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A B S T R A C T   

Both carbon dioxide and hydrogen can be stored in coal seams as two enabling components of energy transition 
from fossil-based systems to renewable sources. In both cases, understanding the evolution of coal permeability 
under the influence of gas adsorption is extremely important. The gas sorption-induced deformation is commonly 
treated by analogous calculation of thermal expansion. This assumption has long been proved to be inconsistent 
with observations as reported in the literature. In this study, we hypothesize that the difference between the 
assumption and the reality is due to self-constrained/facilitated swelling phenomena during gas injection. Under 
this new hypothesis, coal could be constrained or facilitated depending on coal internal structures and processes. 
A concept of fictitious stress is introduced to quantify coal self-constrained or facilitated degree and converted 
into the equivalent effective stress. This conversion has transformed the conventional effective stress principle to 
unconventional one. This has led to new generic coal permeability model, which has been validated by exper
imental data. An analysis of stress state evolution during gas storage process is conducted. Our results suggest 
that our coal permeability model is a valuable tool for evaluation of gas storage in coal seams.   

1. Introduction 

Carbon neutrality, defined as a state of net-zero carbon emissions, 
can be realized by equalizing the overall carbon dioxide or greenhouse 
gas emissions through initiatives that focus on carbon offsetting or 
removal [1,2]. Achieving carbon neutrality aligns with the Paris 
Agreement’s call of limiting the global temperature rise to within 1.5 ◦C 
compared to pre-industrial levels [3]. Among the fundamental strategies 
for achieving carbon neutrality are the development and utilization of 
clean energy sources, as well as the application of carbon capture and 
storage technologies [4]. In this context, hydrogen, as an energy carrier 
to replace natural gas [5,6], is considered the future of clean energy 
sources due to its high energy density and relatively low carbon foot
print [7,8]. Electricity derived from renewable energy sources, such as 
geothermal, biomass, hydro, solar and wind, can be employed in the 
electrolysis of water to produce hydrogen gas [9]. The hydrogen pro
duced can be stored for utilization across various sectors including 
transportation, industrial, residential, utility, chemical, and agricultural 
domains [10]. However, due to hydrogen’s low volume density, large 
storage spaces are needed for an industrial-scale hydrogen economy, 
which surface facilities like tanks and pipelines cannot provide [11]. 
Additionally, the progressively increasing emissions of greenhouse gases 

necessitate the establishment of geological storage sites on a gigatonne 
scale for sequestration [12]. Consequently, to satisfy the growing de
mand for carbon neutrality and support the transition to clean energy, 
there is a need to expand the capacity of repositories for geological 
storage of both CO2 and H2. 

Among the various options for underground gas/energy storage sites, 
coal seams emerge as the optimal choice [13,14]. The primary advan
tages of coal seams encompass the following aspects: 1. due to its rela
tively larger surface area, it can adsorb large amounts of CO2 [15] and 
H2 [16–19]; 2. unlike free gas in conventional reservoirs, the chance of 
leakage for adsorbed gas is minimal [13]; 3. availability of existing 
surface and subsurface infrastructure for gas injection/production [20]; 
4. several prospective locations have been experimented with for storing 
gases, including CO2 and flue gas [17]; 5. widely distributed coal seams 
across the globe have the potential to offer storage capacities at the 
gigatonne scale [21]. 

Permeability is one of the important reservoir parameters for the 
geological storage of CO2 or hydrogen in coal seams, as it can directly 
affects the gas injection process [22,23]. The storage mechanism of 
gases in coal seams primarily relies on the adsorption characteristics of 
coal [19]. The sorption mechanism in coal seams is believed to be a 
complex physicochemical process including interactions between the 
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gas and the coal matrix [19,24].Generally, the permeability of coal 
seams is subject to change due to various influencing factors during the 
process of gas injection and extraction [25–27]. Wherein, gas adsorption 
can lead to significant changes in the permeability of coal seams [23, 
28]. However, accurately predicting these changes during gas injection 
remains a challenge. Traditionally, the theory of Poroelasticity suggests 
that rock mass permeability is governed solely by effective stress [29]. 
According to this theory, when the effective stress remains constant, 
permeability should be a constant as predicted by this theory and will 
not change with the gas type or the injection pressure [30]. This pre
diction, however, contradicts experimental data [31]. To explain these 
discrepancies, many permeability models have been derived. Although 
it is generally believed that the evolution of coal permeability is jointly 
controlled by the change of effective stress and adsorption [32], 
experimental data showed that methane desorption would lead to the 
decrease of effective stress with the decrease of gas pressure [33]. It was 
also reported that the effective stress acting on coal can be changed by 
gas adsorption under the triaxial stress condition [34]. How, therefore, 
to characterize the stresses generated in the process of gas adsorption 
which are not explicitly included in the effective stress theory becomes 
the key of resolving this dilemma. 

The concept of adsorption stress or the internal stress induced by gas 
adsorption had been used to represent the effect of gas adsorption [35]. 
By making an analogy between thermal expansion and matrix swelling 
associated with gas adsorption in coalbeds [26], the adsorption stress is 
calculated by measuring the volume expansion and Hooke’s law [36]. 
Despite the fact that this approach has been applied by many works to 
account for the adsorption stress [37], there are four primary concerns 
that require our focused attention: 1, the adsorption stress calculated by 
this method can only reflect the stress under constant volume boundary 
condition [23]; 2, in this method, coal is assumed to be homogeneous, 
there will be no thermal stress after the homogeneous expansion 
deformation reaches equilibrium according to the thermodynamic the
ory [38], so this method cannot explain the evolution of coal perme
ability under the condition of free expansion [39]; 3, the 
differential/heterogeneous swelling strain/stress due to coal hetero
geneity/inhomogeneity is missed [40,41]; 4, such treatment do not 
necessarily follow thermodynamic laws as discussed [42]. 

The major objective of this study is to characterize the influence of 
adsorption on effective stress and, based on this, to analyze the evolu
tionary behavior of coal seam permeability during the process of gas 
storage. We introduced the self-constrained/facilitated adsorption- 
swelling concept to describe the heterogeneous swelling process due to 
the non-uniformly distributed spatial structures. As a measure of self- 
constrained/facilitated adsorption-swelling behavior, fictitious stress is 
introduced and incorporated into the conventional effective stress 
principle. This incorporation has led to a new generic coal permeability 
model. The model is degenerated into a spectrum of specific models 
from stress controlled to displacement controlled and are validated 
through matching observations. 

2. Literature review 

In unconventional gas reservoirs such as coalbeds and shale reser
voirs, the effective stress law is widely used as both gas sorption and 
effective stress significantly impact the deformability and fracture 
permeability of these reservoirs. Terzaghi first proposed the effective 
stress law, in mathematical form, Terzaghi effective stress σT

e is 
expressed as the difference between total stress σc and pore-fluid pres
sure p [43] 

σT
e = σc − p (1) 

It should be noted that compressive stress is regarded as positive in 
this context. Terzaghi’s treatment represents a specific case of saturated 
soils with incompressible grains, thereby offering a limited scope of 

applicability [44]. Subsequent to Terzaghi’s approach, a modified 
version was introduced for porous media by Biot [45], who proposed the 
following effective stress law: 

σB
eij = σcij − αpδij (2)  

Where σB
e is the Biot effective stress tensor, σcij is the total stress tensor, 

δij is the Kronecker delta, and α is the effective stress constant, which is 
also known as the Biot coefficient. 

