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METHOD FOR CHARACTERIZING THE GEOMETRY OF ELLIPTICAL
FRACTURES FROM BOREHOLE IMAGES

BACKGROUND

[0001] The present document is based on and claims priority to US Provisional Application Serial
No.: 62/510865 filed May 25, 2017, which is incorporated herein by reference in its entirety.

[0002] Wellbore operations such as geophysical surveying, drilling, logging, well completion, and
production, are performed to locate and gather valuable downhole fluids from subterranean
formations. Hydrocarbon exploration continues to develop new tools for generating data from
boreholes with the hope of leveraging such data by converting it into meaningful information that
may lead to improved production, reduced costs, and/or streamlined operations. Borehole imagery
is a major component of the wireline business, and an increasing part of the logging while drilling
business. While borehole imagery provides measurements containing abundant data about the
subsurface, it remains a challenge to extract the geological and petrophysical knowledge contained
therein. Yet, accurately characterizing formation fracture networks within a hydrocarbon reservoir

is one of the first steps in assessing its productivity index and quantity of oil therein.

SUMMARY
[0003] This summary is provided to introduce a selection of concepts that are further described
below in the detailed description. This summary is not intended to identify key or essential features
of the claimed subject matter, nor is it intended to be used as an aid in limiting the scope of the

claimed subject matter.
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[0004] In an embodiment of the present disclosure a method includes: creating a fracture set from
a collection of intersecting fractures in a borehole image log recorded within a subterranean
formation; classifying the fracture set into groups of fully and partially intersecting fractures;
calculating one or more of the elongation ratio and the rotation angle of the partially intersecting
fractures; determining a probability of full intersection of fractures from the fracture set; and
determining a fracture size or a parametric distribution of fracture sizes from the fracture set using
the calculated one or more of the elongation ratio and the rotation angle and the determined
probability of full intersection of formation fractures within the borehole.

[0005]In a further embodiment, a method includes: creating a fracture set of a collection of
intersecting fractures from a borehole image log recorded within a subterranean formation;
classifying the fracture set into groups of fully and partially intersecting fractures; and determining
a probability of full intersection of fractures; determining a fracture size or a parametric distribution
of fracture sizes from the fracture set using the calculated probability of full intersection of
formation fractures within the borehole wherein the probability of full intersection of fractures Prun

is determined according to a ratio of the areas of projected fracture ellipses 4; and 4., given by:

Fra =

[0006] Other aspects and advantages of the disclosure will be apparent from the following

description and the appended claims.

BRIEF DESCRIPTION OF FIGURES
[0007]FIG. 1 is an illustration showing reconstructed images of a wellbore obtained from various

downhole imaging in accordance with embodiments of the present disclosure;
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[0008] FIG. 2.1 is a representation of a wellbore traversing a number of formation fractures in
accordance with embodiments of the present disclosure;

[0009]FIG. 2.2 is a graphical depiction showing measure distance along the borehole of FIG. 2.1
as a function of the relative azimuth in accordance with embodiments of the present disclosure;
[0010] FIG. 3 is a representation of a wellbore traversing a formation fracture, which highlights the
coordinate system and relevant variables used in embodiments in accordance with the present
disclosure;

[0011]FIGS. 4.1 and 4.2 are illustrations of wellbores showing the definitions of surface areas A,
and 4., respectively, of projected fracture ellipses in accordance with embodiments of the present
disclosure;

[0012]FIG. 5.1 is a comparison of the probability of full intersection, Prui, as computed using 4;
and A. in accordance with embodiments of the present disclosure;

[0013] FIG. 5.2 is an illustration of the relative error in the Ozkaya estimate of P, in accordance
with embodiments of the present disclosure;

[0014]FIG. 6.1 is a graphical representations showing a comparison of uncertainties of the
estimated fracture radius for the case of a circular fracture using a borehole image with 100 fracture
traces in accordance with the embodiments of the present disclosure;

[001S]FIG. 6.2 is a graphical representations showing a comparison of uncertainties of the
estimated fracture radius for the case of a circular fracture using a borehole image with 10,000
fracture traces in accordance with the embodiments of the present disclosure;

[0016]FIG. 7.1 is a graphical representation showing the intersection of an elliptical fracture

overlaid with 100 borehole projections;
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[0017]FIG. 7.2 depicts the uncertainty in the estimation of a for 100 elliptical-fracture intersections
in accordance with embodiments of the present disclosure;

[0018]FIG. 7.3 depicts the uncertainty in the estimation of (a, o) for 100 elliptical-fracture
intersections in accordance with embodiments of the present disclosure;

[0019]FIG. 7.4 depicts the uncertainty in the estimation of (a, €) for 100 elliptical-fracture
intersections in accordance with embodiments of the present disclosure;

[0020]FIG. 7.5 is a graphical representation of a surface created from the maximum-likelihood
estimate of all three parameters a, ¢, and « in accordance with embodiments of the present
disclosure;

[0021]FIG. 8.1 is a histogram of y computed from 10° Monte Carlo samples of partially-
intersecting fractures and compared with p(y) for the case of fractures with a =25, e =4, a =0,
and a wellbore with » = 1 and # = 0 in accordance with embodiments of the present disclosure;
[0022] FIGS. 8.2 is an illustration of 100 samples used in generating FIG. 8.1 plotted in the fracture
plane in accordance with embodiments of the present disclosure;

[0023]FIG. 8.3 is a histogram of y computed from 1#* Monte Carlo samples of partially-
intersecting fractures and compared with p(y) for the case of fractures with a =25, e =4, a =0,
and a wellbore with ¥ =1 and 6 = 7a/16 in accordance with embodiments of the present disclosure;
[0024] FIG. 8.4 is an illustration of 100 samples used in generating FIG. 8.2 plotted in the fracture
plane in accordance with embodiments of the present disclosure;

[0025] FIGS. 9.1 — 9.6 contour plots showing the relationship between two statistics extracted from
Pu(Wmax) and the parameters ¢ and a of a fracture ellipse in accordance with embodiments of the
present disclosure. FIGS. 9.1 and 9.2 provide these relationships for 8 = 0, FIGS. 9.3 and 9.4 for

0 =n/4, and FIGS. 9.5 and 9.6 for 6 = 37/8;
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[0026] FIG. 10.1 is a graphical representation showing fifty fracture-borehole intersections as they
appear on a fracture plane with partial borehole intersections in gray and full intersections in black
in accordance with embodiments of the present disclosure;

[0027]FIG. 10.2 shows the same borehole intersections of 10.1 as the output from borehole
imaging with partial borehole intersections in gray and full intersections in black in accordance
with embodiments of the present disclosure;

[0028] FIG. 11 is a histogram of fracture-trace midpoint relative azimuths obtained in accordance
with embodiments of the present disclosure;

[0029]FIG. 12.1 is a histogram describing the uncertainty in ¥y from the first subset of fracture
samples in accordance with embodiments of the present disclosure;

[0030]FIG. 12.2 is a histogram describing the uncertainty in j{imax} from the first subset of
fracture samples in accordance with embodiments of the present disclosure;

[0031]FIG. 13.1 is a histogram showing the estimated marginal distribution for € in accordance
with embodiments of the present disclosure;

[0032]FIG. 13.2 is a histogram showing the estimated marginal distribution for o in accordance
with embodiments of the present disclosure;

[0033]FIG. 13.3 is a histogram showing the estimated marginal distribution for a in accordance
with embodiments of the present disclosure;

[0034] FIGS. 14.1-14.3 are graphical representations of the uncertainty estimates obtained in
accordance with the present disclosure by repeating the experiment described in FIGS. 13.1-13.3
32 times on independently-sampled random fractures. FIGS. 14.1-14.3 plot variables ¢, «, and a,

respectively. The dots indicated the median value for each trial and the horizontal bars indicate the
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95% confidence interval. The black curve is the kernel density estimate for the 32 median values.
The thick vertical lines indicate the true values of these parameters;

[0035]FIG. 15.1 is an exponential density function pia) with A = 1/10, used to generate fractures
for an example of an embodiment of the present disclosure;

