the rapid opening
or closing of stoppings, are characterized by the fol-
lowing time scale:

3

where L is the length of the main airway in the venti-
lation network, m, and c is the speed of sound in air,
my/s. For L = 10 km, this gives t = 30 s.

On such a short time scale, the airflow dis-
tribution in the network obviously cannot reach
a steady state. Establishing a new distribution re-
quires the repeated passage of acoustic disturban-
ces [16]. The characteristic time required for the
ventilation network to reach a steady airflow dis-
tribution can be estimated using the equation pro-
posed in [17]:

pL dQ
S dr 4)

where p is the air density, kg/m?; S is the cross-sec-
tional area of the working, m?; Q is the airflow rate,
m?/s; H is the pressure drop, Pa; R is the aerodynamic
resistance, N -s%/m?.

In this case, the characteristic time

pLQ
T, =——
SH
is on the order of tens of minutes.

Intermediate time scales. The characteristic
times of production cycles depend on the specific type
of operation. They may be on the order of:

— minutes, during the movement of load-haul-
dump machines or haul trucks used to re-enter dead-
end workings after blasting, as well as during the op-
eration of continuous miner systems, for example in
the Verkhnekamsk potash mines;

- hours, during post-blast ventilation of blind
headings, maintenance operations, and similar ac-
tivities.

In the general case, the time parameter 1.,
which reflects the cyclicity of production opera-
tions in working areas, should be determined in-
dividually. The same applies to t,, which charac-
terizes shift duration (production, maintenance,
or shutdown).

=H-RQ’,

©)
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Slow processes. The longest-term variations
are associated with thermal processes in the rock
mass, including thawing, as well as seasonal changes
in natural ventilation pressure, and may persist for
weeks or months. Their characteristic time may be
estimated from [18] as:

RZ
= (6)
where R is the characteristic transverse dimension
of the mine working, typically on the order of several
meters, m, and a is the thermal diffusivity of the rock
(= 107 m?/s).

Associated unsteady processes. Other proces-
ses also occur in mines, including the release of dust,
methane, and hydrogen sulfide from the rock mass,
as well as emissions from diesel-powered equipment.
Their temporal behavior is sometimes correlated with
equipment operation, but in many cases follows a dif-
ferent pattern. For example, gas emission from the
rock in potash and coal mines may vary over time as
a result of random processes, with characteristic fluc-
tuation times on the order of minutes [8, 11].

This raises an important question: which para-
meter should be used to control ventilation doors and
fans? Some authors [19-21] propose relying on direct
gas analyzer readings at the working face. However,
in mines with complex ventilation networks, this ap-
proach may be impractical because many gas-emis-
sion processes vary on time scales much shorter than
the response time of the control system. In such ca-
ses, a more reliable control criterion is compliance
with the required airflow rates determined in ac-
cordance with approved procedures. Since these va-
lues are relatively stable over time, they can serve as
a sound basis for the design of automated ventilation
control systems.

Thus, all unsteady processes occurring in mine
ventilation networks can be classified according to
their characteristic times. This makes it possible to
place them on a common time scale together with
the characteristic response time of the ventilation
control system, t,. The response time, however,
should not be shorter than t,, the time required for
a steady airflow distribution to become established
after changes have been introduced into the net-
work (Fig. 5).

Within this time scale, it is possible to identi-
fy the range of characteristic times over which un-
steady processes can and should be regulated by the
ventilation control system. Processes whose time
scales fall outside this range are either not amenable
to effective control or are not worth regulating from
an economic or operational standpoint.
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Fig. 5. Characteristic time scales of the main processes and control response time

Fig. 5 shows, in particular, that the primary ob-
jects of control are production processes associated
with operations in working areas, as well as tran-
sitions between different shift states, namely pro-
duction, maintenance, and shutdown. The latter,
referred to as dynamic intershift control [22], most
often serves as the basic implementation level of
ventilation on demand in mines. It is based on fixed
setpoints, that is, airflow rates specified at the dis-
patcher workstation and usually assumed to remain
unchanged within each shift. This approach ensures
a high level of reliability and operational stability, as
repeatedly confirmed in practice [5, 23, 24].

At the same time, processes characterized by the
time scales of production cycles within a shift, such
as vehicle entry and exit, truck loading and unloa-
ding, and similar operations, may also be sufficiently
long to permit regulation in some cases. This opens
up a promising avenue for future research, name-
ly the development of intrashift ventilation control
methods. Their implementation would increase the
flexibility of ventilation-on-demand systems, better
align air supply with the actual pattern of production
operations, and thereby create additional potential
for energy savings.

Conclusion

The main scientific and practical findings of the
study can be summarized as follows.

1. Three main factors were identified that in-
crease the complexity of airflow distribution control
as the ventilation network develops: insufficient spa-
tial control depth combined with unsynchronized

mining schedules in different districts; increasingly
complex aerodynamic interactions between indivi-
dual working areas and airflow control devices; and
growing system inertia, which lengthens the re-
sponse time to disturbances.

2. Methodological principles were proposed for
designing ventilation control systems for mines with
complex ventilation networks: when selecting the
control level, it is necessary to take into account the
number of air consumers served by a single auto-
matic door and the extent to which their operating
schedules overlap, while the temporal scale of venti-
lation control should be matched to the characteris-
tic times of ventilation and mining processes.

3. A new mathematical framework was developed
for analyzing aerodynamic interactions in networks
with large numbers of fans, shafts, levels, and dia-
gonal connections. The framework is based on aero-
dynamic influence matrices, their graphical analysis,
clustering, and the decomposition of the network
into mutually independent subsystems.

4. It was shown that the characteristic times of
production cycles such as vehicle entry and exit,
loading, and unloading may be sufficiently long to
permit ventilation control at the level of these pro-
cesses, thereby opening a promising direction for
further research.

5.In complex ventilation networks, control al-
gorithms should primarily be aimed at maintai-
ning the required airflow rate, whereas control based
on gas concentration is less suitable because of its
rapid variability in response to gas emission from
the rock mass.
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Abstract

A mathematical model describing the formation of dynamic load components acting on the working units of
mining machines during rock cutting is an essential component of the digital twin of a mining shearer and is
used for engineering analysis, design calculations, process simulation, and machine-parameter optimization.
The application of various numerical methods to cutting-force modeling, including FEM and DEM, is con-
strained by the need to identify a large number of parameters, typically 10 to 20, many of which are difficult to
determine either analytically or experimentally. A stochastic mathematical model of the rock cutting process
has been developed by representing the process as a flow of random events, namely elementary loading events
and fracture events associated with the failure of a certain volume of rock mass, that is, chip formation events.
The interval between elementary loading events in time or space is treated as a random variable. The closest
agreement with experimental data obtained from tests of a shearer cutting a full-scale coal-cement block was
achieved with a model based on a truncated exponential distribution of the interval between successive frac-
ture events. For each elementary loading event, the maximum cutting force at which chip formation occurs is
determined analytically from the known expected value of the cutting force. For the cutting force acting on an
individual pick, the modeling error does not exceed 7% for the expected value and standard deviation and 15%
for the maximum value. Good agreement was also confirmed between the histograms of the force distribution
and the spectral density plots obtained from full-scale and computational experimental data. The proposed
model contains no more than three parameters requiring identification and can be used as a component of the
digital twin of a mining shearer. The same approach is also applicable to mathematical modeling of the cut-
ting of hard soils using the working tools of earthmoving machines and to modeling the operating processes
of crushing machines.
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AHHOTaUuA

MaTeMaTuueckast MOze/ib POPMMUPOBAHMS AMHAMUYECKMX COCTABJISIONINX HATPY30K Ha pabounie opraHbl rop-
HBIX MAIIMH IPY Pe3aHMUM TOPHBIX ITOPO]I SIBISIETCS HEOOXOMMMOI COCTaBHO YacThIO IIM(GPOBOTO IBOTHMUKA
TOpPHOTO KOMOaifHa M UCIIOb3YeTCsT IJ1s1 MHKEHEPHOTro aHa/3a, PACYeTOB, CUMY/ISILIMY paboumx MpoLecCcoB
U ONITUMM3AIUY TTapaMeTPOB MalllMHbl. [I[pMMeHeHMe 1151 MOAeIMPOBaHMS CUJIbl pe3aHMs Pa3IMUHbIX Bapy-
aHTOB MeTOo[a KOHeuHbIX a1emMeHTOB (FEM, DEM 1 [Ip.) orpaHKY€HO HeOOXOAMMOCThIO UAEHTUDUIVPOBATh
60JIBIIIOE KOIMYECTBO ITapamMeTpoB (mpumMepHO 10-20), onpemeneHne KOTOPBIX paCUeTHBIM UM SKCIIepUMEeH-
TaJbHBIM IyTEM 3aTpygHEHO. PazpaboTaHa cToxXacTMUeckasi MaTeMaTuMyeckas MOMeIb Mpollecca pe3aHus
TOPHOI1 TTOPO/Ibl, OCHOBAHHAS HA TMPEICTABIEHMUM TIPOIIeCcca B BUE MTOTOKA CYYATHBIX COOBITUIT — UHNY-
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HbIX aKTOB HarpyskeHus ¥ paspylleHus] HEKOTOPOTro 00beMa TOpPHOTO MaccyuBa (CKOJIIOB). IHTepBal MeXAy
eIVIHMYHBIMU aKTaMM Harpy>KeHusi BO BpeMeHU MM B MPOCTPAHCTBE PACCMaTPMBAETCS KaK CyvaifHas Be-
JVYMHA. YCTAaHOBJIEHO, YTO HAMTYYLIYIO CXOOUMOCTD C ZAHHBIMM SKCIIEPUMEHTAIbHBIX UCC/IENOBaHMIA OUMCT-
HOro KOoMbaiiHa Ha yIyie-1eMeHTHOM 6JIoKe 06ecrieurBaeT MOJeNlb C YCEUeHHBIM MMOKAa3aTebHbIM 3aKOHOM
pacrpesiesieHus] MHTEPBaia MEXAY eOVHUYHBIMM aKTaMy paspylieHus. B eMMHUMYHOM aKkTe HarpyKeHMUs
MaKCUMMa/IbHOE 3HaUeHMe CUJIbI pe3aHMs, IPU KOTOPOM IPOMCXOAMT CKOJ, OTPENEISIeTCS PACYETHBIM ITyTeM
MICXOJISI U3 U3BECTHOTO CPEIHET0 3HAUEHMSI CUJTbI pe3aHust. [IoTpelHoCTh MOIEVPOBAHMST CUITbI pe3aHMst Ha
OTHENIbHOM pe3lle He MPEBBIIIAeT: IT0 MaTeMaTUUeCKOMY OKMAAHMIO U CpeIHEKBaAPaTUUeCKOMY OTKJIOHE-
HUIO — 7 %, IO MaKCUMaJIbHOMY 3HaueHuIo — 15 %. [TogTBepKIeHO XOpollee COOTBETCTBYE TUCTOIPAMM pac-
npeneneHus ¥ rpadMKOB CIIEKTPATbHO TVIOTHOCTM YCUITMSI, TIOTYYeHHBIX TPY 06paboTKe JaHHBIX HATYPHOTO
Y BBIYMCIUTEIBHOTO 3KCIIEpUMEHTOB. [IpejiokeHHass MOJIEb COIEPKUT He OoJiee Tpex apaMeTpoB, Tpeoy-
IOIIMX UAEHTUOUKAIMY, U MOXKET GbITh MCIIOTh30BaHA KaK COCTABHAS YaCTh IM(PPOBOTO ABOIHNKA TOPHOTO
KoMo6ariHa. [JaHHbIi [MOAX0, 11eJIeco00pasHo MPUMEHSTh MPY MaTeMaTUUYECKOM MOJEeIMPOBaHUM Mpollecca
pesaHusl MPOYHBIX TPYHTOB PabOUMMY OpraHaMy 3eMJIEPOIHBIX MallliH, a TaKKe /IS MOeTUMpPoBaHus pabo-
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Yyero Ipoiecca JpoOuIbHbIX MaIIMH.
KnioyeBble cnosa

