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Introduction 1

Currently, natural gas accounts for roughly 21% of the World's energy 2 supply, being coal-bed methane an important contributor in countries such 3 2 as Australia, USA, Canada, and China (IEA, 2013;EIA, 2013). Natural 4 gas production from coal beds is expected to increase as more reservoirs are 5 discovered and technology enables enhanced production. Coal beds may also 6 contribute to storing and sequestering geologically CO 2 , conceivable up to 7 20 GtCO 2 [START_REF] Gale | Geological storage of CO2: What do we know, where are the 873 gaps and what more needs to be done? Energy 29, 1329-1338. 874 absolute permeability of coal bed reservoirs[END_REF]. to opening mode fractures predominantly oriented perpendicular to the bed-12 ding plane, called cleats (Laubach et al., 1998). Cleats compose most of 13 the macroporosity, where fluid advection takes place [START_REF] Mazumder | Swelling of coal in response to 913 CO2 sequestration for ECBM and its effect on fracture permeability[END_REF] 14 [START_REF] Pan | A theoretical model for gas adsorption-948 induced coal swelling[END_REF]. The presence of cleats induces hydro-mechanical 15 anisotropy to the rock properties (Hu et al., 2010).

16

(2) At the smallest scale, coal seams are constituted by a microporous disor-17 dered organic continuum, which we call from now on the coal matrix. Micro-18 pores sized in the order of 10 -9 m compose the coal microporosity. The coal 19 matrix can also host mesopores sized in the order of 10 -8 m. The coal matrix 20 is capable of adsorbing various gases including CO 2 , CH 4 , and N 2 , which lead 21 to coal matrix volumetric swelling in the order of few percents upon adsorp-22 tion [START_REF] Reucroft | Effect of pressure on carbon dioxide 965 induced coal swelling[END_REF]Ceglarska-Stefanska and Czaplinski, 23 1993;Levine, 1996;[START_REF] Mazumder | Swelling of coal in response to 913 CO2 sequestration for ECBM and its effect on fracture permeability[END_REF][START_REF] Pan | A theoretical model for gas adsorption-948 induced coal swelling[END_REF]Pini, 24 2009). Conversely, desorption leads to coal matrix shrinkage. Overburden 25 and bedding processes add anisotropy to the coal matrix properties (Cody 26 et al., 1988;Hol and Spiers, 2012;[START_REF] Espinoza | A transverse isotropic model for microporous solids -Application 870 to coal matrix adsorption and swelling[END_REF]. Within the coal ma-27 trix, fluid transport occurs by a combination of diffusion and slow advection 28 3 [START_REF] Ceglarska-Stefanska | The competitive sorption of 838 CO2 and CH4 with regard to the release of methane from coal[END_REF].

29

The variety of pore sizes in coal seams yields various types of fluid pore Sorption-induced swelling has an important effect on coal seam permeabil-36 ity [START_REF] Pan | Modelling permeability for coal reservoirs: A 942 review of analytical models and testing data[END_REF]. Changes of more than two orders of magnitude 37 in permeability have been observed (1) during primary methane production -38 permeability increase due to desorption-induced shrinkage and cleat opening 39 [START_REF] Palmer | How permeability depends on stress and pore 936 pressure in coalbeds: A new model[END_REF][START_REF] Scott | Permeability increase in Bowen 967 Basin coal as a result of matrix shrinkage during primary depletion[END_REF] and (2) during CO 2 injection 40 -permeability decrease due to adsorption-induced swelling and cleat closing 41 [START_REF] Pekot | Modeling coal matrix shrinkage and differ-950 ential swelling with CO2 injection for enhanced coalbed methane recovery 951 and carbon sequestration applications[END_REF][START_REF] Oudinot | CO2 injection performance in the Fruitland Coal 931 Fairway, San Juan Basin: Results of a field pilot[END_REF]. Such a unique behavior of 42 coal has led to the development of semi-empirical models and poromechanical 43 models to account for the adsorption-strain coupling developed in microp-44 orous coal matrix and predict its impact on seam permeability (Palmer and 45 Mansoori, 1998;[START_REF] Shi | Drawdown induced changes in per-973 meability of coalbeds: A new interpretation of the reservoir re-974 sponse to primary recovery[END_REF][START_REF] Cui | Adsorption-induced coal 855 swelling and stress: Implications for methane production and acid gas 856 sequestration into coal seams[END_REF][START_REF] Wu | Dual 994 poroelastic response of a coal seam to CO2 injection[END_REF] different loading and strain boundary conditions, interpret the results in We present a poromechanical model for double porosity transverse isotropic 86 reservoirs rocks. An isotropic version of this model is found elsewhere (Nikoosokhan 87 et al., 2012(Nikoosokhan 87 et al., , 2014)). The double porosity system is composed by (1) the 88 cleat macroporosity where the fluid can be modeled as in bulk conditions 89 with a proper equation of state, and (2) the microporosity where adsorption 90 takes place, fluid behavior deviates from bulk conditions, and adsorptive-91 mechanical coupling develops (swelling or shrinkage). The influence of cleat 92 compressibility (natural fractures) on the behavior of the fractured coal is 93 modeled with conventional anisotropic poroelasticity [START_REF] Cheng | Material coefficients of anisotropic poroelasticity[END_REF]Coussy, 94 2004; [START_REF] Cowin | Anisotropic poroelasticity: fabric tensor formulation[END_REF] and the effect of adsorption-induced phenomena on the 95 coal matrix is modeled with the theory of poromechanics for microporous 96 media developed by [START_REF] Brochard | Poromechanics of mi-833 croporous media[END_REF]. Appendix A details the model 



