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Abstract

Geomechanics helps us understand the life-cycle of a hydrocarbon reservoir and, in turn, impacts

geophysical monitoring programs. A common geomechanical problem is to predict reservoir com-

paction or zones of abnormal pore pressure. These predictions mostly use simple empirical rela-

tions, but recently, the use of rock deformation models based on static poroelasticity is the norm.

These models require accurate values for the poroelastic parameters. We present a digital rock

workflow to determine these poroelastic parameters which are difficult to extract from well-log or

laboratory measurements. The drained pore modulus is determinant in the compaction problem.

This modulus represents the ratio of pore volume change to confining pressure when the fluid

pressure is constant. In laboratory experiments, bulk volume changes are accurately measured by

sensors attached to the outer surface of the rock sample. In contrast, pore volume changes are

notoriously difficult to measure because these changes need to quantify the pore boundary defor-

mation. Hence, accurate measures of the drained pore modulus are challenging. We simulate static

deformation experiments at the pore-scale utilizing digital rock images. We model an Ottawa F-42

sand pack obtained from X-ray micro-tomographic images. We stack two-dimensional micro-CT

images to represent a three-dimensional F-42 sand pack sample. We extract a sub-volume from this

sample for numerical simulation. We first segment the cropped sample, which consists of grains

and pore spaces, and then use the segmentation to generate a volumetric mesh. We compute the

elastic, linear momentum balance in the structural domain (grains) and solve the system using the

commercial software package ABAQUS. The network of grains (solid phase) is assumed elastic,

isotropic, and homogeneous. We calculate the change in pore volume using a new post-processing

algorithm, which allows us to compute the local changes in pore volume due to the applied load.

This process yields an accurate drained pore modulus. We then use an alternative estimate of the

drained pore modulus. We exploit its relation to the drained bulk modulus and the solid phase

bulk modulus (i.e., Biots coefficient) using the digital rock workflow. Finally, we compare the

drained pore modulus values obtained from these two independent analyses and find reasonable

agreement.
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1 INTRODUCTION

A standard model for the effective elastic behaviour of porous, fluid-saturated rocks is the theory

of linear poroelasticity. As it is a macroscopic theory, only an average of the textural and compo-

sitional complexities at pore-scale enter the poroelastic description. Since the introduction of the

poroelasticity theory by Biot (1941), the definition of the deformation parameters for the consti-

tutive relations has been sought (Biot and Willis, 1957; Makhnenko and Labuz, 2016; and Cheng,

2016 for an overview). We use volume averaging of the pore-scale equations to quantify the pa-

rameters appearing in the constitutive equations of linear poroelasticity that include the effects of

pore-scale heterogeneities (Sahay et al., 2001; Sahay, 2013; Müller and Sahay, 2013; Müller and

Sahay, 2016a).

A poroelastic parameters particularly important for geomechanical reservoir analysis is the

Biot coefficient. It is used to estimate the reservoir stress path (Altmann et al., 2010). The Biot

coefficient represents the fluid volume change induced by the bulk volume change in drained

conditions, which is difficult to measure in the laboratory. An alternative definition of the coeffi-

cient is as the effective pressure coefficient for the bulk that is measured in constant bulk volume

tests (e.g. Omdal et al., 2009). However, this interpretation is not correct in micro-inhomogeneous

rocks (Müller and Sahay, 2016b). Another relevant parameter is the drained pore modulus used in

geotechnical applications such as reserve estimation (e.g. Schutjens and Heidug, 2012; De Oliveira

et al., 2016). The drained modulus measures the change of pore volume as the confining pressure

increases while the fluid pressure is constant. This drained coefficient is as difficult to measure in

the laboratory as the Biot coefficient (Pimienta et al., 2017).

Given these problems, we explore new avenues to estimate the Biot coefficient and the drained

pore modulus. For idealized, two-dimensional porous structures Tan and Konieztky (2014) com-

pute the Biot coefficient numerically and emphasize that microstructural properties such as the

arrangement of elliptical cracks are important. Therefore, we aim at an approach that handles the

complexities of a three-dimensional network of grains. In this paper we numerically determine

the drained poroelastic parameters using digital rock technology (DRT). DRT technology uses 3D

pore-scale images of rocks (i.e., the geometry of the pore-scale features is known and only limited
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by the resolution of the imaging process) in conjunction with numerical solvers for the pore-scale

governing equations. However, as Couples (2017) points out, attempts to quantify poromechanical

parameters using DRT have not been convincing and remain a major challenge.

