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(57) Abstract: The present invention provides a method for estimating the porosity of rock from a digital image of the rock. A three-
dimensional image of a rock is obtained and segmented, and an image porosity is estimated from the segmented image of the rock. A
porosity correction parameter is obtained from a non-wetting liquid capillary pressure curve derived from the segmented image, and
the porosity correction parameter is applied to the image porosity to obtain a corrected porosity of the rock.
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METHOD FOR CHARACTERIZING THE POROSITY OF ROCK

FIELD OF THE INVENTION
[0001] The present invention relates to a method of characterizing the porosity of rock. In
particular, the present invention relates to a method of characterizing the porosity of a rock

from a three-dimensional image of the rock.

BACKGROUND OF THE INVENTION

[0002] Accurate determination of petrophysical characteristics of rock within a
hydrocarbon-containing reservoir is important in determining whether to select the
hydrocarbon-containing reservoir for development, as well as developing and managing the
hydrocarbon-containing reservoir. For example, underestimating the porosity of the rock of a
hydrocarbon-containing formation may lead to significant underestimation of fluid contained
in the formation, and, in a worst-case scenario, lead to a decision not to develop a formation
that actually contains substantial quantities of hydrocarbons.

[0003] Traditionally, petrophysical characteristics of hydrocarbon-containing formation
rock have been determined by physical testing of rock samples. Such tests, however, require
substantial time and are quite expensive. Further, the number of samples that may be
processed is relatively limited due to the time and expense required to conduct each test.
[0004] Digital rock physics is a technology that has been developed to provide faster,
more, and less expensive analysis of hydrocarbon-containing formation rocks to estimate key
petrophysical characteristics of the rocks. Digital rock physics utilizes digital images of
formation rocks to simulate rock multiphysics at the pore scale and predict properties of
complex rocks.

[0005] Porosity is among the most fundamental of rock properties and is utilized to
estimate the fluid capacity of a hydrocarbon-containing formation and to calculate further
rock properties such as permeability. Current digital rock physics technologies estimate the
porosity of a rock sample by capturing a three-dimensional image of the rock, for example by
3-D x-ray computer tomography, segmenting the resulting image into solid and void space
voxels utilizing various image segmentation algorithms, and calculating the porosity of the
rock from the total number of void space voxels relative to the total overall number of voxels.
[0006] Current digital rock physics methods for estimating the porosity of a rock,

however, exhibit a significant systematic offset between laboratory measurements of porosity
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and porosity computed using the digital rock physics models, where the porosity computed
using the digital rock physics models is consistently significantly underestimated relative to
the porosity as measured by laboratory measurements (the “true” porosity). This offset is
shown graphically in Fig. 1 where porosity computed using conventional digital rock physics
models (@) is plotted against laboratory measured “true” porosity (@ub). The digital rock
physics models consistently underestimate the porosity relative to true porosity as measured in
laboratory testing as shown by the digital rock physics calculated porosities consistently
falling below the x=y slope at which image modelled porosity would equal laboratory
measured true porosity.

[0007] This bias cannot be accounted for by differences in rock microstructures generated
by various segmentation algorithms since such differences are relatively minor as long as all
phases are segmented consistently. As such, current digital rock methods are relatively
inaccurate and underestimate the true porosity of hydrocarbon-containing formation rock.
[0008] An improved digital rock physics method is desirable for more accurately
estimating the porosity of hydrocarbon-containing formation rock from a three dimensional

image of the rock.

SUMMARY OF THE INVENTION

[0009] According to one aspect of the present invention, there is provided a method for
estimating the porosity of a rock, comprising: obtaining a three-dimensional image of a rock
wherein the image is comprised of a plurality of voxels and the image has a resolution;
processing the three-dimensional image of the rock to segment the image by selecting each
voxel of the image to represent either pore space in the rock or solid material in the rock;
estimating an image porosity of the rock from the segmented three-dimensional image of the
rock; determining a non-wetting liquid capillary pressure curve from the segmented three-
dimensional image of the rock; determining a pore geometric factor from the non-wetting
liquid capillary pressure curve; determining a pore throat resolution parameter from the non-
wetting liquid capillary pressure curve and the resolution of the image; utilizing the pore
geometric factor and the pore throat resolution parameter to determine a porosity correction
parameter; and applying the porosity correction parameter to the image porosity of the rock to
obtain a corrected porosity of the rock.

[0010] According to another aspect of the present invention, there is provided a

backpropagation-enabled method for estimating the porosity of rock from a three-dimensional
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image of rock, comprising the steps of: obtaining a three-dimensional image of rock, the
three-dimensional image having a resolution; applying a backpropagation-enabled trained
model to segment the three-dimensional image of rock; estimating an image porosity of the
rock from the segmented image; deriving a non-wetting liquid capillary pressure curve from
the segmented image; determining a pore geometric factor and a pore throat resolution
parameter from the non-wetting liquid capillary pressure curve and the resolution; utilizing
the pore geometric factor and the pore throat resolution parameter to determine a porosity
correction parameter; and applying the porosity correction parameter to the image porosity of
the rock to obtain a corrected porosity of the rock.