The changes in porosity and permeability are believed to be directly 
related to changes in effective stress [46]. Whereas the relationship 
between coal permeability change and effective stress change can be 
defined as [28,29,47]. 

k
k0
= exp

(
− 3cf Δσe

)
(3)  

Where k0 is the initial permeability, k denotes the permeability value 
disturbed by effective stress variation Δσe, cf is the coal fracture 
compressibility. Coal permeability data can be well explained by Eq. (3) 
when the flooding gas is non adsorptive gas: when the effective stress 
decreases, the permeability increases exponentially [47]; when the 
effective stress keeps constant, the permeability ratio remains un
changed around 1 [48]. However, when this theory is used to explain the 
experimental data of the permeability as the percolation gas is adsorp
tive like methane or CO2, there will be obvious deviation [31]. The 
reason is that the stress generated in the adsorption process plays a 
significant role, but has not been incorporated into the effective stress 
principle [28,39]. Different methods have been tried to incorporate the 
adsorption/swelling stress into the conventional effective stress princi
ple (normally Eq. (1) and Eq. (2)). 3 types of handling approach about 
the adsorption/swelling stress can be listed according to specific 
definitions: 

2.1. Type 1. analogous method of calculating thermal expansion stress 

For most of the previous works, when it refers to evaluate the effect 
of adsorption on the change of stress state for unconventional reservoirs, 
the analogy calculation of thermal expansion stress is usually used [26, 
36,37,49]. 

Δσs =KΔεV
s (4)  

Where Δσs denotes the stress increment induced by gas adsorption, K is 
the bulk modulus and ΔεV

s is the volumetric strain increment caused by 
gas adsorption. By incorporating this adsorption stress into the con
ventional effective stress principle, the increment of effective stress can 
be rewritten as [23,35,42] 

Δσe =Δσc − αΔp+KΔεV
s (5) 

According to the theory of thermodynamics, the thermal stress refers 
to the stress generated as temperature change induced volumetric 
deformation is completely constrained [38]. Therefore, the adsorption 
stress calculated by the method of analogy (Eq. (4)) can only reflect the 
stress state when the adsorption induced volumetric deformation of coal 
is completely constrained (i.e. constant volume (CV) condition) [42], 
and Eq. (5) should only represent the effective stress change under the 
CV boundary. On the other hand, coal is assumed to be a homogeneous 
material with inherent properties uniformly distributed within a 
controlled volume, adsorption stress disappeared in the case of uncon
strained swelling (also called as free swelling condition), where Eq. (5) 
degenerated into Eq. (1). However, such assumption is not consistent 
with experimental data, in which the injection of adsorbed gas will lead 
to significant changes in coal permeability even under the constant 
effective stress condition [50]. 
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2.2. Type 2. method of separating adsorption stress 

After realizing that utilizing the entire volume swelling deformation 
caused by adsorption to calculate the adsorption stress may result in an 
overestimation [51], a secondary approach was proposed, which as
sumes that only a portion of the volume strain due to adsorption is 
relevant to the swelling stress [28]. Compared with Eq. (5), a partition 
coefficient was proposed to calculate the swelling stress: 

Δσe =Δσc − αΔp+ f ∗ KΔεV
s (6)  

Where f is a constant between 0 and 1, when f equals to 0, it indicates 
that adsorption will not lead to the generation of adsorption stress. 
When f equals to 1, it indicates that all deformation caused by adsorp
tion contributes to the adsorption stress, and this form degenerates into 
the first type. This approach can better match experimental data to some 
extent compared to converting all adsorption strains into adsorption 
stresses, but the physical meaning behind this ratio still needs to be 
studied. 

Type 3. Method of modifying the Biot coefficient. 
The Biot’s coefficient has traditionally been regarded as a constant. 

However, in some studies, the Biot coefficient is expressed as a function 
of the adsorption stress caused by pressure changes, along with the 
change in effective stress caused by pressure changes, the effective stress 
law has been extended to sorbing media [44,45]: 

Δσe =Δσc − α(εs)Δp (7)  

α(εs)= 1 −
K
Ks

+
KεL

PL + p
(8)  

Where α(εs) is the modified Biot coefficient, which is a function of pore 
pressure and related to coal adsorption parameters, elastic modulus. 
Although there are different expressions of the Biot coefficient function, 
the volumetric strain caused by adsorption is still used to calculate the 
adsorption stress when dealing with the relationship between adsorp
tion strain and adsorption stress. This method, in essence, is only 
applicable when all the volume deformation caused by adsorption is 
constrained, that is, the constant volume boundary conditions. 

The common feature of the three common treatment methods for 
adsorption stress summarized above is to limit the expansion deforma
tion of coal (whether it is fully or partially limited) and convert the 
limited adsorption strain into adsorption stress. This method obviously 
cannot explain the evolution law of coal permeability without 
displacement constraint, especially the permeability change behavior 
under free expansion [31]. Understanding the changes in stress state 
caused by adsorption under unconstrained boundary conditions is of 
great significance for interpreting these data. 

3. Concept of fictitious stress 

In this current effort, the concept of fictitious stress is introduced as 
an attempt to understand the microscopic basis of adsorption stress and 
the self-constrained/facilitated adsorption-swelling behavior in coal. 

3.1. Self-constrained/facilitated adsorption-swelling behavior 

Over the past decades, micro scale characterization of coal structures 
and gas adsorption caused coal deformation have been captured through 
the advanced X-ray CT (computerized tomography) and SEM (scanning 
electron microscopy) [52]. The micro-CT scan results indicated that, by 
nature, coal is a heterogeneous/inhomogeneous material with different 
mineral/matrix compositions [53] and heterogeneous pore structures 
[54,55] randomly distributed inside. The heterogeneous nature of the 
spatially non-uniform distribution of the coal matrix results in mutual 
interactions between the internal matrices and fractures during the 
adsorption swelling process [56,57]. 

In various studies, this behavior has been observed through X-ray CT 
or SEM imaging of different coal samples during gas adsorption pro
cesses. We have compiled several pieces of evidence from published 
works and presented them in Fig. 1. The non-uniform change of 
normalized bulk densities due to CO2 adsorption show the swelling 
deformation of matrix are locked by surrounding components [56], as 
shown in Fig. 1(a). As the most direct response, such heterogeneous 
swelling and deformation of the matrix will squeeze each other [58], 
lead to compression of the fracture aperture even in the absence of 
displacement or loading constraints [52], as shown in Fig. 1 (b). In this 
paper, we define this phenomenon as a self-constrained adsorption-sw
elling behavior. Apparently, this self-constrained adsorption-swelling 
process can be reflected in that the swelling deformation of the matrix is 
constrained in the microcosm, and a smaller volumetric deformation is 
measured in the macroscopic [59], as represented in Fig. 1 (c). Where a 
smaller volumetric strain of coal mass is measured compared to the coal 
matrix inside. However, there is also evidence that gas adsorption does 
not always result in mutual binding of internal components. For 
example, Scanning electron microscopy images show that CO2 adsorp
tion can also lead to an increase in the opening of coal internal pores 
[15]. Based on the provided data, the coal samples exhibited a range of 
microscopic pore opening changes from a 9.1 % decrease to a 17.3 % 
increase after exposure to CO2, with an average increase of 10.5 %, as 
illustrated in Fig. 1 (d). It is obvious that in this special case, adsorption 
will lead to the enlargement of internal pore aperture and thus facilitate 
permeability. In this research, we refer to this behavior as the phe
nomenon of self-facilitated adsorption-swelling. The 
self-constrained/facilitated adsorption-swelling phenomena is a mani
festation of coal heterogeneity during gas adsorption, such behavior 
leads to internal swelling even in the absence of external confining 
pressure. Thus, affecting the fracture aperture change and leading to an 
enigmatic behavior of coal permeability evolution even in the 
completely free swelling condition. Quantifying the internal swelling 
strain/stress caused by self-constrained/facilitated adsorption-swelling 
phenomena will help to analyze the influence of adsorption on the 
change of reservoir properties. 