The outline is as follows. First, we present the poroelastic framework with particular focus

on the interrelations between parameters characterizing the drained rock behaviour. Then, we nu-

merically simulate static deformation experiments at the pore-scale utilizing digitized rock im-

ages of sandstone. From the pore-scale simulations we infer the macroscopic deformation moduli

by volume-averaging. We interpret these moduli in the poroelastic framework which accounts

for micro-inhomogeneities in a generic way and which explicitly links the change of porosity to

the constitutive equations of poroelasticity (Müller and Sahay, 2016a) . Finally, we compare the

numerical estimates with laboratory measurements reported in the literature and obtain a good

agreement with these measurements.

2 MODEL FOR MICRO-INHOMOGENEOUS ROCKS

2.1 Constitutive equations of linear poroelasticity and the porosity perturbation equation

We consider an isotropic poroelastic solid and restrict the analysis to volumetric changes only. This

implies the following kinematic variables. The bulk volumetric strain (ϵ) and the increment of fluid

content (ζ) according to Biot’s (1941) consolidation theory, where we adopt the notation of Wang

(2000). In addition, since pore boundaries move during deformation (Figure 1) the proportion of

solid to fluid volume changes and amounts to a change of porosity η − η0 (Sahay et al., 2001).

Here η is the porosity at the current state of deformation and η0 is the porosity at the reference

(undeformed) state. While the change of porosity does not appear explicitly in Biot’s theory, Sahay

(2013) derived an underlying porosity perturbation equation. These three kinematic variables can

be changed by a combination of the fluid pressure (pf) and the confining pressure (pc). The latter

is equal to the total pressure

pc = η0 p
f + (1− η0) p

s . (1)
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Herein (1 − η0)p
s represents the macroscopic pressure of the solid phase which is related to the

macroscopic solid stress tensor τ sjk appearing in Biot’s constitutive equations (Biot and Willis,

1957) via −(1− η0)p
s = 1/3 τ skk.

For macroscopically homogeneous porous material and in the realm of equilibrium thermody-

namics the constitutive poroelastic equations are (Müller and Sahay, 2016a, their equations (16) to

(18))

−pc = K0 ϵ − α⋆ pf (2)

− 1

M⋆
pf = α ϵ − ζ . (3)

and the underpinning porosity perturbation equation is

η − η0 = −α− η0
K0

(
pc − (η0 + (1− η0)n) p

f
)
. (4)

In equation (2) K0 is the drained frame bulk modulus and

1

M⋆
=

η0
Kf

+
α⋆ − η0
Ks

(5)

is the fluid storage coefficient. The bulk moduli of the solid and fluid phase are Ks and Kf , re-

spectively. The porosity perturbation equation entails the parameter n as a macroscopic measure

for micro-inhomogeneity and differs from the Biot porosity equation in that the porosity change

is not simply determined by the difference pressure (Sahay, 2013). The constitutive equations (2)

and (3) also differ from the Biot constitutive equations in that the Biot coefficient (α) and the ef-

fective pressure coefficient for the bulk volume (α⋆) are taken as distinct quantities (Müller and

Sahay, 2016b) as well as the fluid storage coefficient involves the effective pressure coefficient

for the bulk volume. These constitutive equations are based on the volume averaging approach of

poroelasticity developed in Sahay et al. (2001); see also Sahay (2013) for further details.
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2.2 Moduli relevant for drained rock characterization and their micromechanical

representation

Here we focus on drained rock moduli and their interrelations. Drained behaviour refers to a state

where the fluid pressure remains constant during the deformation process. From a micromechan-

ical point of view, the bulk volume (Vb) is the sum of the volume of the solid phase (Vs) and the

pore volume (Vp), Vb = Vs + Vp and the porosity is given by the ratio η = Vp/Vb. Then, to first

order, pore volume changes are composed of bulk volume changes and a change in porosity,

dVp = η0 dVb + Vb0 dη , (6)

where the subscript 0 refers to the unperturbed (before deformation) value. Thus, in a drained

experiment (setting the fluid pressure perturbation to zero) this pore volume change becomes