[0036] FIG. 15.2 is a histogram of « for only those fractures that intersect the borehole, overlain by
density function p4(a) given by Eq. 32 in accordance with embodiments of the present disclosure;
[0037]FIGS. 16.1-16.3 are the estimated marginal distributions for €, a, and A, respectively for an
example in accordance with embodiments of the present disclosure;

[0038]FIG. 17.1-17.3 are graphical representations of the uncertainty estimates obtained in
accordance with the present disclosure by repeating the experiment described in FIGS. 16.1-16.3
32 times on independently-sampled random fractures. FIGS. 17.1-17.3 plot variables ¢, «, and a,
respectively. The dots indicated the median value for each trial and the horizontal bars indicate the
95% confidence interval. The black curve is the kernel density estimate for the 32 median values.
The thick vertical lines indicate the true values of these parameters;

[0039] FIG. 18 is a histogram of 300 fractures generated in accordance with embodiments of the

present disclosure and fit using a Pareto density function p(a) withao=10 andy =3 1;

[0040] FIGS. 19.1-19 4 are the estimated marginal distributions for €, «, v, and ao, respectively, for
an example in accordance with embodiments of the present disclosure. The results for y assume
that the true value ao = 10 is known, and the results for a¢ assume that the true value y = 3.1 is
known. The thick vertical lines indicate the true values of these parameters. The mean (¢) and
standard deviation (o) of each distribution is provided above each plot;

[0041]FIGS. 20.1-20.3 are illustrations showing various steps to obtain fracture geometry

information from seismic data in accordance with embodiments of the present disclosure. FIG.
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20.1 is an illustration showing the generation of a fracture attribute volume. FIG. 20.2 is an
illustration showing the extraction of seismic discontinuities representing fractures from FIG. 20.1.
FIG. 203 1is a graphical representation showing the statistical analysis of the extracted
fractures/faults extracted from FIG. 20.1;
[0042] FIG. 21 is a graphical representation of multiscale integration data of fracture length from
3D seismic data and trace length from borehole images for data obtained in accordance with
embodiments of the present disclosure;
[0043] FIG. 22 is an illustration of the geometrical features in the definition of 4; used in accordance
with embodiments of the present disclosure;
[0044]FIG. 23.1 is a graphical representation of ps(f) as a function of ¢’ in accordance with
embodiments of the present disclosure;
[0045] FIG. 23.2 is an analytical result obtained for €’=5 in accordance with methods of the present
disclosure are compared with a histogram of 10* samples of partially-intersecting boreholes (with
r = 1) that were uniformly sampled on a projected ellipse with a’ = 25, verifying the analytical
result;
[0046] FIG. 24 is a flow diagram depicting methods in accordance with embodiments of the present
disclosure;
[0047]FIG. 25 is a flow diagram depicting methods in accordance with embodiments of the present
disclosure; and
[0048] FIG. 26 is a schematic depicting a computer system in accordance with embodiments of the
present disclosure.

DETAILED DESCRIPTION
[0049] The particulars shown herein are by way of example and for purposes of illustrative

discussion of the examples of the subject disclosure only and are presented in the cause of

7
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providing what is believed to be the most useful and readily understood description of the
principles and conceptual aspects of the subject disclosure. In this regard, no attempt is made to
show structural details in more detail than is necessary, the description taken with the drawings
making apparent to those skilled in the art how the several forms of the subject disclosure may be
embodied in practice. Furthermore, like reference numbers and designations in the various
drawings indicate like elements.

[0050] Embodiments of the present disclosure are directed to the use of borehole image logs and
other measurements to describe fracture networks that intersect the borehole. In one or more
embodiments, statistical analysis of fracture intersections obtained from borehole imaging may be
used to determine information regarding the shape and orientation of elliptical fractures that are
measurable over the entire range of relative dip.

[0051]In some embodiments, the analysis of elliptical fractures may include determining the
measured distribution of relative azimuths for fracture-trace midpoints, which may be used to
estimate both the elongation ratio of fracture ellipses and the rotation angle of the ellipse major
axis in the fracture plane. Methods in accordance with the present disclosure may also quantify
the uncertainty of estimates for variables associated with fracture network analysis, including
fracture size a, elongation ratio ¢, rotation angle «, and the like, based upon the number of factures
measured in a given borehole, and may provide practical methodologies for computing these
estimates. In addition, methods in accordance with the present disclosure may include using
borehole image statistics of probability of full intersection to estimate parametric distributions of
a single parameter.

[0052] Methods in accordance with the present disclosure may be used in fracture network analysis

that accompanies the design and performance of a number of oilfield operations within formations
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and wellbores, including general formation survey, well placement, completions, enhance oil
recovery, production, and the like. In one or more embodiments, methods may include the
additional steps of generating an oilfield design in accordance with parameters determined using
methods in accordance with the present disclosure including fracture size, distribution of fracture
sizes, probability of full intersection of fractures, elongation ratio, rotation angle, uncertainties
thereof, and the like. Methods may also include storing the oilfield design and/or performing an
oilfield operation according to the oilfield design in some embodiments.

[0053] As used herein, “fracture” is used to describe naturally occurring macroscopic planar
discontinuity in rock due to deformation. “Fracture” is a general term used to describe any
discontinuity within a rock mass that develop as a response to stress.

[0054] As used herein, “fault” is used to describe a plane along which there has been movement
within the formation parallel to the plane; a mode I failure, i.e., a fracture displaying a plane shear
displacement.

[0055] As used herein, “joint” refers to an opening mode fracture in a rock formation.

[0056] As used herein, “vein” refers to a tubular mass of mineral matter, deposited in a fissure or
crack in a rock, and differing in composition from the substance in which it is embedded.

[0057] As used herein, “fracture length” is the distance between the tips of the fracture. For
elliptical fractures, fracture length refers to twice the semi-major axis length.

[0058] As used herein, “trace” refers to the intersection curve between a fracture surface and a rock
exposure, such as a cylindrical borehole of known diameter.

[0059] As used herein, “semi-trace” refers to a portion of each trace, such as from the point where

it intersects the scan line to the end of the discontinuity trace, if it is visible.
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[0060] As used herein, “stereology” refers to the derivation of 3-D descriptions from 1-D and 2-D
measurements. In this disclosure, stereology corresponds to the extrapolation from borehole
fracture trace measurements to the hidden 3-D structures of the fractures.

[0061] As used herein, “area sampling” refers to the process of using all the traces in the available
area. As used herein, “line sampling” refers to the process of drawing a suitable straight line on
the exposure and to let the sample include those traces that intersect the line. As used herein,
“window sampling” refers to the sampling of all traces within a defined area, “circle sampling”
refers to the sampling of all traces that intersect a circle, and “scan-line sampling” refers to the
sampling of all traces that intersect a straight line. These sampling techniques and their associated
biases will be discussed in the following section.

[0062] As used herein, “bias” refers to selected conditions that affect the accuracy of statistical
measurements. Bias in the present disclosure may be characterized as: “orientation bias” in which
the probability of a discontinuity appearing in an outcrop depends on the relative orientation
between the outcrop and the discontinuity; “size bias” in which large discontinuities are more likely
to be sampled than small discontinuities; “truncation bias” in which very small trace lengths are
difficult or sometimes impossible to measure where trace lengths below some known cutoff length
are not recorded; or “censoring bias” in which long discontinuity traces may extend beyond the
visible exposure so that one end or both ends of the discontinuity traces cannot be seen.

[0063] Prior approaches have provided some degree of characterization of fracture lengths in
formation intervals by examining the statistics of fracture intersections, showing that the measured
probability for fully intersecting fractures is related to the radius of circular fractures. For example,
one such approach is described by Ozkaya in the publication “Fracture length estimation from

borehole image logs,” Mathematical Geology, 35 (6): 737-753, 2003. Methods in accordance with

10
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the present disclosure expand beyond these approaches by using information obtained from
borehole imaging techniques to generate statistics about the shape and orientation of elliptical
fractures in a formation under study. Methods of the present disclosure analyze intersecting
fractures by approximating the fractures as elliptical fractures that are exact over the entire range
of relative dip. Elliptical fracture estimates also provide a new statistic, the measured distribution
of relative azimuths for fracture-trace midpoints, which may be used in some embodiments to
estimate the elongation ratio of fracture ellipses and the rotation angle of the ellipse major axis in
the fracture plane.

