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Abstract: Coal and gas outburst is the result of comprehensive action of in-situ stress, gas and mechanical properties

of coal rock. The coupling effect of loading and gas adsorption eventually leads to the coal rock failure. Based on

the principle of strain equivalence and considering the coupling effect of gas adsorption and stress loading, an

adsorption-loading coupling damage model is established which breaks through the bottleneck of only considering

single influencing factor. Taking briquette samples with controllable properties as the research object, uniaxial

compression tests of coal rock at different gas adsorption pressures are carried out, and the model is verified based

on the test results. The results of model calculation and tests show that the meso damage stage of coal body can well

correspond to the macroscopic deterioration phenomenon and it is in good agreement with the stress-strain curve.

It is proved that the model has good applicability and can accurately describe the damage and failure process of coal

rock.

Keywords: Coal and gas outburst; Stress loading; Gas adsorption; Coupling damage; Damage constitutive

equation; Damage evolution equation

1. Introduction

Coal and gas outburst is a common dynamic disaster in coal mine, which is a physicochemical phenomenon of

extreme complexity (Li et al. 2018; Sobczyk 2014; Wold et al. 2008; Yang et al. 2017). There are many primary

micro cracks and micro holes in the coal body. Under the combined action of load and gas adsorption, the primary

defects expand and penetrate until macro cracks are produced, which eventually leads to the instability and failure

of engineering structure. The establishment of a constitutive model which can accurately describe the deformation

and failure process of coal rock is of great significance to study the physical and mechanical properties of coal

containing gas and guide the safety production of mine theoretically.

Based on the phenomenological statistical damage mechanics theory, some scholars have carried out a lot of

researches on the damage constitutive model of the coal rock (Bale et al. 2016; Liu et al. 2016).

In view of the stress loading, some scholars established the rock damage constitutive model, selecting different



statistical distribution variables and strength criteria based on the statistical characteristics of rock micro element

strength failure (Deng and Gu 2011; Wang et al. 2020; Zhou et al. 2011). The isotropic elastic damage statistical

constitutive model established by Cao and Li (2008) can well simulate the axial strain softening under compression,

but cannot reflect the volumetric dilatancy characteristics. Wei et al. (2016) established a damage constitutive model

of coal rock considering volume strain increment to study the influence of coal rock damage and shear expansion

effect on coal permeability. Gao et al. (2011) defined the damage variable of coal rock structure and established the

corresponding elastoplastic damage constitutive model. Yang et al. (2018) summarized the stress-strain relationship

of rock under conventional triaxial compression, and improved the classical plastic statistical damage model

considering the advantages and disadvantages of the classical constitutive model.

In view of the gas adsorption, Perera and Sampath (2019) established a mechanical model of dual porosity

medium considering the mechanical deterioration effect caused by gas adsorption. Hu et al. (2016) established a

mechanical model for the degradation of coal rock mechanical properties caused by gas adsorption based on the

relevant theory of elastic wave velocity, and carried out uniaxial compression failure experiments under different

pore gas pressures to verify the model. Yang et al. (2015) established an energy-damage coupling model of coal

rock under creep condition and triaxial compression condition respectively, which used dissipative energy to

characterize the damage variable and considered the initial damage of coal rock. Zhu et al. (2018) pointed out that

the adsorption damage of coal rock was mainly caused by tensile failure, and the piecewise damage numerical model

of coal rock was established based on the maximum tensile-stress criterion and Mohr-Coulomb criterion. Yang et

al. (2012) proposed the concept of compression energy and established the nonlinear constitutive relationship

considering the nonlinear deformation characteristics of coal rock.

To sum up, the existing damage constitutive models mainly focused on either stress loading or gas adsorption,

the damage constitutive model which can comprehensively consider the effect of stress and gas adsorption is

relatively less. In this paper, a gas adsorption-loading coupling damage constitutive model of coal rock was



established based on macroscopic phenomenological damage mechanics, and the rationality of the model was

verified by experiment and numerical calculation.

2. Gas adsorption-loading coupling damage constitutive model

The continuous damage mechanics method describes the material damage process with continuous and variable
damage variables, which provides a theoretical framework for describing the nonlinear stress-strain relationship of
coal caused by cracks (Tang et al. 2002). Under the assumption of isotropy, a point inside the coal body is randomly
selected to represent the volume unit. As shown in Fig. 1, the section area perpendicular to n direction is 4, the
effective bearing area in this direction is 4. and the defect area is 4p, we can get:

A=A - Ap 1)

Load

Coal body Meso-level

Fig. 1. Isotropic damage element of coal body

And then, the damage variable D can be defined as:

4 P @

It can be seen from the above analysis that the damage variable D does not change with the section direction,
that is, it has nothing to do with n. When D=0, it corresponds to the non-destructive state of coal body, and D=1
corresponds to the complete fracture state of coal body.

