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6 ABSTRACT

7 Poro-elasticity is a material concept that expresses the reversible, macro-scale process 

8 interactions that occur in a porous material, such as rocks. These process interactions take 

9 place between the pore fluids, and the rock framework (or ‘skeleton’) which contains the pores. 

10 The phenomenological basis of poro-elasticity is examined via a micro-mechanics analysis, using 

11 a simplified digital-rock model that consists of solid elements in a lattice arrangement, and 

12 which hosts a well-connected, lattice-like network of simply-shaped pore elements. The quasi-

13 static poro-mechanical bulk response of this model is defined fully by closed-form equations 

14 that provide clear understanding of the process interactions, and which allow key effects to be 

15 identified. Several external boundary conditions (non-isotropic strain and stress) are analyzed, 

16 with drained and un-drained pore-fluid conditions, along with arbitrary pore pressure states. 

17 The calculated responses of the pore-scale model, when translated into continuum-scale 

18 equivalent behaviors, indicate significant problems with the existing theories of poro-elasticity 

19 that are rooted in an enriched-continuum perspective. Specifically, the results show that the 
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20 principle of effective stress (and the Biot coefficient alpha) is wrongly attributed to a deficiency 

21 in the role of pore pressure. Instead, the micro-mechanics-based phenomenological 

22 understanding identifies the change of effective stress, in a characteristically-confined setting, 

23 as being the result of changes in the stress components, with a key dependency on the specifics 

24 of the far-field constraints. Poro-elasticity is thus not a material characteristic; instead, it is a 

25 description of a non-linear system operating at the pore scale. The analysis reveals a 

26 discrepancy between the stress states within the model domain and the external stress state. 

27 This yet remains to be addressed, in order to translate the micro-scale behavior into an 

28 equivalent material law. (277 words)

29 Keywords: poro-elasticity, micro-mechanics, upscaling, digital rock

30

31 INTRODUCTION

32 When Biot (1941) undertook his seminal analysis, to create his process model for the 

33 physics of soil/rock consolidation (in parallel with developments of constitutive relationships, 

34 eg Terzaghi 1943), he adopted the conceptual framework of continuum principles, and 

35 imagined that a soil or rock can be treated as an elastic solid that is slightly disrupted by the 

36 presence of connected, fluid-filled holes. Biot assumed that the solid framework (‘skeleton’) 

37 and pore fluid interact in simple ways that allow their effects to be separated, and that the bulk 

38 response is determined as a linear combination of those effects, based on volume fractions. He 

39 expressed his proposed model by scalars that represent the volumetric strain of the bulk 
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82 governing equations are denoted in terms of bulk behavior that requires a separate translation 

83 into directional components.

84 A different approach to understanding poro-elasticity, based on the adoption of a pore-

85 scale perspective, involves an examination of the process interactions, between the solid 

86 framework, and the fluids contained in the pore space. Within this contextual framework, the 

87 methods formulate the physics expressions in ways that account for an explicit (or discrete) 

88 arrangement of the pore elements and their surrounding solids. Solving the set of process 

89 equations over a finite volume (containing a suitable arrangement of solid and fluid-filled pore-

90 space elements, with the equations appropriately formulated into discrete forms) determines 

91 the calculated bulk response of that particular model. Such so-called ‘digital rock physics’ 

92 models have been described for cases that calculate the effective elastic stiffness (Saenger et al 

93 2018), acoustic velocity (Saxena et al 2017), fluid flow (Andrä et al 2013; see additional 

94 summaries of similar work later in this paper); and reactive transport (Soulaine et al 2017). The 

95 translation of the numerical outcomes of such models, converting them into effective bulk 

96 responses, is called homogenization or upscaling – which refers to the coarsening from the 

97 pore-scale to the continuum scale. In this paper, the term upscaling will be used for this 

98 translation of information, for reasons that are explained later. 

99 The conceptual framework of the digital-rock perspective demands consideration of 

100 physics interactions that are typically posed in different (explicit) ways than they are in the 

101 continuum-based thinking (like in the framework of Biot). An example of this changed 

102 perspective concerns the expression of virtual work (Equation 2), which is argued to be 
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123 This paper develops a phenomenological explanation of poro-elasticity that is derived from 

124 a physics understanding of the micro-scale processes that operate in porous rocks. In this 

125 sense, it is a bottom-up formulation that determines the poro-elastic response from smaller-

126 scale details. The approach is based on a simplified digital-rock model, which depicts the solid 

127 framework as a regular 3D lattice (equivalent to Biot’s ‘skeleton’), with the pore space arranged 

128 as a well-connected, regular 3D network that is composed of the void spaces between the solid 

129 components. The geometry of the model, and the method of calculating its responses, are 

130 deliberately chosen so that the full poro-elastic behavior of the discrete model can be 

131 determined by analytical, closed-form equations, thus exposing the entire analysis to 

132 convenient examination, requiring only algebra plus the standard equations of continuum 

133 elasticity and hydraulics. The micro-mechanics investigation described herein provides 

134 phenomenological insights into the physical meaning of the poro-elastic parameters that relate 

135 pressure and (mean) stress to the volumetric (and deviatoric) strains of the solid and fluid, and 

136 thus to the bulk poro-elastic behavior of geomaterials. These micro-mechanics-based meanings 

137 for the parameters contrast sharply with those derived from the classical concept of poro-

138 elasticity, especially in that the analysis demonstrates that the parameters are not material 

139 constants.

140 The paper presents three loading cases that involve increasing levels of conceptual 

141 complexity. Each case is selected because it demonstrates a key point of understanding, with 

142 the second and third loading cases extending and reinforcing the insights that are derived. The 

143 analysis reveals that poro-elasticity is not a single response that is easily expressed as a material 

144 law, but instead it is a macroscopic expression of micro-scale process interactions that are 
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145 dependent on the loading situation and constraints, along with the component properties of 

146 the framework and the pore-filling fluid. In this sense, the results imply that poro-elasticity is an 

147 emergent expression of the behavior of a system, and is not, therefore, a well-defined material 

148 response in the sense of continuum mechanics. The conclusion is that the classic Biot 

149 formulation of poro-elasticity (and similar continuum-based extensions of it) does not capture, 

150 or even suitably represent, the macro-scale behaviors that emerge as the upscaled 

151 (homogenized) expressions of micro-mechanical phenomena in porous rocks.