3.2. Fictitious stress and the unconventional effective stress 

In the previous section, we introduced the concept of self- 
constrained or self-facilitated adsorption-induced swelling behavior in 
coal. This behavior arises as a macroscopic manifestation due to the 
mutual constraints or promotions among the microstructural compo
nents of the coal. We assume that this macroscopic effect can be rep
resented by a fictitious stress. By employing such homogenization 
method, the internal stress induced by adsorption in coal can be char
acterized and eventually incorporated into the conventional effective 
stress principle. 

To start, the four balls represent the Representative Elementary 
Volume (REV) of coal mass, as shown in Fig. 2 (a). The balls represent 
the matrix grains, and the voids between the particles represent the 
pores of coal. The volume of coal mass Vc is composed of the volume of 
solid matrix grain Vs and pore volume Vp, which is Vc = Vs + Vp. Then, 
by definition, the initial porosity of coal mass can be expressed as φ0 =

Vp/Vc. 
Gas adsorption leads to the swelling of coal matrix [60]. If a homo

geneous and isotropic coal is considered, the coal sample will expand 
completely freely. A uniform swelling caused by gas adsorption will 
occur at the equilibrium state with a pressure rises by Δp, as shown in 
Fig. 2 (b). Under this condition, gas adsorption results in proportional 
expansion of matrix, pores, and coal mass. Thus, the change of matrix 
strain (Δεs

m) and coal mass strain (Δεs
c) is equivalent to the due to the 

volume change with proportional variation [23]. If we define the coal 
mass swelling at that condition as the unconstrained swelling case and 
denote the swelling strain by εs1, which is the unconstrained swelling 
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strain for coal mass. Then we have εs1 = Δεs
c = Δεs

m. By assuming that 
the adsorption strain of coal matrix in this uniform swelling condition 
obey the Langmuir type deformation curve [61], the adsorption induced 
matrix strain can be written as: 

Δεs
m =

p ∗ εLm

p + PLm
−

p0 ∗ εLm

p0 + PLm
(9)  

Where p is the current gas pressure, p0 is the initial gas pressure, εLm and 
PLm represent the Langmuir constants for the coal matrix, which can be 
measured directly in the laboratory by using a small sample containing 
only matrix [62]. 

However, as shown in previous CT scans, the uniform swelling state 
which shown in Fig. 2 (b) may hardly occur due to the interaction be
tween the internal microstructures of coal. In fact, the deformation of 
coal caused by gas adsorption is a heterogeneous swelling process 
related to the internal heterogeneous compositions, which may finally 
present a self-constrained expansion state (Fig. 2 (c)) or even a self- 
facilitated expansion state (Fig. 2 (d)). Here we use εs2 to represent 
the heterogeneous swelling strain of coal mass, for ease of differentia
tion, we use ε′

s2 to represent the self-constrained swelling strain and ε″
s2 

to represent the self-facilitated swelling strain. For these two conditions, 
the corresponding coal mass strain (ε′

s2 or ε″
s2) is the adsorption strain 

measured at the sample scale [50]. Different from the testing approach 
of matrix, the adsorption strain at the sample scale is highly heteroge
neous, and the self-constrained/facilitated adsorption-swelling behavior 
is striking. The experimental data show that the adsorption strain of coal 
mass also currently conforms to the Langmuir form [63] 

Δεs
c =

p ∗ εLc

p + PLc
−

p0 ∗ εLc

p0 + PLc
(10)  

Where εLc and PLc are the Langmuir strain constant and pressure con
stant, which can be measured directly in laboratory with coal samples. 

With the help of micro-CT scan results, we have described this self- 
constrained/facilitated adsorption-swelling process qualitatively. But 
quantitatively, it is extremely challenging to quantify the amount of 
adsorption strain that remains concealed from microstructural obser
vation, owing to the intricate nature of coal structures. Moreover, there 
is limited literature on the influence of adsorption-induced stress vari
ations resulting from matrix fracture interactions on the change of 
effective stress. Since the consequence is obvious, where a macroscopic 

Fig. 1. Evidence of the self-constrained/facilitated swelling cases. (a) non-uniform swelling case [56]; (b) suspected self-constrained swelling case [52]; (c) suspected 
self-constrained swelling case [59]; (d) suspected self-facilitated swelling case [15]. 

Fig. 2. Illustration of gas adsorption induced internal swelling stress concept. (a) initial equilibrium state; (b), uniform swelling state; (c) self-constrained and (d)self- 
facilitated adsorption-swelling case, differential strain generated compared with uniform swelling case. 
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differential swelling strain exists between complete free and self- 
constrained condition, as measured before [15,59]. In this research, 
two different symbols are used to denote the differential strain, Δεh for 
the macroscopic differential strain of the self-constrained condition and 
Δε′

h for the self-facilitated condition. With the previous findings in mind, 
an alternative approach can be employed to measure the effect of such 
self-constrained/facilitated adsorption-swelling phenomena. Such a 
mysterious phenomenon can be considered as a ‘fictitious stress’ that 
restricts/promotes the unconstrained uniform swelling of the coal mass. 
Clearly, for the case of self-constrained adsorption-swelling condition (e. 
g., Fig. 1(b) and (c)), it can be understood as the existence of a hypo
thetical force, which we define as the ‘fictitious stress’ that pushes the 
coal back from the unconstrained swelling state to its current state, as 
illustrated in Fig. 2 (c). On the other hand, in the case of self-facilitated 
adsorption-swelling deformation (as shown in Fig. 1(d)), the effect of 
this fictitious stress is reversed, as depicted in Fig. 2(d). By assuming that 
this macroscopic fictitious stress conforms to Hooke’s law, the magni
tude of the fictitious stress is directly proportional to the magnitude of 
the differential strain between the uniform swelling case (εs1) and the 
heterogenous swelling case (εs2). For the uniform swelling case, as 
previously mentioned, we have (εs1 = Δεs

c = Δεs
m), thus (εs1) can be 

determined through matrix strain measurement, as shown in Eq. (9). For 
the heterogeneous swelling strain (εs2), it refers to the adsorption strain 
measured at the sample scale, which is represented by Eq. (10). Thus, 
the fictitious stress increment Δσfic can be expressed as: 

Δσfic =K(εs1 − εs2)=K
(
Δεs

m − Δεs
c

)
(11)  

Where K is the bulk modulus of coal mass, which can be expressed as 
K = E/3(1 − 2ν), E is the Young’s modulus and ν is the Poisson’s ratio. 
For self-constrained behavior, Δεs

m is greater than Δεs
c, thus Δσfic is 

greater than 0, indicating compressive stress; for self-facilitated 
behavior, Δεs

m is less than Δεs
c, and Δσfic is less than 0, indicating ten

sile stress. 
Similarly, we assume that the variations in effective stress resulting 

from the heterogeneous swelling deformation process of coal samples 
caused by other physical or chemical property changes (such as thermal 
related heterogeneous swelling and hygroscopic expansion deformation 
[32]) can also be addressed by analogy as this 
self-constrained/facilitated deformation behavior, which is Δσfic = K(Δ 
εt

m − Δεt
c) and Δσfic = K(Δεh

m − Δεh
c ). Where Δσfic represents the ficti

tious stress increment, Δεt
m and Δεh

m are the increments of matrix strain 
caused by thermal expansion and hygroscopic swelling, Δεt

c and Δεh
c are 

the increments of coal strain caused by thermal expansion and hygro
scopic swelling, respectively. Assuming that these three types of ficti
tious stress can be superimposed on each other, then the fictitious stress 
can be extended into three types of stress sources. 