MaTeMaTuuecKkass MOJie/ib, CiJia Pe3aHusl, TOpHasl MOPOAa, IMIOTOK COOBITMI, CKOJI, 3aKOH pacIipeaeeHus,

rmcrorpamMmma, CrieKTpaibHas IIJIOTHOCTb
OAna uuTupoBaHus
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Introduction

For simulation-based modeling and optimization
to be used more widely in mining-machine research
and design, a sufficiently general yet relatively sim-
ple mathematical model is needed to describe the dy-
namic load components acting on working units du-
ring the cutting of a wide range of rocks. Such a mo-
del is an essential part of the integrated mathemati-
cal model, or digital twin, of a mining shearer and can
be used for engineering analysis, design calculations,
process simulation, and machine-parameter optimi-
zation [1].

Mean load levels acting on cutting tools and the
energy demands of operating processes in mining
shearers and drilling machines have already been
studied in detail [2-4].

Considerable research attention has been devo-
ted to mathematical modeling of rock cutting with
allowance for dynamic load components. The cutting
process is cyclic in nature: rock is separated from
the rock mass in discrete portions, or chips, and this
separation is accompanied by fracture of the newly
formed core and disintegration of the detached vo-
lume [4, 5]. Studies [6, 7] analyzing cutting-force os-
cillograms showed that, over the duration of a single
chip formation event, the cutting force varies line-
arly and can therefore be represented as a triangu-
lar pulse. This conclusion is supported by numerous
experimental studies of rock cutting reported by dif-
ferent authors [8-10].

Reference [11] describes a model in which the
pressure distribution in the contact zone between the
pick and the rock is governed by elastic deformation
beneath the pick and by irreversible deformation as-
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sociated with rock crushing in this region due to the
formation of a pre-fractured surface zone. Under this
model, the occurrence of rock chipping at discrete
moments in time is one of the causes of the oscillato-
ry variation of the cutting-force components.

Numerous studies have modeled the rock cutting
process using different numerical methods [12-14].
These include the finite element method (FEM) [15],
the boundary element method (BEM) [14], the dis-
crete element method (DEM) [16-18], and combined
approaches such as FDEM [14]. These methods make
it possible to simulate rock cutting processes with
varying degrees of accuracy. At the same time, their
application to mining-machine calculations remains
problematic. Methods of this type involve a large
number of parameters, typically about 10 to 20, many
of which are difficult to determine either analyti-
cally or experimentally. Some can only be estimated
through parameter identification, that is, model cali-
bration. This is a labor-intensive procedure that re-
quires a substantial amount of experimental data. In
addition, implementation of such models usually re-
lies on expensive commercial software packages such
as ANSYS, LS-DYNA, and ABAQUS, most of which are
developed by foreign vendors.

The rock cutting process is inherently random
because the structure and mechanical properties
of rock vary randomly along the cutting path [4-6].
A mathematical model of rock cutting must therefore
be stochastic. Determining the parameters of such
models requires extensive experimental data, which
makes it essential to minimize the number of para-
meters that must be measured or identified. A rea-
sonable compromise is therefore needed between the
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number of factors included in the model, the feasi-
bility of estimating their parameters reliably, and the
accuracy required to reproduce the random dynamic
load components.

As is well established [3, 4], the load acting on
a cutting tool during coal and rock cutting is resolved
into three components: cutting force, feed force, and
side force. For modeling dynamic processes in mi-
ning shearer power systems, the dynamic components
of the cutting force are of primary importance. These
components generate dynamic loads in the machine
drive, and their spectra contain significant frequen-
cy components up to 40-50 Hz [4, 19, 20]. For most
practical purposes, therefore, there is no need to re-
produce the spectral composition of the cutting force
acting on the cutting tool with high accuracy above
40-50 Hz.

It is also important to note that, in the forma-
tion of random dynamic loads in mining shearer
power systems, the exact form of the cutting-force
distribution for an individual pick is of little practi-
cal importance. According to the central limit theo-
rem, the distribution of the load generated by seve-
ral picks, reaching several dozen in modern shearers,
approaches a normal distribution regardless of the
distribution law governing the load acting on each
individual pick.

These considerations provide a basis for develo-
ping sufficiently simple algorithmic models capable
of reproducing, with the required accuracy, the ran-
dom loads arising during coal and rock cutting.

The objective of this study is to improve the de-
sign quality and operating efficiency of mining shea-
rers by developing an easy-to-use stochastic mathe-
matical model of rock cutting as a component of the
integrated mathematical model, or digital twin, of
a mining shearer for engineering analysis, design cal-
culations, process simulation, and machine-parame-
ter optimization.

To achieve this objective, the following tasks were
undertaken:

— a stochastic mathematical model of the cutting
process was developed in the form of a flow of ran-
dom events, namely elementary loading events and
the corresponding chip formation events associated
with rock fracture, requiring identification of only two
or three parameters instead of the 10-20 parameters
typically required by models based on different va-
riants of the finite element method;

- experimental studies of the cutting process
were carried out using a shearer cutting a full-scale
coal-cement block, and realizations of cutting force
for a radial pick were obtained under different ope-
rating conditions;
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— statistical processing of the experimental data
was performed, the model parameters were identified,
and the adequacy of the model with respect to the real
process was established.

Theory. Mathematical model

In this paper, rock cutting by a mining-machine
tool is modeled as a flow of random events, namely
elementary loading events involving individual vo-
lumes of rock mass. Each event ends with an element
separating from the rock mass and subsequently
disintegrating. The interval between successive ele-
mentary loading events in time or space is treated as
a random variable.

The forces Z, generated by the interaction be-
tween the cutting tool and the rock during the i-th
elementary loading event are represented, in the
general case, by triangular pulses with random pa-
rameters:

_ Pchip,i
Z;=C,;-Ax(t) for Ax,(t)<—",
, Cps,i
P . 1
Z=0 forAxi(t)>%, M

ps,t

where Ax,(t) is the elastoplastic deformation of the
rock volume involved in the given elementary loading
event; Cy; is the linearized pseudo-stiffness' coeffi-
cient of the rock, characterizing the resistance of the
material being fractured to penetration by the cutting
tool; and P, ; is the force at which brittle fracture oc-
curs and the rock volume under consideration sepa-
rates from the rock mass.

The idealized graphical form of relationship (1) is
shown in Fig. 1.

In the general case, the parameters C,; and P, ;
depend on the properties of the rock being cut, the
geometry of the cutting tool, and the cutting condi-
tions. The parameters should, in principle, be treated
as random variables that vary from one elementary
loading event to the next. The statistical characte-
ristics of C,,; are established either during parametric
identification of the proposed mathematical models
or through dedicated cutting experiments. The pa-
rameter P, ;, however, is handled differently because
reliable and widely accepted procedures are availa-
ble for calculating the mean load acting on a pick.
Accordingly, in each elementary loading event, P,
is selected so that the simulation reproduces the pre-
scribed mean load level.

I The prefix pseudo- is used to emphasize the elastoplas-
tic nature of the resulting deformations.
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Z. A
Pchip,i

»

Ll
Ax;

Pchip,i/Cps,i

Fig. 1. Idealized dependence of force Z; on deformation Ax;
in an elementary loading event

When modeling cutting forces, the appropriate in-
dependent variable is the distance traveled by the pick
between the onset of two successive fracture events.
The intensity of the random event flow, A, is defined
as the average number of chips formed per meter of
cutting path. The literature reports A values for coal
and certain rock types [4]. As an approximation, A can
be estimated from cutting-force oscillograms by coun-
ting the average number of peaks per unit pick travel.

For modeling cutting forces in coal, the following
relationship is proposed. It was obtained by genera-
lizing our experimental results for cutting a coal-
cement block with ZR4-80 picks mounted on the
RKU-13 shearer and the data reported in [4]:

584000
292042 )

mean

where Z,,.,, is the mean cutting force, N.