152 Micro-Mechanics Approach

153 The examination of (thermo-)hydro-mechanical processes that occur at the grain/pore 

154 scale is termed ‘micro-mechanics’, so named because the characteristic length-scale is often 

155 less than a millimetre. Micro-mechanics approaches have led to much progress in 

156 understanding the consolidation behavior of soil, and indeed, the broader topic of soil 

157 deformation (Darve et al 2007). These methods seek to understand how micro-scale processes 

158 aggregate into macro-scale (nominally conceived as continuum) behaviors that can be 

159 compared with, and which seek to explain or support, measurements of material properties 

160 undertaken in experimental investigations. 

161 In granular media, micro-mechanics studies have emphasized the development of 

162 mathematical representations of multi-particle interactions. These mainly treat each 

163 particle/grain as a separate entity that behaves only elastically (or even rigidly), with 

164 interactions occurring only where particles touch. Those interactions can be expressed as 

165 normal forces acting along the line joining the particle centers, or shear/friction can be 
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166 introduced, or moments can be included (Goldhirsch 2010; Godio et al 2015). Using these 

167 simple but local laws, the mechanical behavior of an aggregate system of particles can be 

168 numerically simulated, and the emergent results then homogenized or upscaled into a macro-

169 scale expression, or behavior ‘law’ (Charalambakis 2010; Rattez et al. 2018a, 2018b). 

170 The numerical formulations for granular materials mainly adopt an explicit simulation 

171 approach. Thus,  the answer from each iterative solution is given in terms of a distribution of 

172 forces – which are expressed as normal/shear forces or moments acting at grain contacts, or 

173 equivalently, the local forces acting at nodes if the formulation uses polyhedral ‘elements’ to 

174 discretize the domain (Mahabadi et al 2012; Alruwaili et al 2017). The forces sensu largo are 

175 integrated over the time-step length, to give velocities, and then integrated again to give the 

176 displacements. Each particle/node is moved by its calculated displacement increment, and the 

177 simulation runs again. The iteration is necessary because, at the end of any iteration, 

178 particles/nodes may inter-penetrate adjacent components, which is not physically realistic, so 

179 ‘penalty’ terms are invented to cause them to move apart in the next iteration solution: the 

180 ‘penalty forces’ are conceived as being an equivalent of the reactions that would result from 

181 the strain of the particles as they interact at contacts (and the penetration is accepted as a 

182 numerical approximation of that strain). Convergence of the global set of equations can be a 

183 computational issue, so various methods introduce artificial mass (or equivalent ideas) to 

184 dissipate kinetic energy that can be unrealistically large if the penalty-related repulsion forces 

185 are large due to a large overlap and large penalties. 
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186 Notwithstanding these issues, such discrete simulations provide remarkable insights into 

187 granular-system behavior (Catalano et al 2014), revealing the emergence of evolving force-

188 chains that belie the naïve expectation of stress/strain uniformity across the system of grains 

189 (Tordesillas et al 2015a,b), along with counter-intuitive rotations of some particles. When the 

190 simulations are undertaken in model systems that are comparable to those which can be used 

191 in experiments – which sometimes use analogue materials (such as arrays of disks of photo-

192 elastic plastic: Clark et al 2012; or an assembly of wooden rods: Ibraim et al 2010), or real 

193 quartz sand grains/rocks (whose evolution under load can be observed via in operando x-ray 

194 tomography (Soriano et al 2017), or via pre- and post-mortem tomographic differencing (Andò 

195 et al 2012; Charalampidou et al 2011)) – the physical insights arising from the simulations are 

196 broadly consistent with what can be deduced from the experimental work. It is clear that 

197 micro-mechanics has much potential for informing our continuum-scale understanding of some 

198 types of geomaterials.

199 If we shift attention from a granular soil to rock materials, we find that the idea, of 

200 representing the rock as an assembly of independent particles, is generally not satisfactory. 

201 Sedimentary rocks (which are the type usually imagined when we speak of ‘porous rocks’) have 

202 a natural history going back to their time of deposition as a collection of separate particles or 

203 grains. But, the set of processes that convert those un-cemented grains into a rock often make 

204 profound alterations of the arrangement of the solid components of the rock, mainly by the 

205 introduction of new solids called ‘cements’. We can usefully call the geometric arrangement of 

206 connected material the ‘solid framework’ (equivalent to the ‘skeleton’ of Biot). Often, the 

207 original grains can still be seen within that framework of multi-connected solid, but added solid 
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208 material binds those grains together into a complex configuration that may leave behind a pore 

209 system that is only a remnant of the one that originally existed between the grains (Weinbrandt 

210 and Fatt 1969; see Fig. 1). Complicated geological histories may even obliterate the original 

211 grains and fill in all of original pores, with whatever pore system that later is created from some 

212 removal process (for example) being too complicated to associate with the original deposited 

213 material. These complex rock textures are not suitable to be examined by the particle-type 

214 methods.

215 Meanwhile, digital-rock methods have equally experienced a significant set of advances in 

216 the last two decades, with a primary commercial focus that uses digital rocks as a basis for 

217 calculating fluid-flow behavior (Berg et al 2017). A digital rock is a grain-/pore-scale model, 

218 nominally in 3D, of the micro-scale spatial arrangements (often called the ‘texture’) of the solid 

219 and void (pore) components of a rock. Such digital-rock models can be obtained from so-called 

220 ‘direct’ 3D imaging methods, such as x-ray tomography (XRT), which computes the model from 

221 a series of 2D projections of x-ray absorbance of the sample (Bultreys et al 2016). XRT-derived 

222 digital-rocks can be very good representations of the material, for some rock types, but there is 

223 a trade-off between sample size and spatial resolution with this method, such that small details 

224 of pores and pore connections may be too small to directly image in a representative sample 

225 size, with significant consequences for property determinations (Jiang et al 2010). Other digital-

226 rock approaches make use of 2D images, at any suitable scale, and possibly images from 

227 multiple scales, to reconstruct the desired 3D model via stochastic methods that replicate the 

228 local textures of the input images. In either approach, the dominant present use of digital-rock 

Page 11 of 96 Geophysics Manuscript, Accepted Pending: For Review Not Production



Micro-Mechanics Basis of Poro-Elasticity

– 12 – 

229 methods is to use the resulting pore-space model as a basis for calculating fluid flow (Blunt et al 

230 2012; Jiang et al 2012).