[0064] In one or more embodiments, methodologies for computing elliptical fracture estimates may
quantify the uncertainty of the estimates through analysis of a number of fractures intersecting a
given borehole, which increases the accuracy of estimates for fracture size, elongation ratio, and
rotation angle. In some embodiments, natural fracture size distributions present in a borehole, as
determined from borehole imaging statistics for example, may be used to estimate a parametric
distribution of a single parameter. It is also envisioned that any suitable parametric distribution
may be used including exponential, Pareto, lognormal, Gaussian, gamma, and power law
distributions of fracture size in some embodiments.

[0065] In one aspect, methods in accordance with the present disclosure relate to obtaining fracture
geometry, which may include size, elongation ratio, rotation angle, and the like, in addition to their
respective uncertainty from characterizing cylindrical rock face data obtained from any number of
techniques that measure borehole walls downhole or from core samples. Methods in accordance
with the present disclosure may be used to analyze multiple types of fracture length distributions,

provide direct inputs to build 3D fracture network models, and evaluate uncertainty in these

11
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techniques. Fracture length distributions in accordance with the present disclosure may also be
used during well placement and to design completions and reservoir stimulation operations.
[0066] Methods in accordance with the present disclosure are directed to the 3D characterization
of fracture networks from 2D measurements. In one or more embodiments, three-dimensional
fracture geometry is inferred from the measurement of fracture traces, a process also known as
stereology. Previous studies have applied stereology to fracture traces as they appear on a planar
rock faces, including rock faces constructed from downhole imaging techniques. Stereological
relationships between fracture traces and the 3D geometry of the fractures have been established
based on the concept that the statistical distribution of fracture size is related to the trace length
distribution (often represented by lognormal or exponential distributions). Trace length
distributions have been obtained from both area and line sampling by assuming the fractures to be
parallel circular discs of negligible thickness with a uniform-random spatial distribution. Other
approaches include distribution-free methods, where parametric trace-length distribution where
not constructed, whose main input is whether the trace length is censored.

[0067] Still other approaches have classified traces in three categories according to the number of
endpoints in the mapping window, and implemented a Monte-Carlo approach, assuming circular
fractures with a lognormal length distribution. The process was repeated with varying distribution
parameters until a good match with the actual trace lengths is observed. By studying the
intersections between an observation plane and a fracture network, others have shown that the
fracture-length distribution can be inferred from the trace-length distribution for the distributions
such as power law, lognormal, and exponential. Fracture lengths have also been characterized
using a Wicksell distribution that studies the distributions of censored semi-trace lengths from scan

lines. Stereological relations derived for circular fractures have applied for convex fracture shapes.

12
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[0068] Some studies have shown that scan lines can provide a biased sample of trace lengths. For
example, measured trace-length distributions may be biased by at least two factors: censoring,
where both ends of a trace are not observable, and truncation, where traces shorter than some cutoff
length are not recorded. Orientation bias and discontinuity size bias also have to be considered,
and a number of methods have been proposed to correct for censoring bias, geometric bias,
sampling bias, in addition to other techniques that reduce the biases resulting from limited outcrop
observability, and considers three parametric procedures (maximum likelihood, stochastic
estimation-maximization and Bayesian estimation) to estimate the length distribution of a set of
traces.

Stereology for borehole images of fractures

[0069]In one or more embodiments, the analysis of the traces observed where natural fractures
intersect large exposures, such as open cuts, tunnels and drives, may be useful geological evidence.
Nevertheless, in many oil and gas fields, borehole data is the prevalent data source for
characterizing fractures.

[0070] Previous studies have developed theories for sampling planar circular fractures with a
circular borehole (both volumetric and borehole image data cases are considered), and have
proposed various correction factors when sampling with borehole image data. Methods presented
include some applicable to circular fractures oriented perpendicular to the borehole axis, based on
the ratio of the number of fractures that transect the borehole to the number of fractures that cut
only part of it to evaluate fracture size.

[0071] Other approaches have looked at the ratio between fully and partially intersecting fractures,
and attempted to derive a relationship between the relative frequency of complete fracture traces
in terms of angle between the fractures and the borehole, borehole diameter, and the fracture length.

In addition, previous approaches have extended beyond focusing on circular fracture sets of

13
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constant length, to variable fracture length using a linearly related secondary variable. For
example, methodologies that considered variable fracture length have been used to describe the
statistical characteristics of intersections between cylinders and networks of circular fractures.
[0072]In the stereological literature, fractures are usually assumed to be circular discs. However,
to build a geologically realistic discrete fracture network, it may be helpful to define more general
fracture geometries. For example, in most commercial software, fracture shape is defined by a
polygonal approximation to an ellipse, where the ellipse is defined by a size and elongation ratio,
and the level of approximation defined by the number of polygon faces. The choice of four polygon
faces yields a rectangular fracture. Stereological relationships have been based on both rectangular
fractures and elliptical fractures, and used to derive expressions for lognormal, negative
exponential and gamma distributions of fractures. Others have also developed analytical
expressions for elliptical fractures, and presented results for uniform, fractal, exponential and
polynomial distributions.

[0073] The number of authors who worked on the stereological relationships between fracture
traces observed on borehole walls for elliptical or rectangular fractures is more limited, and their
work is more recent. Previous attempts focused on estimating the length and width of rectangular-
shaped fractures from traces observed on borehole walls. Others have proposed the estimation of
the fracture size distribution from multiple borehole samplings with elliptical fractures, including
the derivation of formulas for estimating the mean and standard deviation of fracture size from a
single borehole.

[0074] Methods in accordance with the present disclosure may be used to estimate fracture
geometry from borehole images. In one or more embodiments, borehole image data may be used

to estimate a fracture length distribution using elliptical fracture estimates, which may then be used
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to derive formulae that account for a number of fracture geometries including fracture length,
elongation ratio, and rotation. In addition, formulae for estimating the length of elliptical fractures
are provided, along with a methodology for estimating the ellipse elongation ratio and the rotation
angle of the major axis, and their respective uncertainties. Methods in accordance with the present
disclosure are applied to fractures whose lengths follow a statistical distribution of known form,
and used to estimate the distribution parameters and their uncertainties. These results are
considered alongside a comparative demonstration using formulae based on circular fracture
estimates from borehole images for steeply-dipping fractures.

Characterization of Naturally Fractured Reservoirs

[0075] Naturally fractured reservoirs (NFRs) represent a large percentage of global oil and gas
reserves, but are difficult to characterize because of the three-dimensional geometric complexity
of their constituent fracture systems. The geometrical characterization of natural fractures is often
focused on the estimation of their three-dimensional (3D) geometrical properties from 2D or 1D
measurements of fracture-intersection traces along exposed rock faces. The inference of 3D
geometry from lower-dimensional measurements is called stereology. Exposed rock faces have
limited availability in reservoir applications, and many times stereology may be interpreted on
manmade 2D exposure created by the drilling of a borehole. Borehole surfaces create a cylindrical
exposure that may be measured by a number of commercially available borehole-imaging
instruments that may be lowered into the borehole on a long cable and records an image of the
borehole wall as a function of relative azimuth and distance along the borehole axis.

[0076] With particular respect to FIG. 1, borehole images derived from a number of representative
techniques are illustrated. From left to right, borehole images are shown constructed from

resistivity 102, acoustic amplitude 104, acoustic transit time 106, and core photograph 108. The
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vertical axis is borehole measured depth (horizontal lines indicate one meter) and the horizontal
axis 1s relative azimuth.