To reduce the number of model parameters re-
quiring identification, event flows were considered
in which the time intervals, or equivalently the path
intervals Al, follow one-parameter distributions. For
a Poisson event flow, the interval between events is
a random variable with an exponential distribution
described by the density function

F(AD) = L exp(-1Al). 3)

Another one-parameter distribution considered
here is the Rayleigh distribution, written as

Al Al
f(Al)—G—éexp(— ZG(ZJ’ )

where ¢, is the distribution parameter determined
from the expression o, =0.798/A.

To assess whether these distributions are suita-
ble for the problem under study, cutting-force oscil-
lograms obtained in experimental tests of the RKU-13
shearer on a test rig with a coal-cement block were
analyzed [20, 21]. Fig. 2 shows, as an example, the
histogram of the interval distribution between suc-
cessive chip formation events during cutting of the
coal-cement block with a ZR4-80 pick mounted on the
RKU-13 shearer.
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Statistical analysis of the experimental data shows
that the distribution of intervals between elementa-
ry events is fairly complex and is not well described
by standard theoretical distributions. To adapt the
exponential distribution to real cutting conditions,
the possible range of the random variable Al must be
bounded from below and above in such a way that its
mean value, equal to 1/A, remains unchanged. The
lower bound of the interval range, I,,,.,, is determined
from 1., = 1/(A\K,,..), where K,,,,., is the ratio of the
mean interval to the minimum distance between suc-
cessive events. This parameter can be estimated from
the oscillogram as the minimum spacing between
cutting-force peaks, assuming the cutting speed is
approximately constant. For cutting a coal-cement
block, K., = 2.0.

The upper bound, lupper, is determined by re-
quiring the expected value of the truncated distribu-
tion to be equal to 1/A. The probability density func-
tion of a random variable bounded both below and
above is given by

f;;(l)zl f(l)

j £ dl

Liower

rexp (—Al)
eXp (_x‘llower ) - eXp (_klupper

Setting the expected value of this random varia-
ble equal to 1/ yields the following transcendental
equation for determining the upper bound,

=1

upper

upper:

exp(-Al, exp(-Al (6)

The trivial solution [, = Iy is disregarded,
and the equation is solved numerically. For exam-
ple, A = 68 m!and K,,,, = 2.0 yield [,,,,, = 7.4 mm and
Lipper = 25.9 mm. As shown in Fig. 2, these boundary
values cover virtually the entire range of variation
of the random variable Al.

lIower ower ) upper )

25

20+

15+

10+

1
24 Al, mm

Fig. 2. Histogram of intervals between successive chip
formation events based on full-scale experimental data
(n=177)
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Fig. 3. Probability density functions of the intervals
between successive chip formation events: I — exponential;
2 — truncated exponential; 3 — Rayleigh

Fig. 3 presents the probability density functions
of the random variable Al for the three cases consi-
dered above.

For the first case, the interval between successive
chip formation events in the numerical simulation is
generated as the random variable? [22]

Al =-2""In(1-v), (7

where v is a random variable uniformly distributed
over the interval [0, 1].

In the second case, only values Al, obtained from
Eq. (7) that satisfy the inequality

Lower <AL <1

lower upper? (8)
are retained.

In the third case, the interval between successive
chip formation events follows a Rayleigh distribution.
In the numerical simulation, this interval is deter-

mined from the following expression [21]

Al = SIRY Ej + ‘tvg ) )

where &, and &, are realizations of independent nor-
mally distributed random variables with zero mean
and unit variance.

For all cases, the pick position at the onset of the
i-th elementary event is determined from

L=1,_,+Al.

1

(10)
The elastoplastic deformation of the rock volume
involved in a given elementary loading event is then
AX,(t) = I(t)_li;
where [(t) is the distance traveled by the pick by time
t, that is, the pick coordinate.

?  Bakalov V.P. Digital Simulation of Random Processes:

A Textbook. Moscow: MAI Publishing House; 2001. 84 p.
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ZAL

Pchip

NN~~~ "~~~ "~~~

R’""

v

Ax !

li+1

Fig. 4. Summation of the forces generated
in the individual elementary fracture events

The maximum deformation of the elementa-
ry rock volume at the moment of brittle fracture is
AX = P,/ C,. To simplify the model, C,,; and P,,;
are assumed to be deterministic. For a prescribed
mean cutting force, these quantities are taken to be
the same for all elementary loading events and are de-
noted by C,; and P,y,;,.

The mean cutting force, which can be determined
by established methods [2-4], is used as the reference
quantity for determining the required model para-
meters.

At any instant, the cutting force acting on the
pick is defined as the sum of the forces generated in
the individual elementary fracture events

N,

Zt)=>Y Z, (11)

i=N,
where N, and N, are the sequence numbers of the first
and last elementary fracture events that have star-
ted but have not yet ended. The summation procedure
for the forces generated in the individual elementary
fracture events is illustrated in Fig. 4.

For the proposed cutting-force model, the ex-
pected value of a realization of the random process
over an arbitrary length L is determined as the ra-
tio of the area enclosed by the polygonal line shown
in Fig. 4 to the length L. This area is equal to the
sum of the areas of the elementary triangles, whose
number N is equal to the number of elementary loa-
ding events that occur over the trajectory segment
under consideration. The area of each triangle is
Sy = 0.5P,;,%/C,. Accordingly, the expected value
of the cutting force is

_S,N 05PN

chip
L C,L

cut
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Since A = N/L, the final expression for determi-
ning the parameters of an elementary fracture event
from the known mean value, that is, the expected
value, of the cutting force can be written as

2Z C
cut ps' (12)

chip — %

The generalized flowchart of the algorithm used
to simulate rock cutting force is shown in Fig. 5.

=

/ Specifies the pseudo-stiffness coefficient C /

and the coefficient K.

Calculates the mean cutting force Z,,.,,
using established methods [2, 4]

Determines the chip formation intensity A
and the maximum chipping force P,,,, Egs. (2) and (12)

Random variables v, §, and &, are generated,
and Egs. (7) and (8) or Eqg. (9) are then used to obtain
the random interval Al;, and, subsequently,
the pick coordinate I
Ii=l_+AlL

Calculates the elastoplastic deformation of the rock
element being fractured, Ax;(t)
Ax(t) = 1(t) - I;

Determine the force Z; associated
with each chip formation event that has started but
is not yet complete at the given instant, Eq. (1)

Computes the cutting force Z(t) at the time
under consideration by summing these contributions
according to Eq. (11)

G

Fig. 5. Generalized flowchart of the rock cutting force
simulation algorithm
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Results

The proposed simulation model includes two
main input parameters, A and C,, which can be de-
termined either through dedicated experiments or
through parametric identification of the mathemati-
cal models developed for specific mining machines. In
addition, the second variant of the model, which uses
a truncated exponential distribution for the intervals
between successive chip formation events, includes
one additional parameter, K,,,,,,-

Experimental studies of the cutting process were
carried out on an RKU-13 shearer equipped with
strain-gauge instrumented holders for measuring the
three components of the interaction force between
a radial pick and the rock [20]. Measurements were
taken during cutting of a full-scale coal-cement block
with a mean cutting resistance of 210 N/mm at diffe-
rent machine travel speeds.

To reproduce the experimental conditions as close-
ly as possible in the simulation, the mean cutting force
was set equal to its experimental value. During a single
cut, this mean cutting force varied from zero to a ma-
ximum and then back to zero according to a sinusoidal
law. With a total duration of 0.75 s for one cut, segments
of the realizations from the time interval 0.175-0.575 s
were analyzed. Oscillograms from five successive cuts,
both in the full-scale and in the computational experi-
ment, were joined together to form a composite realiza-
tion 2 s in duration. For spectral analysis, the composite
realizations were assembled from the original records
after trend removal. The resulting composite realiza-
tions possess the property of stationarity and are suffi-
ciently long in time to make the ergodicity assumption
more justified. These realizations were subjected to sta-
tistical analysis, which yielded estimates of the expec-
ted value, standard deviation, distribution histograms,
and spectral density of the random process.

The cutting force was simulated using the algo-
rithm described above for three variants of the pro-
posed model, corresponding to different distributions
of the random variable representing the intervals be-
tween successive chip formation events: exponential
in variant 1, truncated exponential in variant 2, and
Rayleigh in variant 3. The closest agreement with the
full-scale experimental data was obtained for variant 2.
Fig. 6 shows fragments of oscillograms from the full-
scale and computational experiments for this variant.

The table presents the statistical results for vari-
ants 2 and 3 obtained from the full-scale and compu-
tational experiments under two operating conditions
with substantially different mean cutting forces.

Fig. 7 compares cutting-force histograms obtained
in the full-scale and computational experiments for
variant 2 of the model.
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Fig. 6. Fragments of oscillograms from the full-scale experiment (a) and the computational experiment (b)
Table
Cutting force, kN, in computational and full-scale experiments
Model
Experiment
Expected value Standard deviation Maximum value
Experiment 1 5.67 2.99 15.5
Value 5.94 2.79 15.7
Variant 2 of the model
Error, % 4.80 -6.70 1.3
Value 6.02 3.31 17.7
Variant 3 of the model
Error, % 6.20 10.70 14.1
Experiment 2 3.25 1.76 9.17
Value 3.35 1.88 10.5
Variant 2 of the model
Error, % 3.10 6.80 14.5
Value 3.42 2.08 11.8
Variant 3 of the model
Error, % 5.20 18.00 28.6
600 600
400 - 400
200 - 200 -
—1 —
0 ' 0 .
0 4 8 12 Z,kN 0 4 8 12 Z, kN
a b

Fig. 7. Histograms of the cutting-force in the full-scale experiment (a) and the computational experiment (b)
at a mean load level of 5.67 kN

86


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2026;11(1):80-89

Fig. 8 shows plots of the estimated normalized
spectral densities of composite cutting-force realiza-
tions obtained in the full-scale and computational ex-
periments.

As shown in Fig. 8, the variance of the random
cutting-force process is distributed similarly over the
0-100 Hz frequency range in the full-scale and com-
putational experiments.