231 As digital-rock methods for fluid flow have become acknowledged as a complementary 

232 element (in association with established laboratory measurements) in understanding flow 

233 behaviors, there has been increasing attention given to the task of extending these methods for 

234 other property calculations. These approaches include: bulk resistivity (Wang et al 2005; 

235 Corbett et al 2017), NMR responses (Wang and Li 2008), electromagnetic responses (Blanche et 

236 al 2018), and poro-mechanics (Arns et al 2002; Madadi et al 2009; Shulakova et al 2013; Andrä 

237 et al 2013a, b). With some aspects of fluid flow (such as with multi-phase flow in complicated 

238 rock types, or with complex fluid systems, eg Pak et al 2015; Singh et al 2016), there is also a 

239 need for a model of the solid elements. The solid model enables consideration of aspects such 

240 as wettability distribution, or may be used in approaches that undertake reaction-transport 

241 simulations in the digital-rock model (eg Zaretskiy et al 2012; Watson et al 2018; Singh et al 

242 2017). 

243 For many of these tasks, it has been suitable to use the voxellated (‘discrete’) 3D model 

244 that is created either by XRT or by the stochastic 2D-rooted methods. This statement applies 

245 especially to fluid-flow calculations, where the assumption is usually made that the rock 

246 framework is static. In such cases, the voxellated model may be used directly as the input to a 

247 lattice-Boltzmann formulation (Ma et al 2010; Huang and Wang 2018). Alternatively, the 

248 complement of the solid (the voxellated void space) is used as the basis for extracting a pore-

249 network representation (Jiang et al 2007). 
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250 However, for any investigation that involves changes of the solid elements, there is a need 

251 to convert the voxellated model to a 3D mesh for use in a finite-element type, or similar, 

252 numerical formulation (Arns et al 2002; Madadi et al 2009; Shulakova et al 2013). Regardless of 

253 the size of the elements in the mesh, relative to the voxel size, there arise questions concerning 

254 how to ‘smooth’ through the discrete-ness of the voxel configuration, and whether such 

255 smoothing introduces artefacts. There are also issues to consider such as what physical 

256 characteristics might not be captured in the arbitrary-scale voxel model (such as grain-

257 boundary cracks, or intra-cement voids, or material differences between grains and cements), 

258 and how these complications can be addressed (Andrä et al 2013b; Zhu and Ma 2013; Ishutov 

259 et al 2018; Jiang et al 2018). The present FEM approaches for calculating properties in a digital-

260 rock model, in cases involving strain of the bulk rock, remain an open-ended research problem, 

261 in contrast with digital-rock methods that calculate fluid-flow properties in a static rock 

262 framework, which is now an established commercial solution.

263 The research approach described here represents a necessary precursor to underpin the 

264 development of robust digital-rock poro-elasticity simulations via FEM. The concept is to 

265 perform calculations like those that would be involved when using a realistic-geometry digital-

266 rock model, but here they are achieved in a much-simplified geometry that permits the solution 

267 to be obtained by solving the closed-form equations of elasticity within an idealized version of 

268 the solid framework of the rock. Importantly, the model adopted here provides a means of 

269 discovering the micro-mechanics processes that underlie poro-elastic behavior, and it illustrates 

270 how and which parts of the textural arrangement of the solid elements interact with a 

271 pressurized pore fluid. The formulation enables the calculation of a bulk model response in a 
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272 range of mixed boundary conditions, which are not isotropic, enabling the micro-mechanics 

273 behaviors to be used to derive the macro-scopic (up-scaled) continuum-equivalent responses. 

274 The introduction of anisotropic loading proves to be quite significant in that this leads to a 

275 deeper understanding of the role of the rock texture in governing the bulk response. Here, the 

276 consideration of directionality reveals how the Poisson effect within framework elements plays 

277 a central role in poro-elasticity.

278 The design/selection of any generic model, whose purpose is to provide a basis for deriving 

279 general understanding (eg by using the model geometry for performing calculations of the 

280 system response), must always involve trade-offs between realism (to a specific case?) and 

281 simplifications (what aspects are most general?). In terms of fluid flow, the work of Fatt 

282 (1956a,b,c) is perhaps the first example in which a micro-arrangement of pore-system elements 

283 (imagined as a system of parallel, thin tubes transecting the solid rock) is conceived. The 

284 resulting pore system model underpins calculations that provide a phenomenological basis for 

285 the macro-scale (continuum) expression of fluid flow, in terms of the Darcy permeability 

286 parameter. Fatt’s conceptual model embedded ideas such as the role of pore constrictions 

287 (throats) and pore-throat lengths. Fatt’s ideas enabled subsequent modifications of the simple 

288 model that introduced more realism, such as the tortuosity and connectivity of the pore 

289 system. Other modifications of this conceptual model added consideration of the fluid-phase 

290 occupancy of the pore elements, thus providing a link to the macro-scale observations of 

291 saturation dependence in multi-phase flow. Numerical simulation of ‘pore networks’, initially in 

292 a regular 3D lattice arrangement, provided opportunities to explore the role of spatial 

293 variations of the characteristics of the still-tubular pore elements (McDougall and Sorbie 1997). 
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294 As new imaging provided evidence that real pore elements are decidedly non-tubular, and as 

295 the pore-scale physics of multi-phase fluid displacement processes became better known 

296 (Sohrabi et al 2004; Roman et al 2016), the pore network modelling developed numerical 

297 approaches to cope with ever-more-realistic micro-scale aspects (Ryazanov et al 2009). The 

298 strength of modern digital-rock methods for fluid flow simulation highlights the important role 

299 of simplified models that promote deep understanding of the factors that govern the micro-

300 scale processes that aggregate into macro-scale behavior.

301 The model chosen here returns to the idea of simplicity in order to understand the 

302 fundamental, micro-scale process interactions that govern the emergent expressions of poro-

303 elastic behavior. Much like the early pore-network models, the model here has a connected 

304 pore system composed of a regular 3D lattice. The pore elements are square-shaped, leading to 

305 their complement: square-section solid elements comprising the framework, consisting of 

306 hexahedral ‘rods’ that intersect in cuboid ‘junctions’ (Fig. 1). The choice, to adopt the regular 

307 square shapes for the solid framework, is made to keep the mathematical expressions as simple 

308 as possible, with the minimum of directional and geometric notation. The strict lattice-like 

309 arrangement of pores and solids is not directly analogous to any real rock, but it is not greatly 

310 different in character to real rock images, such as those presented in Weinbrandt and Fatt’s 

311 (1969) work. Moreover, the simplifications provide a configuration that has proven to be useful 

312 for allowing a focus on fundamental process physics. Whether these geometric choices lead to 

313 artefacts, or not, will be determined by comparison with subsequent numerical results that will 

314 replicate the design and operation of the model used herein. The model’s purpose is strictly 
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418 reference condition is an unloaded state, then the expressions give the final state directly, but if 

419 the initial state is already loaded, the expressions give the increments of the state-variable 

420 changes that allow the final state to be derived by superposition of the initial and incremental 

421 components, as a function of the imposed changes in loads. The model is used to derive 

422 characteristic relationships between changes of, for example, stress and pore pressure. More 

423 significantly, the model is used to examine how loadings that differ in direction, and type (eg 

424 stress or displacement/strain boundary conditions), result in responses that reveal problems 

425 with the standard omni-directional poro-elasticity conceptualization.