∂Vp

∂pc

∣∣∣∣
pf=0

= η0
∂Vb

∂pc

∣∣∣∣
pf=0

+ Vb0
∂η

∂pc

∣∣∣∣
pf=0

(7)

Multiplying by 1/Vp0 the left-hand side is by definition the drained pore modulus

− 1

Vp0

∂Vp

∂pc

∣∣∣∣
pf=0

≡ 1

Kp

. (8)

It is a measure of how much the pore volume changes in response to a change in confining pressure.

We note that it is sometimes referred to as the pore compressibility Cpc = 1/Kp (e.g. Jaeger et al.,

2007).

The first term on the right-hand side in equation (7) represents the drained bulk modulus

− 1

Vb0

∂Vb

∂pc

∣∣∣∣
pf=0

≡ 1

K0

. (9)

and its inverse is the drained rock compressibility Cbc = 1/K0. It is routinely measured in pressure

cell experiments. The second term on the right-hand side in equation (7) can be evaluated from the

porosity perturbation equation (4)

∂η

∂pc

∣∣∣∣
pf=0

= −α− η0
K0

. (10)

The Biot coefficient, in turn, is defined through the constitutive equation (3)

∂ζ

∂ϵ

∣∣∣∣
pf=0

≡ α . (11)
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This equation implies that a change of the increment of fluid content due to a change in the bulk

volume at zero fluid pressure can only depend on the mechanical properties of the porous frame

and on the solid grains that constitute this frame. The bulk modulus associated with the porous

frame is the drained frame bulk modulus K0. The bulk modulus of the solid-phase Ks could be

obtained by applying the same load on the inner and outer surfaces of the porous frame. It is thus

determined in hydrostatic compression experiment wherein the change of the solid volume Vs is

monitored. Thus

− 1

Vs0

∂Vs

∂pf

∣∣∣∣
pf=pc

≡ 1

Ks

. (12)

This stipulates that the Biot coefficient is expressed in terms of the drained and solid phase bulk

moduli

α = 1− K0

Ks

. (13)

Substituting the last expression for α into equation (10) and the resulting expression into equation

(7) and further noting the definitions of the drained bulk and pore modulus yields to the interrela-

tion

η0
Kp

=
1

K0

− 1

Ks

. (14)

Equations (13) and (14) allow us to determine the Biot coefficient and the drained pore modulus

for a given porosity, drained bulk modulus and the solid phase bulk modulus. We note that equation

(14) is difficult to verify in laboratory experiments because the pore and solid phase bulk modulus

would require to measure the changes in pore and solid volume (while typically the bulk volume

changes are monitored only).

From a micromechanical point of view the increment of fluid content is (Wang, 2000, equation

2.10)

ζ =
1

Vb0

(dVp − dVf) . (15)

It can be interpreted as follows. If the pore volume is increased during deformation and is larger

than the fluid volume increase then additional fluid can be accommodated in the porous medium.

Or, if the fluid volume is reduced by compression and the pore volume remains constant then

also more fluid will be stored in the porous medium. Thus it is the difference in pore and fluid
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volume changes that quantifies the change of fluid content of a porous medium. This means that

ζ > 0 signifies fluid is imported and ζ < 0 signifies fluid is expelled from the porous medium. In

drained condition the fluid volume cannot be compressed, as this would result in a change in fluid

pressure whereas, by definition, drained deformation implies a constant fluid pressure (i. e. zero

fluid pressure perturbation). Hence, ζdrained = 1/Vb0 dVp|pf=0. Therefore, based on the definitions

of the Biot coefficient (11), the drained pore and bulk modulus, Eqs. (9) and (8), we obtain

α =
dVp

dVb

∣∣∣∣
pf=0

= η0
K0

Kp

. (16)

Formally, this equation also follows from Eq. (14). However, to arrive at equation (16) the notion

of the solid phase bulk modulus is immaterial.

In the following we estimate the drained pore modulus Kp and the Biot coefficient based on

pore-scale simulations in two different ways: First, indirectly through equations (14) and (13).