When the coal body is subjected to the combined action of load and gas adsorption, the effective bearing area



A. decreases and the effective stress o, increases. The effective stress o. can be expressed as:

“71-D

It should be noted that it is very difficult to determine the effective bearing area by analyzing each defect form
and damage mechanism from the meso level. In order to overcome this difficulty, Lemaitre (Lemaitre 1972)
proposed the strain equivalence principle: the strain caused by the stress ¢ acting on the damaged material is
equivalent to the strain caused by the effective stress g, acting on the undamaged material. For example, the one-
dimensional linear elastic relationship of the damaged material can be expressed as:
o, O o

g=—t=—_"=—— (4)
E E (D) E

Where E is the elastic modulus of undamaged state of material, E. is the elastic modulus of damaged state of
material, ¢ is strain. The damage of material is considered in the elastic modulus:

E=U-D) E 5)

According to the above analysis, the strain caused by the external load F on the damaged coal is equivalent to

the strain caused by the effective stress in the undamaged condition. Compare two damaged states arbitrarily, the

strain caused by the effective stress of the first damaged state acting on the second damaged state is equivalent to

the strain caused by the effective stress of the second damaged state acting on the first damaged state:

0,4, =0,4, (6)
_0, 0,

=1 _Z2 7
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Where o1, A1, E1, o2, Az, E> is the effective stress, the effective bearing area and the elastic modulus of

two damaged states, respectively.

The "non adsorption state" of coal in atmospheric air is defined as the first damaged state, and its effective

stress and effective cross-sectional area are oy and 4o; The "state after gas adsorption" is defined as the second

damaged state, and its effective stress and effective cross-sectional area are o, and 4,. Then Eq. (8) can be got:
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D, is defined as the adsorption damage variable, which is related to the adsorption pressure and gas properties:

A,-A
D,=—+ ©)
p A()

Eq. (10) can be obtained by simultaneous Eq. (8) and Eq. (9):

o =20
- 10
P (1_ D ) (10)
p
Eq. (11) can be obtained according to Eq. (7):
_0y, _9
“EE b
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Eq. (12) can be obtained by simultaneous Eq. (10) and Eq. (11):
E,=E,(1-D,) (12)

Both sides of Eq. (12) are multiplied by the adsorption damage strain g, to obtain the damage constitutive

relation of coal rock considering gas adsorption:

o-szO (l-Dp)gp (13)

Similarly, according to the assumption of strain equivalence, the state of coal body after "gas adsorption" can
be assumed as the first damaged state, and the state in the coupling effect of "gas adsorption and loading" can be
regarded as the second damaged state. Then we can get the damage constitutive relation of coal under the condition

of gas adsorption and loading:

G:Ep (I—DF)E (14)

Where the Dr is the damage variable of the loading state.

Eq. (15) can be obtained by simultaneous Eq. (12) and Eq. (14):

o=E,(1-D,)(1-D; )& (15)



Define the coupling damage variable as D,, and D.,=DptDr-DpDr; then Eq. (15) can be simplified as Eq.

(16).
o=E,(1-D, )¢ (16)

The damage variable is the macroscopic description of the irreversible meso structure change in materials. The
response of macroscopic physical and mechanical properties of materials can represent the internal deterioration
degree of materials. The elastic modulus of coal can be obtained by monitoring and calculating in the degradation

experiment. We can get Eq. (17) by rewriting Eq. (12).

D =1 &y
i 17)
p E()

The damage unit of coal body in Fig. 1 is regarded as a micro unit. In the process of stress loading, the damage
degree of micro unit reflects the macro deterioration degree of coal body, and the accumulation and superposition
amount of damage eventually lead to the deterioration of macro performance of coal body. The damage rate of micro
unit in coal under stress loading is defined as ¢(g) (Ahmed et al. 2020; Yang et al. 2018), and the relationship
between damage variable Dr and micro element can be expressed as:

dD,
de

=p(&) (18)

Since the material strength obeys Weibull distribution of probability statistics in the process of loading, it can
be considered that the damage variable also obeys the distribution (Chen et al. 2018). Then the stress loading damage

variable Dr can be described as Eq. (19):

D.=l-e (19)

as:

(20)



Where &4, is the strain value corresponding to the peak strength point of coal in degradation test, and % is the

characteristic parameter of coal damage evolution (El-Zohairy et al. 2020; Li et al. 2014), k~=1/In(Eo&mar/Omax), Omax

is the peak strength during coal loading.