Discussion and conclusions

Analysis of the table shows that the smallest er-
rors are obtained for variant 2 of the model, not ex-
ceeding 7% for the expected value and standard devia-
tion and 15% for the maximum value. Variant 3 of the
model also provides acceptable accuracy, with the cor-
responding errors reaching 18% and 29%, respectively.

Variant 2 of the developed model shows good
agreement between the simulated and experimental
cutting-force histograms, as illustrated in Fig. 7. As
shown in Fig. 8, the spectral composition of the cut-
ting force obtained in the computational experiment
is also in close agreement with the experimental data.

The model validation shows that the developed
stochastic model of cutting-force formation, speci-
fically variant 2, agrees well with the experimental
data in terms of the statistical characteristics, the
distribution histogram, and the spectral composition
at two representative mean load levels. Variant 3
yields somewhat larger errors, but it has an impor-
tant advantage in that it requires only two parame-
ters, L and C,.

The modeling error of the developed mathema-
tical model does not exceed the corresponding errors
reported for different finite-element-based approa-
ches and expensive commercial software packages,
most of which have been developed abroad. For exam-
ple, according to [16], the error of 3D DEM simulation
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for the standard deviation of sandstone cutting force
exceeds 22%.

Given the simplicity of the proposed mathemati-
cal model and its acceptable level of agreement with
real processes, the validated approach appears suita-
ble for developing a stochastic mathematical model of
cutting in hard soils by the working units of earthmo-
ving machines, as well as for modeling the operating
process of crushing machines [22].

Thus, three variants of a stochastic mathematical
model of rock cutting have been developed. They in-
volve only a small number of parameters, namely two
or three, do not require expensive commercial soft-
ware, and provide an adequate representation of the
real process.

Of the three variants, the simulation model rep-
resented by variant 2 best satisfies the adequacy re-
quirements. In this variant, the intervals between
elementary loading events follow a truncated expo-
nential distribution. The error in modeling the cut-
ting force acting on an individual pick does not exceed
7% for the expected value and standard deviation and
15% for the maximum value. Good agreement is also
observed between the distribution histograms and the
spectral density plots obtained from the processing of
full-scale and computational experimental data.

The proposed mathematical model of rock cutting
can be used as a component of the integrated mathe-
matical model, or digital twin, of a mining shearer for
engineering analysis, design calculations, process si-
mulation, and structural and parametric optimiza-
tion at the design stage. The proposed representation
of rock fracture as a flow of random events, namely
elementary fracture events, also appears suitable for
mathematical modeling of cutting in hard soils by the
working units of earthmoving machines and for mode-
ling the operating process of crushing machines.

0.020 & V/Hz
0.015 -
0.010 -
0.005 -
0 a i i i fos HZ
0 20 40 60 80 100

— Computational model

= Full-scale experiment

Fig. 8. Estimated normalized spectral densities of composite cutting-force realizations
for the computational model and the full-scale experiment
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Formation of inelastic deformation zones based on numerical modeling
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% Ural State Mining University, Yekaterinburg, Russian Federation
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Abstract

Comprehensive consideration of the geomechanical and structural characteristics of the rock mass is a prere-
quisite for ensuring the safety and efficiency of underground mining operations. The key parameters that must
be incorporated into computational models include the physical, mechanical and strength properties of rocks,
their degree of fracturing, as well as the initial and mining-induced stress state of the rock mass. This study
investigates geomechanical criteria for determining support parameters of development workings under condi-
tions of plastic deformation. The methodological framework is based on a combination of theoretical analysis,
finite element numerical modeling using the RS2 software package (Rocscience), and generalization of experi-
mental data on the properties of host rocks. This approach enabled a detailed analysis of the stress-strain state
of the rock mass at various stages of mining operations, including the roadway junction where a new roadway is
driven from an existing excavation and its subsequent development. The modeling results established the spa-
tial boundaries of deformation zones: the depth of developed inelastic deformation reaches 0.6—0.7 m from the
excavation boundary, while the elastoplastic deformation zone extends to 1.8—1.9 m. Stress analysis showed
that in the abutment pressure zone ahead of the excavation face, stresses reach values of 20.48 MPa, which is
about 25% higher than the in-situ stress level at a depth of 600 m. Analysis of the Factor of Safety (FoS) revealed
local zones with FoS < 1 in the junction zone, indicating the need for reinforcement of the support system.
The results provide a scientifically substantiated basis for predicting the geomechanical state of the rock mass
and for selecting rational support parameters, thereby improving excavation stability, reducing maintenance
requirements, and enhancing industrial safety in underground coal mining.
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mining, underground mining, development workings, rock support, parameters, geomechanics, geomecha-
nical processes, rock bolting, modeling, analytical modeling, stress-strain state, rock pressure, rock mass,
methodology, relationships, finite element method
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AHHOTauus

KOMITEKCHBIf yUeT reoMeXaHMIeCKIX U CTPYKTYPHBIX XapaKTEPUCTUK TOPHOTO MaCCHBa SIBJISIETCS 06sI13aTelNb-
HOJt OCHOBOI#1 [j1s1 o6ecrieueHus: 6€30macHOCTY U 3P GEKTUMBHOCTM TTOA3€MHBIX TOPHbIX paboT. Kputuueckn
BaKHBIMU TIapaMeTpaMM, TOZJIeXKAIMMY BKITIOUEHUIO B pacyeTHbIe MOJIE/!, BBICTYTIAIOT (DM3UKO-MeXaHUye-
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CKMe ¥ IIPOYHOCTHBIE CBOVICTBA IIOPOJ, CTEIIEeHb MX TPELMHOBATOCTH, a TAK)Ke MCXOLHOE Y TeXHOTeHHO-U3Me-
HEHHOe HaTpPsDKEHHOEe COCTOsTHMe MaccuBa. VcciaenoBaHye HampaB/ieHO HA TeOMeXaHMYeckoe 000CHOBaHMe
MapameTpoB KPeIUIeHMsI IOATOTOBUTETbHBIX BEIPAGOTOK B YUIOBUSIX PA3BUTHS TUIACTUYECKUX Tedopmariuii.
MeTonnueckasi 6a3za OCHOBaHa Ha COUeTaHUM TEOPETUUECKOTO aHaIN3a, YMCIEHHOTO MOJeIMPOBAHNS METO-
JIOM KOHEUHbIX 3JIEeMEHTOB B MporpaMMHOM Komiuiekce RS2 (Rocscience) 1 06061eHMsT SKCIIepUMeHTalb-
HBIX JaHHBIX O CBOMCTBAax BMeEILAKUIMX MOPOL, YTO MO3BOJIMIO LETAJIbHO MPOAHAIU3UPOBATH HAIIPSDKEH-
HO-71e(OPMIUPOBAHHOE COCTOSTHME MAacCMBA HA Pa3JIMYHBIX CTAOUSX MPOBENEHUS TOPHBIX PaboT, BKIIOUAS
3aCeUKY HOBOJ1 BBIPAOGOTKM U e€ mocienyoliee pa3sBuTue. B pesynbraTe MoAenMpoBaHus YCTAHOBJIEHBI MTPO-
CTPaHCTBEHHbIE TPAHUIIbI 30H AehOPMUPOBAHUS: TIyOMHA PAa3BUTHIX HEYNPYrux medopManuii cocTaBisieT
0,6-0,7 M OT KOHTypa BbIpabOTKM, 06/1aCTh YIIpyroriacTuueckoro geopmmupoBauns mocruraet 1,8-1,9 m.
AHanu3 HANPSDKEHHOTO COCTOSTHUSI TTOKAa3aJl, YTO B 30HE OMOPHOTO AAaBJIeHUS Tepe] 3a00eM HarpssKeHUsT
mocturaioT 20,48 MIla, uyTo Ha 25 % MpeBbINIAeT MPUPOIHBIN YpOoBeHb Ha ImyouHe 600 M. C mpuMeHeHEeM
KoadduiMeHTa 3amaca mpoyHocT FoS BhISIBIIeHBI JIOKaIbHbIE yyacTKu ¢ FoS < 1 B paitoHe 3aceuky, Koauye-
CTBEHHO TIOATBEPXKIAIOIIie HeOOXOOMMOCTh yCuieHus: Kpernu. [lomydeHHbIe pe3yabTaThl MO3BOSIIOT CHOp-
MMPOBATh HAYYHO OOOCHOBAHHBIN TOAXOZ K MPOrHO3MPOBAHMIO TeOMEXAaHMUYECKOTO COCTOSIHMSI MacCuBa
¥ BBIOOPY palMOHATbHBIX MTAPAMETPOB KPEIu, YTO CIIOCOOCTBYET IOBBIIIEHUIO YCTONYMBOCTM BhIPAOOTOK,
CHVDKEHUIO 06bEMOB PEMOHTHBIX PA6OT U YBETMUEHNIO YPOBHSI IIPOMBIIIJIEHHO 6€30MacHOCTY MPY MO/I3€M-
HOJ1 pa3paboTKe YroMbHbIX MeCTOPOXKIEHUIA.

KnioueBble cnoBa
TOpHOe [1eJ10, MOfi3eMHbIe TOpHbIe PaboThl, TOPHbIE BHIPAGOTKY, KPellb, TapaMeTphl, TeOMeXaHIKa, reoMexa-
HI4YeCKMe 1npoueccol, aHkepHasda Kpellb, MOAe/JIMpOBaHMe, aHa/IMTUYeCKoe Moae/IiMpoBaHue, HaHpH)KéHHO-,Z[e-
bopmupoBaHHOE COCTOSIHME, TOPHOE AABJI€HNE, MACCUB FOPHBIX IIOPOJ, METOINKA, 3aBYCMMOCTH, METOJ, KO-
HEYHBIX 2JIEMEHTOB
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Introduction

To ensure efficient mineral deposit development,
it is necessary to account for the physical, mecha-
nical and strength properties of rocks, the degree of
fracturing, and the stress state of the rock mass. This
makes it possible to identify deformation patterns
and zones of increased stress that affect the stability
of mine workings and working conditions [1, 2].

