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FORMATION OF METHANE COLLECTORS
IN THE PROCESS OF UNDERMINING
AND OVERMINING COAL SEAMS

Abstract. Mine methane, once viewed mainly as a safety concern, is now recognized as both a valuable energy resource and a significant greenhouse gas, particularly
in regions such as the Karaganda Coal Basin. This study uses an integrated approach combining analysis of global methane drainage practices, rock mass movement and
subsidence, gas emission modeling, and in-situ observations. Void volumes formed by bedding separation are estimated as the difference between theoretical and actual
subsidence trough volumes and are considered potential methane reservoirs. The proposed model enables spatial assessment of void distribution and supports optimal
placement of methane drainage boreholes in abandoned panels, improving methane recovery, reducing emissions, and enhancing environmental sustainability.
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Kemip Ka0aTTapblH aCTBIHFBI K9HE YCTIHTI 6HAIPY IMpoueciHie MeTaH KOJUIEKTOPJIAPBIHBIH KAIBIITACYBI

Awnnarna. lllaxra MmeTanbl OypbIH Heri3iHeH Kayinci3mik (GakTopbl peTinie KapacThIpblica, Ka3ipri yakpITTa OJ1 KYH/IbI SHEPreTHKAIIBIK Pecypc KoHEe MaHBI3JIbI Tap-
HUKTIK ra3 peTiHjae TaHbuiaasl, ocipece Kaparanabl kemip OacceifHi CHAKTBI OHIpiIepae. Byl skymMbpicTa KelIeH i TOCT KOJIaHbLIIbl: METaHIbl erasanusiiay OoibIHIIa
neMIiK TOKipuOeHi Tanzay, Tay KbIHBICTAPBIHBIH KO3FAJIBICHI MEH ILIOTYiH 3epTTey, ra3 OeniHyiH MOJEIbACY JKOHE HaTypaiablK Oakpuiaymap xkyprizy. Kabarrapabia
a)KbIpaybIHaH aiifia 60IaThIH KybICTAp KOJIEMi IIeTy MyJIbIAChIHBIH TEOPHSUIBIK XKOHE HAKTBI KOJIEMICPIHIH alibIPMAChl PETiH/E aHBIKTAJIbII, METAHHBIH bIKTUMAJI XKUHAITY
aiiMarbl peTiHAe KapacThIpblia/bl. ¥ ChIHBUIFAH MOJIENb KybICTAP/BIH KeHICTIKTIK TapalyblH OarajiayFa sKaHE MIePIIreH MaHenbIep/e Aera3alysuiblK YHFbIMAIap/Ibl OH-
TaiJIbl OPHANIACTBIPY/IBI HETi3/Ieyre MyMKIHIIK Oepesi. byt MeTanabl oHIIpy/Ii apTThIpyFa, IIBIFAPBIHIBUIAP/BI a3aiTYFa JKOHE KOMIp OHAIPY aliMaKTapbIHBIH IKOJIOT USUTBIK
TYPAKTBUIBIFbIH )KAKCAPTYFa bIKMAJ €TE/I.

Tyitinoi co30ep: komip Kabamvl, WAXmanbly Meman, OHOIpiieen KeHICMIK Kyblcmapbl, KAGAMAapanbly axcolpay, macmaiean namenb, 2a3 Moawepi, 0e2asayus, Meman
DICUHATY Pe3ePBYapbl, 243 HCUHALY, 2a30bl HCUHAY.