                                      σ 11 = C 11 ε 11 + C 12 ε 22 + C 13 ε 33 -b 1 p c -(1 -b 1 )s a (p m ) σ 22 = C 12 ε 11 + C 11 ε 22 + C 13 ε 33 -b 1 p c -(1 -b 1 )s a (p m ) σ 33 = C 13 ε 11 + C 13 ε 22 + C 33 ε 33 -b 3 p c -(1 -b 3 )s a (p m ) σ 23 = 2C 44 ε 23 σ 31 = 2C 44 ε 31 σ 12 = 2 C 11 -C 12 2 ε 12 φ c -φ c0 = [p c -s a (p m )]/N + b 1 (ε 11 + ε 22 ) + b 3 ε 33 n T = (1 -φ c0 )n m (p m , m ) + φ c ρ b (1)
The first six equations capture the fractured coal stress tensor includ-101 ing fracture poroelastic effects and adsorption stresses from the coal matrix. Terzaghi's effective stress σ h = -(σ h + p) [START_REF] Somerton | Effect of stress on 977 permeability of coal[END_REF]Shi and 142 Durucan, 2004;[START_REF] Cui | Adsorption-induced coal 855 swelling and stress: Implications for methane production and acid gas 856 sequestration into coal seams[END_REF][START_REF] Pan | Modelling permeability for coal reservoirs: A 942 review of analytical models and testing data[END_REF]). In the line of 143 previous work [START_REF] Seidle | Application of matchstick ge-970 ometry to stress dependent permeability in coals[END_REF][START_REF] Connell | An analytical coal permeability model 848 for tri-axial strain and stress conditions[END_REF][START_REF] Wu | Dual 994 poroelastic response of a coal seam to CO2 injection[END_REF],

144
we adopt a permeability which depends on Terzaghi's effective stress and 145 considers independently parallel to bedding and perpendicular to bedding 146 stresses through permeability fracture compressibility coefficients α and α ⊥ 147 respectively, such that,

148 k = k 0 exp α (σ -σ 0 ) + α ⊥ (σ ⊥ -σ ⊥0 ) (2)
where k 0 is the reference permeability at a reference state (σ 0 , σ ⊥0 , p c0 , s a (p m0 )). ter Micromeritics-Autopore IV on a coal specimen of ∼1 cm 3 volume with Mercury intrusion porosimetry on a ∼1 cm 3 coal sample.

Triaxial cell 190

The experimental apparatus is designed to (1) measure core axial and 

               σ r = (C 11 + C 12 )ε r + C 13 ε a -b 1 p c -(1 -b 1 )s a (p m ) σ a = 2C 13 ε r + C 33 ε a -b 3 p c -(1 -b 3 )s a (p m ) φ c -φ c0 = [p c -s a (p m )]/N + 2b 1 ε r + b 3 ε a n T = (1 -φ c0 )n m (p m , m ) + φ c ρ b (3) 
Strains as a function of stresses, fracture pore pressure, and adsorption stress

245 result in 246   ε r ε a   =   1-ν E -ν 3 E 3 -2 ν 3 E 3 1 E 3     σ r + b 1 p c + (1 -b 1 )s a (p m ) σ a + b 3 p c + (1 -b 3 )s a (p m )   (4) 
Analogous equations can be developed from Equation (1) for cores drilled 247 parallel to the bedding plane and loaded in a cylindrical triaxial device. 

Elastic moduli of dry coal specimens 249

Anisotropic loading is applied by steps with increasing axial stress σ a at 250 constant radial stress σ r , and subsequently with increasing radial stress at 251 constant axial stress. The loading is performed in drained conditions without

252

CO 2 (no pressure build-up). Figure 6 shows dry loading stress-strain results

253

from coal core V1.

254

The stress-strain data on cores drilled perpendicular to the bedding plane 

= 1-ν E b 1 -ν 3 E 3 b 3 ∂εa ∂pc σa,σr,pm = -2ν 3 E 3 b 1 + 1 E 3 b 3 (6)
On the other hand, the stress response of the coal core to CO 2 injection 344

Table 2 shows a summary of experimental results for all CO 2 injection 345 experiments performed keeping constant confining total stresses. Figure 10 346 23 plots the measured total uptake, total change of strains, and swelling slopes 347 as a function of CO 2 pressure. All experiments show a consistent trend 348 of declining differential swelling at incremental amount of adsorption (for 349 example, at injected amounts of CO 2 greater than 1.5 mol/L in Figure 9-c).

350

The discussion section explores further this phenomenon.

351

The total strain response upon injection (10-c) predicted by the porome-352 chanical model results from the summation of strains caused by poroelastic 353 effects in macropores (Equation 6) and the strain response to increments of 

= 1-ν E (1 -b 1 ) -ν 3 E 3 (1 -b 3 ) ds a dpm ∂εa ∂pm σa,σr,pc = -2ν 3 E 3 (1 -b 1 ) + 1 E 3 (1 -b 3 ) ds a dpm (8) 
The total uptake amount per unit volume (10-b) is obtained from Equa-358 tion (3). The adsorption swelling slopes (10-d) are calculated from the full 359 set of equations through numerical simulation.

