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SUMMARY

Understanding of physical rock properties is currently of great importance both for industry and
fundamental science, for it allows improving interpretation and reducing risks. Digital rock physics
provides us with a promising opportunity for rock analysis and quantification. Moreover it allows running
simulations on rock samples unsuitable for laboratory experiments. A detailed computational rock physics
workflow including 3D rock imaging, processing and simulations of physical experiments has been
created and tested on different rock samples. Here we describe this workflow and demonstrate the results

of elastic simulation in comparison with experimental data obtained in physical laboratory for a sandstone
sample.
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Finding relationship between rock microstructure afastic properties is important or a better usideding and
interpretation of seismic and well-logging datardus rocks have a very complex structure which etsap rock
matrix, type of pore fluids, pore and grain shaggain contacts, pore connectivity. All of thesetéas affect the
elastic response. Thus it is of great importancenawe an accurate quantitative description of aptemn
microstructure of porous rocks.

Roberts and Garboczi (2000) suggested solving guatens of elasticity using finite element modglifFEM)
directly for microstructure obtained from computemography (CT). Based on the FEM algorithm devetbpy
Garboczi (1998), Arns et al. (2002) derived elastioduli - porosity relationships from microtomogmrof
Fontainebleau sandstone. A similar approach istadapy Ingrain Inc. (e.g., Dvorkin, 2009). To simd elastic
wave propagation in digital rock, Saenger (2007pleyed the finite-difference method with a rotastdggered
grid. Each of these algorithms was specificallyiglesd to simulate the elastic behaviour of highdyeinogenerous
structures consisting of a number of components stitongly contrasting processing.

In this work we propose a rock physics workflowliaing 3D imaging, processing and simulations ofgotel
experiments that can be fulfilled using generalppge and widely available software packages, namdazO
(Visualization Sciences Group) and ABAQUS FEA (SIMA). Microtomograms obtained by a micro-CT
scanner are first processed with AVIZO softwarduding filtering, smoothing and segmentation inifedent
phases. The obtained segmented tomograms are mastidtie resultant orphan mesh is saved in an ABAQU
input format. The meshed microstructure is impmbiitto ABAQUS finite element analysis (FEA) softwain
which elastic moduli of a rock sample are numelycsimulated. Finally, we compare the simulated oibdith
the experimentally measured ones.

Data

A sample of well-consolidated felspathic Donnybr@akidstone with average porosity of 15% is usedttatying
elastic properties from micro-CT images. Three meamstituents of the sample known from petrographic
description are quartz, plagioclase feldspar asdalved K-feldspar transformed to kaolinite. Volanefractions

of quarts, plagioclase feldspar and kaolinite ateidnined from SEM images as 75%, 13% and 12%ectisply.
The micro-CT images are obtained with the resatutib2 um. A cube of 400x400x400 pixels is cropped from the
centre of the microtomogram and segmented intd gblase and pore space. Then the original culbvepped into
eight parts of 200pixels each. Statistical analysis of these datavstthat orientations of grains and pores in the
sample are almost isotropic.

I mage Processing

Throughout this paper we use 3D treatment of volumegges as we noticed that 2D, slice-based prowgssin
affect the geometry of the image features and candesired stripe-shape artefacts. First, to redoc® level, we
use edge preserve smoothing (AVIZO) which proviagise reduction without corruption of edges.

Cleaned volume is then subjected to segmentatiotines that results in 3D digital representatioraafumber of
phases existing in a particular rock sample. Segatien is based on a simple threshold algorithnhe Tesult of
histogram-based segmentation into two phases (anlidpore space) for a fragment of Donnybrook dandsis
shown in Figure 1. In our case the solid phaseistmef quartz, feldspar, and kaolinite. The mihe@ntent is
taken into account later during the simulation stag

After assigning phase types (‘grains’ and ‘pores’ our case), surfaces representing volume triangula
approximation of phase interfaces is computed. h&sd surfaces contain a huge number of faces,atleethen
subjected to remeshing. The number of faces foh eacface is reduced by factor 5 using the edgmsihg
algorithm in AVIZO to the limit of approximately®0° faces and then remeshed using best isotropicitdgor
with 50% faces reduction and constrained boundaFieis produces surfaces with approximately fa@es.
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Figure 1: A tomographic slice of a

3D image of a sandstone sample:
a) original greyscale image, b) its

segmented image consists of two
phases — matrix (white patterns)

and pore space (black patterns).

a) b)

Surface generation is followed by meshing of thtuwes associated with the phases by generatingnatiic
tetrahedral grids. Each grid contains abolii0?tetrahedral elements for each of the eight sulmwebiof the
original cube. Figure 2 shows meshing of one ofghes of Donnybrook sandstone; rock matrix andeEmace
are shown by blue and magenta colours, respectively

Figure 2: Volumetric tetrahedral mesh of one ofhtig0G cubes of Donnybrook sandstone: (a) solid and pore
phases, (b) pore space and (c) rock matrix.