®opMHUpOBaHNEe METAHOBBIX KOJIJIEKTOPOB IIPH MOAPadoTKe M HAAPAOOTKe YroJabHbIX IJIACTOB

AH]—[OTal.ll/lSl. Meran [IaxT, paHee paCCManPIBaBHIP[fICS{ TIPEUMYIICCTBCHHO KaK Q)HKTOP 6630HaCHOCTI/I, B HACTOALIECC BPEMsI IPU3HAH LICHHBIM SHEPIreTHYCCKUM pe-
CYpCOM ¥ 3HAYUTEIIBHBIM ITAPHUKOBBIM I'a30M, 0COOEHHO B TaKHUX peruoHax, Kaxk KaparaH;[uchnﬁ yl"OJ’leBIﬁ Oacceiin. B paGOTe TIPUMEHACTCA KOMITJICKCHBIN noaxon,
BKJIlO‘laK)LLlI/lFl aHaJIu3 MUPOBOI'O OMNbITA JI€ra3aluu, U3y4YE€HNE ABUKECHHUS TOPHBIX IIOPOA U OCEeNaHus, MOJACIIMPOBAHUE Ira30BbIJICIICHNUA U HATYPHbBIC Ha6ﬂ}0,£leﬂldﬂ. O0BbeMbI
MyCTOT, 00Pa3yIOLINXCs IPH PACCIOCHUH TTIOPO, OMPEEISIOTCS KaK PA3HOCTh MEXK/Y TEOPETHUCCKHM U (PAKTHYECKUM 00beMaMU MYJIb/Ibl OCEAAHHUS M PACCMATPUBAIOTCS
KakK MOTCHIHAJIBHBIC PE3CPBYapbl METaHa. HpCLlJ'IO)KCHHaSI MOZCIIb ITO3BOJISICT OLICHUBATH NIPOCTPAHCTBECHHOC PACIPEACIICHUE ITyCTOT U 000CHOBBIBATH ONTUMAIBHOE pas-
MECIICHHUEC JICra3alluOHHBIX CKBAXKHUH B OTpaGOTaHHBIX TIaHeJIAX, 9TO CHOCO6CTByeT TIOBBILICHUIO N3BJICYCHUSA METaHa, CHUXKCHUIO BBI6POCOB U YITy4YIICHUIO 9KOJIOTUYECKOI
YCTOIYMBOCTH YIIIeI0OBIBAIOIIMX PETHOHOB.

Knirouesvle cnosa: yZO,’Zbell; nuiacm, waxmHuolitl Memand, nycmomal 6blpll60maHH020 npocmpancmed, mesxccioesoe paccioenue, 3a6pomeHHaﬂ nawneib, 2A30HOCHOCMb,

()eza*jauuﬂ, MemaHoswlil KOJUleKmop, HaKkonjienue 2dasda, yiasiueanue 2asd.

Introduction

Coal mine methane (CMM) represents both a potential
hazard and a valuable energy resource. During the undermin-
ing and overmining of coal seams, natural methane collectors
form in the rock mass, including bedding separation voids,
boundary cracks, and residual workings. These voids serve as
primary sites for gas accumulation and provide promising tar-
gets for methane extraction. Accurate quantification of these
void volumes is critical for improving mining safety, optimiz-
ing coal production, and developing effective strategies for in-
dustrial and domestic utilization of methane [1].

In recent decades, global attention to methane extraction
from abandoned or partially mined areas has intensified due
to environmental, economic, and energy considerations. Re-
sidual and abandoned coal seams, as well as worked-out mine
sections, are major sources of methane accumulation and mi-
gration, posing risks to surface infrastructure and atmospheric
balance. On average, one tonne of abandoned coal can contain
5-10 m* or more of methane, highlighting the potential energy
value of these otherwise inaccessible resources.

Modern methane recovery strategies integrate safety im-
provement, emission reduction, and energy utilization. They
include extraction during mining, pre-drainage of coal seams,
and recovery from abandoned workings. This study focuses
on methane collector formation during undermining and over-
mining, proposing a dynamic model to estimate bedding sep-
aration volumes and gas accumulation based on mining and
geological parameters [2].

This modeling approach provides a scientifically grounded
framework for planning safe and efficient methane extraction,
enabling better resource management in both active and aban-
doned coal mines while addressing ecological concerns and
promoting sustainable energy use.

Analysis of rock mass movement and surface deformation
processes during coal seam mining

Coal seam extraction disrupts the natural equilibrium of the
rock mass, resulting in its deformation and displacement. Im-
mediately above the goaf of the coal seam, a caving zone is
formed.

The portion of the rock mass subjected to deformations
and movements under the influence of mining operations is
referred to as the rock mass movement zone, while the section
of the Earth’s surface exhibiting subsidence and deformation
is termed the subsidence trough. The boundary of the subsid-
ence trough on the surface is defined by boundary angles [3].

Surface subsidence and deformation depend on mining and
geological factors such as seam thickness, depth, dip angle,
rock strength, overburden thickness, mining method, and ex-
traction size.

The undermining coefficient is the ratio of the actual mined
area to that required for full subsidence. Two types are dis-
tinguished: full undermining, where subsidence no longer in-
creases, and partial undermining, where subsidence continues
to grow with mining area expansion.