360

The following sequence describes the process to determine the adsorptive- 4). Less uptake amount would be expected in perfect isochoric conditions. 

464

Fluid flow through cleats occurs at pressures higher than 1 MPa and mainly 465 through micron-sized fractures. Therefore, Klinkenberg effect is disregarded. decreased with increasing effective stress, because the gradient of pressure 482 was constant at all times. The value of fracture compressibility parameters 483 which best fit Eq. ( 2) are α r = -0.269 MPa -1 , α a = -0.067 MPa -1 , and 484 k 0 = 0.033 mD at zero Terzaghi's effective stress in radial and axial directions.

485

The fitting is far from perfect but captures the main trend within the fitted 486 interval (up to σ r ∼ 17 MPa and σ a ∼ 15 MPa). The axial permeability 487 of vertically cored specimens is about 4 times more sensitive to radial than 488 to axial effective stresses. The measured stress sensitivity of permeability is 489 within the range of values measured in the literature -0.23 to -0.46 MPa -1 490 [START_REF] Somerton | Effect of stress on 977 permeability of coal[END_REF]. than zero [START_REF] Thomsen | Weak elastic anisotropy[END_REF]. However, most master cleats are perpendicu-532 lar to the bedding plane (Laubach et al., 1998). This fact suggests that 533 there could be a mechanical anisotropy reversal such that at the seam scale 0.1 to 100 mD [START_REF] Scott | Permeability increase in Bowen 967 Basin coal as a result of matrix shrinkage during primary depletion[END_REF] extend from 5 µm down to the nm scale (Figure 3).

552

For the sake of modeling and conceptualization, we have traced a line 

592

The change in swelling slope (Figure 9) in tests performed during adsorp- 

8

  Various characteristics make coal beds a unique geomaterial, showing 9 poromechanical properties notably different from other reservoir rocks: 10 (1) Coal seams are naturally fractured reservoirs. Diagenetic processes lead 11

  30 habit. Macropores host fluids mostly in bulk conditions. Mesopores host 31 fluids in adsorbed state near solid walls and in bulk state far from solid 32 walls. Micropores contain fluids just in adsorbed state, sometimes called 33 "dissolved" fluid in the solid matrix. Additional fluids may be present as 34 solutes in the water phase.

  35

79

  the context of a double porosity model for transverse isotropic fractured 80 microporous solids (fully coupled regarding fluid mass, fluid pressure, and 81 solid stress), and give insight into the evolution of permeability of the coal 82 seam in-situ during primary and secondary methane recovery.

83 2 .

 2 Double porosity model for transverse isotropic fractured coal 84 2.1. Poromechanical model 85

Figure 1 :

 1 Figure 1: Representative elementary volume of fractured coal and relevant modeling parameters. Fracture zoom sketches the interplay between pressure p c of bulk fluid in the cleats, and thermodynamic pressure p m of fluid in the coal matrix. Coal matrix zoom shows a molecular representation of coal and adsorbed fluid molecules (Courtesy: L. Brochard).

102

  Equations indicate that the fractured coal mechanical deformational behavior103 depends on the five independent stiffness coefficients C 11 , C 12 , C 13 , C 33 , C 44 104 of the fractured coal (include effect of fracture compressibility), the porome-105 chanical coupling depends on the fracture-induced Biot coefficients (b 1 , b 3 ) of 106 the fractured coal (Equation A.20) and the adsorptive-mechanical coupling 107 7 depends on the pressure-dependant adsorption stress developed by the coal 108 matrix s a (p m ). The adsorption stress quantifies the swelling potential of the 109 coal matrix, it is considered isotropic here and it is equivalent to the stress 110 that should be applied to a specimen of coal matrix exposed to an adsor-111 bate at pressure p m not letting it develop swelling strains. The adsorption 112 stress can be measured experimentally at the scale of the tested specimen. 113 Our model predicts its value based on the amount of adsorbed fluid n m , 114 the adsorption-strain coupling coefficient c(p m ), and the coal matrix bulk 115 modulus K m (Eq. A.10). The seventh equation allows calculating the cleat 116 porosity φ c as a function of the initial porosity φ c0 , the poroelastic coeffi-117 cient N (Eq. A.20), the strains of fractured coal ε ij , cleat pressure p c , and 118 adsorption stress s a (p m ). The eighth equation permits obtaining the total 119 amount of fluid in the fractured coal per unit volume of fractured coal n T 120 as sum of the amount of fluid sorbed in the matrix n m (as a function of 121 pressure p m and volumetric strain m of the coal matrix -first term) and 122 the amount of fluid in the cleats (which depends on cleat porosity φ c and 123 bulk fluid molar density ρ b -second term). The coal matrix strain is given 124 by Equation (A.5). The total amount of sorption in the coal matrix n m is 125 modeled assuming a Langmuir isotherm (parameters n max 0 , p L0 ), and a first-126 order expansion respect to coal matrix strain with a proportionality factor 127 termed adsorption-strain coupling coefficient c(p m ) (Equation A.3). The coal 128 matrix is assumed isotropic with bulk modulus K m (the origin of anisotropy 129 is discussed in Section 5.2.1). Thus, the full double porosity model has 10 130 independent parameters, six of them defined at the fractured coal scale and 131 four at the coal matrix scale.132 Non-sorbing and non-swelling rocks have negligible adsorption n m (p m , m ) = 133 0 and adsorption stress s a (p m ) = 0. In this case Equation (1) simplifies to 134 conventional transverse poroelasticity (Equation A.19