[0011] According to a further aspect of the present invention, there is provided a
backpropagation-enabled method for estimating the porosity of rock from a three-dimensional
image of rock, comprising the steps of: obtaining an image of rock, the image selected from
the group consisting of a series of 2D projection images, three-dimensional reconstructed
images and combinations thereof; and applying a backpropagation-enabled trained model to

obtain a porosity of the rock.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The present invention will be better understood by referring to the following
detailed description of preferred embodiments and the drawings referenced therein, in which:
[0013] Fig. 1 is a graph showing a plot of laboratory measured porosity of rocks v. the
porosity as estimated by digital rock image methods of the prior art;

[0014] Fig. 2 is a mercury capillary pressure curve simulated from a digital rock image
(porosity occupied by mercury v. pressure);

[0015] Fig. 3 is a mercury capillary pressure curve simulated from a digital rock image of
a first sandstone rock sample in accordance with a method of the present invention (fractional
bulk volume occupied by mercury [porosity] v. pressure);

[0016] Fig. 4 is a mercury capillary pressure curve simulated from a digital rock image of
a second sandstone rock sample in accordance with a method of the present invention
(fractional bulk volume occupied by mercury [porosity] v. pressure);

[0017] Fig. 5A is a graph showing a plot of laboratory measured porosity of rocks v. an

uncorrected porosity as estimated by digital rock image methods; and
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[0018] Fig. 5B is a graph showing a plot of laboratory measured porosity of rocks v. a
corrected porosity as estimated by a digital rock image in accordance with a method of the

present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0019] The present invention provides a method for accurately estimating the porosity of a
rock based on an original three dimensional pore-scale image of the rock having limited
resolution relative to the actual pore structure of the rock. It has been found that, contrary to
current assumptions in digital rock physics modelling, that a substantial fraction of the pore
volume of hydrocarbon-containing rocks is contained in pores of a size below the image
resolution provided by three dimensional pore-scale imaging technology commonly used to
provide images of such rocks. As a result, conventional digital rock physics modelling
substantially underestimates the porosity of hydrocarbon-containing rocks by failing to
account for pores that are smaller than the image resolution of the pore-scale imaging
technology.

[0020] The present invention provides a method for estimating the porosity of a
hydrocarbon-containing rock based upon a three dimensional digital image provided by pore-
scale imaging technology, where the porosity estimated in accordance with the present
method includes the porosity provided by pores having a size below the image resolution of
the image. The relation between the fraction of porosity that is visible in an image and the
total porosity is estimated using the seemingly unrelated physical mechanism of capillary
pressure in rocks. Capillary pressure is the pressure difference across the interface between
two immiscible fluids in a constricted channel (e.g. air and a non-wetting liquid such as
mercury). Non-wetting liquid injection capillary pressure curves describe the relation
between the pressure applied on the non-wetting liquid to overcome capillary pressure and
thereby enter pore throats and the fractional bulk volume of the rock that is occupied by the
non-wetting liquid at that pressure. The total porosity of a hydrocarbon-containing rock may
be estimated by utilizing capillary pressure curves based on an image of a rock to determine a
correction factor to be applied to porosity determined from visible pores in the image, where
the correction factor accounts for pores having a size below the image resolution of the image.
[0021] The present invention also provides a backpropagation-enabled method for

estimating the porosity of rock from a three-dimensional image of rock. A backpropagation-
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enabled trained model is applied to a three-dimensional image to segment the three-
dimensional image of rock.

[0022] In a preferred embodiment, the trained model is produced by providing a training
set of images of rock, segmenting the images into a plurality of labeled voxels, the plurality of
labeled voxels representing pore spaces and solid material in the rock, and using the labeled
voxels to train a model via backpropagation.

[0023] The training set of images of rock may include, for example, 2D projection images
obtained from a pore-scaling imaging technology, 3D images reconstructed from 2D
projection images, synthetic 2D images, synthetic 3D images, and combinations thereof. In a
preferred embodiment, the training set of images is obtained from a cloud-based tool adapted
to store 2D projection images from a pore-space imaging technology, especially micro-CT
and thin sections. The tool is adapted to process the 2D projection images to produce a
reconstructed 3D image. The tool is also adapted to store the resulting 3D images.

[0024] Examples of backpropagation-enabled processes include, without limitation,
artificial intelligence, machine learning, and deep learning. It will be understood by those
skilled in the art that advances in backpropagation-enabled processes continue rapidly. The
method of the present invention is expected to be applicable to those advances even if under a
different name. Accordingly, the method of the present invention is applicable to the further
advances in backpropagation-enabled processes, even if not expressly named herein.