Ensuring methane extraction from abandoned mine panels
through surface vertical boreholes requires determining opti-
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mal borehole locations based on the intersection of the most
probable gas collectors. A model of void and fracture forma-
tion filled with gas can be constructed by analyzing patterns
of rock mass movement during longwall mining in conjunc-
tion with variations in gas-dynamic parameters of coal seams.
Based on established scientific data, at least four zones can be
distinguished (Figure 1): caving zone, fractured zone, contin-
uous bending zone (without loss of continuity), and abutment
pressure zones [4].
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1 — caving zone (disordered collapse); 2 — fractured zone, 3 —
continuous bending zone (no loss of continuity); 4 — NB and
AK — abutment pressure zones; AOB — zone of full normal
displacements; w1, w2 — full subsidence angles; MNKL —
movement zone, DP and QC — surface sections most prone to
tensile fractures; o.— seam dip angle
1 — onvipbiny atimazvl (may HCbIHbICMAPBIHbIY PEMCi3
ONvIPLLIYBL), 2 — AHCAPLIKUAKMAHY atiMagsl, 3 — MYMAacmviabl
oysvumMatimein uiny aumazwl, 4 — NB oicone AK — mipexmix
Koicoim aumaxmapwvl, AOB — monvix Kanvinmul vi2bicyiap
aumagwvl, Wi, W2 — MobIK W2y OYpbluimapbl;

MNKL — may sicoinvlcmapsl Ko32anblcbibly, atimazwl; DP ocone
QC — dicep beminir cO3bLILY AHCAPLIKUAKMAPLIHLIY MY3LTYiHe eH
betlim yuackenepi, o.— Komip KabamviHbly KYAdy OYpbluibl
1 — 30na obpywenus (xaomuunoe oopyuteHue nopoo);

2 — 30Ha MpewuHo00PA308aHSL
3 — 30na cnaownoeo useuba (6e3 Hapyuenus CnIOWHOCIU
maccusa); 4 — NB u AK — 30uw1 onopnoeco daenenus, AOB —
30HA NONHBIX HOPMATILHBIX CMEWeHUL, W1, W2 — Yelbl NOTHbIX
ocedanuti;, MNKL — 301a cO8udicenis 20pHuIX NOpoo;

DP u QC — yuacmxu 3emHoll nogepxnocmu, Haubonee
noosepiceHnvle 00PA308AHUI0 MPEUJUH PACTIAACEHUA,; O, —
V2ol nadenus y201bH020 naacma

Figure 1. Zones of influence of a longwall face on the
surrounding rock mass under full caving roof control.
Cyper 1. Toebeci TONBIK KYJIaThLIbIN 0aCKAPbLIATHIH
Y3bIH JIaBa JKaF/IaiibIHAa KOPLIAFAaH TAY *KbIHBICTAPbI
MaccuBiHe Y3bIH JJABaHBIH dCEP €Ty aiiMaKTaphl.
Puc. 1. 30HbI BIUSHUSI OUUCTHOTO 320051 HA OKPY KAIOLIUI
TOPHBII MACCUB MPH IOJTHOM O0OPYIIEHHH KPOBJIH.

Based on concepts of rock mass movement mechanisms
and coal seam gas dynamics, an analysis was performed of
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potential gas collector formation under conditions of mining
seam K- at the Industrial section of the Karaganda Basin. The
scenario considered involved extraction of the lower seam Ky,
with coal pillars left in seams Kio and Ki2 (Figure 2). Calcu-
lations and analysis indicate that the height of the disordered
caving zone for seam K- is 6.0 m, and it does not encompass
any coal seams or interbeds.

1 — disordered caving zone, ho = 6 m; 2 — fracture formation
zone, ho = 40 m; 3 — continuous bending zone of rock layers;
4 — bedding separation voids
1 — pemciz onvipviny aiimaewl, ho = 6 m;

2 — orcapuikuakmapoviy mysiny avimazel, ho = 40 m;

3 — may srcviHbicmapsl KAbammapulubly mymac uiny
atimazel; 4 — KAbamapanslk axculpay Kyblcmapbl
1 — 30na becnopadounozo obpyuienus, ho = 6 m; 2 — 30na
obpasosanua mpewjut, ho = 40 m;

3 — 30Ha cniowno20 uzeuda cioes 20pHLIX NOPoO;

4 — nonocmu mMexnccio0es020 paccioeHsl

Figure 2. Schematic diagrams of rock mass movement.
Cyper 2. Tay :KbIHBICTAPbI KO3FAJIbICHIHBIH ChI30aJIBIK
cxeMaJjiaphbl.

