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ABSTRACT

Recent years have seen a growing interest in the characterization of the pore
morphologies of reservoir rocks and how the spatial organization of pore geometry
affects the macroscopic behaviour of rock-fluid systems. With the availability of high-
resolution 3D imaging, such as X-ray micro-computed tomography (u-CT), the detailed
quantification of particle shapes has been facilitated by progress in computer science.
Here, we show how the shapes of irregular rock structures (pores) can be classified and
quantified based on binary 3D images. The methodology requires the measurement of
basic 3D particle descriptors (length, width and thickness) and a shape classification that
involves the similarity of artificial objects, which is based on main pore network
detachment and 3D sample size. A watershed algorithm was applied to preserve the pore
morphology after separating the main pore networks, which is essential for the pore shape
characterization. The results were validated for a variety of sandstones, either from
distinct reservoirs or used as reference material for laboratory research. Furthermore, this
study generalizes a practical way to correlate specific particle shapes, such as rods,
blades, cuboids, plates and cubes, to characterize asymmetric particles of any material
type with 3D image analysis. In this manuscript we would like to showcase results for a
small variety of reservoir sandstones from the North German Basin area.

INTRODUCTION

Natural and artificial materials are often characterized by their pore/grain shape or size
distributions as determined by distinct analytical instruments. Several investigations have
been conducted to classify pore types/shapes, and most of them are associated with 2D
quantification. However, a 3D pore with irregular shapes cannot be appropriately
characterized from 2D image sections in pore-typing procedures, nor can the number of
pores (Buller et al., 1990). Knowledge of pore morphology is essential and is one of the
main parameter that controls fluid flow at the pore scale.
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Petrophysical properties such as permeability, electrical conductivity and drainage
capillary pressure are strongly influenced by throat sizes, which are constrictions of
minimal cross-sectional area between pores. Moreover, to the best of our knowledge, the
systematic 3D pore shape quantification of sedimentary rocks based on sample size, pore
network detachment and distinct geometrical descriptor measurements has not been
comprehensively reported in the literature.

Though 3D imaging has become a reliable method for qualitative and quantitative pore
scale characterization, many investigations that analyse irregular particle shapes are still
performed with 2D approaches (Petrak et al., 2015; Zhang et al., 2016). So far, u-CT
studies of 3D features have mostly been related to the characterization of volcanic rocks
(Eiriksson et al., 1994; Riley et al., 2003) or spheroid objects (Robin & Charles, 2015),
and these features are usually described by means of equivalent size or shape parameters,
such as roundness or aspect ratio (Little et al., 2015). All of these authors concluded that
these measurements cannot adequately describe the diverse forms of irregularly shaped
particles. Available high-resolution techniques might provide qualitative and quantitative
pore structure information. However, many materials, including sedimentary rocks, lack
information regarding the deep comprehension of irregular particle (pore or grain) shape
analysis and a systematic way of classifying it, e.g., describing it to be similar to artificial
object forms. A detailed pore shape characterization is necessary for many applications
and can be used to infer the dominant mechanisms that act in a heterogeneous rock in
response to its macro properties.

SAMPLES & METHODOLOGY

In this study, the pore shapes of three sandstone rocks from distinct fields in Germany
were analysed and classified based on X-Ray pu-CT and digital image analysis. The
sandstone samples (Bentheimer, Obernkirchen and Flechtingen sandstone) have been
used and characterized in previous studies in detail (Halisch et al., 2013, 2015). The 3D
images of the analysed rocks were acquired at similar scanning resolutions (1.5 um voxel
size). A watershed algorithm was applied to separate the main pore networks into
individual pores and to preserve the essential pore morphology. Next, the most suitable
marker extent parameter was defined. Three subsamples with volumes of 1000°, 500° and
250° voxels were extracted from each rock to investigate the effect of sample sizes
(representativeness) on the pore shape classification. The advantage of using the
proposed approach is that shape parameters can be calculated directly from the preserved
pore textures with no need for an equivalent volume (sphere or resistor) conversion,
which creates absolutely mismatched results for the shape classification. Additionally, the
image visualization and analysis are completely automated and performed with the Avizo
Fire (Ver. 9.01) software suite for a large number of particles, which are geometrically
described to facilitate the quantification analysis.