Δσfic =K
( (

Δεs
m − Δεs

c

)
+
(
Δεt

m − Δεt
c

)
+
(
Δεh

m − Δεh
c

))
(12) 

By incorporating Eq. (12) into the conventional Biot effective stress 
principle, the effect of self-constrained/facilitated adsorption-swelling 
deformation on the change of effective stress can be explicitly expressed 
as: 

Δσu
e =Δσc − αΔp+Δσfic (13) 

For ease of reference, in this research we name Eq. (13) as the un
conventional effective stress (UES) principle, the effective stress calcu
lated through Eq. (1) and Eq. (2) is named as the conventional effective 
stress. Apparently, for the assumption of a uniform swelling/shrinking 
deformation case, gas adsorption or hygroscopic induced coal matrix 
strain and coal mass strain are same, the fictitious stress vanished and 
the UES theory degenerated into the conventional effective stress form. 

3.3. Fictitious stress dependent permeability models 

Through incorporating the fictitious stress concept into the conven
tional effective stress principle, we have obtained the unconventional 
one. By substituting Eq. (13) into Eq. (3), a new generic UES-dependent 
coal permeability model is obtained: 

k
k0
= exp

(
− 3cf

(
Δσc − αΔp+Δσfic

))
(14)  

When interpreting permeability data measured in the laboratory or in 
the field, different boundaries are considered. According to the loading 
mode of coal sample boundary conditions, it can be divided into stress- 
controlled boundaries (constant confining pressure (CCP), constant 
Terzaghi effective stress (CTES), constant pore pressure (CP)) and 
displacement-controlled boundary conditions (constant volume (CV), 
uniaxial stress (UAS)), the illustration of these boundaries are shown in 
Fig. 3. To describe the effective stress state and explain the permeability 
evolution behavior under different boundary conditions, the specific 
expressions of effective stress under five different boundary conditions 
are listed and the generic UES-dependent coal permeability model is 
degenerated into the following boundaries according to the specific 
loading condition.  

(a) Constant confining pressure (CCP) condition 
Under the constant confining pressure condition, the increment 

of the mean confining stress equals to zero. 

Δσc = 0 (15)  

Substituting Eq. (15) into Eq. (13), one can obtain the expression for 
effective stress change under the CCP boundary condition, which is 

Δσu
e = − αΔp+Δσfic (16) 

By submitting Eq. (16) into Eq. (3), one can get the expression of the 
UES-dependent permeability model for the CCP condition. 

k
k0
= exp

(
− 3cf

(
− αΔp+Δσfic

))
(17)    

(b) Constant effective stress condition 

To distinguish the difference between the conventional effective 
stress and the current unconventional one, we treat this boundary con
dition as the constant conventional effective stress (CCES) condition, 
which is generally named as the constant effective stress (CES) condition 
in most works [64,65]. Under this condition, the increment of conven
tional effective stress is equal to zero 

Δσe =Δσc − αΔp= 0 (18) 

Submitting Eq. (18) into Eq. (13), one can obtain the expression for 
UES change under the CCES condition. 

Δσu
e =Δσfic (19) 

The UES dependent permeability model for the CCES boundary can 
be derived by submitting Eq. (19) into Eq. (3). 

k
k0
= exp

(
− 3cf

(
Δσfic

))
(20) 

The CCES boundary is different from other boundaries because the 
effective stress state is controlled by fictitious stress only, the change of 
pore pressure caused by gas injection process is considered to offset the 
change of confining pressure [31]. Considering the influence of hydro
static confining pressure caused by gas injection under the boundary 
condition of free expansion (unconstrained expansion), the free swelling 
boundary belongs to the CCES boundary in essence. 
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(c) Constant pore pressure condition (CP) 

Under the constant pore pressure condition, the increment of the 
pore pressure equals to zero 

Δp= 0 (21) 

Under this condition, the fictitious stress remains unchanged due to 
unchanged pore pressure. Thus, the UES is controlled by the confining 
pressure only 

Δσu
e =Δσc (22) 

Then, by submitting Eq. (22) into Eq. (3), one can obtain the UES- 
dependent permeability model for the CP boundary condition, which 
is totally controlled by the change of confining pressure. 

k
k0

= exp
(
− 3cf (Δσc)

)
(23)    

(d) Uniaxial strain (UAS) condition 

Coal reservoirs or sedimentary basins are usually assumed under the 
uniaxial strain (UAS) condition [33,66]. For the UAS boundary condi
tion, the vertical stress imposed on the coal seam is constant, and zero 
deformation is allowed in the horizontal directions (Δεx = Δεy = 0) as 
shown in Fig. 3 (d). Since the implemented vertical stress is constant Δ 
σz = 0, therefore, the effective stress (Here, the effective stress refers to 
the change in net stress due to boundary loads and pore pressure) change 
caused by reservoir pressure in the z direction is: Δσez = − αΔp. 
Although we have proposed the concept of fictitious stress from the 
perspective of micro heterogeneity of reservoirs, we assume that the 
reservoir is isotropic at the macro scale. Assuming gas adsorption 
induced coal mass strain is same in 3 directions: Δεcx

s = Δεcy
s = Δεcz

s =

Δεc
s/3. Thus, coal mass strain in the horizontal direction can be written 

as 

Δεx =
Δσex − νΔσey − νΔσez

E
−

Δεc
s

3
(24)  

Δεy =
Δσey − νΔσex − νΔσez

E
−

Δεc
s

3
(25) 

According to Δεx = Δεy = 0, Δσez = − αΔp, one can derive that 

Δσex =Δσey = −
ν

1 − ν αΔp+
E

3(1 − ν)Δεc
s (26) 

The variation of effective stress in the horizontal direction is a result 
of changes in pore pressure during the gas injection process, along with 
the horizontal confining pressure applied to restrain the expansion of the 
coal mass [26]. However, the self-constrained/facilitated behaviors 
resulting from the microscopic structure are not accounted for. In the 
previous section, we introduced the concept of fictitious stress, which is 
a property related to the change of state of a coal sample, independent of 
the boundary conditions. Thus, by incorporating fictitious stress term, 

the unconventional effective stress of a coal sample under UAS condition 
can be expressed as 

Δσu
e =

1
3
(
Δσex +Δσey +Δσez + 3Δσfic

)
(27)  

Assuming the change of fictitious stress is the same in three directions, 
by substituting Δσez = − αΔp and Eq. (26) into Eq. (27) yields 

Δσu
e = −

1 + ν
3(1 − ν) αΔp+

2EΔεc
s

9(1 − ν)+Δσfic (28) 

One can obtain the UES-dependent permeability model under UAS 
boundaries by submitting Eq. (28) into Eq. (3) 

k
k0
= exp

(

− 3cf

(

−
1 + ν

3(1 − ν) αΔp+
2EΔεc

s

9(1 − ν)+Δσfic

))

(29)    

(e) Constant volume (CV) condition 

For the CV conditions, the displacement of coal sample in each di
rection is zero, i.e., the total volume of coal mass remains unchanged. 
The volumetric strain of coal mass can be expressed as: 

Δεv =
Δσc − αΔp

K
− Δεs = 0 (30) 

Rearranging Eq. (30), we have Δσc = αΔp+ K ∗ Δεs. This equation 
represents the magnitude of the confining pressure applied to maintain 
zero volumetric strain in the coal sample under the combined influence 
of pore pressure and adsorption. Clearly, this confining pressure loading 
process will be adjusted correspondingly with changes in pressure. 
Submitting Δσc = αΔp + K ∗ Δεs into Eq. (13), one can obtain the 
expression for UES change under the CV condition. 