By integrating Eq. (18) we can get:

A e )
DF=I08¢(x)dx=l-e k(g‘““] Q1)

By substituting Eq. (21) and Eq. (17) into Eq. (16), the damage evolution equation considering the coupling

effect of gas adsorption and stress loading can be obtained:

o T € (22)

It can be seen from Eq. (22) that the stress-strain relationship at any point in the coal body is related to the
elastic modulus and the corresponding strain. When only gas adsorption damage is considered, the stress loading

strain is 0. We can get:

Er (23)

When only stress loading is considered, E,=Eo, we can get:

1

p 1.5 e_k[a;] _1_6_;«[51;]k .

co FO - i (24)

The expression of coupling damage variable D., shows that the joint action of gas adsorption and stress loading

aggravates the total damage of coal body, and shows obvious nonlinear relationship, as shown in Fig. 2. The damage

model reflects the macro and micro mechanical properties of coal in the process of gas adsorption induced coal

damage, and can truly reveal the damage evolution law and damage degradation mechanism of adsorbed coal in the

process of loading degradation.



Fig. 2. Change image of coupling damage variable under gas adsorption and stress loading

3. Model application and verification

Eq. (22) and Eq. (16) are the damage evolution equation and constitutive equation of coal body under the

coupling effect of gas adsorption and stress loading respectively. The applicability of the model is verified by the

damage degradation test of coal under different gas adsorption pressure.

3.1. Test apparatus

The self-developed visual constant volume gas-solid coupling test system is used for the test (Zhang et al.

2020). The constant volume structure of the apparatus ensures that the axial loading is not affected after gas injection,

and eliminates the test error caused by the change of air pressure in the coupling loading chamber caused by the

pressure head rise and fall during the loading and unloading process. Through the circumferential displacement test

device and visualization window, the real-time monitoring of the deformation of the test sample, the development

and deterioration of coal cracks and other characteristic parameters are realized.

3.2. Sample preparation

It is difficult to prepare raw coal standard samples, and the dispersion of strength and deformation

characteristics is high, which is not convenient for the analysis of test results. The coal samples used in the test are

the briquette materials which have good consistency with the mechanical properties of raw coal (Wang et al. 2015;

Xu et al. 1993; Yin et al. 2009). Several standard briquette samples were made using the method raised by Wang et

al. (2015), and the preparation parameters of the samples are shown in Table 1.



Table 1. Preparation parameters of the samples

Sample size Particle size distribution (0-lmm:1-3mm)  Concentration of cementing agent (%) Precast strength (MPa)

¢50x100 mm 0.76:0.24 3.25 1.00

3.3. Test scheme

During the test, CO, was selected as the test gas, and the equilibrium pressure of gas adsorption was taken as

0.0, 0.4, 0.8, 1.2, 1.6 and 2.0 MPa. Six groups of tests were conducted and the test process was as follows:

(1) The standard briquette samples were loaded into the coupling loading chamber of the test apparatus. After

vacuumizing for 4 h, CO; with certain pressure was injected and adsorbed for 24 h.

(2) After adsorption equilibrium, uniaxial compression test was carried out to monitor the uniaxial compressive

strength and elastic modulus of the samples.

3.4. Test result and discussion

Through the degradation test of coal at different adsorption pressures, the damage evolution characteristics

were obtained. The damage parameters of coal are shown in Table 2.

Table 2. Damage parameters of coal at different adsorption pressures

Adsorption pressure (MPa) Omax Emax Eo (MPa) E, (MPa) Value of &
0.0 1.011 0.0279 67.06 67.06 1.625
0.4 0.841 0.0278 67.06 53.23 1.256
0.8 0.737 0.0269 67.06 48.27 1.117
1.2 0.659 0.0256 67.06 36.43 1.044
1.6 0.601 0.0227 67.06 32.51 1.076
2.0 0.523 0.0243 67.06 29.63 0.878

The damage evolution curves of coal body at different adsorption pressure and stress loading process are

calculated, as shown in Fig. 3.
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Fig. 3. Coupling damage variable evolution curves

It can be seen from Fig. 3 that under different adsorption pressures, the calculated damage of coal body model

increases with the increase of coal body strain, and the coal body damage variables eventually tend to 1. In addition,

it can be seen from the curve in the figure that the initial adsorption damage variable of coal increases with the

increase of adsorption pressure. When the adsorption pressure was 0 MPa, 0.4 MPa, 0.8 MPa, 1.2 MPa, 1.6 MPa,

2.0 MPa, the initial damage variables of adsorption were 0, 0.206, 0.280, 0.457, 0.515, 0.558, respectively. The

initial damage variable at 2.0 MPa adsorption pressure is 2.7 times of that at 0.4 MPa adsorption pressure. With the

increase of adsorption pressure, the damage variable increases rapidly at first and then slows down. The results

show that the damage of coal body is the most obvious when the adsorption pressure is 0.0-1.2, while the change

tends to be stable when the adsorption pressure is 1.2-2.0 MPa. The stage of damage rapid propagation is

significantly shortened, which shows that the coal is closer to the instability failure under the action of gas adsorption

when the adsorption pressure is high.