Puc. 2. CxemaTuuecKue cXeMbl JIBH:KEHHsI TOPHOTO
MaccuBa.

Seams Ks and Ko fall within the 40-m-high fracture zone and
release methane into the goaf of the K7 longwall. Seams Kio,
K1, and K2 lie in the continuous bending zone without loss of
continuity. The maximum subsidence in the region of full sub-
sidence angles is concentrated toward the center of the longwall.
The undermined seams Kio and K, entering the movement
zone, experience unloading from mining pressure and deflect
toward the goaf. Since the roof rock strength of seams Kio and
Ki2 (5.2 and 4.5, respectively) is substantially higher than that
of the coal seams, bedding separation voids may form at coal-
rock contacts during layer deflection. These voids become filled
with methane desorbing from the unloaded coal seams [5]. This
desorption process continues until a new equilibrium is estab-
lished in the coal-methane dynamic system following cessation
of movement and restoration of mining pressure.

During overmining, underlying rocks bend toward the goaf
and separate at lithological contacts, forming voids that fill
with methane from the fractured seam. When stresses exceed
rock strength, fractures develop, creating pathways that con-
nect to the goaf and lead to gas release into the workings.



[eoMexaHIKa

65

Mathematical Model of Dynamic Subsidence Trough for
Undermined Rock Layers

Analysis of the movement mechanisms in undermined and
overmined coal seams has revealed that the most probable gas
collectors, from the perspective of potential extraction from
abandoned panels, include:

- bedding separation voids at coal-rock contacts located
within the continuous bending zone (without loss of continu-
ity) of the rock mass, positioned beneath the center of the ex-
traction panel;

- boundary voids formed at the edges of extraction panels
within the movement zone bounded by boundary and full sub-
sidence angles;

- stopped development workings and other unfilled mine
workings.

Consider a plane problem of rock mass movement in the
vertical xOz plane, perpendicular to the longwall face and
passing through its center. The longwall is oriented parallel to
the Oy axis. The subsidence of point 4 in the upper half-plane
is analyzed under conditions of full undermining and complete
roof caving.

The longwall moves from point O along the x-axis at veloc-
ity v, reaching point C after time t, covering distance v¢. Each
extracted seam element causes a small surface subsidence, and
total subsidence is the sum of all contributions. In Figure 3,
segment Oa shows roof hanging over a stationary face, while
bC shows hanging over the advancing face, corresponding to
the horizontal displacement of the trough’s inflection point rel-
ative to the extraction boundary or moving face.

The final subsidence value for a point located in the xOy
plane can be determined according to Equation (1):

no g
f e L7 . (1)

Z

n(x.z) =

Performing variable substitution and integration using the
Newton-Leibniz formula yields Equation (2):

5,013

n(x,2,6) = ""{ —(t—d—x)]—

5,013 _ } )

where 1o is the maximum surface subsidence under full un-
dermining (m);

L z is the half-length of the subsidence trough at horizon
z (m);

x and y are coordinates of the point on the surface or within
the rock mass where movement parameters are determined (m);

v is the longwall advance rate (m/month); t is the time at
which the movement parameters at the point are evaluated
(months; time zero corresponds to the start of the setup entry);

da is the main roof hanging at the advancing face over the
extraction panel boundaries (m); d is the main roof hanging
over the fixed boundary of the extraction panel (e. g., on the
setup entry side) (m);

erfis the standard Gaussian error function [7].
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a — plan view; b — vertical cross-section
a — Jicocnapoazel KepiHic; 6 — mik Kuma
a — 6ud g naaue, 6 — BePMUKANLHBII PA3PE3

Figure 3. Schematic of dynamic subsidence trough
formation.
Cypet 3. JIMHAMUKAJIBIK OTY MYJIbIACHIHBIH
KAJIBINTACY ChI30achl.
Puc. 3. Cxema ¢popMupoBaHUS THHAMHYECKOH MYJIb/IbI
oceraHmsl.

This expression represents the mathematical model of the
dynamic subsidence trough formed on the Earth’s surface or
at horizon z at a given time instant. It enables determination of
the subsidence magnitude at a point with coordinates x, y, z on
the surface or within the rock mass at time # during longwall
advance at velocity v.

