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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.
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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 —
mopmenb Kapkamanse u Xaytuesa (2015). ITosryueHHbIE 3aBUCMMOCTY IIPUMEHMMBI JIJISI OLIEHKM ITPUPOITHOM
MIPOHUIIAeMOCTH YTOJbHBIX IJIACTOB B HEHapyIllleHHOM MacCUBe.
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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
0.175+

0.8 0.150+
a o
g § 0.125-
2 0.6 kS
= & 0.100+
e 5
OE) 0.4- Ié 0.075
= =
o & 0.050-

0.2

0.025 +
0 T T T T O T \I 1 T
0 10 20 30 40 50 0 10 20 30 40 50
Mean stress, MPa Mean stress, MPa
—C,=0.01 —C,=0.05 —C,=0.10
a b

1.0 0.12

0.8 0.10
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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