Δσu
e =K ∗ Δεs +Δσfic (31) 

The UES dependent permeability model for the CV boundary can be 
derived by submitting Eq. (31) into Eq. (3) 

k
k0
= exp

(
− 3cf

(
K ∗ Δεs +Δσfic

))
(32) 

The difference between this UES theory and the exist “back 
compaction” theory [67] or the similar “push back” theory [61] should 
be pointed out, in addition to considering the adsorption expansion 
deformation of the completely bound part, this research also consider 
the influence of fictitious stress. 

4. Model validation 

To demonstrate the applicability of the UES-dependent permeability 
models, we validated the permeability data from stress-controlled 
boundary conditions and displacement-controlled boundary condi
tions, respectively in this section. The data of the stress-controlled 
boundary conditions are derived from the CCP boundary condition 

Fig. 3. Schematic diagrams of various boundary conditions: (a) constant confining pressure condition (CCP); (b) constant Terzaghi effective stress condition (CTES); 
(c) constant pore pressure condition (CP); (d) uniaxial stress condition (UAS); (e) constant volume condition (CV). 
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[68], and the corresponding UES permeability model is Eq. (17); the 
data of the displacement-controlled boundary conditions are derived 
from the UAS boundary conditions [69]. Meanwhile, the evolution trend 
of the unconventional effective stress within these coal samples under 
different equilibrium pressures was also estimated and illustrated. These 
experiments were performed under isothermal conditions, so fictitious 
stress is only due to adsorption. Biot coefficient is assumed to be unity 
for both validation processes [33]. 

4.1. Stress controlled boundary 

The permeability data provided by Ref. [68] was used for verifica
tion, which was tested under the constant confining pressure condition. 
Under stress-controlled boundary conditions, due to the absence of 
displacement constraints, coal volumetric expansion is unrestricted. 
Under constant confining pressure boundary conditions, as the bound
ary load remains fixed, according to Eq. (17), changes in permeability 
are jointly controlled by variations in pore pressure ( − αΔp) and 
changes in fictitious stress (Δσfic). During the gas injection process, with 
increasing gas pressure, the term ( − αΔp) assumes negative values, 
resulting in an increase in permeability. 

The influence of fictitious stress varies with the coal sample. Ac
cording to the definition, when the sample exhibits self-constrained 
behavior (Δσfic > 0), leading to a decrease in permeability it competes 
with the effect of pore pressure at this point. When the sample exhibits 
self-facilitated behavior (Δσfic < 0), it leads to an increase in perme
ability, same effect as pore pressure. However, when (Δσfic = 0), 
adsorption does not impact permeability changes. 

The parameters used are listed in Table 1, it should be noted that the 
Langmuir adsorption constants for the coal matrix were not tested in 
their research, we obtained by matching the experimental data. 
Furthermore, based on specific coal parameters, this study conducts a 
comparative analysis of three different expressions of effective stress, 
namely UES, CES, and CES+ K ∗ Δεc

s , as illustrated in Fig. 4(b). 
From Fig. 4 (a), we can see that the UES-dependent permeability 

model fits well with the data for the Anderson coal, indicating that it can 
be used to predict the permeability evolution under CCP condition and 
other stress-controlled boundary conditions. It should be noted that we 
also compared the performance of our UES-dependent permeability 
model with the other permeability models based on the conventional 
effective stress theory. The CES-dependent model refers to the direct use 
of the conventional effective stress to explain the evolutionary trend of 
the permeability, which is achieved by substituting Eq. (2) into Eq. (3). 
While the CES+ K ∗ Δεc

s -dependent permeability model refers to the 
integration of the adsorption stress obtained from the calculation 
method of specific thermal expansion stress into the traditional effective 
stress treatment method, which can be expressed by substituting Eq. (5) 
into Eq. (3). The CES+ f ∗ K ∗ Δεc

s -dependent model refers to the sepa
rating adsorption stress approach, which can be expressed by 
substituting Eq. (6) into Eq. (3). 

The matching results suggest that the UES-dependent model can 
make a better description of the processes. Obviously, the CES+ K ∗ Δεc

s 
based theory predicts a lower trend, which is because all the swelling 
deformation assumed to be constrained and it is converted into 

adsorption stress. As a result, this treatment makes the effect of 
adsorption on effective stress significantly overestimated, as shown in 
Fig. 4 (b). When f = 0.45, the CES + f ∗ K ∗ Δεc

s based approach can fit 
to the first point, but still fails to explain the overall data. The CES- 
dependent permeability model predicts a higher evolutionary trend 
due to an underestimation of the effect of adsorption caused by the 
absence of the adsorption stress term. Correspondingly, the effective 
stress based on various theories is depicted in Fig. 4 (b). It is observed 
that the initial increase and subsequent decrease of UES with pore 
pressure is the fundamental reason for the observed increase followed by 
a decrease in permeability. 

4.2. Displacement controlled boundary 

Under the UAS boundary condition, the UES-dependent permeability 
model is expressed in Eq. (29), the expression of UES is Eq. (28). Under 
displacement-controlled boundary conditions, the adsorption-induced 
deformation of coal samples is partially restricted (UAS boundary, 
horizontal constraint) or entirely constrained (CV boundary). During 
this scenario, the adsorption effect partially or fully contributes to the 
variations in effective stress, subsequently influencing the evolution of 
permeability, e.g., 2EΔεc

s
9(1− ν) in Eqs. (28) and (29). Additionally, similar to 

the stress-controlled boundary conditions, it is also influenced by 
changes in pore pressure and variations in fictitious stress. Excluding the 
fictitious stress term, Eq. (28) is degraded into to formation used in Refs. 
[26,71] for calculating effective stress. The laboratory tested perme
ability data [69], which was conducted under the UAS boundary con
dition, is used here for validating the UES-dependent permeability 
model. The input parameters for the fitting process are listed in Table 2, 
these parameters are acquired from published literatures [33,72,73]. It 
should also be noted that the S&D permeability model [26] derived 
based on uniaxial strain boundary conditions and the modified one [73] 
were used here for comparative analysis. The model fitting results and 
comparative analysis for different effective stresses can be found in 
Fig. 5. 

The fitting results and the UES evolution with pore pressure are 
depicted in Fig. 5 (a). The UES-dependent model fits well with the 
testing data, indicating that the model can be used to predict the 
permeability evolution of the coal samples under UAS boundary and can 
also be popularized to predict gas production on site, since a UAS 
boundary is usually assumed to represent the reservoir boundary [74]. 
Whereas, when compared to the S&D model, the modified version in
corporates a slightly larger coefficient to account for the influence of 
adsorption-induced strain. When analyzing the red and green lines in 
Fig. 5(b), it becomes apparent that the modified version showcases a 
more pronounced manifestation of the effects of adsorption. Although 
this adjustment brings the model’s curve closer to explaining experi
mental data, a slight disparity remains. Compared with the classical S&D 
permeability model, the modified one or other permeability models 
applicable to uniaxial strain boundary conditions [62,71], the UES with 
the addition of fictitious stress can better reflect the actual stress state of 
the reservoir, and the UES-dependent permeability model can better 
depict the reservoir permeability evolution trend. 

5. Discussions 

By incorporating the fictitious stress term (which can represent the 
self-constrained/self-facilitated behavior of coal adsorption deforma
tion), we have extended the conventional effective stress principle to an 
unconventional one. Next, we will discuss the relations and differences 
between the two as well as conduct a preliminary analysis of the 
approximate application of unconventional effective stress. 

Table 1 
Parameters for data matching under stress controlled boundary condition 
[68,70].  