Determination of Bedding Separation Volumes under Un-
dermining Conditions

Assume that a longwall panel 4:B: has been extracted at
depth H (Figure 4) (the problem is solved for gently dipping
seam conditions). Full undermining occurs along the y-axis.
It is known that main roof hanging occurs over the bound-
aries of the extraction panel, with the hanging magnitude d
being a function of depth: d = f(H), expressed according to
Equation (3):

ctqy — ctqéd, 3)
—

Since the surface movement zone along the principal
cross-sections of the trough is bounded by boundary angles,
the infinite limits in the latter expression can be replaced with
finite ones. Thus, integration of Equation (3) is performed over
the extraction boundaries extended by half the half-trough
length, using the standard Gaussian integral function and

d=H
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Figure 4. Schematic of bedding separation void formation
above the boundaries of the longwall extraction panel.
CypeT 4. ¥3bIH J1aBaHbIH OHIpY NaHeJi HIeKkapaJjapbl

yeTinae KadaTapajblK KybICTAPABbIH KAJBINTACY
cbI30achl.
Puc. 4. Cxema 00pa3oBaHusl MeKCJI0€BBIX MYCTOT HAJL
rpaHUIIAMU OYUCTHOI MaHeJH AJIMHHOTO0 320051,

introducing boundary conditions S:. After transformations,
Equation (3) takes the form of Equation (4):

Consequently, the area of the surface subsidence trough (in
vertical cross-section) equals twice the product of the relative
surface subsidence factor, the extracted seam thickness, and
the calculated half-length of the extraction panel.

At contacts between undermined layers of different phys-
ico-mechanical properties, when a stronger, thicker layer (e.
g., sandstone) overlies a weaker one (e. g., argillite or coal
interbed), the most favorable conditions arise for bedding sep-
aration void formation and gas filling. The sandstone layer
exhibits greater hanging d, than the weaker layer d,. In other
words, the inequality holds (5):

dg > d,. )

The subsidence curve equation for the upper line of the
weaker layer is written as Equation (6):

= [E55 (a)
S )

The subsidence curve equation for the lower line of the up-
per layer (sandstone) is written as Equation (7):

P )
5,013 (1)1 g x)]} 7

Since the hanging magnitude equals the horizontal dis-
placement of the subsidence curve inflection point relative to
the longwall face, and considering condition (5), it is evident

nx), =
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(Figure 4) that the curve described by Equation (6) is horizon-
tally shifted relative to the curve in Equation (7) by the dis-
tance d, between the upper and lower planes of the bedding
separation void at the inflection point, calculated according to
Equation (8):

dsep =d;—d;. (8

The difference in subsidence is calculated according to
Equation (9):

Nx)y —Nx); = n(x)sep, )
where 1(x), B is the subsidence of a point on the upper line of
the weaker layer (m);

N(x), is the subsidence of a point on the lower line of the
sandstone layer (m);

An(x) represents the vertical dimension of the void in a
cross-section at distance z from the origin.

Substituting the values of n(x), and n(x), into Equation (9)
yields Equation (10):

q,,m{e”r 5?%(%_‘1 +x)]+erf[5 0,13(D1 = )] }(10)

Ny == —erf [5 013 (%_ i+ x)] —erf [5 013 (&_ d, - X)]

LZ

From Equation (6) it follows that the shape of bedding sep-
aration voids is determined by the bending pattern of layers
above the extraction panel boundaries. Graphical construc-
tion of subsidence curves for the two layers using Equations
(6) and (7) outlines the bedding separation void contour and
shows that it has an S-shaped form in vertical cross-section.

The spatial problem is reduced to determining the volume
of bedding separation voids as the difference between the sub-
sidence trough volume without roof hanging and the actual
trough volume with hanging, according to Equation (11):

Vsep =V a=0—Vers (11)
where V, _,is the surface subsidence trough volume without
hanging (m?);

V,. is the actual surface subsidence trough volume (m?).

The subsidence trough volume without hanging can be rep-
resented as a double integral of the subsidence trough equation
for the spatial problem according to Equation (12):

DL Dy L

v qu fT*i { 5,013(D1+ >]+
=0 = Gk ) By erf|—p (7 %

e[ ) [ )
5,013(02

3~ y)]} dxdy. (12)

+erf

Performing integration of Equation (12) analogously to the
plane problem yields the surface subsidence trough volume
without hanging according to Equation (13):

Vi-o = qomD4D;, (13)
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i. e., the subsidence trough volume without hanging equals
the extracted mineral volume multiplied by the relative surface
subsidence factor, since not the entire extracted seam portion
participates in rock movement, but a reduced portion account-
ing for hanging by magnitude d.