Figure 2 :

 2 Figure 2: Coal cores 38 mm diameter -slenderness ratio 2:1 used for triaxial tests.

  (a) Cores picture: coring parallel to the bedding plane (left); coring perpendicular to the bedding plane (right). (b-c) X-ray tomographic reconstruction of cross sections on the bedding plane (image resolution 25 µm -performed at Laboratoire Navier <navier.enpc.fr/Microtomographie>).
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  crack barely observable without magnification. Maximum mercury pen-179 etration at 207 MPa (equivalent to pore size ∼6 nm) shows a maximum 180 cumulative intrusion volume of 0.031 mL/mL (Figure 3-b). The incremental 181 pore volume curve (derivative of data in Figure 3) shows that most of the 182 mercury-intruded porosity in this small sample is composed by either pores 183 smaller than 60 nm or bigger than 10 µm. Elevated mercury pressure may 184 compress the coal matrix, collapse non-invaded pores, and overestimate mi-185 croporosity. Independent low-pressure nitrogen adsorption measurements on 186 coal crashed from the same seam suggest a peak of pore size distribution 187 at 40 nm. The Auxiliary Material shows excess sorption measurements on 188 crushed coal from the same coal seam (performed by BGC-Analytik UG).

Figure 3 :

 3 Figure 3: Coal characterization. (a) SEM imaging on a partially calcite-filled fracture. (b)

191

  radial deformations, (2) control independently axial and radial stresses, (3) 192 measure CO 2 uptake by the coal specimen, and (4) measure core permeabil-193 ity. The following summarizes the triaxial cell characteristics and operation 194 range. Sanchez Technologies manufactured the triaxial cell (Model: Tr-X 195 40/60) and provided the fluid pumps. Figure 4 shows a schematic represen-196 tation of the triaxial cell. 197 Specimen. The triaxial cell fits cylindrical specimens 38 mm (1.5 in) diam-198 eter and slenderness 2:1. This specimen size permits accommodating several 199 submillimeter-sized cleats. 200 Stresses. Pressurized silicone oil applies the radial stress (40 MPa maxi-201 mum), and a pressure-driven piston applies the axial stress (60 MPa maxi-202 mum).

203Figure 4 :

 4 Figure 4: Experimental triaxial device. Main characteristics include: maximum radial stress 40 MPa, maximum axial stress 60 MPa, measurement of local strains, temperature control, and ability to handle supercritical CO 2 .

221

  Cell calibration. We calibrated the cell with an aluminum specimen to 222 assess end-effects and pressure effects on the cell volume, and measure the 223 compressibility of the nitrile membrane.

224 4 .

 4 Experimental results and poromechanical model validation 225 The objective of the experimental work is to measure the adsorptive, 226 mechanical and transport properties of coal at the core scale to evaluate 227 the developed model as an analytical and predictive tool. Sections 4.1 to 228 4.3 deal with the measurement of adsorptive-mechanical parameters and 229 poromechanical model validation. Section 4.4 adds steady-state permeability 230 measurements and makes use of the previously developed model to predict 231 permeability upon adsorption in displacement constrained coal samples (near 232 constant volume condition). All experiments are performed at a temperature 233 39 ± 1 • C, and specimens are vacuumed befored testing.

235

  Let us begin by considering a conceptual core drilled perpendicular to 236 the bedding plane, such that, the axis of the cylindrical core aligns with 237 the axis of material symmetry (assumed here perpendicular to the bedding 238 plane) and with the axis of the cylindrical triaxial device (axis 3 -Figure 239 5). The principal stresses in directions parallel to the bedding plane are 240 σ 11 = σ 22 = σ r and the principal stress in the direction perpendicular to the 241 bedding plane is σ 33 = σ a . These loading conditions impose equal lateral 242 strains ε 11 = ε 22 = ε r , to the idealized transverse isotropic coal. The coupled 243 equations (1) reduce to the following set 244

Figure 5 :Figure 6 :

 56 Figure5: Coal core drilled perpendicular to the bedding plane (b.p.). The triaxial device applies axial stress σ a and radial stress σ r which correspond in this case to the seam stresses perpendicular and parallel to the bedding plane respectively.

  255 lets us recover directly three of the five elastic parameters (E 3 , ν 3 , E/(1 -ν)) data from cores drilled parallel to the bedding plane let us 258 recover directly the elastic parameter E. Figure 7 shows the summary of 259 tangent elastic moduli measured for all specimens as a function of axial and 260 radial stresses. Young's elastic moduli values range from ∼ 2 to 6 GPa in the 261 range of confining stresses 0.5 to 30 MPa (Figure 7). Core specimens show 262 non-negligible stress-strain nonlinearity, which reduces at confining stresses 263 higher than 15 MPa. Fitting curves represent average stress-dependent elas-264 tic moduli values that will be used later to estimate secant moduli relevant 265 to the range of testing conditions.