Parameter Value 

Bulk modulus, K (MPa) 1356 
Fracture compressibility, cf (MPa− 1) 0.058 
Langmuir strain of coal mass, εLc 0.035 
Langmuir pressure of coal mass, PLc (MPa) 3.5 
Langmuir strain of coal matrix, εLm 0.041 
Langmuir pressure of coal matrix, PLm (MPa) 2.3  
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5.1. Contrast analysis between the CES and the UES 

The UES-dependent model, in the previous model validation process, 
has shown the accuracy of depicting the trend of permeability data 
changes. 

The existence of fictitious stress term distinguishes the CES principle 
and the UES principle, we can find this difference by comparing Eq. (2) 
with Eq. (13). By substituting Eq. (2) and Eq. (13) into Eq. (3), one can 
obtain permeability models controlled by the CES theory and the UES 
theory, respectively. Based on the data provided in Table 1, the 
permeability evolution data estimated by these two models can be ob
tained, as shown in Fig. 6. The prediction results of UES-dependent 
model are consistent with the general trend of permeability data [31]. 

On the other hand, the impact of self-constrained or self-facilitated 
adsorption-swelling deformation on reservoir permeability can be 
offset by adjusting the confining pressure. For the data shown in Fig. 6, 
for example, the fictitious stress is above 0 represents a self-constraint 

swelling occurs inside, then the permeability of any test point can be 
brought back to the original value by reducing the corresponding 
confining pressure, vice versa. 

The difference between the CES principle and the UES principle also 
raises another issue. When investigating how the permeability changes 
with the variation of effective stress, there are different loading paths to 
choose [75]. One can choose to keep the pore pressure unchanged and 
adjust the confining pressure (as shown in Table 3, loading path 1) [64], 
or the pore pressure and confining pressure adopt different gradient 
loading (by assuming α equals to unity, as shown in Table 3, loading 
path 2 and 3) [76]. The three effective stress loading paths are visually 

Fig. 4. Matching results under constant confining pressure condition: (a) modeled results with tested data (b) estimated effective stress with pore pressure.  

Table 2 
Parameters for data matching under UAS conditions.  

Parameter Value 

Young’s modulus, E (MPa) 1713 
Poisson’s ratio, ν 0.35 
Fracture compressibility, cf (MPa− 1) 0.078 
Langmuir strain of coal mass, εLc 0.01075 
Langmuir pressure of coal mass, PLc (MPa) 4.16 
Langmuir strain of coal matrix, εLm 0.019 
Langmuir pressure of coal matrix, PLm (MPa) 2.95  

Fig. 5. Matching results under uniaxial strain condition: (a) modeled results with tested data (b) estimated effective stress with pore pressure.  

Fig. 6. Comparison between CES and UES: the role of fictitious stress.  
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depicted in Fig. 7 (a). From this, we can observe that three different 
loading paths can lead to the same loading gradient in conventional 
effective stress. 

The first loading path, in essence, is the CP (constant pore pressure, 
confining pressure changes) condition. As the pore pressure remains 
unchanged, adsorption will hardly affect the permeability evolution as 
reported in the experimental work [59]. The fictitious stress disappears 
in this case, the UES degraded into the conventional form. As indicated 
in Eq. (22) and Eq. (23), the variation of effective stress and permeability 
are controlled by confining pressure only, as shown in Fig. 7 (b). How
ever, for loading path 2 and 3, the simultaneously changed pore pressure 
and confining pressure can lead to different results. Although the 
loading gradient of effective stress in loading paths 2 and 3 are the same 
as that of the first loading path, the fictitious stress will gradually in
crease with the increase of pore pressure. Under such circumstances, the 
changeable fictitious stress makes the difference between unconven
tional effective stress and the conventional Terzaghi effective stress, and 
further affects the evolution of permeability as illustrated in Fig. 7 (b). 

5.2. Effect of various coal adsorption properties 

The concept of fictitious stress is a characterization of the self- 
constrained/facilitated adsorption-swelling behavior controlled by the 
internal structure of coal. The difference between the Langmuir 
adsorption constants of coal matrix and coal mass leads to the origin of 
the self-constraint or self-facilitated adsorption-swelling behavior and 
thus the fictitious stress. Gas adsorption can result in coal volumetric 
swelling strain of up to 5 % or even more [48], while typical Langmuir 
adsorption pressure can range from a few kilopascals to several tens of 
megapascals [62]. To explore what parameter combinations can repre
sent self-constrained behavior or self-facilitated adsorption-swelling 
behavior, we investigated 9 cases regarding the relative size relationship 
between the adsorption constant of coal matrix and coal mass. Among 
them, the case with PLc = PLm = 3MPa, εLc = εLm = 0.04 is taken as the 
intermediate case. Then, the relative sizes of the parameters are 

adjusted. These 9 cases cover all the theoretically possible relative size 
relationships, which allows our findings to be generalized to general 
applications. Nine sets of parameters are shown in Table 4, based on 
which we will explore the effects of these combinations on fictitious 
stress, permeability evolution, and unconventional effective stresses at 
sample scale. 

5.2.1. Effect on fictitious stress 
According to Eq. (9)-Eq. (11), we simulated the variation of fictitious 

stress with pore pressure for 9 different cases, as shown in Fig. 8. Coal 
matrix and coal mass share the same Langmuir adsorption strain con
stant and pressure constant for case 5, a uniform swelling behavior 
rather than self-constraint/facilitated swelling occurs with the increase 
of pore pressure, and the fictitious stress remains zero. Among them, 
case 5 divides the data into two regions. The fictitious stress in the area 
above the case 5 curve is greater than 0, indicating self-constraint 
adsorption-swelling behavior, and the fictitious stress below the case 5 
curve is less than 0, indicating self-facilitated behavior. In Langmuir 
theory, the adsorption strain constant is the maximum adsorption strain 
when the pressure reaches infinity; the adsorption pressure constant is 
the pressure corresponding to half of the maximum adsorption strain, 
the adsorption strain constant determines the final value of the Lang
muir adsorption curve while the Langmuir adsorption pressure constant 
determines the steepness of the adsorption curve. 

When PLc and PLm remained unchanged (comparing case 1,2,3 or 
4,5,6 or 7,8,9), the trend of fictitious stress is controlled by the relative 
magnitude of εLm and εLc. When PLc > PLm and εLc < εLm (case 1), it can 
be observed that with an increase in pore pressure, the fictitious stress is 
greater than zero and monotonically increases. This indicates the 
occurrence of self-constrained adsorption-swelling behavior exclusively. 
Conversely, when PLc < PLm and εLc > εLm (case 9), with an increase in 
pore pressure, the fictitious stress is less than zero and monotonically 
decreases, which directing the self-facilitated adsorption-swelling 
behavior. However, when PLc > PLm and εLc ≥ εLm (case 2, 3), or PLc <

PLm and εLc ≤ εLm (case 7, 8), the fictitious stress exhibits a turning 
phenomenon. In case 3, when PLc < PLm; εLc > εLm, or in case 7, when 
PLc > PLm; εLc < εLm, the fictitious stress curve undergoes a significant 
inflection that crosses the coordinate axis. This indicates a transition in 
the adsorption-induced expansion behavior of the sample. For example, 
in case 3, the behavior transitions from self-constrained behavior to self- 
facilitated behavior, while in case 7, it transitions from self-facilitated 
behavior to self-constrained behavior. When PLc = PLm (case 4, 5, 6), 
the relative magnitudes of εLc and εLm determine the monotonic trend of 
fictitious stress and the adsorption behavior as follows: case 4: εLc < εLm, 
self-constrained swelling; case 5: εLc = εLm, uniform swelling; case 6: 
εLc > εLm, self-facilitated swelling. In the cases where εLc = εLm (case 2, 
5, 8), despite being influenced differently by PLc and PLm, according to 

Table 3 
Different loading paths for the same effective stress gradient (by assuming Biot’s 
coefficient α equals to unity).  