To describe and quantify a particle form (in this case: pores) in three-dimensions,
morphological parameters such as length, width and thickness are required. These 3D
parameters must be perpendicular (orthogonal) to each other but do not need to intersect
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at a common point (Blott & Pye, 2008). To perform the pore shape classification
approach that is proposed and described in this work, we conventionally assigned the
following practice for the geometrical descriptor of individual particles: (L) is the longest
pore dimension, (I) is the longest pore dimension that is perpendicular to L, and (S) is the
smaller pore dimension and perpendicular to both L and I. In practice, two methods were
applied to measure L, | and S from the 3D irregular shaped objects, such as the pores that
were found in the analysed sedimentary rocks: (i) the bounding-box (BB) and (ii) the
Feret caliper (FC) geometries. With this geometrical information, it is possible to perform
pore shape classification for equancy based upon the different aspect ratios as described
by Schmitt et al. (2016). Another common dimensional feature that is used to characterize
the “thickness” of 3D particles is the equivalent diameter (EqD), also known as the
maximum inscribed sphere method (Dong, 2007), which gives the analysed object a
corresponding spherical diameter size with equal voxel volumes.

RESULTS

Figure 1 shows the differences in the geometrical parameters L, | and M for bounding-box
(a) and Feret caliper (b) methods, which are drawn in a three-dimensional pore particle.
The showcased pore was detached from the main pore network of the Bentheimer sample
after applying the watershed algorithm and choosing the third highest 3D lengths from
the 25 highest 3D volume particles. The attached table depicts the values of the grid-cell
axes and 3D geometrical parameters of the analysed pore particle. For BB methods, a box
Is assigned to each pore, with the box orientated parallel to the coordinate system of the
3D data set. FC methods assign an individual surrounding box to each separated pore,
directly related to the true main elongation of the structure. The classical BB and EqD
methods under estimate the pore geometry and the pore volume significantly in
comparison to the FC methods. This result has been observed for any of the investigated
reservoir rocks, since the true pore / particle orientation is only taken into account for the
advanced FC methods.

(b)

Figure 1: Comparison of
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Accordingly, the pore shape classification is also severely affected by using different pore
geometry descriptors. Results of the pore shape classification of the five largest pores
within a 250% voxel volume of the Obernkirchen sandstone sample are shown in figure 2.
The right column of figure 2 shows the results of the equancy plots, determined by BB
(upper plot) and FC (lower plot) methods. Whereas BB methods lead to mostly slightly
non-equant and moderately non-equant shapes (upper right and right corner of the plot),
FC methods shift towards moderately non-equant and very non-equant shapes (right
corner and middle of the plot). More importantly, the aspect ratios change significantly.
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Figure 2: Pore shape results of equancy (right column) and shape classes (left column) based on different

descriptors for five selected pores in a 250° voxel volume of Obernkirchen sandstone.
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Furthermore, the left column of figure 2 shows the results for the shapes classes, determined by
BB, FC and EqD methods. BB descriptors lead to mostly cubic/spherical-like pore shapes (upper
right corner of the shape plot), FC descriptors shift towards more plate-like shapes which estimate
the true pore shapes much better, related to the 3D pore scale image on top of figure 2. EqD
descriptors completely mismatch the true shape and lead to cuboid/ellipsoid/rod-like pores (lower
right corner of the shape plot).

Very similar results have been observed for all of the investigated sandstone samples within this
study. The classical BB and EqD descriptors always tend to underestimate the pore geometry.
The study has shown that the mismatch for “well defined pore networks”, i.e. Bentheimer or
Berea type rocks, is about 10 % - 18 % off the true axial geometry. The more “complex”, i.e. the
more irregular shaped the individual pore gets, which is mostly the case for (e.g.) more
compacted or layered rocks, the higher the geometrical mismatch will be for these methods. In
case of the Flechtingen sandstone, a mismatch of up to 200 % has been measured. The FC
methods still have a slightly mismatch against the true geometry, but within this study, it never
exceeded = 20 %. Accordingly, the resulting aspect ratios and shape classes are influenced in the
same way for most of the investigated 3D volumes as described in the section above, which might
lead to significantly falsified geometrical pore network characterizations.

SUMMARY & CONCLUSIONS

Within this study we have investigated different methods to determine pore geometrical
descriptors from binarized 3D pore scale imaging data sets. Additionally, we have created
a pattern of shape classes that might be used for the enhanced classification of pore
shapes. We have showcased the differences for the existing methods, as well as the
significant impact upon the results. It can be concluded that BB and EqD methods are not
the appropriate choice to characterize both, pore shape and geometry reliably.
Accordingly, Feret caliper methods have shown the smallest deviation against the “true”
pore characteristic of the investigated sandstones.

OUTLOOK

As part of an ongoing research project, more and more types of sandstones from
conventional and unconventional reservoirs are investigated. Consequently, other rock
types like carbonates and claystones are included within the near future. The two main
goals of this project are to “connect” topological pore features, such as surface area or
fractal dimension, to corresponding pore classes. In a second step, these relationships will
be used to calculate and characterize pore class dependent petrophysical properties, e.g.
like pore class dependent T,-diffusion mapping. First results are already promising.
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