[0025] A preferred embodiment of a backpropagation-enabled process is a deep learning
process, including, but not limited to a convolutional neural network.

[0026] The backpropagation-enabled process may be supervised, semi-supervised,
unsupervised or a combination thereof. In one embodiment, a supervised process is made
semi-supervised by the addition of an unsupervised technique.

[0027] In a supervised backpropagation-enabled process, the training set of images is
labeled to provide examples of pore spaces and solid material of interest. In an unsupervised
backpropagation-enabled process, a pore space and/or solid material of interest may be
identified by, for example, drawing a polygon around the image of interest in the image. The
trained process will then identify areas of interest having similar latent space characteristics.

When the training set is labeled images, the labels may have a dimension of 1D — 3D.
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[0028] In one embodiment, the supervised backpropagation-enabled process is a
classification process. The classification process may be conducted voxel-wise, slice-wise
and/or volume-wise.

[0029] In another embodiment, the unsupervised backpropagation-enabled process is a
clustering process. The clustering process may be conducted voxel-wise, slice-wise and/or
volume-wise.

[0030] In another embodiment, the unsupervised backpropagation-enabled process is a
generative process. The generative process may be conducted voxel-wise, slice-wise and/or
volume-wise.

[0031] Preferably, the backpropagation-enabled process is a segmentation process.
[0032] In a preferred embodiment, the training step includes validation and testing.
[0033] In the method of the invention, the petrophysical characteristics of a rock,
particularly the porosity of the rock, are estimated. In a preferred embodiment, the rock may
be a rock from any hydrocarbon-containing formation, or a portion of a hydrocarbon-
containing formation, for which the petrophysical characteristics of the formation, or portion
thereof, are of interest. Preferably, the rock may be a sandstone, a carbonate, a shale, and
combinations thereof from a hydrocarbon-containing formation. The rock may be obtained
by conventional means for obtaining rock samples from a hydrocarbon formation. In a
preferred embodiment, a core sample of the rock is obtained by coring a portion of the
formation from within a well in the formation. Alternatively, a sample of the rock may be
obtained from drill cuttings produced in drilling a well in the formation.

[0034] The rock sample should be of sufficient size to obtain a three-dimensional image
of sufficient volume at the scale that the image is generated. In particular, the rock sample
should be of sufficient size such that porosity provided by pores within the bulk of the sample
is substantially greater than porosity provided by pores at the edge of the sample at the scale
or field of view of the image to be generated.

[0035] A three-dimensional image comprised of a plurality of voxels is obtained from the
rock sample. The three-dimensional image of the rock may be obtained utilizing pore-scale
imaging technology. A three-dimensional image of the rock may be obtained by x-ray
computer tomography, including, without limitation, x-ray micro-computed tomography
(micro-CT) and x-ray nano-computed tomography (nano-CT), acoustic microscopy, or

magnetic resonance imaging. Most preferably the three-dimensional image of the rock is
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obtained by micro-CT to provide sufficient field of view of the rock to avoid edge pores
distorting the overall porosity and pore throat size of the resulting image, as well as to reduce
scanning time and computational requirements that higher resolution tomography (e.g. nano-
CT) would require.

[0036] In a preferred embodiment, the three-dimensional image is obtained from a cloud-
based tool adapted to store 2D projection images from a pore-space imaging technology,
especially micro-CT and thin sections. The tool is adapted to process the 2D projection
images to produce a reconstructed 3D image. The tool is also adapted to store the resulting
3D images.

[0037] The three-dimensional image of the rock obtained by pore-scale imaging
technology has a resolution. The voxels of the three-dimensional image define the resolution
of the image. The image is comprised of a plurality of voxels, where the volume defined by
each voxel represents a maximum resolution of the image. The resolution of the image should
be selected to provide a voxel size at which the dominant pore throats for fluid flow in the
rock are sufficiently resolved and at which a sufficient field of view is provided so as to be
representative of the whole rock for a given petrophysical property to be analyzed (e.g.
porosity). For purposes herein, the dominant pore throat size (Dqg) is the size of pore throats of
pores that a non-wetting liquid enters at the pore entry pressure (Pag), where the pore entry
pressure is the minimum pressure required before the non-wetting liquid can begin to invade
the pore structure of the rock.