426 Three loading cases are examined, representing a progression of key concepts that emerge 

427 from the examination of the micro-mechanics basis of poro-elasticity. The first two cases 

428 involve arbitrary changes of pore-fluid pressure, along with mechanical constraints and loads. 

429 The first case has a mechanical loading that is strictly isotropic, while the second one examines 

430 uni-axial strain. The first case emphasizes that fluid pressure changes (normally) result in 

431 changes of stress, and provides a phenomenological understanding of the law of effective 

432 stress. The second case further illustrates the main points derived from the first one, but within 

433 a situation that is not isotropic, revealing a key issue with classic poro-elasticity: the 

434 impossibility of translating the volume-based state parameters into directional mechanical 

435 state parameters. The third case returns to the isotropic loading, using it to examine an un-

436 drained deformation in which the pore fluid is retained in the model, illustrating the process 

437 interactions that occur, and providing an understanding of which textural elements of the rock 

438 govern the response.
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577 Large-scale human ‘experiments’ that have provoked the subsurface provide important 

578 observations about poro-mechanical processes. For example, deliberate thermal heating of oil 

579 reservoirs (aimed at lowering the viscosity of the trapped hydrocarbons) is known to be 

580 expressed at the ground surface by uplift (Gu et al 2011). The thermo-elastic model (as used 

581 above) is normally adopted to provide an explanation of the ground motion, with the 

582 assumption normally being made that the heated rocks are unable to expand in the horizontal 

583 directions: due to laterally-adjacent rocks also seeking to expand due to the added heat, so the 

584 entirety of the extensional strain is assumed to occur in the vertical direction. In the case of 

585 fluid injection into a subsurface reservoir (eg at In Salah; Rutqvist et al 2010), comparable uplift 

586 of the surface occurs, and is correlated with injection amounts in the operative wells, so the 

587 poro-elastic expansion of this reservoir occurs in an essentially uni-axial way, with no significant 

588 horizontal strains. The uni-axial strain idea also occurs in association with sediment 

589 consolidation processes (going back at least to Terzaghi, of course), prompting the conceptual 

590 design of the oedometer test cell, with other reasons being proposed (Long et al 2011). 

591 However, for all of these, including the example given by Biot (1941), the vertical strains during 

592 consolidation are not recoverable, and so poro-elasticity is not an appropriate explanatory 

593 model, but the point here is that a uni-axial strain situation is a common one.

594 Given that a uni-axial strain situation is often invoked as a basis for calculating poro-

595 mechanics perturbations in the deeper subsurface, we need to consider whether the isotropic-

596 state result, derived in the previous section, can be used to derive a similar answer for the uni-

597 axial case. This could be approached by using equation 14, and substituting the value of zero for 

598 both the horizontal x- and y-direction strains, thus equating the entirety of the necessary 
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716 consequence of being compressed into that smaller volume. This approach in effect assumes 

717 that there is no feedback coupling, which we correct in the subsequent step where we calculate 

718 the stress and component-strain changes within the lattice framework associated with this 

719 increase of pore pressure, while preventing any bulk strain (to keep the deformation state that 

720 was imposed in the first step). This last calculation reveals a further small decrease in the pore 

721 space due to the increase in fluid pressure. This outcome may seem counter-intuitive, with a 

722 naïve view that an increase in fluid pressure would cause dilation of the pore space. That view 

723 is linked to the unconstrained situation, where a pressure increase does cause bulk dilation, but 

724 it is incorrect for the constrained case.

725 The naïve first value obtained for the no-feedback pore-pressure change is a slight under-

726 estimate, but not a bad estimate. The small additional increase of pore pressure impacts the 

727 mechanical state of the lattice, as before. The true value for pressure could be obtained by 

728 setting up an iterative solution procedure for this non-linear problem to obtain an acceptable 

729 value. In the example here, and for the purpose of deriving understanding, that is judged un-

730 necessary, as the incremental pressure increase due to the feedback is about 1% of the 

731 pressure that is calculated to be due only to the drained reduction of pore space. In a realistic 

732 digital-rock simulation, there may well be a need to undertake a set of iterative calculations to 

733 achieve sufficient confidence in the resulting values, rather than accepting the single-iteration 

734 estimate. 

735 Drained Loading: Step 1 
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887 departure from the continuous and monotonic paths. The introduction of potential 

888 failure/yielding conditions, into the lattice model, is conceptually possible, but beyond the 

889 scope of this paper, and it would at any rate involve some problematic representations of how 

890 failures affect the subsequent mechanical responses. It is probably preferable to focus future 

891 attention on the use of numerical approaches, starting with a close examination of how well 

892 they calculate the same lattice model examined here.

893 Discussion

894 The Discussion examines several topics in sequence, starting with a set of comments 

895 relating to the phenomenological understanding developed in this paper. The next sub-section 

896 summarizes and expands on a list of issues that need to be addressed in the transformation of 

897 micro-mechanical understanding to the continuum scale. This is followed by an analysis of the 

898 conceptual basis for translating micro-mechanical results into a continuum-equivalent material 

899 law. Finally, a sub-section compares the approach adopted in this paper with a range of 

900 practices where numerical upscaling is well established.