Numerical smulation of effective bulk and shear moduli using microtomogram

The micro-CT images of the Donnybrook sample do hmete
sufficient contrast in X-ray density between diffiet minerals,
and hence do not allow reliable discrimination lesw these
minerals. Thus the bulk and shear moduli of thedgohase are
calculated by means of the effective medium the®glf-
consistent approximation (SCA) (Berryman, 1980)uged to
obtain effective moduli. This approximation was dfieally
designed to provide estimates that are symmettic reispect to
all constituents (that is, it does not treat angstibtuent as a host
R o 5 AN or inclusion). Bulk and shear moduli are choser8&sand 33
‘:.:'g{z- e . o W € by GPa for quartz (Han et al., 1986), 76 and 26 GPalamgioclase
A8 e € Lk feldspar (Woeber et al., 1963) and 12 and 6 GP&dotinite
Figure 3: SEM image of Donnybrook sands:  (Vanorio et al., 2003), respectively. Assuming ifircSEM
images, Figure 3) that the aspect ratio of thengra about 1,
we obtain effective bulk and shear moduli of thikdsphase of 37 GPa and 27 GPa, respectively.

For numerical simulation of elastic moduli of thendstone sample, we use finite element methodhidmateen
utilized in a number of works for elastic (and palestic) simulations. The simulations are perforriogdneans of
ABAQUS FEA software. To simulate P-wave moduMisa normal displacement is applied to one of tlieedafor
instance, to the top of the sample, while on dleofaces the normal displacements are set to Tasomodulus is
then calculated abl =(0,)/(&,), where the angle brackets mean averaging overhalletements. Then, to

simulate shear modul®, a shear displacement is applied to the top fadkevihe opposite face is kept fixed. The
bulk moduli is then calculated & =M —4/3u. In this study we assume the sample is isotropd; ¢éhus, the
choice of faces of loading and directions of displaent is not important.
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The method described above is applied to eacheoéiiht subvolumes of the original cube. Porositifes
the subvolumes calculated from the segmented noicrograms vary from 12% to 22%. This porosity
variability allows estimation of the dependency aastic moduli on porosity. The results of the
simulations are shown in Figure 4 in comparisorhwulite estimations of SCA method (Berryman, 1980)
for inclusions of different regular shapes, namealpheres (aspect ratio 1) and oblate spheroids with
aspect ratios from 0.01 to 0.5. The simulated matel in a good agreement with those obtained b4 SC
for the regular shape inclusions with aspect rdtias 0.2 to 1.

Comparison with experimental data

The results of numerical simulations are shownigufe 5 in comparison with experimental data olgdifor a
Donnybrook sandstone sample at effective streds@s/6 MPa at ultrasonic frequencies. Note thatdineulated
moduli are shown for the part with porosity of 158hich is the porosity of the sample employed fitrasonic
measurements. The experimental data are shown Iy cccles with error bars. The results of numatic
simulations obtained from CT images at ambient qumes are shown by horizontal lines. Linear trerfust t
characterize variations of measured elastic maduligh pressures of 50-70 MPa are shown by ddstexd

40 T T T T T T 30

0 0.05 01 0.15 02 0.25 03 0.35 0 0.05 01 0.15 02 0.25 03 0.35
Porosity Porosity

Figure 4: Bulk and shear moduli simulated for adir{s (circles) in comparison with SCA method prédits for
pores of different shapes from spheres (solid liogblate spheroids with aspect ratios (0.01-Qdashed lines).

One can see that the numerically simulated modubingly overestimate the measured ones at low tafeec
stresses of 0-50 MPa, then at 50 MPa, the simukaiddexperimental moduli are in a good agreemeaht farally,
at effective stresses higher than 50 MPa the medsoroduli exceed the simulated ones. To explaisethe
differences, three distinct effective stress rangjesuld be analyzed separately. We assume thatvagffective
stresses, the elastic moduli are strongly affedigdcompliant porosity represented by grain contaatsl
microcracks (e.g., Shapiro, 2003: Pervukhina et28l10). Such microcracks reduce elastic modulindtecally at
lower stresses. We note that compliant porosignigsolvable by micro-CT and thus is not taken adoount in
our numerical simulations. Therefore, for the sastress level, the numerical simulations overesgnelastic
properties. As compliant porosity decreases expailnwith an effective stress increase (Pervukhén al., 2010;
Becker et al., 2007), the discrepancy between medsand simulated moduli diminishes at higher eiffec
stresses of 30-40 MPa and, finally, measured madath numerically simulated ones at the stredseS®MPa,
at which compliant pores are closed. At still highresses of 50-70 MPa, the linear trend of theegmentally
measured elastic moduli variations with stressciaiidis a decrease of stiff porosity as shown by Kdand Jizba,
1991). The numerical simulations do not take intooant this reduction of porosity (as the microtgnaons are
obtained at zero stress) and, thus, underestitnatexpperimentally measures elastic moduli.

Conclusions

A new rock physics workflow including 3D imaging,agessing and simulations of physical experimeulfdléd
using widely available software, namely, AVIZO (Maization Sciences Group) and ABAQUS FEA (SIMULIA)
is developed. The advantage of general-purposevaatis two-fold: (1) it allows extension to morengplex
rheological models and (2) it employs diverse tdslsch as adaptive grids) developed for diversdicgtipns.
Elastic moduli of a Donnybrook sandstone are nuradlyi simulated using microtomograms. The simulaad
measured elastic moduli are in a good agreemeheaffective stress of about 50 MPa.
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Figure 5: Comparison of simulated bulk (a) and sh@d modili (solid line) with experimental datair@es) for
Donnybrook sandstone measured for effective sse@s#) GPa. Linear trend observable at effectivessies of
50-70 MPa is marked with a dashed line
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