[0038] The resolution of a micro-CT image may be chosen based on the size of the rock
sample, the relative average pore size of the type of rock, the time required for the imaging,
and the computational power required to store and conduct further computational activity on
the image data. The image resolution is chosen to be detailed enough that a non-wetting
liquid capillary injection curve can be plotted based on a segmented image produced from the
image while maintaining a sufficient field of view to avoid edge pores distorting the overall
porosity and pore throat size of the resulting image. In a preferred embodiment, the image
resolution is selected to require as little computational power to store and conduct further
computational activity on the image while providing sufficient detail to construct a capillary
injection curve based on the segmented image. The image resolution may be selected based
on the type of rock, where sandstones generally have a larger pore structure than carbonates,

and require less image resolution than carbonates, and carbonates have a larger pore structure
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than shales, and require less image resolution than shales. The resolution of the micro-CT
image may range from 0.1 pm?® to 30 pm?® per voxel. For sandstones, the micro-CT image
preferably is produced at a resolution of from 1 um? to 25 um?® per voxel, or from 2. 5 um? to
15 um? per voxel; for carbonates the resolution of the micro-CT image may range from 0.5
um? to 20 um?, or from 1 um? to 10 um?; and for shales the resolution of the micro-CT (or
nano-CT) image may range from 0.1um? to 10 um’, or from 0.5 um? to 5 um®.

[0039] In a preferred embodiment, the acquired image may be processed to reduce noise
and image artifacts. Noise may be filtered from the acquired image by filtering using a local
means filter to reduce noise. Imaging artifacts, predominant at the outer edges of the acquired
image, may be reduced by processing the image while excluding the outer edges of the image.
[0040] The three-dimensional image obtained of the rock is processed to segment the
voxels of the image into voxels representing either pore space in the rock or solid material in
the rock, thereby producing a binary image in which pore voxels have a value of 0 and solid
material voxels have a value of 1 (or vice versa). The image obtained of the rock may be a
grayscale image, and processing the voxels of the image to segment the image into voxels
representing pore space or solid material may be effected by assigning a voxel a designation
as pore space or as solid material based on a threshold, wherein voxels having an image
intensity above the threshold may be assigned a value representing a pore (or solid material)
and voxels having an image intensity below the threshold may be assigned a value
representing solid material (or a pore). A threshold may be calculated using Otsu’s method as
described in Otsu, N., A Threshold Selection Method from Gray-level Histogram, IEEE pp.
62-66, Trans. SMC-9 (1979), or other threshold calculation algorithms known in the art.
[0041] The three-dimensional image of the rock may be processed to segment the voxels
into pore space voxels and solid material voxels utilizing segmentation algorithms known in
the art. In one embodiment, the image may be segmented using a fuzzy c-means clustering
algorithm in accordance with the method as described in Chuang, K.-S., Tzeng, H.-L., Chen,
S., Wu, J., Chen, T.-J. Fuzzy C-Means Clustering with Spatial Information for Image
Segmentation, Comput. Med. Imaging Graph., 30, 9-15 (2006). In another embodiment, the
image may be segmented using an Otsu algorithm. Segmentation using segmentation
algorithms is preferably conducted automatically using data processing systems.

[0042] After the image has been segmented, an image porosity of the rock is estimated

from the segmented three-dimensional image of the rock. The image porosity of the rock may
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be estimated by summing the number of voxels in the segmented image that represent pore
space, summing the total number of voxels in the segmented image (or obtaining the total
number of voxels from the imaging parameters), then dividing the sum of the number of
voxels in the segmented image that represent pore space by the total number of voxels in the
segmented image. A sum of the number of voxels in the segmented image that represent pore
space may be determined by adding up the number of voxels assigned a binary value (e.g. 1 or
0) representing pore space. A sum of the total number of voxels in the segmented image may
be determined by adding up the total number of voxels assigned a binary value, both pore
space voxels and solid material voxels.
[0043] A correction factor is determined from the segmented three-dimensional image to
correct the image porosity of the rock to obtain a corrected porosity of the rock. The relation
between the image porosity (¢1), true porosity (9«), and the correction factor (o) may be
expressed as follows:

o1 = o« where 0 < o <1. (1)
[0044] In order to determine the correction factor, first a non-wetting liquid capillary
pressure curve is determined from the segmented three-dimensional image of the rock for
pores distinguishable in the segmented image at pressures up to an image-limited pressure.
Preferably mercury or Wood’s metal is selected as the non-wetting liquid. A non-wetting
liquid capillary pressure curve may be determined from the segmented image by plotting the
porosity of the rock occupied by the non-wetting liquid at selected pressures up to the image-
limiting pressure based upon simulations of the non-wetting liquid filling the pore space of the
image. To simulate the non-wetting liquid filling the pore space of the image, the pore throat
size penetrated at a given pressure may be determined according to the Young-Laplace
equation:

D = 4ccosb/P 2)
where P is the given pressure, ¢ is the non-wetting liquid-air surface tension (480 dyne/cm for
mercury-air), 0 is the contact angle (140° for mercury) and D is the pore throat size penetrated
at the given pressure. To evaluate the porosity of the rock occupied by a non-wetting liquid at
a given pressure, a simulation may be conducted in which voxels of pore space of pore bodies
having a pore throat size of D or larger are assumed to be filled with the non-wetting liquid at
the given pressure, the voxels that are “filled” with the liquid are summed, and the porosity of

the rock occupied by the non-wetting liquid is calculated by dividing the sum of the number
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of pore space voxels filled with liquid by the total number of voxels in the image. As shown
in Fig. 2, the porosity of the rock occupied by the non-wetting liquid may then plotted against
the given pressure for a number of selected given pressures above the entry pressure (Pq) up to
the image-limited pressure (Puax). The entry pressure (Pg) is the pressure at which the non-
wetting liquid initially enters pores in the rock, and the image-limited pressure (Puayx) is the
minimum pressure required to overcome the capillary pressure of the narrowest pore throat
distinguishable in the segmented image.
[0045] Thomeer’s model of the Capillary Pressure Curve provides that:

PP = (e TLOE100) (3)
where @p is the porosity of the rock occupied by a non-wetting liquid at pressure P, ¢« is the
porosity of the rock occupied by a non-wetting liquid at infinite pressure (the true porosity
since the pressure is sufficient to force the non-wetting liquid through the smallest pore throat
in the rock), G is the pore geometric factor reflecting the distribution of pore throats and their
associated pore bodies’ volume, and N is the pore throat resolution parameter. When P is
equal to the image-limiting pressure, then

P1= @u(e VOO C)
and the porosity correction factor a = (e’ 9-°¢1%N) " The porosity correction factor o, therefore,
can be determined from the pore geometric factor G and the pore resolution parameter N.
[0046] In the method of the present invention, the pore resolution parameter N is
determined from the non-wetting liquid capillary pressure curve derived from the image and
the image resolution as determined from the size of the voxels. The pore resolution parameter
N is the ratio of the pore throat size (Dq) entered by the non-wetting liquid at the entry
pressure (Pg) to the size of the voxels (Ax), N = (Da/ Ax). The size of the voxels may be
determined from the parameters of the three-dimensional imaging (i.e. the resolution of the
image). The pore throat size (Dg) of pores entered by the non-wetting liquid at entry pressure
(Pg) may be determined from the non-wetting liquid capillary pressure curve derived from the
segmented three-dimensional image of the rock according to the equation:

Dy = 46c0s6/Pq (5).
[0047] In the method of the present invention, the pore geometric factor G is determined
from the non-wetting liquid capillary pressure curve derived from the image. The pore
geometric factor G may be determined by plotting a best fit curve to the non-wetting liquid

capillary pressure curve simulated from the segmented image and determining the pore
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geometric factor from the shape of the curve. The best fit curve may be plotted by the least
squares method or by any conventional curve-fitting method.
[0048] As described above, the pore geometric factor G and the pore throat resolution
parameter N are utilized to determine the porosity correction factor. The porosity correction
factor a may be calculated from the pore geometric factor G and the pore throat resolution
parameter N according to the equation:

o = (e GLoe10my (6).
[0049] The porosity correction factor a is then applied to the image porosity of the rock to
obtain a corrected porosity. The corrected porosity (¢«) may be estimated from the image
porosity (¢1) of the rock and the porosity correction factor (o) according to the following
equation:

oo = Qw (N

[0050] The corrected porosity is substantially the same as the true porosity.

EXAMPLES

[0051] The following non-limiting examples of embodiments of the method of the present

invention as claimed herein are provided for illustrative purposes only.

EXAMPLE 1

[0052] The corrected porosity of a sandstone from a hydrocarbon-containing formation
was estimated in accordance with the method of the present invention and was compared with
the true porosity of the sandstone as determined by physical measurements.

[0053] A core sample of sandstone was recovered from a hydrocarbon-containing
formation. The true porosity of the sandstone was determined in accordance with the industry
standard method of gas expansion using a helium porosimeter. The true porosity of the
sandstone sample was found to be 0.17.

[0054] The porosity of the sandstone was then estimated by digital rock imaging in
accordance with the method of the present invention. A sample of sandstone rock was three-
dimensionally imaged by micro-CT imaging at ambient temperature at a resolution of 2.07
um (e.g. 1 voxel of the image = 2.07 um®) at a total rock sample image of 1300 x 1300 x 1300
voxels (2.197 billion voxels). The resulting three-dimensional micro-CT image was then
processed to segment the image into pore space voxels and solid material voxels using a

Fuzzy C-Means clustering algorithm. The image porosity was estimated from the segmented
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three-dimensional image of the rock by summing the number of voxels representing pore
space in the segmented image and dividing by the total number of voxels in the image as
determined from the imaging parameters (2.197 billion voxels). The image porosity was
calculated to be 0.14.

[0055] A mercury capillary injection curve was then determined from the segmented
three-dimensional image of the rock. An image-based curve was created by plotting the
fractional bulk volume of the segmented rock image occupied by mercury against pressure in
accordance with the Young-Laplace equation (P = 46cos0/D, P=pressure, D=pore throat size
penetrated at a given pressure P, ¢ = the mercury liquid-air surface tension (480 dyne/cm),
and 0 = the contact angle (140°)) where voxels of pore space of pore bodies having a pore
throat size of D or larger are assumed to be filled with mercury at the given pressure. Table 1
provides the calculated fractional bulk volume occupied by mercury at selected pressures as

determined from the segmented three-dimensional image.