901 Phenomenological Understanding

902 The micro-mechanical analysis presented here enables us to derive phenomenological 

903 understanding of the process interactions, occurring within a porous geomaterial, that lead to 

904 its composite poro-elastic response. In particular, the behavior of the micro-scale model reveals 

905 that there are different roles for the parts of the rock framework that can be classified as the 

906 load-carrying ‘beams’ (or rods as used herein) that span between points where the beams 

907 connect (called junctions herein). The beams/rods of the framework are quasi-linear elements 
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908 (they could be of uniform section, but more-complicated shapes, such as conical changes of 

909 section, should also have a similar response) that are exposed to fluid pressure directly on their 

910 exposed surfaces. The connecting junctions are less directly exposed to fluid pressure, and 

911 receive some of their loading from the elongations or shortening of the rod-like elements, so 

912 they have both direct loading from the external setting, and loads arising from the strains 

913 induced in the rods by fluid energy. The beams/rods change their lengths due to the Poisson 

914 effect of the elastic material that comprises the framework, while the Poisson effect in the 

915 junctions is essentially limited to that caused by the framework itself, since they are not much 

916 exposed to the fluid. In a lesser- or non-cemented granular material, the rods are small or non-

917 existent (Fig. 1A), and the grains themselves are subjected to the fluid loads, along with their 

918 role in reacting to imposed bulk strain. The analytical formulation used herein cannot be simply 

919 applied to the granular case, due to the extreme local variations (‘force chains’) that emerge in 

920 such systems, which render the lattice model invalid. Any extension of the understanding 

921 obtained here, to granular materials, requires suitable numerical formulations in order to be 

922 tested. The adoption of a grain-based perspective for rocks is perhaps tempting (for example, 

923 see Miller 1995, who emphasizes the shrinkage of isolated grains due to pressure increase, and 

924 then applies that understanding to the issue of hydraulic fracturing and maintenance of 

925 fracture openings). Unfortunately, that approach completely misses the role of the rods and 

926 their predominant role in governing the bulk poro-elastic response.

927 A bulk external strain, imposed onto our model, but with no change in fluid pressure 

928 (hence a ‘drained’ situation), causes the framework to experience strain (Case 3). The strains 

929 are not uniform in the two types of framework elements (rods and junctions), and they differ in 
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930 the coordinate directions of the model if the external loading is non-isotropic. These local 

931 inhomogeneities of states are similar to what is appreciated to be the common situation in 

932 granular systems, and which is becoming understood as applying to fractured systems also. 

933 Experimental and simulation studies of real or realistic geomaterials and analogue materials 

934 reveal that internal state heterogeneities are almost universal during the response of a bulk 

935 sample to loading, especially as the end of elasticity is approached, and afterwards as the bulk 

936 material experiences plastic strain and localizations (Andò et al 2012). Such work shows that 

937 geomaterials (systems of particles, and cemented rocks) develop concentrations within the 

938 model domain where textural or architectural components carry disproportionate fractions of 

939 the load, with other sets of particles or finite cemented regions that carry little or no loads. The 

940 same auto-organization into loaded and not-loaded regions seems to apply equally to systems 

941 of discontinuity-bounded blocks of rock (Hall et al 2007; Baghbanan and Jing 2008; Scholtès and 

942 Donzé 2012). Along with the results herein, this growing appreciation highlights an issue with 

943 the tendency to treat discrete models and continuum models as being equivalent.

944 The micro-mechanics analysis undertaken here highlights the significance of recognizing 

945 the emergent spatial variations of local states, possibly over many length-scales, and that these 

946 are associated with particular geometric and topological aspects of the rock framework that 

947 respond differently to the loading. This identification of the internal heterogeneities of state is a 

948 step in the progressive evolution of understanding the physics basis of poro-elasticity. That 

949 investigation has been rooted in Biot’s modified-continuum concept. The continuum idea 

950 dominated thought for decades, in which attempts were made to identify the meaning of Biot’s 

951 parameters. More recently the progression has begun to consider the pore space behavior as a 
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973 remains true even when there is no geometric irregularity that could be used as an excuse to 

974 explain the heterogeneity of resulting states. In contrast, geometric complexity is an 

975 inescapable feature of realistic digital rock models. The work reported here is important 

976 because it identifies a fundamental source of state heterogeneities that are associated with the 

977 degree to which a textural component is directly exposed to the fluid pressure. That 

978 understanding must be carried forward into the interpretation of numerical simulations of 

979 realistic rock textures.

980 Issues in Deriving Continuum-Scale Responses

981 As demonstrated via the three Cases examined herein, it is possible to employ a micro-

982 mechanics model to calculate the bulk response of that model to a given loading, along with 

983 the changes in the local states within the framework, and the state of the pore fluid. However, 

984 the analysis reveals that there are some problems with approaches that have been considered 

985 as acceptable for many decades. The notion of calculating a ‘restorative’ stress, which negates 

986 the strain associated with a fluid pressure change, is determined by assuming that the model 

987 behaves like a continuum. In this method, the bulk (or component) strain is reversed by the 

988 invention of a continuum-equivalent set of stress components – normally in a 1D fashion for 

989 each direction, without a consideration of the constraints related to the other coordinate axes. 

990 We showed, via the results obtained in the first step of the derivation of Case 3, that the 

991 ‘restoration’ method (as used in Case 1) gives a false answer. The reason for this is related to 

992 the assumption that continuum rules apply in a porous material, which the results here show to 

993 be a false assumption. We examine this matter further in the following section.
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1036 appropriately constrained if the boundary conditions are applied along the planar ‘cut’ face of a 

1037 solid element (such as a grain) that intersects the margin of the model domain. If the particular 

1038 edge face is both large (as a fraction of the model size) and poorly connected to the remainder 

1039 of the domain, this could well be problematic. The point here is that there are many issues 

1040 which cause the task to be significantly challenging, with a significant research effort being 

1041 required to address questions about possible artefacts introduced because of choices that have 

1042 to be made. The progress towards performing poro-elastic simulations on a routine basis 

1043 demands finding answers to many outstanding questions.

1044 Translation of Micro-Scale to Continuum

1045 Irrespective of those listed concerns, which are yet to be addressed and resolved, the 

1046 recommendation that is made possible by the present outcomes is to perform the eventual 

1047 numerical simulations using strain boundary conditions. The purpose of such a micro-

1048 mechanics simulation is to derive a macro-scale response. As we have seen earlier in this paper, 

1049 a stress (or traction) boundary condition leads to a model response that contains 

1050 contradictions, between the imposed traction value (which is imagined to relate to the external 

1051 or macro-scale), and the equivalent macro-scale stress component that matches with the 

1052 model strains. If strain boundary conditions are imposed, those strains have a clear relationship 

1053 with the far-field strain state, because the micro-scale model boundary is also a virtual surface 

1054 within the coarse-scale setting, and we can plausibly impose a consistency of displacement. The 

1055 bulk strain can be translated into equivalent macro-scale stresses, by assuming that the domain 

1056 is a behaving as a continuum equivalent, via identification of a suitable set of macro-scale 
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1057 elastic properties. In this way, the upscaled material properties form an equivalent ‘material 

1058 law’ for use within that larger continuum setting (see additional comments below).