In this case, the actual subsidence trough volume is deter-
mined according to Equation (14):

L L
51+7 Sz+i

q,m 5,013
Vt,.=—4 f L L{erf[ I (Sl+x)]+
=(S1+3) 7=(S1+3)
5,013 5,013
+ erf[ (81— x)]} X {erf[ i (8, + y)] +
5,013
+ erf[ T (52— y)]}dxdy. (14)
After integration, Equation (15) is obtained:
Vir = 4qomS;S;. (15)

Taking into account Equations (11) and (15), the sought bed-
ding separation volume is written according to Equation (16):

Vi = 2qomd(Dq + Dy + 24d). (16)
The derived relationship shows that the volume of bedding
separation voids formed in the rock mass at a stationary long-
wall face depends on the extraction panel dimensions, seam
thickness, and main roof hanging magnitude. Under full un-
dermining along the x- and y-axes, bedding separation voids
are distributed along the perimeter of the extraction panel [8].
Performing integration analogously to the plane problem
with respect to variable x, after variable substitution and im-
position of boundary conditions, Equation (17) is obtained:
Vi = 2qomS, (vt +d, — d). (17)
To determine bedding separation void volume above the
extraction panel with an advancing face, the surface subsid-
ence trough volume without hanging is calculated by integrat-
ing Equation (5) along the x- and y-axes within the surface
movement zone. The subsidence trough volume in this case is
calculated according to Equation (18):
Vgi—o = qomvtD,. (18)
From Equations (17) and (18) it is evident that the sur-
face subsidence trough volume above the advancing face is
time-variable and depends on the geometric dimensions of the
extracted space. The latter, besides longwall length, depend on
face advance rate and time elapsed since setup entry excava-
tion. Accordingly, bedding separation void volume must also
be time-variable. Representing bedding separation void vol-
ume as the difference between two subsidence trough volumes
(without hanging and with hanging) yields Equation (19):

sep = tr vtD, a
Since 2 Sz = D> — 2d (see Figure 4), V_p is expressed ac-

cording to Equation (20):

Vsep = qom(D; — 2d)(d, + d) + 2dvyt, (20)

or according to Equation (21):
. L 21
AN R @V

Thus, bedding separation void volume depends on longwall
length (size S:), main roof hanging magnitudes, face position,
and seam thickness [9]. Void volume for an advancing face
increases over time due to progressive extension of extraction
boundaries over gate roads (haulage and ventilation). Equation
(21) enables a differentiated approach to establishing the spa-
tial distribution of void volumes relative to extraction panel
boundaries, namely:

Vair = 2q0S2d, — above the advancing longwall face (m?);

Vase = 2q9S,d — above the setup entry (installation road-
way) (m?);

Vaa = qomdvt — above haulage and ventilation drift (m?).

In the presence of numerous gas-bearing satellite seams,
the void and bedding separation volumes considered in this
section constitute powerful collectors into which gas migrates
from unloaded coal seams.

Conclusion

The study of rock mass behavior during undermining and
overmining of coal seams has demonstrated that the formation
of methane collectors is primarily controlled by the creation of
bedding separation voids, boundary voids, and residual work-
ings within the rock mass. These structures represent the most
significant sites for potential methane accumulation in aban-
doned and partially mined panels.

A dynamic mathematical approach was developed to de-
scribe the temporal evolution of the subsidence trough and as-
sociated void volumes. By employing Gaussian integral-based
representations of vertical displacements, the model enables
quantitative assessment of bedding separation volumes as
functions of longwall advance, seam thickness, and main roof
hanging magnitudes. This methodology provides a robust
framework for estimating the spatial distribution and capacity
of methane collectors under complex mining conditions.

The results indicate that void formation and methane ac-
cumulation are highly sensitive to both the geometry of ex-
traction panels and the dynamics of mining operations. In par-
ticular, the time-dependent advancement of the longwall face
significantly influences the development and enlargement of
voids, emphasizing the necessity of incorporating dynamic
factors in planning methane recovery strategies.

Overall, the proposed approach bridges theoretical mod-
eling of rock mass deformation with practical applications
in methane resource management, offering a scientifically
grounded basis for predicting gas storage capacity, optimizing
extraction from abandoned panels, and ensuring safe and effi-
cient utilization of coal mine methane.
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