TABLE 1
P (psi) Fract. BV (v/v)

1.89 0
2.21 0
2.64 0
3.36 0
4.34 0

54 0
7.28 0
9.42 0
11.26 0.01
12.43 0.01
12.68 0.01
13.18 0.02
13.71 0.03
15.14 0.04
16.35 0.07
17.69 0.08
19.89 0.11
21.54 0.11
24.25 0.11
26.76 0.12
30.14 0.13
36.02 0.13
4221 0.14
53.36 0.14
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[0056] The resulting curve is shown in Fig. 3.

[0057] A pore throat resolution parameter N was determined from the mercury capillary
injection curve and the voxel size. The pore throat size entered by mercury at the entry
pressure (Dg) was determined from the mercury capillary injection curve and the Young-
Laplace equation, where the entry pressure (Pq) was 11.26 psi (77.6 kPa) as shown in Table 1,
and the pore throat size at the entry pressure was Dg = 46c0s6/Pqa = 19.4 pm. The voxel size
(Ax) was the resolution of the image = 2.07 um. The pore throat resolution parameter N =
Do/Ax = 9.

[0058] A pore geometric factor G was determined from the mercury capillary injection
curve by curve fitting with a least square curve fitting, with higher weight given to pores that
are better resolved in the image. G was determined to be 0.15 from the mercury capillary
injection curve.

[0059] The pore throat resolution parameter N and the pore geometric factor G were then
used to determine a porosity correction factor o according to the equation o = ¢ @-0g10M),
Utilizing N = 9 and G = (.15, the porosity correction factor o was calculated to be 0.823.
[0060] Applying the corrected porosity factor a to the image porosity, the corrected
porosity may be obtained according to the equation ¢i/a. = @ Calculating the corrected
porosity from the image porosity of 0.14 and the porosity correction factor o of 0.823, the
corrected porosity was estimated to be 0.17.

[0061] The corrected porosity of the rock sample estimated by the method of the present
invention, 0.17, was found to be the same as the true porosity of the rock sample as measured
in accordance the gas expansion method. Further, the porosity estimated from the image

itself, without correction, underestimated the true porosity by about 18% by volume.

EXAMPLE 2

[0062] The porosity of a sandstone rock from a different, second, hydrocarbon-containing
formation than examined in the first Example above was estimated in accordance with the
method of the present invention and was compared with the true porosity of the sandstone
rock as determined by physical measurements.

[0063] A core sample of sandstone rock was recovered from the second hydrocarbon-
containing formation. The true porosity of the sandstone rock was determined in accordance
with the industry standard method of gas expansion using a helium porosimeter. The true

porosity of the sandstone rock sample was found to be 0.14.
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[0064] The porosity of the sandstone was then estimated by digital rock imaging in
accordance with the method of the present invention. A sample of sandstone rock was three-
dimensionally imaged by micro-CT imaging at ambient temperature at a resolution of 2.07
um (e.g. 1 voxel of the image = 2.07 pm?) at a total rock sample image of 1300 x 1300 x 1300
voxels (2.197 billion voxels). The resulting three-dimensional micro-CT image was then
processed to segment the image into pore space voxels and solid material voxels using a
Fuzzy C-Means clustering algorithm. The image porosity was estimated from the segmented
three-dimensional image of the rock by summing the number of voxels representing pore
space in the segmented image and dividing by the total number of voxels in the image as
determined from the imaging parameters (2.197 billion voxels). The image porosity was
calculated to be 0.10.

[0065] A mercury capillary injection curve was then determined from the segmented
three-dimensional image of the rock. An image-based curve was created by plotting the
fractional bulk volume of the segmented image occupied by mercury against pressure in
accordance with the Young-Laplace equation (P = 46cos0/D, P=pressure, D=pore throat size
penetrated at a given pressure P, ¢ = mercury liquid-air surface tension (480 dyne/cm), and 6
= contact angle (140°)) where voxels of pore space of pore bodies having a pore throat size of
D or larger are assumed to be filled with mercury at the given pressure. Table 2 provides the
calculated fractional bulk volume occupied by mercury at selected pressures as determined

from the segmented three-dimensional image.