1059 Presuming that, at some point in the future, a qualified numerical simulation toolset 

1060 becomes available for running micro-mechanics process simulations on a suitable spectrum of 

1061 digital-rock models, the simulator could be used (Fig. 9) to develop an extensive database of 

1062 poro-elastic responses, from which new generalizations could be extracted. The workflow 

1063 illustrated in Figure 9 includes provision for addressing variations in the digital-rock models, to 

1064 account for unknowns, and to enable speculative features (eg diagenetic and deformation 

1065 effects) to be included in ‘this’ sample. Based on the arguments outlined above, the model 

1066 outcomes, for the suite of variants of ‘this’ sample, will be expressed as internal states (of strain 

1067 and stress, in the framework elements of that digital-rock model) that are associated with the 

1068 bulk-strain boundary conditions, and the imposed changes of fluid pressure. 

1069

1070 How can the information contained in that database be translated into ‘laws’ describing 

1071 macro-scale poro-elastic behavior? We noted, above, that the state of internal stress (in a 

1072 micro-mechanics model) is both heterogeneous, and that there is no characteristic site in the 

1073 model where the local state of stress has a simple relationship with the continuum-equivalent 

1074 external stress that can be derived from treating the model domain as an elastic material. 

1075 Performing physical experiments is one potential approach to discovering a suitable 

1076 equivalence: such an experiment provides a set of stress-strain data points during the loading 

1077 and unloading, along with measurement(s) of the pore pressure. However, there are some 

Page 53 of 96 Geophysics Manuscript, Accepted Pending: For Review Not Production



Micro-Mechanics Basis of Poro-Elasticity

– 54 – 

1078 issues relating to experimental methods which need to be considered. The sample in the 

1079 experiment is (typically) much larger than the volume of the digital-rock model, so there is 

1080 potential for textural variations inside the sample that would complicate the association of the 

1081 digital-rock model with the larger sample. When the sample is loaded, using the usual 

1082 experimental design that involves confinement via a pressurized fluid exerting loading onto the 

1083 membrane-surrounded sample, the sample does not exhibit uniform strain, even when in the 

1084 initial part of the loading. The sample develops a barrel shape, which cannot trivially be linked 

1085 to a single state of uniform strain. Moreover, the strain state in the experiment has, nominally, 

1086 a radial symmetry, which precludes exploration of true-triaxial strain states in the usual axi-

1087 symmetric configuration. Even true-triaxial apparatus designs (eg McDermott et al 2018) have 

1088 issues in terms of demonstrating the achievement of a truly-uniform state of strain. Thus, 

1089 undertaking experiments, aimed at achieving a precise suite of strain states, is problematic. 

1090 And, in those rocks with very low permeabilities, it is very challenging to achieve control over 

1091 pore pressure, or to ensure that the pore pressure is uniform over the sample volume. And, as 

1092 was mentioned earlier, experimental determination of poro-elastic parameters is not viewed as 

1093 a robust approach, and such work attracts many questions. Moreover, even if it is possible to 

1094 resolve all of these concerns, the number of experiments that can practically be undertaken is 

1095 small in comparison to the number of digital-rock models likely to be seen as needed to 

1096 develop comprehensive knowledge.

1097 Although some well-designed experimentation is clearly necessary, to provide what ground 

1098 truth is achievable, a different and complementary approach is required in order to translate 

1099 the potentially vast set of simulation outcomes into poro-elastic behavior laws. The method 
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1120 not a true material characteristic in the continuum sense. Instead, this tensor is only a cross-

1121 scaling device that connects the micro-scale to the continuum-scale. 

1122 A suggestion, for the ‘independent way’, is to enforce a constraint that the energy content 

1123 of the macro-scale equivalent material law (which has to be expressed as values or functions, 

1124 and not as simple fixed ‘material’ parameters) is equal to the energy contained in the micro-

1125 mechanics system. The adoption of continuum laws ensures this energy consistency when 

1126 scales change within a true continuum. But, that consistency is not guaranteed when we 

1127 acknowledge heterogeneity of local states within the system that is being upscaled: ie the 

1128 micro-mechanics digital-rock model. The resulting ‘law’ will involve the need to accept that the 

1129 state of stress within the framework of a rock is not the same as the equivalent stress used in a 

1130 continuum representation of that porous rock. This departure from continuum thinking will 

1131 involve many changes to the ways that problems are addressed. 

1132 Acknowledgement of, or evidence for, energy discrepancies across scales, is emerging in 

1133 several geomaterial investigations, in cases where the ‘material’ is recognized as being a system 

1134 of multiple parts, with internal states exhibiting non-uniformity (Tordesillas et al 2015a,b; Hu et 

1135 al 2016; Hurley et al 2016, 2017; Soriano et al 2017; Polsky et al 2017; Desrues et al 2018). 

1136 Together, and reinforced by the results herein, these realizations are pointing towards the need 

1137 to re-consider what may be missing or wrong when we adopt a continuum-based frame of 

1138 reference for geomaterials. A full discussion of those challenges is beyond the scope of the 

1139 present paper. However, the point is made that an acknowledgement of discrete-ness, in a 
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1140 micro-mechanics digital-rock analysis, has substantial knock-on implications for the methods 

1141 and conceptual frameworks used in large-scale simulations.

1142 Upscaling: Why This Term Is Suitable

1143 A common approach in the subsurface analysis of fluid flow is to perform numerical 

1144 simulations of the processes. The length-scales involved can be large, ranging from ~(O)km to 

1145 10s of km. In order to achieve satisfactory results, the model domains often require 

1146 consideration of small-scale heterogeneities. The computational challenge of using a fine grid, 

1147 but a large domain, are considerable. A common approach to this problem is to derive 

1148 equivalent or ‘effective’ properties to be used in the coarse solution grids to achieve the 

1149 required computational efficiency. The transformation of detailed information into an 

1150 equivalent representation is usually called ‘upscaling’ (Christie and Blunt 2001). 