[0077]In previous stereological approaches, fractures are often assumed to be circular discs of
infinitesimal thickness. However, to build geologically realistic fracture models, it is useful to
consider more general fracture geometries. Methods in accordance with the present disclosure
utilize new methodologies for inferring the shape and orientation of elliptical fractures from
borehole images.

[0078] Within a formation, fractures may be approximated as planar structures, which may intersect
a constructed well. With particular respect to FIG. 2.1, an example formation is shown having ten
randomly-located elliptical fractures are displayed intersecting borehole 200. Fully intersecting
fractures 204 are displayed in black and partially intersecting fractures 202 are displayed in gray.
Only fractures that intersect the borehole wall are shown, because non-intersecting fractures are
undetected by a borehole image.

[0079] With particular respect to FIG. 2.2, a synthetic example of a borehole image for the set of
fractures shown in FIG. 2.1 is shown. In the borehole image, the fracture-intersection traces are
placed as they appear on the borehole wall, with the same coloration of black for fully intersecting
fractures and gray for partially intersecting fractures. Zero relative azimuth corresponds to the
upper side of the borehole, and the vertical axis { is the measured distance along the borehole axis
relative to some point on the axis.

[0080] The ten elliptical fractures in FIGS. 2.1 and 2.2 have a common size and orientation, and
their centers are randomly located in 3D space following a uniform distribution. A uniform
distribution for fracture location is assumed with the rationale that this is the least informative

distribution for use in the case where the true distribution is unknown. The distinction between
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fully- and partially-intersecting fractures will be used throughout this study to deduce both the
shape and orientation of the fracture ellipses.

[0081]FIGS. 2.1 and 2.2 also illustrate some of the assumptions used in the present analysis. The
intersection of a cylinder by a plane describes a sine curve on the borehole image. By fitting a sine
curve to each intersection trace in the image, the amplitude and phase of this curve provides an
estimate of the orientation of the fracture plane. The orientation of a plane is denoted by strike and
dip in the geological literature, and by its normal vector, n, in the mathematical literature. The
estimation of n from a borehole image has been the mainstay of borehole-image analysis, for which
many high-quality interpretation software packages are available. It is assumed that analysis has
accurately yielded n for each fracture, and that sets of fractures with similar n will be pre-selected
for analysis, and that each fracture set has a single orientation vector, n.

[0082] Further, it is assumed that all fractures in the set are ellipses with a constant, but unknown,
elongation ratio € and rotation angle a. The elongation ratio is the ratio between the semi-major
and semi-minor axes of an ellipse, while the rotation angle describes the orientation of the ellipse
in the plane of the fracture. These two assumptions allow both of these parameters to be estimated
from a borehole image.

[0083] Given the above assumptions, methods in accordance with the present disclosure may be
used to estimate not only m, but also fracture size, elongation ratio, and rotation. In some
embodiments, where fracture size is non-constant, but describable as random samples from a
simple parametric distribution (describable by a single parameter), this size distribution may be
estimated along with the elongation ratio and rotation angle.

Borehole image model

[0084]In the following section, the fracture model, borehole model, and method for computing

synthetic intersection traces is presented. To simplify the geometrical description of a borehole
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intersecting an elliptical fracture, a Cartesian coordinate system is defined in which the fracture
lies in the x-y plane, centered on the origin, and the borehole trajectory, t, is oriented in the x-z
plane, passing through the fracture plane at the point t. In the following, bold sans-serif roman
symbols indicate tensors, with lowercase for vectors and uppercase for matrices. The borehole is
assumed to be a circular cylinder long enough to pass through all of the fractures in the set. The
normal to the fracture plane is denoted by n. The intersection angle between the borehole and the
normal to the fracture plane is denoted by 6, where cos{f) =n- t. The hat notation on a vector
indicates that the vector has been normalized to unit length. It is always possible to convert the
original coordinates of a model into these coordinates by means of translation and rotation. In the
case of a borehole that is perpendicular to a fracture (lE -0} = 1) the rotation around n is undefined,
but this can be resolved by applying a preferred rotation, e.g., the x axis points North. The semi-
major and semi-minor axis lengths of the fracture ellipse are denoted « and &, respectively. The
ellipse elongation ratio, ¢, is defined by € = a/b. The ellipse rotation angle, «, is the counter-
clockwise angle of the semi-major axis with respect to the » axis.

[0085] An illustration of this rotated fracture coordinate system is provided in FIG. 3, in which the
fracture lies in the x-y plane, centered on the origin, and the borehole trajectory vector, t, is oriented
in the x-z plane, passing through the fracture plane at point t. The semi-major axis of the fracture
ellipse is rotated by angle a from the x axis in the counterclockwise direction. The angle between
the fracture normal, n, and the borehole trajectory, t, is denoted by 8. The semi-major and semi-
minor axis lengths of the ellipse, not plotted, are denoted a and b, respectively.

[0086] The intersection between the fracture ellipse and the borehole may be evaluated as a 2D

intersection problem in the x-y plane. In this plane, the fracture ellipse is described in vector
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notation by Eq. 1, where R(«) is the rotation matrix that rotates counterclockwise by angle «, and

£ € {0.27) {5 the parameter used in constructing the ellipse.

fO) =R | 00 | (1)

[0087] The borehole projects onto the fracture plane as an ellipse of the form given by Eq. 2, where
7 is the borehole radius and * € (0,27} ig the relative azimuth within the borehole, measured
counterclockwise with respect to the upper side of the borehole. Note that y is the horizontal

coordinate of the borehole image.

b(y) =t + [ 7 cos () sec(f) }

7 sin(1)) )
[0088] The points of intersection between the borehole cylinder and the fracture ellipse are the
solutions to (£} = B{+) for the parameters & and %. This system of transcendental equations can be

reduced to a quartic-polynomial root-finding problem through the substitutions given by Eqs. 3

and 4, which enforce the constraints cos*(¢) + sin®(¢) = 1 and cos?(£) + sin*(£) = 1

1 —p? 2

cos(¢) = rﬁ;, sin(1)) = : +pp2 (3)
1—¢? 2

cos(§) = rgza sin(§) = rqqz’ 4)

[0089] Fast numerical solvers are available for finding the real roots for p and g. Only the real roots
correspond to intersections. The number of real roots can vary from zero to four. The parameters
p and g can then be converted back into their corresponding angles by the formulae Eq. 5 and Eq.

6, where tan!( , ) uses its two arguments for angular disambiguation.

1—p? 2
¢:tan1< pz’—p2>
14p= 1+p

)

1+¢* 1+¢° (6)
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[0090] The emphasis here is on generating a synthetic borehole image, thus only the roots for  are
needed. The y roots are sorted, and the midpoints of consecutive pairs (with periodic boundary
conditions) are tested for whether they are inside the ellipse. If so, then such a pair constitutes the
azimuthal midpoints of a fracture-intersection trace on the borehole wall. If there are no
intersections, then the borehole is either entirely within or outside the ellipse. This can be resolved
by testing whether B%") is inside the ellipse for any value of y, e.g., w = 0. If the borehole is
inside, then the pair of ¥ midpoints are set to zero and 2.

[0091] The above intersection procedure was repeated for many randomly-located fracture ellipses
in order to create the synthetic fracture-intersection datasets used in the following examples. Note
that methods in accordance with the present disclosure may be performed without plotting the
intersection traces in the form of a borehole image. However, if a plot is desired for visualization
purposes, e.g., for the creation of FIG. 2.2, {o may be the intersection between the fracture plane
and the borehole axis, expressed in as a measured distance, , along the borehole from some point
on the borehole axis. Then a fracture trace in the (y,0) coordinates of the borehole image is
described by Eq. 7, where ¥ = {@Wmin: ¥max ) with wmin and wmax being a pair of roots that bound an

intersection trace, and each valid root pair being plotted.