TABLE 2
P (psi) Fract. BV (v/v)
1.64 (11.3 kPa) 0
2.99 (20.6 kPa) 0
13.53 (93.3 kPa) 0
25.56 (176 kPa) 0
29.97 (206 kPa) 0.01
32.45 (223 kPa) 0.01
35.14 (242 kPa) 0.02
36.56 (252 kPa) 0.04
39.59 (273 kPa) 0.05
42.87 (296 kPa) 0.08
52.3 (360 kPa) 0.08

[0066] The resulting curve is shown in Fig. 4.
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[0067] A pore throat resolution parameter N was determined from the mercury capillary
injection curve and the voxel size. The pore throat size entered by mercury at the entry
pressure (Dqg) was determined from the mercury capillary injection curve and the Young-
Laplace equation, where the entry pressure (Pq) was 28 psi and the pore throat size at the entry
pressure was Dq = 46c0s0/Pqg = 7.86 um. The voxel size (Ax) was the resolution of the image
=2.07 pm. The pore throat resolution parameter N = Da/Ax = 3.8.

[0068] A pore geometric factor G was determined from the mercury capillary injection
curve by curve fitting with a least square curve fitting, with higher weight given to pores that
are better resolved in the image. G was determined to be 0.2 from the mercury capillary
injection curve.

[0069] The pore throat resolution parameter N and the pore geometric factor G were then
used to determine a porosity correction factor o according to the equation o = ¢ @-0g10M),
Utilizing N = 3.8 and G = 0.2, the porosity correction factor o was calculated to be 0.714.
[0070] Applying the porosity correction factor o to the image porosity (¢1), the corrected
porosity (¢«) may be obtained according to the equation ¢pr/o. = @w. Calculating the corrected
porosity from the image porosity of 0.10 and the porosity correction factor o of 0.714, the
corrected porosity was estimated to be 0.14.

[0071] The corrected porosity of the rock sample estimated by the method of the present
invention, 0.14, was found to be the same as the true porosity of the rock sample as measured
in accordance the gas expansion method. Further, the porosity estimated from the image

itself, without correction, underestimated the true porosity by about 29% by volume.

EXAMPLE 3

[0072] The true porosity, as determined in accordance with the industry standard method
of gas expansion using a helium porosimeter, the image porosity, and a corrected image
porosity estimated is described above in Examples 1 and 2 and in accordance with the method
of the present invention were measured and calculated for several samples of rock. Plots of
the image porosity v. true porosity and corrected image porosity v. true porosity were
prepared based on these measurements and calculations, and are shown in Fig. 5. The plots in
Fig. 5 include the x=y slope line at which the image porosity would be equal to the true
porosity. As shown by comparing the plot of the image porosity v. true porosity and the plot

of corrected image porosity v. true porosity as against the x=y slope, the corrected image
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porosities were substantially the same as the true porosity while the image porosities
consistently significantly underestimated the true porosity of the rock.

[0073] The present invention is well adapted to attain the ends and advantages mentioned
as well as those that are inherent therein. The particular embodiments disclosed above are
illustrative only, as the present invention may be modified and practiced in different but
equivalent manners apparent to those skilled in the art having the benefit of the teachings
herein. Furthermore, no limitations are intended to the details of construction or design herein
shown, other than as described in the claims below. It is therefore evident that the particular
illustrative embodiments disclosed above may be altered, combined, or modified and all such
variations are considered within the scope of the present invention. The invention
illustratively disclosed herein suitably may be practiced in the absence of any element that is
not specifically disclosed herein and/or any optional element disclosed herein. While

e

compositions and methods are described in terms of “comprising,” “containing,” or
“including” various components or steps, the compositions and methods can also “consist
essentially of”” or “consist of” the various components and steps. All numbers and ranges
disclosed above may vary by some amount. Whenever a numerical range with a lower limit
and an upper limit is disclosed, any number and any included range falling within the range is
specifically disclosed. In particular, every range of values (of the form, “from about a to
about b,” or, equivalently, “from approximately a to b,” or, equivalently, “from approximately
a-b”) disclosed herein is to be understood to set forth every number and range encompassed
within the broader range of values. Also, the terms in the claims have their plain, ordinary
meaning unless otherwise explicitly and clearly defined by the patentee. Moreover, the
indefinite articles “a” or “an,” as used in the claims, are defined herein to mean one or more
than one of the element that it introduces. If there is any conflict in the usages of a word or
term in this specification and one or more patent or other documents that may be incorporated
herein by reference, the definitions that are consistent with this specification should be

adopted.
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CLAIMS
1. A method for estimating the porosity of rock, comprising:

- obtaining a three-dimensional image of a rock wherein the image is comprised of a
plurality of voxels and the image has a resolution;

- processing the three-dimensional image of the rock to segment the image by
selecting each voxel of the image to represent either pore space in the rock or solid
material in the rock;

- estimating an image porosity of the rock from the segmented three-dimensional
image of the rock;

- deriving a non-wetting liquid capillary pressure curve from the segmented three-
dimensional image of the rock;

- determining a pore geometric factor from the non-wetting liquid capillary pressure
curve;

- determining a pore throat resolution parameter from the non-wetting liquid
capillary pressure curve and the resolution of the image;

- utilizing the pore geometric factor and the pore throat resolution parameter to
determine a porosity correction parameter; and

- applying the porosity correction parameter to the image porosity of the rock to

obtain a corrected porosity of the rock.