Terzaghi effective stress, MPa 0 1 2 3 4 5 6 

Loading path 1 p,MPa 1 1 1 1 1 1 1 
σc,MPa 1 2 3 4 5 6 7 

Loading path 2 p,MPa 0 1 2 3 4 5 6 
σc,MPa 0 2 4 6 8 10 12 

Loading path 3 p,MPa 0 2 4 6 8 10 12 
σc,MPa 0 3 6 9 12 15 18  

Fig. 7. Effect of different effective stress loading paths.  
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the definition of fictitious stress and Langmuir function, when the 
pressure reaches a sufficiently high level, the final values of fictitious 
stress for case 2, 5, and 8 are the same. 

5.2.2. Effect on permeability 
In this section, we will evaluate the effect of different fictitious stress 

on the evolution of permeability. The assessment background is based 
on the constant Terzaghi effective stress boundary since permeability is 
controlled by fictitious stress only at this condition according to Eq. (20). 
The evaluation results for 9 cases are shown in Fig. 9. Normally, ac
cording to the statistics, the experimental data under the constant Ter
zaghi effective stress gradually decreases with the increase of pore 
pressure [31], . The results of cases 1-5, 7 generally align with the 
predicted results from statistical data. However, Case 6, 8, and 9 deviate 
significantly from the data within the statistical range, which indicates 
that the adsorption-induced expansion behavior corresponding to Cases 
6, 8, and 9 may actually occur infrequently or rarely in practice. 

5.2.3. Effect on unconventional effective stress 
By incorporating the fictitious stress concept into the conventional 

effective stress principle, we have obtained the unconventional one 
(UES). Considering the confining pressure loading under different 
boundary conditions, we have derived expressions for unconventional 
effective stress under five different boundary conditions. Previously, we 
investigated the evolutionary trends of fictitious stress in various 
adsorption parameter cases. In this section, we will further evaluate the 
trends of the UES of 9 cases under different boundary conditions during 
the gas injection process. It should be noted that the adsorption con
stants used in the evaluation process are obtained from Table 4, while 
the remaining parameters are sourced from Table 2. 

For the constant Terzaghi effective stress condition, which we called 
as the constant conventional effective stress condition (CCES), the UES is 
controlled by fictitious stress only according to Eq. (19), the UES at this 
point corresponds to the content depicted in Fig. 8. Based on Eq. (16), we 
investigated the variation of UES with increasing injection pressure 
under the CCP boundary, as depicted in Fig. 10. From the graph, it can 
be observed that all 9 cases exhibit a decrease in the curves in the later 
stages. Case 5 represents the variation of effective stress under the CCP 
boundary condition without considering the influence of adsorption. 
Based on Case 5, we can observe the variations of UES under different 
fictitious stress conditions. In Cases 1, 2, 3, and 4, the curves show a 
phenomenon of initially increasing and then decreasing. This is because 
the UES is influenced not only by fictitious stress but also by the control 
of pore pressure. The combined effect of these two factors determines 
the trend of the curves. As for the constant pore pressure condition, since 
the fictitious stress keeps unchanged, the UES is controlled by loading 
pressure only. 

The evolution of UES corresponding to the nine cases under the 
uniaxial strain (UAS) boundary condition is shown in Fig. 11. For the 
nine cases, each exhibits a phenomenon where the UES increases with 
the rise in pore pressure, which differs from the stress-controlled 
boundary condition (see Fig. 10). According to the expression for UES 
under the UAS boundary condition (Eq. (28)), the three terms on the 
right-hand side determine its evolution. Where, the first term ( −

1+ν
3(1− ν) αΔp) represents the influence of changes in pore pressure, the 

second term (+ 2EΔεc
s

9(1− ν)) signifies the effects when adsorption strain is 
laterally constrained, and the third term (+ Δσfic) denotes the influence 
of fictitious stress. Given that the Poisson’s ratio typically ranges 

Table 4 
Langmuir constants of coal mass (PLc: Langmuir pressure constant, εLc: Langmuir pressure constant) and matrix (PLm: Langmuir pressure constant, εLm: Langmuir 
pressure constant) for 9 cases.  

Case number 1 2 3 4 5 6 7 8 9 

εLc 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
PLc, MPa 4 4 4 3 3 3 2 2 2 
εLm 0.045 0.04 0.035 0.045 0.04 0.035 0.045 0.04 0.035 
PLm, MPa 3 3 3 3 3 3 3 3 3  

Fig. 8. Fictitious stress for 9 coal sample cases with different adsorp
tion parameters. 

Fig. 9. The influence of fictitious stress on the evolution of permeability.  Fig. 10. Evolution of UES under the boundary of CCP.  
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between 0 and 0.5 [77], and that both Biot’s coefficient and Young’s 
modulus are non-negative, the following implications arise: As pore 
pressure increases, the first term remains negative and continues to 
decrease. The second term, correlated positively with the Langmuir 
adsorption strain, increasing with rising pressure and finally stabilizes 
[29]. The fictitious stress is positive for a self-constrained case and 
negative for a self-facilitated case as indicated in Fig. 8. Therefore, under 
the UAS boundary condition, the increase of UES due to the constraint of 
adsorption strain in the horizontal direction (+ 2EΔεc

s
9(1− ν)) is greater than the 

effects of the other two terms ( − 1+ν
3(1− ν) αΔp, + Δσfic), leading to an 

observed increase in UES. Moreover, as the effect of adsorption ulti
mately stabilizes, when the pressure becomes extremely high, terms (+
2EΔεc

s
9(1− ν)) and (+ Δσfic) will remain almost unchanged, and under the in
fluence of term ( − 1+ν

3(1− ν) αΔp), the UES will ultimately decrease. 

5.3. Approximate analysis of stress state evolution during gas storage 
process 

During underground gas storage operations, the stress conditions 
within an unconventional reservoir undergo dynamic alterations due to 
variations in pore pressure and gas adsorption. A Mohr’s diagram 
analysis is often used to depict the stress state in rock formations [78, 
79]. Assuming the reservoir is under UAS boundary conditions, it is 
considered that the diameter and center position of the Mohr circle are 
related to the effective stresses in both the vertical (σe

v) and horizontal 
(σe

h) directions [74,80]. In a Cartesian coordinate system, the radius and 
center position of the Mohr circle can be represented as follows [74]: 

R=
σe

v − σe
h

2
(33)  

O= σe
h +R (34)  

Where R is the radius of the Mohr’s circle, O is the center coordinate of 
the Mohr’s circle. Assuming that the initial vertical effective stress (σe0

v ) 

Fig. 11. Evolution of UES under the boundary of UAS.  

Fig. 12. Schematic diagrams of the state of reservoir stress evolution with gas injection: (a) initial stress state; (b) without gas adsorption effect; (c1,c2,c3) with gas 
adsorption effect: (c1) lower adsorption ability; (c2) medium adsorption ability; (c3) higher adsorption ability. (d) dynamic evolution of reservoir stress state during 
gas injection process. 
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and horizontal effective stress (σe0
h ) are known, the initial center position 

O0 and initial radius R0 of the Mohr circle can be represented according 
to Eqs. (33) and (34) 

ΔR=
Δσe

v − Δσe
h

2
(35)  

ΔO=Δσe
h +ΔR (36) 

Supposing that the Mohr circle drawn based on the initial center and 
radius is depicted in Fig. 12 (a), where the horizontal axis represents the 
normal effective stress, and the vertical axis represents the shear stress. 
The Mohr-Coulomb criterion has been effectively utilized for the 
determination of shear failure of brittle rocks such as coal which is a 
function of the apparent cohesion and the angle of internal friction [74]. 
In this research, we assume that the coal’s failure envelope follows a 
linear pattern and stays constant as gas injected, as illustrated in Fig. 12. 
The failure envelope defines the maximum shear stress that a coal can 
sustain as a function of normal effective stress. When the Mohr’s circle 
touches the failure envelope, the coal fails by shearing. Clearly, as the 
gas injection process progresses and pressure changes, the effects of 
pressure change and adsorption will inevitably alter both axial and 
lateral effective stresses, leading to corresponding changes in the Mohr’s 
circles. 