The roof, ribs, and floor rocks of development
workings in coal mines of the Karaganda coal basin
are characterized by relatively low uniaxial com-
pressive strength, failing in the range of 20-37 MPa,
and are classified as weak and unstable rocks. When
exposed over distances exceeding one meter, they
tend to collapse and are also prone to slaking and
floor heave.

Since the stability of underground mine workings
remains one of the most critical factors determining
the operational efficiency of coal mines in the Kara-
ganda basin of the Republic of Kazakhstan, it is ne-
cessary to conduct applied scientific studies aimed at
determining support parameters in zones of roof arch
formation and performing predictive geomechanical
assessment of the deformation state of the host rock
mass in coal seams, taking into account their stress-
strain conditions [3, 4].
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At present, the development of this scientific
field in the coal industry of Kazakhstan is associated
with assessing the formation of inelastic deformation
zones using numerical modeling [5, 6]. The practical
value of such research lies in the implementation of
its results for testing advanced geotechnical solutions
in coal mines of the Karaganda basin.

The aim of this study is to provide a geomechan-
ical justification of support parameters for mine wor-
kings based on the investigation of the stress-strain
state of near-excavation zones of the coal-bearing
rock mass under various operating conditions.

The main objectives are:

—analysis of the current state of technological
schemes for driving and maintaining mine workings,
including their stability and defect development;

— identification of the deformation features of the
rock mass surrounding development workings;

— substantiation of support parameters for mine
workings, taking into account mining-induced ge-
otechnical factors, for the development of effective
support technologies.

The concept underlying this study is that geome-
chanical forecasting of the development of inelastic
deformation and stress redistribution zones in mi-
ning-disturbed rock masses surrounding an excava-
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tion can serve as the basis for determining the tech-
nological parameters of support systems for develop-
ment workings, thereby ensuring their stability.

This study presents an integrated methodology
that combines geomechanical characterization of the
rock mass, prediction of deformation for various sup-
port schemes depending on seam depth, geometry,
and lithological properties, and numerical modeling.
The application of deformation-state assessment
for stabilizing excavation boundaries in coal mines
will reduce repair volumes and significantly improve
operational safety, efficiency, and the timeliness of
longwall panel preparation.

The present study relies on numerical methods
for modeling support technologies aimed at stabiliz-
ing the coal-bearing host rock mass surrounding mine
workings, with particular emphasis on the stress-
strain state under rock pressure conditions.

The methodological approach involves construc-
ting a computational model of the unstable rock vo-
lume separated from the rock mass by weakening con-
tacts, which represents the spatial configuration of the
excavation, surrounding rock layers, and coal seam.

One of the most common manifestations of rock
pressure is the failure of the rock mass surrounding an
underground excavation [7, 8]. Such failure may extend
over significant areas of the rock mass, causing the col-
lapse of rock fragments into the excavation under their
own weight. When the failure zone is smaller, rock pres-
sure manifests itself in the spalling of individual rock
blocks. Another form of manifestation is the deforma-
tion of the excavation boundary during operation. In
most cases, both forms occur simultaneously, with the
most hazardous being dynamic manifestations such as
rock bursts, sudden outbursts, and brittle rock spalling
[9, 10]. Rock mass failure near underground structures
occurs when a specific combination of stress-strain pa-
rameters reaches a critical level' [2, 11].

Stresses in the host rock mass surrounding the
excavation [12, 13] that exceed the creep threshold
gradually decrease over time due to the develop-
ment of plastic deformation in the rocks. As stresses
decrease, the rate of rock deformation also declines,
which in turn reduces the rate of displacement of
the excavation boundary. Conversely, an increase in
stresses initiates a new phase of displacement.

Within the inelastic deformation zone, the integ-
rity of the rock mass is disrupted, resulting in micro-
defects that develop into macrofractures. The growth
of such deformation (dilatancy) leads to an increase

1 Zhurov V.V. Improvement of the methodology for calcu-
lating support parameters of mine workings taking into account
mining and technological factors. [Cand. Sci. (Eng.) Dissertation].
Karaganda: Karaganda State Technical University; 2010. 115 p.
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in rock volume, which may exceed the displacements
caused by elastic deformation by an order of magni-
tude. This phenomenon constitutes the main cause of
rock displacement in the near-excavation zone of mine
workings under active rock pressure conditions? [14].

Therefore, it is essential to determine the extent
of inelastic deformation in rocks at the limit state,
taking into account the size of the inelastic defor-
mation zone and the degree of rock loosening in the
post-failure region [15].

Research significance

The mining industry of Kazakhstan is one of the
leading sectors of the national economy. Intensive
exploitation of the mineral resource base presents
mining enterprises with a number of complex chal-
lenges related to ensuring the stability and safety of
underground excavations. Of particular importance
is the monitoring of rock mass displacements around
mine workings, which becomes critically significant
when deposits are mined at greater depths, where
rock pressure increases substantially [16, 17].

The geological conditions of Kazakhstan are cha-
racterized by considerable diversity of rock mass types,
including coal, iron ore, polymetallic, and other depo-
sits. The Karaganda coal basin, one of the largest in the
country, is distinguished by complex seam structures,
significant mining depths, and high geomechanical
loads. These conditions require the application of
modern modeling methods to assess the stress-strain
state of the rock mass. These issues become especially
important in the context of increasing requirements
for mining safety and the need to minimize risks as-
sociated with failure of the near-contour rocks sur-
rounding underground excavations.

Typical manifestations of rock pressure around an
advancing excavation include the abutment pressure
zone, the stress concentration zone ahead of the face
that develops into a fractured rock zone, and zones
of compression and crushing of the rock mass in the
immediate vicinity of the excavation face.

Geomechanical characteristics of the rock mass:
theoretical background

Driving an underground excavation disturbs the
equilibrium state of the rock mass and causes a redis-
tribution of stresses in the surrounding rock. In this
case, the stress intensity at the excavation boundary
is significantly higher than in the undisturbed rock
mass. Elevated stresses at the excavation bounda-

2 Demin V.F., Sitnikov R.S., Steflyuk Yu. Yu., et al. Device for
supporting excavation contours in unstable rocks. Patent 31419,
Republic of Kazakhstan; IPC E21D 21/00. Published August 15,
2016, Bulletin No. 9.
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ry lead to the formation of an inelastic deformation
zone around it [16, 17]. The structure of this zone and
the nature of rock deformation within it depend on
several factors, including the depth of the excava-
tion, the rock type and its physical, mechanical and
technological properties, the size of the excavation,
the type and characteristics of the support system,
and the dip angle of the host rocks. Manifestations
of rock pressure observed in driven workings include
displacements of the rock mass in the near-excava-
tion zone [7].

The primary focus of this study is the determi-
nation of displacements of the excavation boundary
based on experimentally obtained data on rock prop-
erties and the stress-strain state of the rock mass.

Several studies have proposed recommendations
for reducing the rock mass loosening coefficient as-
sociated with dilatancy, which can be achieved by ad-
justing support parameters, excavation geometry, and
controlling the rate of rock deformation.

To achieve the research objective, a comprehen-
sive research methodology was applied, combining
theoretical analysis, numerical modeling, and experi-
mental investigations. Such an approach is necessi-
tated by the complex nonlinear nature of deformation
in coal-bearing rock masses, where the stress-strain
state of the near-excavation zone is governed by the
combined influence of mining conditions, physical
and mechanical rock properties, and support system
parameters.

Numerical modeling was used to predict exca-
vation boundary deformation and to analyze stress
redistribution, theoretical methods were applied to
generalize and interpret the identified patterns, and
experimental investigations were carried out to verify
the calculated results and refine the initial parame-
ters of the model.

To establish geomechanical patterns occurring in
development workings driven in coal seams, analyti-
cal studies were performed to determine roof defor-
mation along the axis of the development working.

The analysis considers the features of stress re-
distribution and the formation of deformation zones
in the rock mass depending on the properties of the
host rocks and the parameters of the excavation. The
analysis was performed on the basis of numerical
modeling that accounts for the geomechanical charac-
teristics of the rock mass and the support schemes
in order to identify patterns in the evolution of the
stress-strain state and potential zones of instability.

The following mathematical model describes
manifestations of rock pressure around a driven exca-
vation associated with rock mass displacements in the
near-excavation zone. The total displacement of the
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rock mass in the excavation U, is composed of elastic
U, and inelastic U, components:

Uo=U; + U, (1)
Elastic deformation is determined by the follo-
wing equations [7]:

*+ 24+ X=0,
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where X, Y, X,, Y, are the displacement vectors and

their projections on the coordinate axes; u is Pois-

son’s ratio; v is the viscosity coefficient, N/m?; u is the

deformation rate, m/day; A is the lateral pressure co-

efficient; r, 0 are the polar coordinates of the points.
Inelastic deformation of rocks in the plastic fai-

lure zone is determined by the following equation [8]:

y

i(KI -1, (3)
where S, is the area of the inelastic deformation
zone, m?; P, is the excavation perimeter, m; K is the
rock mass loosening coefficient in the post-failure
deformation zone.

Numerical modeling of the stress-strain state of
the rock mass was carried out using the RS2 (Rocscien-
ce) software package, which implements the finite
element method (FEM). The choice of this software
is determined by its specialization for geomechani-
cal analysis of underground excavations, the ability
to account for complex excavation geometry, layered
rock mass structure, nonlinear deformation behavior
of rocks, and the implementation of various strength
criteria and boundary conditions typical of under-
ground mining conditions. The finite element method
implemented in RS2 allows adequate representation
of stress redistribution and deformation development
in the near-excavation zones of the rock mass, which
is critically important for analyzing excavation stabi-
lity and substantiating support parameters.