! -2 ———0=45 L3
Coupling damage variable it L e e
T ;;::A/ R
0 - s e ) — B (LM P
2 08¢ it /4/‘/-’ - —e—0.4MPa
= A AT —A— (XM P
] o o v LIMPa] |
= ’ Vs L
2067 » A 4 16MPy )
£D &, /; 2.0MPa =
o e 2
E LT oA =
¥
= A ]
:'_]JO 4 [ ‘/ g
E‘ V4 S 103
= A Siress-slruin
ZO02F

L L 0
0 (.01 0.02 0.03 0.04

Strain



Fig. 4. Damage evolution and stress-strain curves of coal under different adsorption pressures

By comparing the stress-strain curve with the damage evolution curve of coal body, Fig. 4 is obtained. It shows
that the micro damage stage of coal body can well correspond to the macroscopic deterioration phenomenon. At the
beginning of loading, the coal body is in the stage of volume compaction, which corresponds to the closure of micro
pores and micro cracks in the meso level. In the middle stage of loading, the coal body changes from the compaction
state to the elastic stage, and then enters the post peak expansion stage. At this time, it corresponding to the rapid
expansion stage of coal damage, and the meso level of coal body is in the stage of damage evolution and stable
expansion. At the end of loading, a large number of macro cracks appear in the coal body, and the coal skeleton is

difficult to resist the external load, and finally reaches the bearing limit, which leads to the failure stage of coal body.

It corresponds to the damage stage of coal body in the meso level.
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Fig. 5. Comparison of stress-strain curves between uniaxial compression test and model calculation

According to the damage constitutive relation shown in Eq. (16) and the stress-strain curves under different
adsorption pressures obtained in the test, the comparison curves between the test and model calculation under
different adsorption pressures shown in Fig. 5 are obtained. Through the comparison, it can be seen that under the
joint action of gas adsorption and stress loading, the results of damage evolution model can be well consistent with
the test results, and the meso damage characteristics of coal can reasonably predict and reveal the macroscopic
deterioration phenomenon of coal body.
4. Conclusion

(1) Based on macroscopic phenomenological damage mechanics, considering stress loading damage and gas
adsorption damage comprehensively, the bridge between them is built by strain equivalent theory, and the damage
evolution equation and damage constitutive equation are deduced. The coal deterioration test with different
adsorption pressure was carried out, and the damage evolution characteristics of coal body in different adsorption
pressure and loading process were obtained. Through the comparative analysis of model calculation results and test
results, the results of damage evolution model and test results can be well consistent, which proves that the model

has good applicability and can accurately describe the damage and failure process of coal rock.



(2) By comparing the calculation results of damage evolution equation with the test results, it is concluded that

the calculated damage of coal body model increases with the increase of coal body strain, and the initial adsorption

damage variable of coal increases with the increase of adsorption pressure. With the increase of adsorption pressure,

the stage of rapid damage propagation is obviously shortened, which indicates that the coal is closer to the instability

failure under the action of adsorption damage when the adsorption pressure is high.

(3) Through the comparative analysis of damage constitutive equation calculation results and test results, it is

concluded that the meso damage stage of coal body can well correspond to the macroscopic deterioration

phenomenon. At the beginning of loading, the coal body is in the stage of volume compaction, corresponding to the

initial damage stage. In the middle stage of loading, the coal body changes from elastic stage to post peak expansion

stage, which corresponds to the rapid expansion stage of coal damage. At the end of loading, a large number of

macro cracks appear in the coal body, which leads to the instability failure, corresponding to the damage stage of

coal body.
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Figure 1

Isotropic damage element of coal body



Figure 2

Change image of coupling damage variable under gas adsorption and stress loading
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Coupling damage variable evolution curves
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Damage evolution and stress-strain curves of coal under different adsorption pressures
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Comparison of stress-strain curves between uniaxial compression test and model calculation



	ORCID iD
	1. Introduction
	2. Gas adsorption-loading coupling damage constitutive model
	3. Model application and verification
	3.1. Test apparatus
	3.2. Sample preparation
	3.3. Test scheme
	3.4. Test result and discussion

	4. Conclusion
	Funding
	Conflict of interest
	Availability of data and material
	Code availability
	Ethics approval
	Consent to participate
	Consent for publication