This requires to numerically determine porosity η0, drained bulk modulus K0 and solid phase bulk

modulus Ks. Second, directly by computing the pore volume changes and using the expressions

(8) and (16). We then compare and discuss our estimated values of Kp and α obtained from the

two independent analyses.

3 DIGITAL ROCK SIMULATIONS AND PORE VOLUME CHANGE ANALYSIS

3.1 General workflow description and properties of the network of grains

Typically, there are two types of workflows in DRT. In the first one, micro-structural information

is obtained by analysing micro CT scan images with the help of image processing methods. The

second workflow consists of multi-physics modelling where 2D micro CT scan images are stacked

to create a 3D digital sample replicating the real micro-structure. We implement the second work-

flow. This includes segmentation of the images into separable pore and grain spaces. Pore spaces

are used to calculate the petro-physical properties like permeability, porosity, relative permeability

and residual fluid distribution within the rock sample. The framework of grains is subjected to

stress and strain and effective elastic properties like grain, bulk and pore modulus are calculated.
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This paper describes the estimation of drained bulk and pore modulus and Biot coefficient of a real

rock sample using two different methods. It is an extension of the work of Ahmed et al. (2017).

The numerical workflow includes a digitized rock sample (Ottawa F-42 sand pack) obtained

from X-ray micro-computer tomographic (CT) images. 2D micro-CT image slices are stacked

together to generate 3D F-42 sand pack samples of different sizeswith a voxel size of 5.78 µm. We

aim to use a real yet idealized and simple rock sample to determine the macroscopic deformation

parameters.

The governing equation for the domain of the solid phase (network of grains) is the linear mo-

mentum conservation equation. It is solved on structural elements using the commercial software

package ABAQUS. The grain material is assumed to be linear elastic, isotropic and homogeneous.

It has a density of 2650 kg/m3, a Young’s modulus and Poisson’s ratio of Es = 94 GPa and

νs = 0.075, respectively. This resembles a solid frame made out of quartz with bulk and shear

modulus Ks = 36.83 GPa and µs = 44 GPa (Mavko et al. 2008).

3.2 Representative elementary volume for porosity

To make the estimates of the macroscopic deformation parameters meaningful, the network of

grains must be at least of the size of a representative elementary volume (REV). The REV is esti-

mated by determining the porosity for 1003, 1503, 2003 and 3003 voxels. The porosity is calculated

using the image processing software AVIZO. The porosity of all samples is found close to 0.33

as shown in Figure (2). The relatively small porosity variations are a consequence of the regularly

organized pore structures in the F-42 sand pack. In the following we will use

η0 = 0.33 . (17)

We are aware of the fact that different porous medium parameters have a different REV, however,

we have made no attempt to determine the REV for other quantities than porosity.

3.3 Solid phase bulk modulus and homogeneous deformation

Next we calculate the bulk modulus of the solid phase, Ks, for all four samples. This is achieved

by applying a uniform, positive traction to all faces of the framework of grains, i.e. to all external
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and internal surface elements thereby simulating an all-sided pressure perturbation as implied by

its definition (12); see also Figure (3). The pressure is then varied from 1 to 2 MPa and the cor-

responding volumetric strain is computed. Small pressure values are chosen to make sure that the

numerical experiments indeed simulate linear elastic deformation. Figure (4) shows the volumetric

strain with pressure for the model with 1503 voxels. The value determined from the slope is

K(Eq.12)
s = 36.83GPa (18)

This exactly matches the input value of Ks (based on Young’s modulus Es = 94 GPa and Poisson’s

ratio νs =0.075). The same value (Ks=36.83 GPa) is obtained for all four sample sizes. While this

is the expected result, it serves as a benchmark and validation of the numerical procedure and

applied boundary conditions.

We note that the distribution of the volumetric strain is homogeneous throughout the network

of grains (Figure 5). This means that this numerical deformation experiment yields to a solid phase

bulk modulus that can be considered as a homogeneous deformation modulus.