The modeling procedure included the following
stages:

- construction of the computational geometric
model of the underground excavation under specified
mining conditions;
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- assignment of physical and mechanical rock
properties and development of the geological model
of the studied rock mass section;

— generation of a triangular FEM mesh with local
mesh refinement in the near-excavation zone;

- performing calculations under specified boun-
dary conditions and adopted criteria for evaluating
the stress-strain state of the rock mass;

- interpretation and analysis of the obtained re-
sults to assess deformation and stress distribution
within the excavation influence zone.

Numerical modeling approach

To provide a more comprehensive analysis of the
formation mechanism of inelastic deformation zones
around a mine excavation during its advance, nu-
merical modeling was performed using the RS2 soft-
ware package. In this study, a model was developed
that takes into account the geological conditions at
the roadway junction, followed by the driving of the
excavation along the coal seam at a depth of 600 m
below the surface.

The model conditions included the rocks of the
excavation floor, represented by argillites and silt-
stones, as well as the roof of the coal seam, com-
posed of siltstones and sandstones. Particular at-
tention was given to the analysis of the stress-strain
state of the rock mass, including the identification of
zones of inelastic deformation that arise as a result
of changes in rock pressure and the interaction be-
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tween the rock mass and the excavation boundary.
The overall numerical model is shown in Fig. 1.

The model was structured in stages, which made
it possible to analyze in detail the evolution of the
stress-strain state of the rock mass at each stage of
excavation development.

The initial stage of modeling involves the exca-
vation of the first roadway, which serves as the junc-
tion point from which the new roadway is driven. At
this stage, particular attention was paid to the analy-
sis of the formation of initial zones of stress redistri-
bution around the roadway junction, which provides
the basis for further modeling.

At the next stage, the junction between the
workings was simulated. This stage is important for
studying the interaction between zones of stresses
and deformations, as well as for assessing the stabili-
ty of the junction and the influence of its parameters
on the overall condition of the rock mass.

In subsequent stages of modeling, the coal seam
was excavated progressively. Each stage involved
coal extraction with a step of 0.75 m. This approach
made it possible to identify the dynamics of changes
in stresses and deformations in the rock mass and to
evaluate the development of inelastic deformation
zones.

To improve the accuracy of the obtained results,
the finite-element mesh was significantly refined in
the areas directly adjacent to the excavation under
consideration.

25 2 18 10 s ) o | : 10 1 ' 2 25
W] <] »]m]\Stage 1 Stage 2 )\ Stage 3 ), Stage & )\ Stage 5 ) Stage 6 )\ Stage 7 )\ Stage 8 )\ Stage § )\ Stage 10 )\ Stage 11 ), Stage 12 ) Stage 13 )\ Stage 14 )\ Stage 15

Fig. 1. Numerical model of excavation development
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To determine the initial parameters of the acting
stresses and to compare them with the stress-strain
state of the rock mass during mining operations, the
first stage assumed the absence of any mining activi-
ties. As shown in Fig. 2, the stresses in the rock mass
correspond to the calculated stress parameters of the
undisturbed rock mass at the considered depth:

c,=v-H=0.0273 - 600 ~ 16.4 MPa,

where vy is the average unit weight of the overlying
rocks, kN/m?3; H is the depth, m.

Fig. 3 shows the distribution of the maximum
principal stresses o, in the undisturbed coal-bearing
rock mass prior to excavation, obtained from nume-
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rical modeling. The color scale reflects the increase
in vertical stress values with depth, which corre-
sponds to the natural geostatic stress state of the
rock mass and confirms the correctness of the initial
boundary conditions specified in the model.
Analysis of the stress field indicates that, in the
absence of excavation, the distribution of &, is qua-
si-linear and is formed primarily under the influence
of the self-weight of the overlying rock strata. The
absence of local stress concentrations and sharp
stress gradients indicates that the rock mass is in an
equilibrium state, which allows this model to be con-
sidered as the baseline (reference) state for subse-
quent analysis of mining-induced disturbances.

T
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Fig. 2. Numerical model at the final stage of excavation
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Fig. 3. Distribution of principal stresses in the undisturbed rock mass
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Results and discussion

The distribution of stresses at different stages
of roadway development is shown in Figs. 4-7.

Fig. 4 illustrates the distribution of the maximum
principal stresses o, in the near-excavation rock mass
surrounding the roadway from which the new road-
way is driven. The obtained stress distribution reflects
the results of numerical modeling and makes it pos-
sible to identify zones of stress concentration and re-
distribution that arise due to the disturbance of the
rock mass continuity during roadway development.

Analysis of the stress distribution shows that
a pronounced zone of increased compressive stresses
forms in the near-excavation region of the roadway
roof and sidewalls. These stresses significantly exceed
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the background stresses of the undisturbed rock mass.
The maximum values of o, are concentrated near the
junctions of the excavation boundary with the side-
walls, which is caused by the geometric effect of exca-
vation and the redistribution of loads within the rock
mass. In the roadway floor, by contrast, a zone of re-
duced stresses is observed, associated with unloading
of the rock mass and the development of tensile and
shear deformations.

Fig. 5 presents the distribution of the maximum
principal stresses o, in the rock mass during the dri-
ving of a new roadway from an existing roadway. The
results obtained by numerical modeling characterize
the changes in the stress-strain state of the rock mass
in the roadway junction zone.

2 0= T [ < R

AT TR AR AT RE R AN T KRR AT
Fig. 4. Distribution of principal stresses
in the near-excavation rock mass of the roadway
from which the new roadway is driven

S0 [ [ - R

i W 0 B i E)

Fig. 5. Distribution of principal stresses during
the formation of a new roadway
at the roadway junction

Fig. 6. Distribution of principal stresses during mining
operations at +1.5 m from the roadway junction

AT TN AR AR RN RN AR RN SR
Fig. 7. Distribution of principal stresses during mining
operations at +9 m from the roadway junction
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Fig. 6 illustrates the distribution of the maxi-
mum principal stresses o, in the near-excavation rock
mass at the stage of mining operations at a distance
of +1.5 m from the roadway junction zone. This stage
of modeling reflects the evolution of the stress-strain
state of the rock mass after the initial formation of
the roadway junction and makes it possible to assess
the spatial evolution of stresses as the excavation face
advances away from the junction.

Fig. 7 shows the distribution of the maximum prin-
cipal stresses o, in the rock mass at the stage of mi-
ning operations at a distance of +9 m from the roadway
junction zone, which corresponds to the stage at which
the roadway reaches a quasi-stationary stress state.

The obtained results indicate that at this dis-
tance the influence of the roadway junction zone on
the overall stress field significantly decreases. The
stress state of the rock mass becomes more symmetri-
cal relative to the roadway axis, while the local stress
concentrations previously recorded in the near-exca-
vation zone of the junction transform into extended
zones of moderate compressive stresses.

A stable zone of reduced o, values forms in the
roadway roof, which corresponds to a developed un-
loading zone, whereas zones of elevated stresses re-
main in the side parts of the rock mass, defining the
boundaries of the active influence of mining opera-
tions. In the roadway floor, the stress state becomes
more uniform, indicating a reduction in the intensity
of deformation processes compared with the initial
stages of mining.

A comparison of the stress distributions at dis-
tances of +1.5 m and +9 m from the roadway junction
shows that the main geomechanical effects associated
with stress concentration are localized within a limi-
ted zone beyond the junction of the roadways. Outside
this zone, the stress state of the rock mass stabilizes
and is determined mainly by the mining depth and the
physical and mechanical properties of the rocks.

As follows from the interpretation of the prin-
cipal stress distribution, an abutment pressure zone
forms in front of the excavation face during mining
operations. Within this zone, stresses increase and
reach 20.48 MPa, which is approximately 25% higher
than the in-situ stress level characteristic of the un-
disturbed rock mass. This increase is associated with
stress redistribution around the excavation caused by
the local disturbance of rock mass continuity. From
the standpoint of rock mechanics, such an increase in
stress may affect roadway stability, especially in the
presence of weak structural elements in the rock mass.

In addition, the interpretation presented in
Figs. 5-7 reveals a zone of reduced stresses at the
excavation face, indicating the presence of an un-
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loading zone with a depth of up to 0.7 m. This phe-
nomenon suggests possible loosening of the rock
mass as well as partial destruction of the rock struc-
ture. Such unloading zones are typical of areas where
local stress redistribution occurs as a direct result of
mining operations.

The presence of such a zone must be taken into
account because the loosened rock mass has reduced
load-bearing capacity. This may lead to an increase
in the volume of rock fall and complicate mining op-
erations. To minimize these risks, special measures
should be applied, such as reinforcement of the sup-
port system, grouting, or additional monitoring of the
rock mass condition using geophysical methods.

To assess the extent of inelastic deformation
zones and to identify areas susceptible to plastic
deformation or complete failure, the most informa-
tive parameter for interpretation is the Factor of Safe-
ty (FoS). FoS allows a quantitative assessment of how
close the current stress state of the rock mass is to its
failure limit.

In software such as RS (e.g., Rocscience RS2 or
RS3), the calculation of the FoS value is based on
complex algorithms that account for the strength pa-
rameters of the rock mass. These calculations include
physical and mechanical properties of rocks such as
compressive strength, elastic modulus, cohesion, and
internal friction angle, which determine the resist-
ance of the rock mass to deformation and failure.

The main criterion for the development of ine-
lastic deformation zones is the exceedance of the cal-
culated stresses over the strength limits of the rock
mass, which may lead to local failures, plastic defor-
mation, and structural changes in the rock mass.

The application of FoS in data interpretation
makes it possible not only to predict the behavior of
the rock mass under loading but also to develop effec-
tive stabilization measures, such as selecting an op-
timal support system, modifying excavation param-
eters, or implementing compensatory engineering
measures. Thus, the analysis of inelastic deformation
zones using FoS becomes a key element in assessing
the stability of underground mine workings. The dis-
tribution of the defined inelastic deformation zones is
shown in Fig. 8.

The use of the Factor of Safety (FoS) in interpre-
ting the results of numerical modeling makes it pos-
sible not only to quantitatively assess the stability of
the near-excavation rock mass but also to identify po-
tentially hazardous zones where inelastic deformation
may develop. Unlike the analysis of individual stress
components, the FoS distribution provides an inte-
grated characterization of the stress-strain state of the
rocks while accounting for their strength properties.