Comparing Eqs. 35 and 36 with Eqs. 33 and 34, correspondingly, the 
changes in Mohr circle radius and center position can be represented as 
follows: 

ΔR=R − R0 =
Δσe

v − Δσe
h

2
(37)  

ΔO=O − O0 =Δσe
h +ΔR (38)  

Where Δσe
v represents the change in vertical effective stress, and Δσe

h 
represents the change in horizontal effective stress. According to the 
unconventional effective stress principle proposed in this study, the 
vertical effective stress under UAS boundary conditions can be obtained 
by substituting Δσez = − αΔp into Eq. (13), which is 

Δσe
v = − αΔp+Δσfic (39) 

Similarly, the change in horizontal effective stress can ultimately be 
represented as: 

Δσe
h = −

ν
1 − ν αΔp+

E
3(1 − ν)Δεc

s +Δσfic (40) 

Substituting Eqs. (39) and (40) into Eqs. (37) and (38), we can derive 
the expressions for the change in Mohr circle radius and the shift in its 
center position 

ΔR= −
1 − 2ν

2(1 − ν)αΔp −
E

6(1 − ν)Δεc
s (41)  

ΔO= −
1

2(1 − ν) αΔp+
E

6(1 − ν)Δεc
s +Δσfic (42) 

The change in the radius of the Mohr circle is influenced by both 
pressure variations and adsorption-induced strain, as the impact of 
fictitious stress is nullified in both the horizontal and axial directions, as 
seen in Eqs. (37), (39) and (40). 

During the gas storage process, variations in gas pressure, coupled 
with the effects of constrained horizontal adsorption deformation and 
the influence of self-constrained/self-facilitated behavior in the form of 
fictitious stress, collectively determine the evolution of stress states. By 
considering the initial stress state and pressure changes, we can deter
mine the stress state and Mohr’s circles at a specific moment. In this 
section, we will conduct a qualitative analysis of the influences of 
different factors on various aspects of this topic. If we assume that the 
adsorption of the stored gas has no impact on coal volume deformation, 
such as in the case of hydrogen [22], then in Eqs. (41) and (42), only the 

first term on the right-hand side will be effective. Consequently, the 
changes in the radius and center position of the Mohr’s circle will be 
solely influenced by pressure variations. Compared to the initial reser
voir pressure, the gas storage process inevitably leads to an increase in 
reservoir pressure, where the term αΔp is greater than zero. Normally 
the Poisson’s ratio of coal is between 0 and 0.5 [77], therefore ΔR and Δ 
O consistently remains less than zero. Accordingly, the Mohr’s circle 
under this condition is depicted in Fig. 12 (b). 

When accounting for the influence of gas adsorption, the adsorption 
strain gradually increases according to the definition of the Langmuir 
equation, thus Δεc

s is a non-negative value. Therefore, ΔR consistently 
remains less than zero. In other words, the size of the Mohr circle 
continuously decreases. The center shift of the Mohr circle’s is collec
tively controlled by the three terms on the right side of Eq. (42). Ac
cording to the analysis, during the gas injection process, the first term ( −

1
2(1− ν) αΔp) consistently remains less than zero, exerting a leftward shift 
on the circle’s center. The second term (+ E

6(1− ν)Δεc
s) consistently re

mains greater than zero, causing a rightward shift in the center, and 
these two terms compete. To better illustrate this interplay of competing 
effects, let’s first consider the case of uniform expansion, i.e., Δσfic = 0. 
We will examine three reservoirs with different adsorption capacities, 
categorized as low (l), medium (m), and high (h) adsorption abilities. 
Among these, reservoirs with stronger adsorption correspond to larger 
Δεc

s . The specific Mohr circles are shown in Fig. 12 c, where c1, c2, c3 
correspond to reservoirs with low, medium, and high adsorption ability, 
respectively. The changes in Mohr circle radius and center position are 
denoted as ΔR′, ΔR″, ΔR‴ and ΔO′, ΔO″, ΔO‴. Based on the previous 
analysis, it is evident that for reservoirs with high adsorption capacity, 
under the same pressure drop conditions, the Mohr circle has a smaller 
radius, and the center position is further to the right. For reservoirs with 
low adsorption capacity, the trend is the opposite. 

As for the third term (+ Δσfic) in Eq. (42), influenced by fictitious 
stress, is related to the internal structure of the coal. We assume that the 
self-constrained/facilitated adsorption-swelling behavior may exist in 
all coal reservoirs. Whereas for a self-constrained coal, fictitious stress 
will lead to a rightward shift because Δσfic > 0, the corresponding Mohr 
circles l-sc, m-sc, and h-sc are shown in Fig. 12 (c1, c2, and c3). While it’s 
the opposite for self-facilitated coal, the corresponding Mohr circles are 
shown as l-sf, m-sf, and h-sf. 

It is evident from the analysis that the Mohr circle radius consistently 
decreases with a continuous gas storage process due to the increasing 
pressure. Conversely, the change in the circle’s center position exhibits 
fluctuations. Initially, during the early stages when pressure increments 
are not substantial, the dominant influence is attributed to adsorption 
effects, resulting in a rightward shift of the circle’s center, as illustrated 
in Fig. 12 (d), the process labeled as s1 As pressure continues to increase 
to a certain extent, the impact of adsorption gradually diminishes, and 
under the influence of pore pressure, the circle’s position might shift 
towards the left, as depicted in Fig. 12 (d), the process denoted as s2. 
Additionally, the influence of the fictitious stress could lead to both 
leftward and rightward shifts in the circle’s center position. Regarding 
the s2 stage, the Mohr circle will shift to the left toward to the failure 
envelope but whether it touches the failure envelope depends on specific 
reservoir parameters such as adsorption strain, contact angle, internal 
friction angle [74,79]. 

6. Conclusions 

The fictitious stress concept has been incorporated into the conven
tional Terzaghi principle. This incorporation has transformed the con
ventional one into unconventional effective stress principle. The 
unconventional principle has been applied to model coal permeability 
behaviors and analyze stress state evolution in reservoirs during gas 
storage processes. 

Based on the model results, the following conclusions can be drawn: 
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• The structural effects of coal and the heterogeneous effects of gas 
adsorption induced swelling are responsible for the characteristics of 
coal permeability behaviors. Their resultant effect may constrain or 
facilitate coal swelling. The fictitious stress is compressive for the 
case of self-constrained swelling and extensive for the case of self- 
facilitated swelling.  

• Under displacement-controlled boundary conditions, the influence 
of coal adsorption deformation comprises two components. Firstly, 
there is an increase in confining pressure due to the constraint on 
volume deformation. Secondly, there is an influence from the ficti
tious stress corresponding to self-constrained or self-facilitated 
adsorption-swelling deformation. These two components collec
tively govern the evolution process of coal permeability and stress 
state.  

• The unconventional effective stress principle can characterize coal 
permeability and stress behaviors well. More importantly, coal stress 
state and permeability evolution are uniquely defined by uncon
ventional effective stresses. 
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