3.4 Local volume change analysis

As ABAQUS uses a mesh grid to discretize the solid phase, in each loading step the Cartesian

coordinates of each node as well as the displacement of each node of the mesh, are known. We use

these coordinates to estimate the relative variations of the pore and bulk volume. For example, as

shown in the Figure 6, each element (here the element is of tetrahedral shape) is changing due to

the displacement at all four nodes. Then we calculate the volume of every single element and its

changes with respect to the previous loading step. As the element has tetrahedron shape with three

polyhedron edge vectors a, b and c the volume of this element (vs) is

vs =
1

6
|a • (b× c)| . (19)

Figure (7) shows the volume variations for a sub-volume of the REV under consideration.

To identify and mask those elements which constitute the interior surface (the pore interface;

needed to compute the drained pore modulus) and the bounding surface of the REV (needed to

compute the drained bulk modulus), we have to define a marker. To do so, we post-process the
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ABAQUS output data and define a geometrical criterion to delineate pore interface and bounding

surface elements from intra-grain elements. We use the total number of nearest neighbour elements

of each component (i.e. coordination number of the element) to extract pore-interface nodes as well

as elements. These neighbourhood numbers are minimum for elements constituting smooth pore

interfaces while they are maximum for elements that are fully surround by other elements as is the

case in the interior of the solid phase.

3.5 Drained bulk modulus and inhomogeneous deformation

Using further simulations we determine the drained bulk modulus K0 for all four samples sizes

(1003, 1503, 2003 and 3003 voxels). This is done by applying a constant traction at the external

surfaces but zero traction at the internal grain-pore interfaces thereby simulating an exterior pres-

sure perturbation (Figure 3). We use the same pressure range 1-2 MPa as before. However, due

to excessive deformation of some surface elements the numerical solution diverges and hence the

simulation cannot be completed. This is understandable, as in this case there is no pressure acting

from the inside of the grains so that some of the loose/weakly-connected grains at the surfaces

deform heavily and exceed the maximum value that is tolerable in the small deformation limit.

To resolve this issue we change the boundary conditions. We fix one of the six outer surfaces

where the large deformation occurs. This make the simulation stable and thus feasible (Figure 8).

However, in doing so, we introduce some errors. We simulate our modified value of Ks using the

new boundary conditions (one side fixed). The calculated Ks value (38.4 GPa) slightly differed

from the previously obtained Ks value (36.83 GPa). The error is 4% which we consider as accept-

able. Therefore, we use this modified boundary conditions in the following. We further restrict the

modelling domain to 1003 voxels.

With this modified boundary condition the sum of the bounding surface elements results in

the linear relation shown in Figure (9). Its slope yields to K0. However, we have to correct for

the missing contribution from the bounding surface that is fixed. This is done by introducing a

correction factor 6/5 accounting for the contribution of the sixth outer surface. We obtain

K
(Eq.9)
0 = 23.4GPa . (20)
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Figure (10a) shows the stress (von Mises stress in MPa) and (10b) volumetric strain distribution

during compression of the outer surfaces. In both cases the stress and volumetric strain field is not

homogeneous. Both stress and volumetric strain concentration are highest in the vicinity of grain

contacts. However, the large volumetric strain values we observe in Figure (10b) are mostly within

the solid phase and will not contribute much to the pore-interface strain.

3.6 Indirect calculation of drained pore modulus and Biot coefficient

To indirectly estimate Kp we make use of equation (14). This means that we first calculate the

solid phase bulk modulus according to its definition (equation 12), for which a uniform, positive

traction is applied to all faces of the framework of grains, that is to all external and internal surface

elements thereby simulating an all-sided pressure perturbation (pink arrows in Figures 8a). Second,

we calculate the drained bulk modulus. Finally, substituting these moduli into equation (14) and

taking into account that the porosity is η0 =0.33 we obtain the drained pore modulus

K ind
p = 19.77GPa . (21)

From equation (13) we also obtain the Biot coefficient

αind = 0.36 . (22)

3.7 Direct calculation of drained pore modulus and Biot coefficient

During deformation the pore volume changes and the drained pore modulus is the corresponding

deformation parameter. To directly estimate Kp we use its micromechanical definition (equation

8). This means that we calculate the volume of each element of the mesh during all loading steps.

Then Kp is estimated from the slope of variation of confining pressure ∆pc to the relative pore

volume variations (−∆Vp

Vp0
) when the fluid pressure is equal to zero. These relative pore volume

variations can be estimated from the change of volume of pore space within a REV.