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2026;11(1):90-102

As shown in Fig. 8, local zones with reduced FoS
values (FoS < 1) are formed in the roadway junction
zone, confined to the near-excavation regions of the
roadway roof, floor, and sidewalls. These areas corre-
spond to zones where the rock mass transitions into
an inelastic state and represent potential sites for the
development of failure, delamination, and intensive
deformation.

Moving away from the excavation boundary
deeper into the rock mass, a gradual increase in FoS
values is observed, indicating a reduction in the in-
fluence of mining operations and the transition of
the rock mass to a stable state. The spatial location
of the boundaries of the inelastic deformation zones
makes it possible to determine their depth of pro-
pagation and to use these data to substantiate the
required length and arrangement of the support
elements.

Analysis of the FoS distribution is a key element
in the geomechanical justification of support pa-
rameters for underground mine workings. It enables
rational selection of support types and parameters,
prediction of the effectiveness of stabilization meas-
ures, and evaluation of the need for additional com-
pensating solutions in the roadway junction zone.

The application of the proposed geomechanically
justified approach to analyzing the stress-strain state
of the near-excavation rock mass and selecting sup-
port parameters not only improves the stability of un-
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derground workings but also produces a cumulative
economic effect by reducing operational and mainte-
nance costs.

The main sources of economic benefit include:

—reduction in the volume of repeated support
installation and roadway repairs due to decreased in-
tensity of inelastic deformation in the roof and floor;

- reduction in downtime of longwall and trans-
portation equipment caused by excavation deforma-
tion and floor heave;

—reduction in the loss of roadway cross-section,
which helps maintain the design dimensions and
avoid unplanned widening or floor trimming;

— optimization of support parameters, inclu-
ding rational selection of bolt length and installa-
tion density, which reduces excessive consumption
of support materials while maintaining the required
stability level;

—improved industrial safety, leading to a re-
duced probability of accidents and associated finan-
cial losses.

Additional economic benefits are achieved
through the possibility of predictive control of ge-
omechanical processes. The use of numerical mo-
deling and FoS analysis allows potentially unsta-
ble zones to be identified in advance and preventive
engineering measures to be implemented, which is
significantly less costly than eliminating the conse-
quences of developed deformation.
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Fig. 8. Distribution of inelastic deformation zones at the roadway junction
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The economic effect is achieved through the si-
multaneous reduction of capital and operating costs
while increasing the reliability and service life of un-
derground mine workings. The obtained results can
serve as a basis for subsequent technical and eco-
nomic calculations in the design and operation of
underground excavations under similar mining and
geological conditions.

Practical implications

For the considered computational model of the
rock mass, it has been established that the inelas-
tic deformation zone is localized in the near-exca-
vation region of the excavation face and extends
approximately 0.6—-0.7 m into the rock mass. This
zone is characterized by the maximum concentra-
tion of stresses and the development of intense plas-
tic deformation caused by the redistribution of rock
pressure during roadway driving. Within this region,
the rocks lose their load-bearing capacity, accompa-
nied by the destruction of their structural integrity
and the formation of fragmented material, indica-
ting the transition of the rock mass to a limit state.

Beyond the zone of developed inelastic deforma-
tion, within a depth interval of 0.7-1.8 (up to 1.9) m,
a region of elastoplastic behavior of the rock mass
is formed. In this interval, intensive fracturing pro-
cesses occur, during which the rocks exist in a tran-
sitional state between elastic and plastic deforma-
tion. Although the overall stability of the rock mass
is preserved, the development of fractures leads to
a gradual decrease in its deformation stiffness and
load-bearing capacity, which must be taken into ac-
count when determining the parameters of the sup-
port system.

At depths exceeding 1.8-1.9 m, the rock mass is
characterized predominantly by an elastic state and
at the considered moment is only weakly affected
by mining operations. In this zone, the rocks retain
high strength and their ability to sustain the ac-
ting stresses without developing significant defor-
mation. At the same time, the possible evolution of
the stress-strain state should be considered over the
long term under the influence of time-dependent
factors such as stress relaxation, rock creep, tem-
perature effects, and further development of mining
operations.

The obtained model of deformation distribution
reflects the zonal character of rock mass stability dis-
turbance, which requires a differentiated approach
to stabilization. The zone of developed inelastic
deformation requires the application of active and
combined support methods that ensure stress redis-
tribution and limit rock failure. In contrast, within
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the elastoplastic behavior zone it is advisable to use
rock bolts designed to stitch fractured rock and en-
hance the overall integrity of the rock mass.

To ensure the safety and stability of underground
workings, it is recommended to organize systematic
geomechanical monitoring of the rock mass condi-
tion using instrumental and geophysical methods, as
well as to adjust support parameters as mining and
geological conditions evolve.

Future development
of the mathematical model

Within the framework of further development
of the proposed mathematical model, several inter-
related directions may be identified to increase its
predictive reliability and expand its practical ap-
plication under conditions of intensely deforming
coal-bearing rock masses. These directions are based
on integrating modern concepts of rock mecha-
nics, the capabilities of numerical modeling, and the
needs of mining production for substantiating sup-
port parameters.

Consideration of nonlinear deformation and
failure kinetics. The current model operates with
separate zones of elastic and inelastic behavior,
whose boundary is determined empirically through
the area S,. For a more accurate description of the
transition of the rock mass to the limit state, it is nec-
essary to explicitly introduce a strength criterion into
the system of equations. This would make it possible
to calculate the configuration of the inelastic defor-
mation zone not as a predefined parameter but as
a function of the acting stresses and the rheological
properties of specific rocks.

Particular importance should be given to the time
factor and loading rate, since the strength and defor-
mation characteristics of coal and host rocks of the
Karaganda basin demonstrate pronounced rheologi-
cal dependence. Modification of the strain-rate com-
ponent u in equations (2) through the introduction
of creep parameters or modeling of viscoplastic flow
would allow prediction of displacement development
not only during roadway driving but also during long-
term roadway operation.

Structural-geological parameterization of the
loosening coefficient. The loosening coefficient K; in
equation (3) is a key parameter but currently remains
a generalized quantity. Its physical meaning can be
significantly refined by relating it to quantitative
characteristics of rock mass disturbance, including
volumetric fracture density; orientation of fracture
systems relative to the excavation boundary; rough-
ness of fracture surfaces; granulometric composition
of fragmented rock.
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Such parameterization would allow differen-
tiation of the loosening degree for the roof, floor,
and sidewalls of the roadway, where different failu-
re mechanisms dominate (spalling, shear, or floor
heave). A further step could involve developing no-
mograms or analytical relationships linking K,
with the Rock Quality Designation (RQD) index, geo-
physical imaging data, or results of discrete element
modeling (DEM), thereby enabling the transition
from generalized estimates to specific mining-geo-
logical conditions of the site.

Development of a calibrated database and
digital twin models for roadway development.
The maximum practical benefit of the model can be
achieved through its integration into an engineering
decision-support system. For this purpose, it is nec-
essary to create a library of calibration relationships
based on both existing and future finite-element
modeling sessions, as well as data from instrumental
monitoring at real mining sites. These relationships
should establish quantitative links between mo-
del parameters S, and K, and a set of controllable mi-
ning factors, including mining depth; span width;
type and installation spacing of rock bolts; time delay
between excavation and support installation. In the
future, such a database may serve as the basis for cre-
ating digital twins of standard roadway development
schemes. This will allow rapid scenario calculations of
displacement and Factor of Safety values for different
support configurations during the design stage, there-
by optimizing engineering decisions in terms of sta-
bility, material consumption, and economic efficiency.

Development of the model along these directions
will not only deepen the theoretical understanding
of the processes governing the formation of inelastic
deformation zones, but will also directly contribute to
solving applied engineering problems. The result will
be a more justified selection and adaptive manage-
ment of support parameters, minimization of repair
work volumes, and consequently an increase in the
industrial safety and economic efficiency of under-
ground coal mining.

Conclusions

Based on numerical modeling of the stress-strain
state of a coal-bearing rock mass using the RS2 soft-
ware package, considering the example of roadway
development at a depth of 600 m, quantitative pa-
rameters and patterns of the formation of inelastic
deformation zones were established, as well as their
influence on the stability of underground workings
and the selection of support parameters.

The performed geomechanical analysis confir-
med that as the rate of rock deformation increases,
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the apparent strength limit of the rocks and the accu-
mulation of elastic energy also increase, which, pro-
vided that permissible stress levels are maintained,
reduces the probability of the formation of exten-
sive failure zones in the near-excavation rock mass.
However, a critical threshold was identified: when the
calculated stresses exceed the strength characteris-
tics of the rocks (for the studied conditions, stres-
ses in the abutment pressure zone reach 20.48 MPa,
which is about 25% higher than the background
level), accelerated deformation leads to intensi-
fied loosening of the rock mass and the develop-
ment of intense inelastic deformation within a zone
0.6—0.7 m from the excavation boundary.

A clear zonal pattern of rock mass deforma-
tion around the excavation was identified: a zone
of developed inelastic deformation (0-0.7 m), a re-
gion of elastoplastic behavior with active fracturing
(0.7-1.9 m), and a zone of predominantly elastic rock
mass behavior (beyond 1.9 m). To reduce dilatancy
caused by the relative displacement of fracture sur-
faces within the failure zone, it is recommended to
control the deformation rate by installing support
immediately after rock exposure, which is confirmed
by modeling performed with an excavation advance
step of 0.75 m.

Mining-geological conditions were found to
have a determining influence: with increasing mi-
ning depth (600 m in the considered case), the initial
stress state increases proportionally (c, =~ 16.4 MPa)
and, accordingly, the potential for the development
of inelastic deformation increases. At the same time,
as the distance from the excavation boundary increa-
ses (beyond 1.9 m), the influence of mining opera-
tions decreases, the probability of dilatancy is signi-
ficantly reduced, and the rock mass transitions to an
elastic state, which is confirmed by the symmetry
of the stress field at a distance of +9 m from the road-
way junction.