1151 In fluid-flow problems, such as arise in hydrogeology or petroleum engineering, it is 

1152 sometimes possible to achieve acceptable results by deriving upscaled property values on the 

1153 coarse-scale grid, by means of simple averaging of the smaller-scale permeability 

1154 heterogeneities, using arithmetic, geometric or harmonic averages to suit the spatial 

1155 arrangement of those heterogeneities (Jensen et al 1997). Such averaging may not work well 

1156 for situations with multi-phase fluids, where the flow process involves non-linearities relating to 

1157 the dependence of the relative permeabilities on saturations (Corbett et al 1998; Arbogast 

1158 2002; Pickup and Hern 2002; Pickup et al 2005; Zehe et al 2006). The averaging method may 

1159 also be unsatisfactory in single-phase problems, especially if the spatial arrangements are 

1160 complicated and/or include large variations in the property involved (Ma et al 2006), or if the 
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1161 problem requires additional process considerations, such as solute transport (Geiger et al 

1162 2010). The use of smaller-scale models, which retain details of the spatial heterogeneity, to 

1163 derive effective responses for use at coarser-scales, is particularly important in problems 

1164 involving strong process interactions, such as with geomechanics interacting with fluid flow, 

1165 where cases with fractured-rock masses exhibit simulation responses that are non-monotonic 

1166 functions of the governing variables (Reynolds et al 2007; Couples 2014). 

1167 The approach used to address these issues is numerical upscaling, which involves the 

1168 creation of a model of a part of the global domain which captures the smaller-scale distribution 

1169 of materials and thus their properties and processes, and then performing a simulation using 

1170 that small-scale discretization. The simulation response of the fine-scale model is converted 

1171 into an ‘effective’ coarse-scale ‘property’ that – when used in a coarse-scale model composed 

1172 of an array of cells, each capturing the upscaled ‘property’ of their fine-scale contents – gives 

1173 almost the same global simulation outcome as would have been obtained with a 

1174 computationally-costly, fine-scale model of the entire large domain. Upscaling methods have to 

1175 be aware of issues related to inappropriate choices in boundary conditions, which can render 

1176 their outcomes to have little practical value, but multi-scale methods are an example of the 

1177 developments that seek to overcome the known issues associated with numerical upscaling.

1178 The work described herein uses the idea of upscaling to transform the micro-mechanics 

1179 process interactions, operating in a porous medium, to an equivalent or ‘effective’ bulk 

1180 response (eg Fig. 9 and related discussion). The pore-scale model expresses the smaller-scale 

1181 heterogeneity of the arrangement of solids and voids. The model domain represents the 
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1182 coarse-scale, which is a scale that allows a continuum-equivalent response to be derived. In the 

1183 simplified geometry chosen here, that coarse-scale can be as small as the unit cell, or any larger 

1184 size of domain, since the model repeats the same unit cell ad infinitum. If (or rather, when) the 

1185 approach is applied to more-realistic digital-rock models, with internal geometric irregularities, 

1186 the coarse-scale will be identified as the REV of the digital-rock modelling method, or some 

1187 other appropriate scale. That may require a multi-stage upscaling process to be able to fully 

1188 capture the heterogeneity and to retain the physics of the process interactions. In the examples 

1189 herein, the calculation at the fine-scale is deliberately formulated as analytical expressions, so 

1190 numerical methods are not required to accomplish the upscaling to the continuum scale. Full 

1191 numerical methods will be needed to achieve similar outcomes when using digital-rock models 

1192 that have complex spatial arrangements of solids and voids.

1193 Because the calculations described in this paper involve processes, and especially because 

1194 the process involves movements of the model’s components, we prefer to adopt the term 

1195 upscaling to describe the translation from the micro-scale to the macro-scale. This choice 

1196 relates to the similarity with the upscaling work mentioned in this section, where the 

1197 motivation is to appropriately capture process outcomes.

1198 We contrast the upscaling of the micro-mechanics digital-rock models presented herein, 

1199 with the approach pioneered by Biot, who formulated his poro-elasticity concept by a method 

1200 that amounts to a weighted-averaging of state variables, with the weighting factors primarily 

1201 being linked to volume fractions. The ‘process’ in Biot’s model is only implicit, which means that 

1202 a change of state is deemed as defining the continuum process. The discrete approach adopted 
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1203 herein highlights that the resulting states inside the model domain are strongly partitioned. We 

1204 choose to employ the term ‘upscaling’ for our approach because the heritage of that term is 

1205 strongly associated with recognition of small-scale heterogeneities and their role in processes.

1206 Implications for Current Approaches in Poro-Elasticity

1207 The utility of continuum-based solution methods for a poro-elastic problem (or a problem 

1208 including poro-elasticity) is not under imminent threat of extinction. There is no alternative 

1209 approach that can now be envisaged for achieving the simulation of large-scale and complex 

1210 problems. What is under threat is the un-examined assumption that the upscaled material laws 

1211 must obey the traditional rules associated with continuum mechanics. Interesting 

1212 developments have recently been described that replace the continuum material law with the 

1213 outputs of discrete model simulations at smaller scale, in what is called a two-scale approach 

1214 (Andò et al 2013; Nguyen et al 2013; Desrues and Ando 2015; Desrues et al 2015, 2017). These 

1215 demonstrations prove that there is a robust future for continuum methods in geomechanical 

1216 subjects, but that the descriptions of material behaviors can (and must) be extended, but with 

1217 that enrichment being well-grounded in rigorous micro-mechanics physical understanding. This 

1218 apparent ‘problem’ is best viewed as a great opportunity to provide a formal link across the 

1219 scales, thus allowing the continuum geomechanics simulations to be robustly down-scaled in a 

1220 way that captures the actual micro-scale changes that govern important emergent properties. 

1221 These emergent phenomena include the transport of: fluids, electrical current, electromagnetic 

1222 waves, acoustic waves, heat, and, especially, how these are affected by the deformation 

1223 processes, and how the deformation affects the transport.
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1224 As an example of the challenges when considering interactions, consider the example 

1225 described earlier. The use of ideas associated with the continuum elasticity perspective is 

1226 shown to lead to a contradiction between the notion of a ‘restorative’ stress, compared with 

1227 the micro-scale formulation of the problem with a no-strain boundary condition (compare 

1228 equation 16 with equation 50). The same contradiction arises with a thermo-elastic problem (eg 

1229 Love 1927), even if fluids are not involved, and where the materials are treated simply as a 

1230 classical continuum (Couples et al 2018). The notion of addressing process interactions (e.g. 

1231 fluids or thermal processes affecting an elastic continuum; see Norris 1992) via the use of a 

1232 ‘restorative’ stress, as has been standard practice for a long time, is clearly problematic. 

1233 Perhaps the most significant outcome of this study is what it says about the Biot (1941) 

1234 formulation of poro-elasticity, and how that theory has been adapted and applied up until now. 