C(¥) = (o + rsec(B) cos(v) (7)
Stereology from the probability of full intersection
[0092] The next section discusses the analysis of the information contained in a single statistic of
the fracture traces in a borehole image, namely, the probability of measuring a fully intersecting
fracture. While previous approaches have used probabilities of measuring fully intersecting
fractures to estimate the size of circular fractures, formulae used in those estimates are

approximate, resulting in underestimates of fracture size when the borehole intersects fractures at
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non-normal angles. Methods in accordance with the present disclosure compensate for this by
using an exact formula that estimates fracture size for elliptical fractures, combined with a
probabilistic inversion for fracture size that assigns confidence bounds on the fracture-size
estimate, based on the uncertainty in estimating the probability of full intersection from a borehole
image. However, further knowledge is required when measuring elliptical fractures, where the
elongation ratio and rotation angle are needed in order to generate a useful estimate of fracture
size.

[0093] Stereological relationships have been developed to estimate the length of circular fractures
based on the statistics of partially and fully intersecting fracture traces observed on borehole
images. While previous approaches were only valid for circular fractures and approximate except
for # = 0, methods in accordance with the present disclosure extend the application to elliptical
fractures with an exact formulation for the full # range.

[0094] Consider a borehole with radius r intersected by many elliptical fractures with radius,
elongation ratio, rotation and normal given by a, €, a, and n, respectively. The fractures are
assumed to be randomly located, with a uniform random distributionin 3D. A number, Ny, of these
fractures will fully intersect the borehole, while some, N,, will only partially intersect it. In this
section, a single statistic of these fractures is set forth, the probability that a fracture will fully
intersect the borehole. An estimate of this probability is measurable from the borehole image as
Eq. 8.

Ny

Pon—
TN TN, @®)

[0095] As used herein, capital P always denotes a probability, and lowercase p denotes a probability
density function. Moreover, the fracture traces used in this estimate describe a binomial

distribution, because they can only belong to one of two classes, full or partial intersections, with
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a fixed but unknown probability. The estimated mean of this distribution is given by the measured

value of £t and its variance is given by Eq. 9.

52 Pran(1 — Prn)

[0096] The geometrical problem of computing whether a fracture is fully or partially intersected
can be reduced from 3D to 2D by projecting the fracture onto a plane perpendicular to the borehole
trajectory. In this plane, an elliptical fracture is projected onto an ellipse whose semi-major and
semi-minor axis lengths equal ¢’ and ¥ To obtain 2’ and & from a and b, return to the above
described fracture-centric coordinate system in which the fracture lies on the x-y plane centered on
the origin. Let a and b denote vectors pointing in the directions of the semi-major and semi-minor
ellipse axes, whose lengths equal a and b, respectively. These vectors are projected onto the
borehole-normal plane as shown in Eq. 10.

a,=a—(a-t)tand b, =b— (b- t)t. (10)
[0097] These two vectors need not be orthogonal, and thus may not represent the major and minor
axes of the projected ellipse. However, they do define two points on the projected ellipse, and may
be used to define the projected ellipse by the formula Eq. 11, where g(8), € {27} is the locus of
points defining the projected ellipse.

g(5) = a, cos(8) + b, sin(3), (11

[0098] Eq. 11 is in the form an ellipse even though a, and b, are not orthogonal.
[0099] The semi-major and semi-minor axis lengths of this projected ellipse, &’ and ¥, may then be

evaluated by finding the angle fo that minimizes ||g(f)||, yielding Eq. 12.

¥ = llg(o)ll and o' = lg(50 + 3. (12)
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[00100] The minimization problem for o may be solved by means of a root finder. Alternatively,
a related problem, finding the fo that extremizes ||g(f)|| may be evaluated in closed form, yielding

Eq. 13.

_ 2a,-b
o= Lt (mrETe) s Al # Dbl
0, Otherwise (13)

[00101] The projected axis lengths are then given by Eq. 14.

{v',a'y = sort ({l1g(50)]l. lgBo + 311} ) (14)
[00102] The values for ¢’ and ¥ describe the major- and minor-axis lengths of the projection of the
fracture ellipse onto the borehole-normal plane and may be used to compute the probability of a
full intersection.

[00103] Previous approaches, such as that described by Ozkaya, express the probability of a full
intersection as a ratio of areas expressed in the borehole-normal plane. When the borehole circle
in this plane is fully contained within the projected-fracture ellipse, the fracture fully intersects the
borehole. Any borehole-circle location whose center lies within a region described by a circle of
radius » as it rolls around the interior surface of the projected fracture ellipse will be a fully
intersecting fracture. The area contained within this region is denoted 4;. A probability of full
intersection is formed by computing the ratio of this area with the area of the region corresponding
to both full and partial intersections. This region is described by a circle of radius 7 as it rolls around
the exterior surface of the projected fracture ellipse, is denoted by Ae.

[00104] FIGS. 4.1 and 4.2 provide an illustration of the definitions of 4; and 4., With particular
respect to FIG. 4.1, circle 400 represents the borehole and the projected fracture ellipse is drawn
as a black curve 402. The dashed line 406, indicated in the legend as “true A4;” is created by rolling

circle 400 around the perimeter of the projected ellipse 402. When circle 400 lies entirely within

the projected ellipse 402, the fracture is fully intersecting, which happens when the center of circle
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400 lies within the shape created by the true 4;406. The gray region illustrates i, which is defined
by the area within true A; 406 and excluding the “fishtails” extending outside of the area defined
by 406. As shown, the Ozkaya estimate, indicated by dotted line 404, overestimates A;. The
“fishtails” at the ends of the true A; 406 extend beyond the left and right extremes of 4; and result
when the borehole circle 400 does not fit entirely within the projected ellipse 402 at its extremes
along the x axis. This overestimation is illustrated in FIG 5.1, FIG 6.1 AND FIG 6.2, which
quantify the mismatch between the Ozkaya 4; and the “true” fracture size for selected examples.
[00105] With particular respect to FIG. 4.2, another possible scenario is shown in which borehole
circle 400 only touches the projected ellipse 402, where the fracture intersection may be full or
partial. The gray region, denoting the area created by rolling borehole circle 400 around the exterior
perimeter of the projected ellipse, illustrates A.. Again, when comparing the true 4., denoted by
dashed line 408, to the Ozkaya estimate indicated by dotted line 404, the area within the Ozkaya
estimate underestimates A.. As demonstrated, the Ozkaya estimation introduces error in both A4;
and 4., which introduces error in the calculation of probability of fully intersecting fractures Pru
as discussed in the next section.

[00106] The probability that an intersected fracture will be fully intersecting, Pru, can be computed
as a ratio of A; and 4. as shown in Eq. 14, where 4; and 4. are the areas within the perimeter of a

line traced on the interior and exterior, respectively, of a given projected ellipse by a borehole.
Pagp = &

As (15)

[00107] According to Ozkaya, the formula for 4. is given by Eq. 16, which has been generalized

for use with elliptical fractures.

Ac=7(d + ) +7) (16)
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[00108] Eq. 16 represents the area of the projected fracture ellipse whose semi-major and semi-
minor axes have been extended by . However, the assumption that 4. is described by an ellipse
is approximate, and underestimates A, as is illustrated in FIG. 4.2. The correct formula for 4. is

given by Eq. 17, where E( ) is the complete elliptic integral of the second kind, defined by Eq. 18.

a/

E(v) = /07r/2 \/1 — vsin?(n) dy (18)

[00109] According to Ozkaya, the formula for 4; is given by Eq. 19, which makes the same

72
A, = ad'Vr +7r? + 4d'r E (1 — b—2>
(17)

assumption that the bounding region is an ellipse, but with the semi-major and semi-minor axes

reduced by r. This approximation always overestimates 4;, as is illustrated in Fig. 4.1.
A = wle — ) — 1) (19)
[00110] The correct formula for 4; is shown in Eq. 20, where ¢min 1s defined by Eq. 21.

a'? a’?
A; :a/b/(ﬂ' — 2£min) + 7TT2 + 4b'r (E(Emina 1— W) — E(l — b/—z)) +

(20)

iy . 1 (d
;(a’2 - b’2) sin(26min) — 212 tan ™! (ﬁ Lan(fmm)>

a2 (B2 —r2)—abr/(a2—b2) (B2 —r2) ’ r

VBT @77\ [2aby/(a? B2) (B2 17) +a?(r? - 25) 4 bt 2
gmin = “
0, Otherwise 21)

[00111] E(, ) is the incomplete elliptic integral of the second kind, defined by Eq. 22.