To further reduce the degree of rock mass loos-
ening and increase roadway stability, the need for
a rational selection of the roadway cross-sectional
shape is substantiated, which minimizes stress con-
centration and ensures a more uniform redistribution
of stresses in the near-excavation rock mass. A reduc-
tion in local stress maxima, in turn, leads to a decrease
in the size of failure zones.

It was established that directed modification of
the structural characteristics of the rock mass is an
effective tool for controlling its strength properties.
Weakening leads to an expansion of failure zones,
whereas active strengthening of the near-excavation
rock mass by injection grouting or chemical stabili-
zation increases the strength limit and deformation
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stiffness. When the achieved strength of the trea-
ted rock mass exceeds the acting stress level, the
development of destructive processes and dilatancy
is prevented, ensuring a stable state of the roadway
and improving the safety of mining operations.

The implementation of a geomechanically justi-
fied approach based on analysis of the Factor of Safety
(FoS) and the results of numerical modeling not only
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increases roadway stability but also generates a cu-
mulative economic effect. Its sources include a re-
duction in the volume of repair and restoration work,
decreased equipment downtime, reduced losses of
the useful cross-section of roadways, optimization of
support parameters and consumption of support ma-
terials, and an increase in industrial safety through
early identification of zones with FoS < 1.

References

1. Djaksimuratov K.M., O’telbayev A.A., O’razmatov J.I., Mnajatdinov D. M. Properties of coal, processes
in coal mining companies, methods of coal mining in the world. Journal NX. 2021;7(10):231-236. URL:
https://repo.journalnx.com/index.php/nx/article/view/3681/3548

2. BatyrkhanovaA., Tomilov A., Zhumabekova A., Abekov U., Demin V. Developing technological schemes
of driving workings with controlled resistance of contours. Naukovyi Visnyk Natsionalnoho Hirnychoho
Universytetu. 2019;(3):22-28. https://doi.org/10.29202/nvngu/2019-3/2

3.  Akhmatnurov D., Zamaliyev N., Mussin R., Demin V., Tolovkhan B., Ganyukov N., Skrzypkowski K.,
Korzeniowski W., Stasica J., Rak Z. Geomechanical modeling of the Northern Katpar Deposit (Ka-
zakhstan): Assessing the Impact of Rock Mass Disturbance on Stability Safety Factor. Mining.
2025;5(4):73. https://doi.org/10.3390/mining5040073

4. Budi G.,Rao K.N., Mohanty P. Field and numerical modelling on the stability of underground strata in
longwall workings. Energy Geoscience. 2023;4(1):1-12. https://doi.org/10.1016/j.enge0s.2022.07.003

5. Xiong Y., Kong D., Wen Z. et al. Analysis of coal face stability of lower coal seam under repeated mi-
ning in close coal seams group. Scientific Reports. 2022;12(1):1-14. https://doi.org/10.1038/s41598-
021-04410-5

6. Nehrii S., Nehrii T., Zolotarova O., Volkov S. Investigation of the geomechanical state of soft
adjoining rocks under protective constructions. Rudarsko-Geolosko-Naftni Zbornik. 2021;36(4):61-71.
https://doi.org/10.17794/rgn.2021.4.6

7. Lama B., Momayez M. Review of non-destructive methods for rock bolts condition evaluation.
Mining. 2023;3(1):106-120. https://doi.org/10.3390/mining3010007

8. Tsay B.N., Sudarikov A. E. Mechanics of underground structures. Karaganda: KarGTU; 2007. 159 p.
(In Russ.)

9. Taran I. Interrelation of circular transfer ratio of double-split transmissions with regulation charac-
teristic in case of planetary gear out-put. Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu.
2012;(3):78-85.

10. Huang W., Liu S., Gao M. et al. Improvement of reinforcement performance and engineering appli-
cation of small coal pillars arranged in double roadways. Sustainability. 2022;15(1):292. https://doi.
org/10.3390/su15010292

11. Demin V.F.,Demina T.V.,Kaynazarov A.S., Kaynazarova A.S. Evaluation of the workings technological
schemes effectiveness to increase the stability of their contours. Sustainable Development of Mountain
Territories. 2018;10(4):606—617. (In Russ.) https://doi.org/10.21177/1998-4502-2018-10-4-606-616

12. Shashenko A., Gapieiev S., Solodyankin A. Numerical simulation of the elastic-plastic state of rock
mass around horizontal workings. Archives of Mining Sciences. 2009;54(2):341-348.

13. Nemova N.A., Stakhanov D., Hasan B., Zhumabekova A.E. Technological solutions development
for mining adjacent rock mass and pit reserves taking into account geomechanical assessment of
the deposit. Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu. 2020;(2):17-24. https://doi.
org/10.33271/nvngu/2020-2/017

14. Smoliniski A., Malashkevych D., Petlovanyi, M. et al. Research into impact of leaving waste rocks in the
mined-out space on the geomechanical state of the rock mass surrounding the longwall face. Energies.
2022;15(24):9522. https://doi.org/10.3390/en15249522

15. Sotskov V., Saleev I. Investigation of the rock massif stress strain state in conditions of the drainage
drift over-working. In: Pivnyak G., Bondarenko V., Kovalevs’ka I., Illiashov M. (Eds.) Mining of Mineral
Deposits. CRC Press; 2013. Pp. 197-201. https://doi.org/10.1201/b16354-35

16. Yang H., Han C., Zhang N. et al. Research and application of low density roof support technology of
rapid excavation for coal roadway. Geotechnical and Geological Engineering. 2020;38:389-401. https://
doi.org/10.1007/s10706-019-01029-2

101


https://mst.misis.ru/
https://repo.journalnx.com/index.php/nx/article/view/3681/3548
https://doi.org/10.29202/nvngu/2019-3/2
https://doi.org/10.3390/mining5040073
https://doi.org/10.1016/j.engeos.2022.07.003
https://doi.org/10.1038/s41598-021-04410-5
https://doi.org/10.1038/s41598-021-04410-5
https://doi.org/10.17794/rgn.2021.4.6
https://doi.org/10.3390/mining3010007
https://doi.org/10.3390/su15010292
https://doi.org/10.3390/su15010292
https://doi.org/10.21177/1998-4502-2018-10-4-606-616
https://doi.org/10.33271/nvngu/2020-2/017
https://doi.org/10.33271/nvngu/2020-2/017
https://doi.org/10.3390/en15249522
https://doi.org/10.1201/b16354-35
https://doi.org/10.1007/s10706-019-01029-2
https://doi.org/10.1007/s10706-019-01029-2

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOMA https://mst.misis.ru/

2026;11(1):90-102 Demin V. F. et al. Formation of inelastic deformation zones based on numerical modeling

17. Bondarenko V., Symanovych G., Koval O. The mechanism of over-coal thin-layered massif deformation
of weak rocks in a longwall. In: Bondarenko V., Kovalevs’ka I., Illiashov M., Pivnyak G. (Eds.) Geome-
chanical Processes During Underground Mining. CRC Press; 2012. Pp. 41-44. https://doi.org/10.1201/
b13157-8

Information about the authors

Vladimir F. Demin - Dr. Sci. (Eng.), Professor of the Department of Mineral Deposits Development, Ab-
ylkas Saginov Karaganda Technical University, Karaganda, Republic of Kazakhstan; ORCID 0000-0002-
1718-856X, Scopus ID 57212219714, e-mail vladfdemin@mail.ru

Niyaz G. Valiev - Dr. Sci. (Eng.), Deputy Chairman of the Academic Council, Head of the Mining Depart-
ment, Ural State Mining University; General Director, Mining Industry Association of the Urals, Yekaterin-
burg, Russian Federation; ORCID 0000-0002-5556-2217, Scopus ID 55749527900, SPIN 3886-5864; e-mail
Niyaz.Valiev@m.ursmu.ru

Denis R. Akhmatnurov — PhD, Head of the Methane Energy Laboratory, Abylkas Saginov Karagan-
da Technical University, Karaganda, Republic of Kazakhstan; ORCID 0000-0001-9485-3669, Scopus ID
57194187849, SPIN 1396-9321; e-mail d.akhmatnurov@gmail.com

Ravil A. Mussin - PhD, Associate Professor of the Department of Mineral Deposits Development, Abylkas
Saginov Karaganda Technical University, Karaganda, Republic of Kazakhstan; ORCID 0000-0002-1206-
6889, Scopus ID 7005446397, e-mail R.A.Mussin@mail.ru

Nail M. Zamaliyev - PhD, Associate Professor of the Department of Mineral Deposits Development, Ab-
ylkas Saginov Karaganda Technical University, Karaganda, Republic of Kazakhstan; ORCID 0000-0003-
0628-2654, Scopus ID 57194194006; e-mail nailzamaliev@mail.ru

Received 06.07.2025
Revised 29.01.2026
Accepted 01.02.2026

102


https://mst.misis.ru/
https://doi.org/10.1201/b13157-8
https://doi.org/10.1201/b13157-8
https://orcid.org/0000-0002-1718-856X
https://orcid.org/0000-0002-1718-856X
https://www.scopus.com/authid/detail.uri?authorId=57212219714
https://orcid.org/0000-0002-5556-2217
https://www.scopus.com/authid/detail.uri?authorId=55749527900
https://elibrary.ru/author_profile.asp?id=284710
https://orcid.org/0000-0001-9485-3669
https://www.scopus.com/authid/detail.uri?authorId=57194187849
https://elibrary.ru/author_profile.asp?id=895815
https://orcid.org/0000-0002-1206-6889
https://orcid.org/0000-0002-1206-6889
https://www.scopus.com/authid/detail.uri?authorId=7005446397
https://orcid.org/0000-0003-0628-2654
https://orcid.org/0000-0003-0628-2654
https://www.scopus.com/authid/detail.uri?authorId=57194194006