2. The method of claim 1, wherein the three-dimensional image of the rock is obtained

by x-ray computer tomography.

3. The method of claim 1, wherein the rock is obtained from a hydrocarbon-bearing

formation comprised of sandstone, carbonate, shale and combinations thereof.
4. The method of claim 1, wherein the non-wetting liquid is mercury or Wood’s metal.

5. The method of claim 1, wherein the non-wetting liquid capillary pressure curve is
derived from the segmented three-dimensional image of the rock at pressures of up to
an image-limited pressure, where the image-limited pressure is the minimum pressure
that can be applied on the non-wetting liquid to overcome the capillary pressure of the
narrowest pore throat distinguishable from the segmented three-dimensional image of

the rock.
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The method of claim 1, wherein the pore geometric factor is determined from the non-
wetting liquid capillary pressure curve by plotting a best fit curve to the non-wetting
liquid capillary pressure curve and determining the pore geometric factor from the

shape of the curve.

The method of claim 1, wherein the pore throat resolution parameter is determined by
determining a pore throat size of pores entered by the non-wetting liquid at an entry
pressure from the non-wetting liquid capillary pressure curve and calculating a ratio
between the pore throat size of pores entered by the non-wetting liquid at the entry

pressure and the resolution of the image.

The method of claim 1, wherein the three-dimensional image is obtained from a cloud-
based tool adapted to store and process 2D projection images from a pore-scaling

imaging technology.

A backpropagation-enabled method for estimating the porosity of rock from a three-

dimensional image of rock, comprising the steps of:

- obtaining a three-dimensional image of rock, the three-dimensional image having a
resolution;

- applying a backpropagation-enabled trained model to segment the three-
dimensional image of rock;

- estimating an image porosity of the rock from the segmented image;

- deriving a non-wetting liquid capillary pressure curve from the segmented image;

- determining a pore geometric factor and a pore throat resolution parameter from
the non-wetting liquid capillary pressure curve and the resolution;

- utilizing the pore geometric factor and the pore throat resolution parameter to
determine a porosity correction parameter; and

- applying the porosity correction parameter to the image porosity of the rock to

obtain a corrected porosity of the rock.

10. The method of claim 9, wherein the trained model is produced by:

- providing a training set of images of rock;
- segmenting the images of rock into a plurality of labeled voxels, the plurality of

labeled voxels representing pore spaces and solid material in the rock; and
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11.

12.

13.

14.

15.

16.

17.

- using the labeled voxels to train a model via backpropagation.

The method of claim 9, wherein the non-wetting liquid capillary pressure curve is
derived from the segmented image at pressures of up to an image-limited pressure,
where the image-limited pressure is the minimum pressure that can be applied on the
non-wetting liquid to overcome the capillary pressure of the narrowest pore throat

distinguishable from the segmented image of the rock.

The method of claim 9, wherein the pore geometric factor is determined from the non-
wetting liquid capillary pressure curve by plotting a best fit curve to the non-wetting
liquid capillary pressure curve and determining the pore geometric factor from the

shape of the curve.

The method of claim 9, wherein the pore throat resolution parameter is determined by
determining a pore throat size of pores entered by the non-wetting liquid at an entry
pressure from the non-wetting liquid capillary pressure curve and calculating a ratio
between the pore throat size of pores entered by the non-wetting liquid at the entry

pressure and the resolution of the image.

The method of claim 9, wherein the three-dimensional image is obtained from a cloud-
based tool adapted to store and process 2D projection images from a pore-scaling

imaging technology.

The method of claim 10, wherein the training set of images is obtained from a cloud-
based tool adapted to store and process 2D projection images from a pore-scaling

imaging technology.

A backpropagation-enabled method for estimating the porosity of rock from an image

of rock, comprising the steps of:

- obtaining an image of rock, the image selected from the group consisting of a
series of 2D projection images, three-dimensional reconstructed images and
combinations thereof; and

- applying a backpropagation-enabled trained model to obtain a porosity of the rock.

The method of claim 16, wherein the trained model is produced by:

- providing a training set of images of rock;
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- segmenting the images of rock into a plurality of labeled voxels, the plurality of
labeled voxels representing pore spaces and solid material in the rock; and

- using the labeled voxels to train a model via backpropagation.

18. The method of claim 16, further comprising the steps of:
5 - inferring a pore geometric factor and a pore throat resolution parameter using the
trained model; and
- utilizing the pore geometric factor and the pore throat resolution parameter to

estimate the porosity of the rock.

19. The method of claim 16, wherein the image is obtained from a cloud-based tool
10 adapted to store and process 2D projection images from a pore-scaling imaging

technology.

20. The method of claim 17, wherein the training set of images is obtained from a cloud-
based tool adapted to store 2D projection images and three-dimensional reconstructed

images.
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