The volume variation of solid phase is equal and opposite to the pore volume variation. Thus,

the pore volume change for each loading step is

∆Vp = −ΣδVs , (23)
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where the summation extends over all elements and overall previous loading steps. The pore vol-

ume at each loading step is Vp = Vp0−ΣδVs. Figure 11 shows that the relative pore volume change

(−∆Vp

Vp0
) depends linearly on pressure acting on the exterior surface of the REV (Figure 8b). Fol-

lowing equation (8), we estimate the drained pore modulus from the slope of the pore volume

changes with respect to pressure load. The red curve is the best-fit line to the data. This yields to

Kdir
p = 19.02GPa. (24)

Using (24) the Biot coefficient follows then from equation (16)

αdir = 0.41 (25)

which is slightly larger than the indirect estimate αind.

4 DISCUSSION

4.1 Comparison between the direct and indirect determination of Kp and α

The direct and indirect estimates of drained pore modulus and Biot coefficient differ by 0.75 GPa

and 0.05, respectively. These differences are considered to be within the range of numerical errors.

There are different sources of error and limitations in our modelling setup. For the determination

of K0 the bulk volume changes are computed from the displacements of the outer surfaces of the

sample. Given that one of this outer surface is fixed in space (to make the ABAQUS simulations

feasible) we introduce another error which we we estimate to be on the order of 1.5 GPa (based

on the difference for the solid phase bulk modulus from simulations with and without the fixed

outer surface).

Our procedure for the direct calculation of Kp is prone to error because here we assume that

the local change in pore volume can be approximated by the change of volumetric strain of a

tetrahedral element. The change of volume of the pore space is directly calculated from the solid

displacement field at the pore interfaces.

Finally, another source of error is related to the size of the representative elementary volume

(REV) that is needed to make the moduli predictions meaningful at the scale of a typical rock
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sample used in laboratory investigations. The chosen REV is based on the REV for porosity which

is not necessarily identical to the REV of other poroelastic parameters. The chosen subsample size

is relatively small (1003 voxels) and we have not verified how much our predictions would change

if larger sample sizes were used.

4.2 Reality check through comparison with laboratory measurements

It is interesting to note that De Oliviera et al. (2016) measure the pore volume compressibility

for a suite of reservoir sandstones samples. For a sandstone of similar porosity (their Botucatu

sandstone sample has porosity 0.3) they report a value of Kp that is significantly smaller ( 0.5

GPa) than our numerical estimate (Figure 12). This comparison is however of limited value as their

measurements results are based on uniaxial compression tests rather than hydrostatic compression

tests. Jalalh (2006) obtains for a friable reservoir sandstone (η0 = 0.3) the value Kp = 2.3 GPa

at high confining pressure (see Figure 9 in Jalalh, 2006). These lower values of Kp found from

laboratory measurements could indicate that our digital rock simulation overestimates the drained

pore modulus. This is perhaps not unexpected since digital rock simulations tend to overestimate

the drained frame modulus and hence the drained pore modulus when applied to images from

consolidated rock samples. The reason is that grain contacts typically add some compliance to the

rock skeleton and therefore reduce the overall stiffness. However, in the sand pack images these

compliant grain contact areas are not present and therefore a higher Kp appears plausible. Indeed,

if compared to the drained pore modulus measurements of Pimienta et al. (2017) for a quartz-rich

Bentheimer sandstone sample (their experimental data are also shown in Figure 12) we observe

an order-of-magnitude agreement for the highest differential pressure (when presumably the effect

of compliant grain contacts become less important). We also remark that the Biot coefficient for

Bentheimer sandstone is ≈0.4 at high differential pressure (Figure 10c in Pimienta et al., 2017).

This value is rather similar to the numerical estimates presented here.
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4.3 Importance of pore-interface deformation for poroelastic parameter determination

The effective elastic properties of digital rocks has been studied and modelled in the elastostatic

regime (Arns et al. 2002; Knackstedt et al. 2008; Madadi et al., 2009; Shulakova et al., 2013).