E(¢,v) = /0@ \/1— vsin?(n)dy 22)

[00112] Fast numerical implementations of both the complete and incomplete elliptic integral of

the second kind are commonly available in scientific computation libraries.
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[00113] With particular respect to FIG. 5.1, a comparison is provided of the probability of full
intersection, Pri, as computed by Eq. 15 using A; and A. using methods in accordance with the
present disclosure and the comparative solution from the Ozkaya formulae. In FIG. 5.1, the
borehole of radius » = 1 is intersecting a circular fracture of radius a = 5 at various intersection
angles, 0. Here, Ozkaya formulas overestimate 4; and underestimate 4., with the result that the
final probability is overestimated. The relative error of this overestimation is examined in FIG. 5.2,
where elliptical fractures are examined by varying the semi-minor axis, b, expressed in units of
borehole radii, and the different curves representing various ellipse elongations, €. The Ozkaya
formulae consistently overestimate psu, and the relative error grows with decreasing b and
increasing €.

[00114] The impact of error in the approximation of Pru appears when it is used in the estimation
of a. For a circular fracture, the joint probability density function representing uncertainty in the
estimation of « is given by the likelihood function given by Eq. 23 where it is assumed that & is

already known from interpretation of the borehole image.

1 — 2
—— (Prun(a) — P
20?1111 ( ) (23)

[00115] As an example application of Eq. 23, consider a circular fracture set with a = 25 and 0 =

pla) x exp | —

7n/16, intersected by a borehole with » = 1. A random sample of fractures with 100 borehole
intersections yielded 55 full intersections and 45 partial intersections, corresponding to % = 0.55
and dran == 0.0497 Plots of p(a) comparing use of the correct formulas for A; and A. with their
Ozkaya approximations are illustrated in FIGS. 6.1 and 6.2, which provide a comparison of
uncertainties of the estimated fracture radius for the case of a circular fracture with a =25 and 0 =
7m/16, intersected by a borehole with » = 1. Estimates made using the Ozkaya approximate formula

always underestimate a.
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[00116] With particular respect to FIG. 6.1, an estimate is made from a borehole image with 100
fracture traces, both distributions cover the true value of a because of the large uncertainty in the
estimate. Although both distribution estimates encompass the true value of a, the Ozkaya estimate
is biased downward. With particular respect to FIG. 6.2, an estimate is made from a borehole image
with 10,000 fracture traces to reduce estimation uncertainty. As can be observed, when the number
of measured fractures is increased, the Ozkaya distribution clearly fails to cover the true value,
while the distribution calculated in accordance with the present disclosure performs well.

[00117] The example shown in of FIGS. 6.1 and 6.2 is modified to account for elliptical fractures
in FIGS. 7.1-7.5. Here the fracture parameters are a =25, ¢ = 5, a =7/4, and 8 = 7n/16, and the
borehole radius is 7 = 1. With particular respect to FIG. 7.1, a plot of an elliptical fracture is shown
overlaid with a random sample of 100 fracture-containing borehole projections plotted in fracture-
centric coordinates. In fracture-centric coordinates, the x-y axes lie in the fracture plane with the
fracture centered on the origin, so all of the fractures overlay as a single ellipse, and a cloud of
borehole projections onto this plane are plotted as smaller ellipses. Boreholes that fully intersect
are plotted in black, while those with partial intersections are plotted in gray. In the sample
illustrated in FIG. 7.1 there are 8 full intersections and 92 partial intersections, yielding Pt = U.08
and @y == G.0271

[00118] The fracture parameters € and n are assumed to be known from standard interpretation of
the borehole image, leaving a, ¢, and a to be determined here. These three degrees of freedom
cannot be determined from the single statistic of the probability of full intersection. This is
examined in FIGS. 7.2-7.4. FIG. 7.2 shows the calculation of uncertainty in @, where the true
values of € and a are known. FIG. 7.3 plots the joint uncertainty in (a,«), while FIG. 7.4 plots the

joint uncertainty in (@, €), with each plot assuming the true value of the remaining parameter is
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known. Black dots indicating the true values lie within these distributions, but these plots indicate
a broad range of other values that also satisfy this one statistic. With particular respect to FIG. 7.5,
a maximum-likelihood estimate of all three parameters as the surface shown with the true values
indicated by a black dot on the surface, where the maximum-likelihood estimate is the solution to
pra{a, e, o) = Py

Stereology from the relative azimuths of partial intersections

[00119] The next section considers how additional information contained in borehole images,
namely, the histogram of the relative azimuths of fracture-trace midpoints, can be used to deduce
the ellipse elongation ratio and rotation angle. With this additional information, fracture ellipse
geometry and orientation can be fully estimated from a borehole image.

[00120] To extract additional information on the shape and orientation of elliptical fractures, the
information contained in the probability distribution of fracture-trace midpoint azimuth is analyzed
as measured in a given borehole image. In one or more embodiments, methods of analyzing the
shape and orientation of elliptical fractures using midpoint azimuth analysis may consider only
partially intersecting fractures, where the midpoint azimuth is actually defined. In some
embodiments, the distribution of trace midpoint azimuth may be determined from a borehole image
by extracting the midpoints of each partially intersecting fracture trace, averaging these azimuth
midpoints for each fracture trace, and then evaluating the histogram of these midpoint azimuths.

[00121] In one or more embodiments, methods of determining the distribution of trace midpoint
azimuth may be simplified by estimating the probability density function (PDF) for y for the
projection of the fracture ellipse onto the borehole-normal plane. Starting with Eq. 11 to describe

the projected ellipse, the basis vectors are redefined to correspond to the axes of the projected

ellipse, yielding Eq. 24, where p =800 + 3) ang By = &lido),
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g(f) = aj, cos(83) + b}, sin(f) (24)

[00122] These basis vectors are orthogonal. In the plane of this ellipse, the borehole is a circle of
radius . If this circle intersects the ellipse, its center can be defined in terms of £ as shown in Eq.
25, where n(p) is the normal to the ellipse, given by Eq. 26, where t is the borehole trajectory

vector, and —r < v <r.

c(8) = g(B) — vh(3) (25)
_dg .
n(B) = a5 <t 26)

[00123] The relative azimuth to the midpoint of the intersection trace can then be approximated by
Eq. 25 using the angle of n(f) with respect to the vector directions of the zero and n/2 relative
azimuth vectors, given by n. = [cos(0),0, —sin(0)] and n{ = [0,1,0] respectively. The relative
azimuth is then given by Eq. 27, where only the sign of v influences ¥ by indicating whether the
borehole center is inside or outside the ellipse.

$(8) ~ tan” |y A(B) - e, v A(B) - ng) (27)

[00124] In the following, this approximate expression for the trace-midpoint azimuth is assumed to
be the true value of yw. The usefulness of this approximation is demonstrated in numerical
experiments later in this section.

[00125] The PDF for w, denoted p(y), is related to the PDF for f, denoted p(f), through Eq. 27.
This is the classic problem of finding the distribution of a function of a random variable. The

solution is given in Eq. 28, where A(y) is the inverse of the monotonic function w(f).

— o5 |22
P =20 gl | o

3

a
[00126] The factor ¢ is derived from Eq. 27 as Eq. 29.
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4 :< dy >1: (A(B) “no)* + (A(B) -mo)*
dvl A do (A(9) - me)(ns - “G5) = (A(5) - ) (e G7) (29)

[00127] The factor p(p) is defined such that it is consistent with the borehole-circle centers being

uniformly distributed within the region of intersection with the ellipse, i.e., within the internal and

5
a2

) ) . . 2
external curves associated with 4: and .. These constraints yield Eq. 30, where ¢~ = ¥2. The

distribution p,(y) can then be plotted parametrically as (y(f), p(f)).