  Fracture-induced Biot coefficients 267 Pore-fluid loading is applied by injecting pressurized CO 2 . The theoretical 268 strain response to increments of fluid pressure in fractures p c while keeping 269 constant confining stresses and adsorption stress in the coal matrix (i.e., no 270 variation of the sorbed amount n r and of the thermodynamic pressure p m of 271 the fluid in the coal matrix) is derived from Equation (4).

  radial stress [MPa] Average radial stress [MPa]Average axial stress[MPa] Average axial stress[MPa] 

Figure 7 :

 7 Figure 7: Summary of measured tangent elastic coefficients E, E 3 , ν, ν 3 as a function of axial and radial stress (drained moduli). Fitting functions (Elastic coefficient = cst 1 + cst 2 ln(-Stress/1MPa)) capture elastic nonlinearity. Coefficients (cst 1 , cst 2 ) are (1478 MPa, 884 MPa) for E 3 , (1172 MPa, 1352 MPa) for E, (0.133, 0.052) for ν 3 , and (0.182, 0.068) for ν.

  279

297Figure 9 Figure 8 :Figure 9 :

 989 Figure9shows the data from Figure8plotted independently of time.

  354adsorption stress s a (a function of the thermodynamic pressure of the fluid 355 phase in the coal matrix p m ), at constant confining radial σ r and axial σ a 356 stresses and constant cleat fluid pressure p c . This latter is equal to,

Figure 10 :

 10 Figure 10: CO 2 uptake and adsorption-induced swelling in coal cores keeping constant confining stresses (See Table 2): experimental values and numerical simulation. Notice that total uptake amounts and change of strains are caused by macropore/fracture poroelastic response and micropore adsorptive response. (a) Coal matrix total sorption amount -from independent manometric tests (red squares indicate uncertainty -Auxiliary Material), (b) core total uptake amount of CO 2 per unit volume, (c) total change of core strains upon CO 2 injection, and (d) ratio of change of swelling strain to change of uptake amount during adsorption at constant pressure in fractures (∆p c path not shown for model simulation).

394plane-

  Figure 10-b and 10-c show simulation results of total uptake n T and total

Figure 11 :

 11 Figure 11: Time history of strains and total stresses upon CO 2 injection in core V1 keeping near constant volume conditions (Experiment C.V.V1b -Table4).

435Figure 12 :

 12 Figure 12: Change of total stress in coal cores induced by CO 2 injection at near constantvolume condition: (a) comparison between experimentally measured values and model predictions and (b) model-predicted change of stress at perfect constant-volume condition.

FigureFigure 13 :

 13 Figure13shows measured permeability as a function of radial and axial

Figure 14 :

 14 Figure13) and the predicted induced adsorption stresses using the porome-505

  direction perpendicular to the bedding plane is 536 expected to differ from the permeability in direction parallel to the bedding 537 plane because of the tortuosity (spatial organization) of the cleat network 538 and of the presence of interbedded low-permeability clay-rich layers. Scale 539 issues are still present. In-situ measured seam permeability ranges from

  540

553

  dividing microporosity and macroporosity based on the predominant flow 554 regimes and poromechanical response. The simplified macroporosity system 555 is the one which is most conductive and has a negligible adsorption-induced 556 mechanical response. The simplified microporosity system is constituted by 557 pores that can uptake fluid at constant pressure in the macropore system and 558 whose solid part can develop a strong adsorption-induced response (strains 559 or stresses). Thus, the definition of macro and microporosity is based on the 560 conceptual ideas presented in Section 3, but may also depend on the length 561 scale of analysis. 562 5.1.3. Experimental results: uncertainties, unexpected phenomena, and main 563 findings 564The measurement with the highest uncertainty is the total amount of up-565 take because of diffusion of CO 2 through the confining membrane. During the 566 time length of experiments, the diffused amount could add up to an amount 567 as large as the effective total uptake amount. Fortunately, these "leaks" were 568 quite steady and measurable. Yet, the uncertainty is estimated to be as large 569 as 0.5 mol/L. A not-perfectly sealing but deformable membrane performed 570 better to measure mechanical properties than a tight but rigid membrane, 571 e.g., lead membrane. The uncertainty in determining total amount of uptake 572 impacts directly on the determination of the adsorption-strain coupling co-573 efficient c, n 0 max , and p L0 . We were able to reduce the uncertainty of these 574 inverted parameters by using additional sorption data on crushed coal from 575 the same coal seam (Figure 10-a). 576 We observed high elastic nonlinearity at low effective stress, as a result of 577 existing fractures. Nonlinearity lessened at high effective stress as fractures 578 closed. Using N 2 or He would have facilitated the measurement of porome-579 chanical properties and macro Biot parameters (b 1 , b 3 ), with less influence of 580 adsorption-induced response. Yet each fluid would yield its own "porome-581 chanical signature" because each fluid has different affinity with coal surfaces 582 and can even access different pore sizes. Therefore, we preferred to test only 583 with CO 2 . 584 The time required for CO 2 uptake and coal equilibration was based on the 585 measured specimen response through either strains or stresses. The allowed 586 equilibration time was enough to reach asymptotic trends in induced strains 587 38 or stresses suggesting that most of the sorption process had already hap-588 pened. These measurements were adequate to measure the required model 589 parameters. Natural fractures facilitated relatively short equilibration times 590 from a few days to 10 days. Having a non-fractured core would have made 591 measurements much lengthier if not impossible in a practical time frame.