Recently, Saxena et al. (2017) have studied the propagation of elastic waves in digital rock samples

and have compared the results with elastostatic modelling (NISTs finite element). However, none

of these modelling approaches simulates the dynamical process of loading nor do they explicitly

characterize the pore-interface deformation and pore volume changes. However, as we demonstrate

in this paper, the pore-interface deformation is key in obtaining poroelastic, that is macroscopic,

deformation parameters. The advantage of the modelling setup developed here is that we replicate

the real deformation process at the pore interface. We are not aware that this has done before in

digital rock studies. Nonetheless, the modelling setup is limited to the solid phase deformation.

Since the fluid phase is not part of the current modelling the behaviour of two interacting continua

is not fully represented. Therefore, undrained poroelastic deformation parameters are not obtained

but require an extension of the modelling setup.

5 CONCLUSION

We estimate the drained pore and bulk modulus and the modulus of the solid phase and the Biot

coefficient for digitized images of a sand pack using numerical simulations. We verify the inter-

relation among the moduli using poroelasticity theory using an idealized porous rock model and

find a reasonable agreement between the simulations. Our results give further impetus in the deter-

mination of relevant poromechanical parameters using digital rock technology, particularly those

that are difficult to assess in the laboratory. The comparison with other laboratory measurements

for consolidated sandstones of similar porosity indicate the drained pore modulus is too high. The

reason for this discrepancy is probably the absence of compliant grain contact areas in the digitized

sand pack images.
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Figure 1. Sketch of a fluid-saturated porous rock at pore scale (left) and oriented surface element with

normal of the pore-interface before and after (infinitesimal) deformation (right). At macroscale, there is a

porosity change due to the displacement in the direction of the surface normal.
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Figure 2. Porosity variation with number of voxels.
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Figure 3. Network of grains constituting the solid phase. Shown are the volume mesh used for grain analysis

and the traction vectors (pink arrows) applied to all elements of the outer surface as well as the interior pore

surface elements.
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Figure 4. The solid phase modulus is determined from the slope of the pressure perturbation versus volu-

metric stain curve. Note that this relation is perfectly linear for the applied range of pressures.
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(a)

(b)

Figure 5. Volumetric strain distribution during all-sided compression simulation; (a) for the first loading

pressure and (b) for the last loading pressure. Note that the pore-scale volumetric strain is homogeneously

distributed so that a state of homogeneous deformation is achieved.
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Figure 6. Tetrahedral volume element and its deformation-induced change.
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Figure 7. Local volume variations (∆Vs in Figure 6) for pore-interface elements and also interior elements

for the case when tractions applied to the outer surfaces but no tractions applied to the pore interfaces.
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(a)

(b)

Figure 8. Modified boundary conditions with one outer surface fixed in space used for determination of the

(a) solid phase bulk modulus via all-sided compression and (b) drained bulk modulus via compression of

the remaining five outer surfaces.
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Figure 9. Applied pressure perturbation versus computed volumetric strain. The slope determines the

drained bulk modulus K0.
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(a)

(b)

Figure 10. Pore-scale (a) stress (von Mises stress S =
√
3/2σs

ijσ
s
ij − 1/2 (σs

ii)
2 in MPa) and (b) volumet-

ric strain distribution during compression of the outer surfaces. Note that the pore-scale stress and volumet-

ric strain are not homogeneously distributed throughout the network of grains. Both stress and volumetric

strain concentration are highest in the vicinity of grain contacts.
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Figure 11. Applied pressure perturbation versus the pore volume changes estimated from the variation of

the solid phase volume (Eq. 23) during loading. The drained pore modulus Kp is directly determined from

the slope of the best-fit line.
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Figure 12. Numerically determined pore modulus compared with laboratory measurements for several

sandstones. Blue dots corresponds to samples of variable porosity of a friable reservoir sandstone reported

in Jalalh (2006) measured at ≈ 70MPa confining pressure. Red dots represent measurements of a Botucato

sandstone sample at varying differential pressure from de Oliviera et al. (2016). As a reference, Kp is shown

for a Berea sandstone sample at varying differential pressure (green dots; data taken from de Oliviera et al.,

2016). The highest Kp values are reported at high differential pressure for a Bentheimer sandstone sample

(Pimienta et al., 2017).