_ Vcos2(B) + €2 sin?(3)
4F (1 — €?) (30)

[00128] Formula 28 was validated for the case of fractures with a = 25, ¢ =4, and a =0, and a

p(B)

wellbore with ¥ = 1. Two cases were considered: 6 = 0 and 8 = 7n/16. With particular respect to
FIG. 8.1, a histogram of y was computed from 10° Monte Carlo samples of partially-intersecting
fractures and compared with p(y) for the case of fractures with a =25, e=4, a =0 and a wellbore
withr = 1 and #=0. FIG. 8.3 is a histogram of ¥ under substantially the same conditions as FIG.
8.1, but with 8 = 7a/16. In both cases, the analytical and Monte Carlo results compare well. FIGS.
8.2 and 8.4 show intersections of the borehole onto the fracture plane for the first 100 samples for
the cases plotted in FIGS. 8.1 and 8.3, respectively. These fracture plane diagrams aid in
understanding some general features of the distributions. For example, it is clear that p(y) should
be periodic of period m because of the symmetry of intersections around the ellipse.

[00129] Another feature apparent in these distributions is the location of the peak. In FIG. 8.1 this
occurs at ¥ =m/2 and y = 37/2. Examination of the sample borehole intersections in FIG. 8.2 shows
that the upper and lower surfaces of the ellipse offer more opportunities for intersections than the
left and right surfaces. Intersections with these surfaces will yield y values in the neighborhoods
of w=m/2 and y = 37/2, respectively, which explains the peak locations. Conversely, in FIG. 8.3

the peaks occur at ¥ = 0 and = n. Examination of the sample borehole intersections in FIG. 8.4
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shows that, because the borehole intersections with the fracture plane are elongated in the direction
of the major axis of the ellipse, the probability of intersection is much greater along the left and
right surfaces of the ellipse than along the upper and lower surfaces. Clearly, peak location alone
is not an indication of the ellipse rotation angle c.

[00130] A significant aspect of Eq. 28 is that the ellipse parameters a and b only appear as the ratio
€ = a/b. This means that p(y) is independent of the scale of the fracture. This feature can be used
to extract € and a from a measured histogram of trace-midpoint relative azimuth.

[00131] Here we consider two statistics from this histogram, the location of the histogram peak,
Wmax, and the histogram amplitude at this peak, is p(ymax). Contour plots of these two statistics are
plotted versus € and « in FIGS. 9.1-9.6 for several values of 8. For FIGS. 9.1 and 9.2, 6 = 0; for
FIGS. 9.3 and 9.4, 0 = n/4; and for FIGS. 9.5 and 9.6, # = 3n/8. In order to evaluate ¢ and a, refer
to the two plots associated with the measured value of 0, and then find the contour in each plot
corresponding to the measured values of Winax and p(wmax). The intersection of these two contours
yields values for € and a. Uncertainty in the estimation of € and & can be quantified by estimating
the uncertainty in extracting Wuax and p(Wmax) from the measured histogram.

Estimation of Fracture Length, Elongation Ratio, and Rotation

[00132] In the previous sections, methods were established to estimate fracture size a from the
probability of full intersection (requiring knowledge of rotation a and elongation ratio ¢), and to
estimate a and ¢ from the histogram of the relative azimuths of trace midpoints for partially
intersecting fractures, independent of a. In the next section, a method in accordance with the
present disclosure is set forth using example calculations to estimate fracture ellipse geometry and
orientation from a borehole image.

[00133] In the following example, the previously introduced methodologies are combined by way

of example to estimate a, €, and a. A wellbore is established in whichr =1, 8 =7/4, a =20, e=4
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and a = n/2. After Monte Carlo simulation of 10* uniformly-distributed fractures, 5052 are fully
intersecting and 4948 are partially-intersecting. Subsets of this fracture set will be used to analyze

uncertainty in the estimation of a, ¢, and a.

[00134] An image of 50 fracture-borehole intersections as they appear on the fracture plane is
provided in FIG. 10.1. The fracture is illustrated as the large black ellipse 1002, and the borehole
intersections with the fracture plane in gray for partial intersections 1004 and black for full
intersections 1006. With respect to FIG. 10.2, a simulated borehole image for these fractures is
shown, again with gray for partial intersections and black for full intersections.

[00135] In order to estimate € and o from the probability density function for the fracture-trace
midpoint relative azimuths, the density function is estimated from a number of samples. From the
10* fracture samples generated above, subsets (300 in size) are considered here. In the first subset,
158 fractures are fully intersecting and 142 are partially intersecting. With particular respect to
FIG. 11, a histogram of the fracture-trace midpoint relative azimuths is shown overlaid with p(y)
as a black curve for the true fracture parameters as estimated by Eq. 28, while the dashed curve is
a kernel-based estimate of p(y). The bin width &% used in this histogram was determined by the
Silverman rule, designed to minimize the difference between the estimated true probability

distributions in Eq. 31, where A is the total number of samples and ¢ is their standard deviation.

0.9
A¢ = T
N3 (1)

[00136] This histogram is one estimate of the density function. For comparison, the black curve in

FIG. 11 provides the density function, py(y) from Eq. 28, for the true fracture parameters. The
noise in this histogram estimate would affect estimates of both ¥max and p(wmax). However, the
smooth-kernel estimation with a Gaussian kernel, the dashed curve, provides a more stable density

estimate.

32



WO 2018/217488 PCT/US2018/032616

[00137] As a processing step before kernel estimation, outliers are removed using Tukey’s test
which identifies outliers as those samples that lie outside the range [Qo25- 1.58(Qo.75 — Qo.25), Q075
+ (Qo75 — Qo.2s)], where O, s the p-th quantile. With these outliers removed, the kernel bandwidth
is computed from Eq. 31 and used to estimate p, (). As shown in the dashed curved in FIG. 11,
much of the histogram noise has been eliminated in this kernel estimate, providing a significantly
better estimate of Wmar and p(ymax). An estimate of the uncertainty in (%) a5 an estimator of
pu(y) is needed in order to quantify the reliability in the estimates of Yma and p(Wimax).

[00138] In order to estimate ¢ and o from ﬁ'«.@(""i’)’ the values of ¥ and Pl#max) are first extracted
from (¥}, Then these values are equated with the values of ¥ax and P\¥max} as computed from
Eq. 28, adjusting the values of € and o until equality is reached. This regression is efficiently
performed using a Newton iteration.

[00139] Uncertainty in #(%), and hence the uncertainty in ¢ and «, may be estimated using the
bootstrap method in some embodiments. In this approach, an initial #0(3*} is estimated from the N'
azimuth samples using the kernel approach described above, which is then used to calculate o and
ao. Density estimate #o{%) is then used to generate N new azimuth samples, from which a new
density function #1{¥’}, and associated ¢1 and o, are estimated. This iteration is continued, always
using P0{#") to generate the new azimuth samples, until sufficient samples of € and « are available
for the estimation of uncertainty in these parameters.

[00140] After 1000 iterations of the bootstrap method on the subset of 300 fracture samples, the
resulting range of ¥nos and P{¥max) values are illustrated as histograms in FIGS. 12.1 and 12.2.
With particular respect to FIG. 12.1, a histogram showing the probability density of ¥ is shown
for the first subset of fracture samples. The thick vertical lines indicate the true values of these

parameters. The mean (x) and standard deviation (o) of each distribution is provided above each
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plot. FIG. 12.2 shows the probability density for Plimax). These histograms both cover the true
values of Winar and p(YWinax).

[00141] Histograms of the 1000 values of €, a, and a estimated from these parameters are provided
in FIGS. 13.1, 13.2, and 13 .3, respectively. The thick vertical lines indicate the true values of these
parameters. The mean (x) and standard deviation (o) of each distribution is provided above each
plot. Once again, the true values of € and « are covered by these histograms.