671

  We have measured significant changes of stress associated with sorption 672 under constrained condition, termed as adsorption-induced stresses. Con-673 versely, desorption is expected to cause stress relaxation. If boundary condi-674 tions are close to oedometric (constant vertical stress and zero lateral strain), 675 then a significant decrease in horizontal stress at constant vertical stress 676 would be expected upon desorption with ensuing increase of stress anisotropy 677 that could lead to shear failure and fines production (Okotie and Moore, 678 2010).

α0

  is challenging because of the difficulties in ob-681 taining representative fractured coal cores, separating the competing frac-682 ture advection and matrix adsorption phenomena, and reproducing reservoir 683 in-situ conditions during testing in the laboratory. 684 coal cores and used CO 2 as a proxy for CH 4 . Experimental results from 686 triaxial testing show that (1) fractured coal has a significant non-linear elastic 687 behavior, (2) fractured coal cores show mechanical anisotropy, (3) swelling 688 strains, swelling stresses and total uptake are affected by the response of the 689 macroporous and microporous systems, and (4) permeability is four times 690 more sensitive to radial (lateral) stress than to axial (vertical) stress. Overall, 691 experimental results highlight the difference between the two porous systems 692 through their poromechanical response. Experiments under near constant 693 volume condition show that effective stresses increase significantly during 694 adsorption. The increase in effective stress is the main driver for changing 695 core permeability. The measured changes of effective stress was as high as 696 +29 MPa for CO 2 injection at 5 MPa of pressure. 697 We developed a double porosity poromechanical model to capture the 698 adsorptive-mechanical response of transverse isotropic fractured coal. The 699 adsorptive-mechanical coupling is modeled through an adsorption stress func-700 tion which depends on the coal matrix properties. The model is fully cou-701 pled, therefore, it permits quantifying the influence of adsorption on strain 702 and stresses as well as the influence of stresses and strains on adsorption. 703 The discrimination of two porosity levels permits isolating poromechanical 704 responses and calculating fluid amounts from either fractures or the coal 705 matrix. Permeability is calculated as function Terzaghi's effective stress. 706 The developed double porosity model let us recognize the key porome-707 chanical properties at each scale and measure relevant parameters. Core 708 scale measurements and CO 2 injection experimental data matching let us 709 recover the mechanical-adsorptive properties of the coal matrix such as bulk 710 modulus, isochoric adsorption isotherm, and the adsorption-strain coupling 711 coefficient. The model predicts significant adsorption-induced stresses and 712 order-of-magnitude changes in permeability as measured experimentally. 713 Fracture compressibility coefficient for permeability law [MPa -1 ] m Volumetric strain of the coal matrix [-] ε ij Strain tensor defined at the fractured coal scale [-] φ c Cleat porosity or macroporosity [-] µ Chemical potential [J/mol] ν, ν 3 Poisson's ratio parallel and perpendicular to bedding [-] σ ij Total stress tensor defined at the fractured coal scale [Pa] σ ij Terzaghi's effective stress tensor defined at the fractured coal scale [Pa] ρ b Bulk molar density of the fluid [mol/L] b 1 , b 3 Biot coefficient parallel and perpendicular to bedding [-] Reference permeability at zero effective stress [darcy] n m Fluid amount in the coal matrix per unit volume of coal matrix [mol/L] n max Asymptotic parameter of constant matrix volume Langmuir isotherm [mol/L] n r Fluid amount in the coal matrix per unit volume of fractured coal [mol/L] n T Total fluid amount per unit volume of fractured coal REV [mol/L] p c Pressure of fluid in cleats [Pa] p m Thermodynamical pressure of fluid in the coal matrix [Pa] p L0 Langmuir pressure of constant matrix volume Langmuir isotherm [Pa] s a Coal matrix adsorption stress [Pa] C ij fractured coal stiffness tensor coefficient [Pa] E, E 3 Young's modulus parallel and perpendicular to bedding [Pa] K m Bulk modulus of the coal matrix [Pa] V b Molar volume of the fluid in bulk conditions [L/mol]

  ). Coal is able to sorb 135 different gases with ensuing swelling. The value of n m (p m , m ) is in the order 136 of 1 mol/L and adsorption stresses s a reach several tens of MPa (Brochard

	137
	et al., 2012; Espinoza et al., 2013).

138 2.2. Stress-permeability empirical relationship 139 Stress-based models correlate the logarithm of permeability to stresses, 140 e.g., the mean Terzaghi's effective stress σ = -(σ + p), or to the horizontal 141

Table 1 :

 1 List of performed triaxial experiments including their main characteristics. The experimental testing program includes cores drilled perpendicular ⊥ and parallel respect to the bedding plane. Coal specimens have a gravimetric water content 2 to 3%. Helium porosity is estimated with the helium skeletal mass density 1510 Kg/m 3 .

	220

Sanchez Technologies provided an electronic acquisition and control system.