1235 Biot implicitly assumed that the bulk material is described by continuum behavior, and that 

1236 energy balance occurs, naturally, within the frame of continuum principles. He added new 

1237 responses to that basic behavior to account for the pore fluid pressure, and asserted that he 

1238 had correctly captured the energy contributions of that interaction within his formulation. From 

1239 today’s perspective, we might call Biot’s concept an ‘enriched’ formulation. Unfortunately, 

1240 Biot’s approach did not prompt him to consider the micro-mechanical details, and in particular, 

1241 he did not allow for the work associated with movement of the solid/pore walls (Muller and 

1242 Sahay 2017; Ahmed et al 2019). So, Biot’s energy-conservation arguments, which form the basis 

1243 for his derivation of the interaction parameters, are in fact written in a way that does not 

1244 conserve energy, because they leave out an important contribution. 
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1245 The majority of prior work on poro-elasticity is framed within the perspective of 

1246 continuum. This outlook does not entertain the notion that the state within a domain may 

1247 differ from the far-field state – since the consistency of states across scales is the defining 

1248 characteristic of the continuum idea. The introduction of voids/pores into the continuum, and 

1249 even the consideration of connected pores, did not lead to a widespread questioning of the 

1250 validity of the continuum concept. Instead, it was assumed, as is common in continuum 

1251 methods, that the roles of such ‘defects’ could be addressed by the addition of new 

1252 parameters. To account for the role of pressurized fluid in the pores, the continuum perspective 

1253 allowed the formulation of interactions of the sort first suggested by Biot (eg equations 1a, 1b). 

1254 Continuum-focused reasoning enabled Biot (and others) to pose arguments concerning the 

1255 relationships between the parameters in those expressions. And that outlook has governed the 

1256 majority of work since, with efforts focused on deriving other ways of expressing the 

1257 parameters (in terms of accessible properties), and thus indicating what experimental 

1258 approaches were needed. 

1259 In contrast, the approach adopted herein is to derive the effective poro-elastic response of 

1260 a model in which we explicitly represent the sort of micro-scale arrangements of solid and void 

1261 that are typical of rocks. We do not assume that the far-field state exists inside the model, and 

1262 refer to the far-field only in terms of establishing the boundary constraints for the problem. We 

1263 find that the response of the model, which is treated like a system, exposes differences 

1264 between the internal states and those which might be expected from the far-field perspective. 

1265 This is a fundamental difference in comparison to the continuum-based thinking which assumes 

1266 (usually only implicitly) that the far-field and internal states are consistent. Indeed, without the 
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1267 micro-mechanics analysis, there would be no reason to expect any differences. But, differences 

1268 there are. And that poses a challenge for the whole basis of the idea of poro-elasticity.

1269 The short-term perspective for poro-elasticity research may well be one that involves some 

1270 disruption of established methods, and a re-examination of central concepts. More, and better, 

1271 micro-mechanics simulations are very likely to appear. Although it is appropriate for those 

1272 studies to compare their results with the established framework of poro-elasticity, there is also 

1273 a need to examine the outcomes carefully, and to be prepared to acknowledge when they 

1274 differ from what would be predicted from the classical theory. Differences do not necessarily 

1275 mean that the simulations are erroneous, and may, instead, be showing the importance of 

1276 adopting a new perspective on poro-elasticity: it is not a material law, but instead is the 

1277 composite response of a micro-system that is not a smaller-scale version of a continuum.

1278

1279

1280 Conclusions

1281 The analysis documented in this paper reveals that poro-elasticity is not a material 

1282 property. Instead, poro-elastic behavior at the continuum scale is the response of a pore-scale 

1283 system of rock framework and pore fluid, with a critical dependence on the constraints. While it 

1284 is possible, in principle, to translate the behavior of the pore-scale system into an effective 

1285 continuum behavior ‘law’, that derived response does not follow the same relationships as does 
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1306 The micro-scale poro-elastic responses of geomaterials cannot be inferred, simply, by 

1307 partitioning of the bulk changes derived from a continuum perspective. Rather than being a 

1308 material characteristic only, poro-elasticity depends on the strain boundary conditions. The 

1309 derivation of poro-elastic behavior must be derived from consideration of discrete micro-

1310 mechanics interactions. 
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1665 Figure Captions

1666 Figure 1. (A) SEM image of a lightly-cemented sandstone, where the original grains are still 

1667 the prominent textural features. (B) SEM image of a lower-porosity sandstone with more 

1668 cement than in (A). Note how the cements lead to long ‘rod-like’ textural elements. (C) Lattice 

1669 digital-rock model of a porous rock, constructed from repeated unit cells (D). Here the model is 

1670 shown with high porosity for clarity, but the typical model has a much-lower porosity. (D) Unit-

1671 cell, whose size is ‘d’ (see (C)), and the linear dimension of a unit-cell that is solid is ‘w’. The 

1672 linear dimension of the pore space is ‘a’. The three plate-like elements are called the ‘rods’, and 

1673 they surround the cubic element, which is called the ‘junction’. The dark-shaded face in (C) can 

1674 be interpreted as the external boundary of the model, where external loads or constraints 
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Figure 1. (A) SEM image of a lightly-cemented sandstone, where the original grains are still the prominent 
textural features. (B) SEM image of a lower-porosity sandstone with more cement than in (A). Note how the 
cements lead to long ‘rod-like’ textural elements. (C) Lattice digital-rock model of a porous rock, constructed 

from repeated unit cells (D). Here the model is shown with high porosity for clarity, but the typical model 
has a much-lower porosity. (D) Unit-cell, whose size is ‘d’ (see (C)), and the linear dimension of a unit-cell 
that is solid is ‘w’. The linear dimension of the pore space is ‘a’. The three plate-like elements are called the 
‘rods’, and they surround the cubic element, which is called the ‘junction’. The dark-shaded face in (C) can 
be interpreted as the external boundary of the model, where external loads or constraints affect the axial 
state of a set of rods, but never (directly) the state in their transverse directions, which are loaded by the 

fluid pressure. 
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Figure 2. Functional relationship between model texture parameter ‘t’ and porosity. 
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Figure 3. Illustration of a typical digital-rock model. The solid components (‘framework’) are depicted in dark 
grey, while the exposed pore network is shown in lighter grey. 
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Figure 4. Depiction of the ratio of the pore space comprised of ‘nodes’ compared to the space in ‘bonds’. 
Note that as ‘t’ becomes larger (> 0.4), the relative contribution from nodes is reduced, which is unlike real 
rocks. This change is an artefact of the strictly-geometric construction of the pore system, which in a real 
rock (Fig. 3) often does not show a good relationship with grain size or porosity. The lattice version of a 

digital-rock is unsuited for calculating transport properties. 
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