Table 2 :

 2 Summary of results of CO 2 injection experiments performed at constant stress conditions.

	Test type	Obj. CO 2 Total radial Total axial Total CO 2 Change of Change of
	and specimen	pressure	stress σ r	stress σ a	uptake n T	strain ∆ε strain ∆ε
		[MPa]	[MPa]	[MPa]	[mol/L]	⊥ B.P. [-]	B.P. [-]
	C.S.V1	5	-6	-6	1.73	+0.0077	+0.0061
	C.S.V2a	10	-11	-12	2.83	+0.0086	-
	C.S.V2b	10	-12	-12	2.95	+0.0082	+0.0102
	C.S.V3	10	-12	-12	2.98	+0.0100	+0.0082
	C.S.H1	5	-7	-7	1.42	-	+0.0058
	C.S.H2	10	-11	-12	3.37	-	+0.0072

4.3. Adsorptive properties 280

The adsorptive properties of coal cores are tested with CO 2 . CO 2 amount 281 in bulk conditions is computed with

[START_REF] Span | A new equation of state for carbon dioxide 980 covering the fluid region from the triple-point temperature to 1100 K at 981 pressures up to 800 MPa[END_REF] 

equation of 282 state. Constant confining stresses are used to measure adsorptive parameters. 283 Constant volume experiments will be used to validate the model predictions. 284 Details follow.

285 4.3.1. Adsorption under constant confining stresses 286 In this type of experiments, a pump injects CO 2 at an objective constant 287 CO 2 pressure (controlled by a pump upstream), while keeping constant to-288 tal stress conditions (controlled by axial and radial stress manipulated by 289 hydraulic servo controllers). Figure 8 shows an example of the time history 290 response of coal core V1 to CO 2 injection (experiment C.S.V1 -Table

2

).

291

The experiment starts by increasing confining stresses to the level at which 292 will be kept constant during the entire test (σ r = σ a = -6 MPa in this case

293

-increase not seen in the figure). Then, CO 2 is injected into the specimen at 294 the objective pressure. CO 2 enters the core from the bottom cap and exits 295 from the top loading cap. The pipe which exits from the top loading cap 296 is closed with a needle valve, thus, there is a finite dummy volume in the

Table 3 :

 3 Best fitting measured and inverted model parameters. (Notes: *Indicates uncertainty. The shear modulus perpendicular to bedding C 44 is not determined in this

	experimental study.				
	Core scale	Value		Matrix scale	Value	
	E	2736 MPa Measured	K m	5000 MPa Lower Bound
	E 3	2551 MPa Measured	n max 0	2.4 mol/L	Inverted
	ν	0.267	Measured	p L0	1.6 MPa	Inverted
	ν 3	0.198	Measured	c	11	Inverted
	φ 0	0.08±0.02 Measured*			

sorption regime ∆ε/∆n T (parallel and perpendicular to the bedding

Table 4 :

 4 Summary of experimental results of CO 2 injection in cores performed at near

	constant volume conditions. (*Average pressure)				
	Test type	CO 2	Initial Initial	Total	Final	Final	Change	Change
	and	objective radial	axial	CO 2	radial	axial in radial in axial
	specimen pressure stress stress uptake stress stress	strain	strain
		[MPa]	[MPa] [MPa] [mol/L] [MPa] [MPa]	[-]	[-]
	C.V.V1a	2*	-3	-10	NA	-23	-30	-0.0005	-0.0002
	C.V.V1b	2*	-3	-10	NA	-25	-32	-0.0001 +0.0010
	C.V.V3	5	-2	-2	1.67	-36	-36	+0.0007 +0.0014

not a flow-through experiment, therefore it was possible to estimate the total 433 uptake equal to 1.67 mol/L. It includes adsorption during swelling at 36 MPa. 434

  , which is significantly higher than the

	542	permeabilities we measured in the laboratory, which range from 0.0001 to 0.01
	543	mD. Statistical analyses can help upscale laboratory measured permeability
	544	(Lake and Srinivasan, 2004).
	545	5.1.2. Porous structure: a well defined double porosity system?
	546	Various experimental methods suggest the presence of a complex network
	547	of pores that is far from being easily divided into two well defined porosity
		systems. Naked-eye visual observation permits identifying fractures as large
	541	
		36

548

as ∼ 500 µm. X-ray tomography and SEM microscopy permit observing 549 smaller fractures in the range of 200 µm to 5 µm. MIP and N 2 adsorp-550 tion confirm the presence of small fractures, mesopores and micropores that 551

  Implications on coal bed methane production and CO 2 geological storage 667 Our stress-based coupled model offers new insights into the prediction of 668 natural gas recovery and injectivity during CO 2 injection in unmineable coal 669 seams. The model can predict order of magnitude changes in permeability

	662	be appropriate over a defined stress range. Yet, coal seams subjected to CH 4
	663	depletion and/or CO 2 injection under in-situ conditions may experience sig-
	664	nificant shear stresses which promotes fracture slip and dilation and coal fines
	665	production with a significant impact on seam permeability as well (Palmer,
	666	2008; Okotie and Moore, 2010).
	593	
		tion at constant confining stress was a non-expected result. This reduction, 5.3.
	604	
	605	5.2. Modeling
	606	5.2.1. Main assumptions
	607	A sharp division between micro and macroporosity is not truly realistic (as
	608	discussed in Section 6.1.2) but is useful for the sake of isolating predominant
	609	phenomena at different length scales. Figures 10 and 12 help put in evidence
	610	the response of each porosity system. The double porosity systems is well
	611	suited for fluid flow simulation in media with heterogeneous permeability.

594

observed in other experiments as well, may be due to coal softening (reduc-595 tion of elastic moduli), as observed previously in the literature

(Czaplinski 596 and Holda, 1982;[START_REF] Masoudian | Experimental investiga-910 tions on the effect of CO2 on mechanics of coal[END_REF] 

or CO 2 -enhanced coal creep as 597 documented by Hagin and Zoback (2010) while adsorption-induced swelling 598 is still taking place. 599 Measured poroelastic and adsorption stresses have an uncertainty of ±1 600 MPa. Controlling pressure pumps react with step changes of 1 MPa to 601 changes in strain of 10 µm, i.e., equivalent radial strain ε ∼ 5x10 -4 . The 602 compressibility of the membrane is included in computing radial strains. The 603 corresponding uncertainty is less than 0.7 µm/MPa. 670 applying the appropriate boundary conditions.
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cording to the bulk modulus of the coal core for the highest applied 3. Estimation of the initial macroporosity φ c0 : The total initial macrop-374 orosity varies from specimen to specimen. Considering that the Helium 375 initial porosity of the set of coal cores varies from 11.2% to 14.4%, im-376 age analysis of X-ray slices yields a porosity of fractures (wider than 377 50 µm) larger than 0.5 %, MPI yields a porosity about 1.5% of pores 378 larger than 0.1 µm, and the microporosity of coal matrix normally 379 ranges from 3% to 10% (Gan et al., 1972;[START_REF] Lin | Microporosity 901 and micromineralogy of vitrinite in a bituminous coal[END_REF], we set a 380 mean macroporosity φ c0 = 8% to invert a unique set of coal adsorption 381 parameters. This porosity may seem too high for a coal core, but in 382 this case it comprises pores up to the 0.1 µm scale. [p m /(p L0 + p m )] and c(p m ) is fixed to be pressure-386 independent as suggested by [START_REF] Espinoza | A transverse isotropic model for microporous solids -Application 870 to coal matrix adsorption and swelling[END_REF]. The inversion seeks 387 to fit best (1) the coal matrix total sorption data n m (these data is col-388 lected from an independent sorption experiment on crushed coal from 389 the same coal seam -See Auxiliary Material), (2) the total uptake mea-390 sured in the triaxial experiments n T (Table 2), (3) the change of strains 391 upon injection ∆ε (parallel and perpendicular to the bedding plane -

392

Table 2), and (4) the measured swelling slopes upon predominant ad-393 erties [START_REF] Pan | Modelling of anisotropic coal swelling and 938 its impact on permeability behaviour for primary and enhanced coalbed 939 methane recovery[END_REF]. Non-fractured coal specimens and small 613 cores generally develop anisotropy controlled by lamination planes E > E ⊥ 614 [START_REF] Espinoza | A transverse isotropic model for microporous solids -Application 870 to coal matrix adsorption and swelling[END_REF]. Although it is possible to develop a model with 615 anisotropy at both the coal matrix and fractured coal scales, in practical 616 terms, it is convenient to group anisotropy at one of the two scales. Herein,

617

we group anisotropy at the macro scale in views of analyzing mechanical 618 anisotropy induced by master cleats at the fractured coal scale. with the highest values corresponding to CO 2 and the lowest ones to CH 4 626 [START_REF] Brochard | Poromechanics of mi-833 croporous media[END_REF][START_REF] Nikoosokhan | A poromechanical model 918 for coal seams injected with carbon dioxide: from an isotherm of adsorption 919 56 to a swelling of the reservoir[END_REF][START_REF] Espinoza | A transverse isotropic model for microporous solids -Application 870 to coal matrix adsorption and swelling[END_REF]. The 627 adsorption-strain coupling coefficient is fixed pressure-independent c(p m ) = c 628 in this article as suggested by [START_REF] Espinoza | A transverse isotropic model for microporous solids -Application 870 to coal matrix adsorption and swelling[END_REF]. In fact rather than 629 only c, the ratio c/K m is found to be the one that permits fitting observed 630 adsorption strains and stresses. The coal matrix bulk modulus K m was fixed 631 to a constant value in this article. Cleat porosity (macroporosity) varies for 632 different samples and would vary also depending on the scale of analysis.

633

Here we chose a constant value φ c = 0.08 in order to invert a unique set of 

The development of the model consists in finding expressions to the vari- 

The volumetric strain at the fractured coal REV scale = ε 11 + ε 22 + ε 33 774 is related to the coal matrix volumetric strain m in an exact manner through 775 the following relation [START_REF] Coussy | Mechanics and Physics of Porous Solids[END_REF]:

where φ c0 is the reference porosity of the undeformed fractured coal. 

Let us write ∂ε ij in terms of m and φ c0 and ∂n r in terms of n m using Eq.

782

(A.4) and (A.5). This replacement leads to the following equation,

By integrating Eq. (A.7) on the molar chemical potential µ and replacing 784 the right hand side with Eq. (A.8), we obtain 

In fact, the integrand of s a (p m ) can be viewed as a pressure-dependent 799 Biot-like coefficient b * [-], (in the sense that b * = dσ/dp| ε ), which according 800 to Eq. (A.3) expands to,

By applying Maxwell's relations on Eq. (A.2) and taking cross partial 803 derivatives with respect to φ c and µ the following holds

By using the micromechanical Eq. (A.5), the latter equation is equivalent in the following set of equations [START_REF] Coussy | Poromechanics[END_REF],

where C ij are elastic coefficients of the stiffness tensor. The macro-poromechanical 822 parameters (b 1 , b 3 , N ) relate to the coal matrix bulk modulus K m as follows,

The poromechanical parameters capture the effect of pore/fracture com-824 pressibility on the bulk fractured coal elastic moduli.