[00142] In one or more embodiments, to estimate the uncertainty in a from these 1000 samples of
€ and o, Eq. 23 may be applied to each sample of ¢ and « and then average these distributions to
form p(a). In some embodiments, the uncertainty of @ may be estimated by sampling a number of
values of @, ten in this case, from each of these 1000 distributions and then histogram this ensemble.
This histogram of p(a) is provided in FIG. 12.3. The true value of a is covered by this distribution.

[00143] The reliability of the uncertainty estimates for ¢, «, and a is explored in FIGS. 14.1-14.3
by repeating the synthetic experiment 32 times on independently-sampled random fractures and
comparing the uncertainty estimates. Results are plotted for ¢, o, and a in FIGS. 14.1, 14.2, and
14 .3, respectively. The vertical axes in the figures indicate the index of each of the 32 trials. The
dots indicated the median value for each trial and the horizontal bars indicate the 95% confidence
interval. The black curve is the kernel density estimate for the 32 median values. The thick vertical
lines indicate the true values of these parameters. The 95% confidence intervals cover the true
values about 95% of the time, and the median values do not exhibit any significant bias.
Estimating fracture-size distribution

[00144] In previous sections, it was shown that the estimation of ¢ and « from Pt¥) is independent

of a, and that knowledge of ¢ and « 1s used to estimate « from the probability of full intersection
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Prar. In this section, a method is shown in accordance with the present disclosure in which a
fracture-size distribution is estimated for the case of a simple parametric distribution.

[00145] The above methods focused in part on the estimation of ¢, &, and @ when all of the fractures
have similar values of these parameters. In a formation, natural fractures tend to vary in size, and
it may be useful to examine whether the distribution of fracture size, p(a), can be estimated from
a borehole image.

[00146] In one or more embodiments, distribution p(a) may be estimated from Prun, to understand
how fracture size distribution impacts the measured value of Prn. Pru for a distribution of fracture
size depends on two factors, once € and a are known. The first factor, that has already been
considered, is the dependence of Pru on fracture size. The second factor is the probability of
intersection with the borehole. For example, for a spatial domain of fixed volume, a large fracture
is more likely to intersect the borehole than a small fracture. This second probability did not need
to be considered in the earlier analysis for a constant value of a, because all fractures then have the
same probability of intersection.

[00147] The probability of intersection is proportional to A.. For example, consider two fractures,
one of 4. and a second of 24.. Twice the 4. value means twice the possible area of intersection
with the borehole, and thus twice the probability of detection. Denoting a detected fracture by d,
the probability of detection for a fracture of size a is given by Eq. 32, where ¢ is a constant of
proportionality, and Ae.(a) is defined by Eq. 17, with r, € and, « being dropped for notational
simplicity.

P(dla) = cAc(a), (32)
[00148] Scaling - so that P(d) = 1 when the full distribution of « is considered gives Eq. 33.

Ac(a)

P(d|a) = fooo Ae(a’)p(a’) da’ (33)
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[00149] The joint density for a that includes only detected fractures is then given by Eq. 34, where
p (a,d) is abbreviated to pa(a).

pa{a) = P(d|a)p(a), (34)
[00150] The expected value of Pru must be computed with respect to the distribution of detected

fractures pa(a), not the true fracture distribution p(a), and is thus given by Eq. 35.

¢}
E, (Pq :/ pal{a) da.
palPo) = | A @y P (35)
Exponential distribution

[00151] In the next section, an example is considered in the specific case of a being exponentially

distributed using Eq. 36, where A > #.
pla) = Aexp{—Aa) (36)

[00152] As a first synthetic case, consider a that is exponentially distributed with A = 1/10, as
illustrated in FIGS. 15.1-15.2. With particular respect to FIG. 15.1, an exponential density function
is p(a) with A = 1/10 is used to generate fractures for the example. With particular respect to FIG.
15.2, a histogram of a for only those fractures that intersect the borehole is overlaid by density
function pa(a) given in Eq. 33. While the mean of p(a) is 10, the mean for detected fractures jumps
to pa(a) = 26.3.

[00153] The mean of this distribution is r == 10. To experimentally compute P4¢'%) fractures were
generated with « sampled from p(a) until 10* fractures were found that intersect the borehole. The
other parameters used in this experiment are # = 1, ¢ = 6, @ = /4 and 6 = /4. A histogram of the
a values for these intersecting fractures is provided in FIG. 15.2. Overlaid on this histogram is the
theoretical prediction of Eq. 33, demonstrating good agreement. Comparing p(a) with this
experimental pa(a), it is clear that the fractures detected in a borehole image have sizes that are

biased upward from the true size distribution.
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[00154] As a demonstration of estimating A, consider the above synthetic case of FIG. 15.2 when
300 fractures are detected. The random sample yielded 123 full intersections and 177 partial
intersections, corresponding to Pt = 0.41 and . % 0.8284 As before in estimating a, it is first
beneficial to estimate € and a. Histograms of 1000 of these estimates are provided in FIGS. 14.1
and 14.2.

[00155] They are in good agreement with the true parameter values. In order to estimate a
distribution for A, a similar approach to that used above may be followed to estimate the
distribution of a from distributions of T, € and a. The only difference is that instead of drawing
ten samples of a from Eq. 23 for each (¢,a) pair, we draw ten samples of A from Eq. 36, where

Epa(Pruni(N)) is defined by Eq. 34.

p(A) o exp —2% (Epy(Pa(N)) — pfull)z ,

Ttm (36)
[00156] With particular respect to FIGS. 16.1, 16.2, and 16.3, the estimated marginal distributions
are shown for €, a, and A, respectively. The thick vertical lines indicate the true values of these
parameters. The mean (x) and standard deviation (o) of each distribution is provided above each
plot A histogram of the resulting 10* samples of A is provided in FIG. 16.3. The distribution of A
covers the true value of A.
[00157] The reliability of the uncertainty estimates for ¢, o, and A from FIGS. 16.1-16.3 is shown
in FIGS. 17.1, 17.2, and 17.3, respectively. The histograms were generated by repeating the
synthetic experiment 32 times on independently-sampled random fractures and comparing the
uncertainty estimates. The black curve is the kernel density estimate for the 32 median values. The

thick vertical lines indicate the true values of these parameters. The dots indicated the median value

for each trial and the horizontal bars indicate the 95% confidence interval. The 95% confidence
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intervals cover the true values about 95% of the time, and the median values do not exhibit any
significant bias.
Power-law distribution Methodology
[00158] In the next section, fracture distributions of fracture size a are fit using a Pareto power law
distribution, with p(a) given by Eq. 37, a > ao, where y > 1 is the shape factor and @¢o > U is the

scale factor.

pla) = T2 <i> -
ao  \ o (37)

[00159] In a first example, 300 fractures are fit to a Pareto density function p(a) with ao= 10 and y
= 3.1, which is illustrated by the dashed curve in FIG. 18. A histogram of the « values for only
those fractures that intersect the borehole is overlain by density function pa(a) given in Eq. 34,
demonstrating good agreement. While the mean of p(a) is about 14.8, the mean x for detected
fracture size jJumps to about 25.6.

[00160] The other parameters in this example are ¥ =1, ¢ = 6, a =1/4, and 0 =7/4. To experimentally
compute p(a), fractures were generated with « sampled from p(a) until 300 fractures were found
that intersect the borehole. A histogram of the « values for these intersecting fractures is provided
in FIG. 18. Overlaid on this histogram is the theoretical prediction of Eq. 33, demonstrating good
agreement. Comparing p(a) with this experimental pa(a), the fractures detected in a borehole image
have sizes that are biased upward from the true size distribution, with the mean of pa(a) being
about 25.6 compared with 14.8 for p(a).

[00161] Of the 300 fractures that intersect the borehole, 198 are partially intersecting. Inverting the
distribution of relative azimuths for these trace midpoints for ¢ and o yields the marginal
distributions illustrated in FIGS. 19.1, 19.2, 19.3, and 19.4, which correspond to €, «, y, and ao,

respectively. The results for y assume that the true value ao = 10 is known, and the results for ao
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assume that the true value y=3.1 is known. The thick vertical lines indicate the true values of these
parameters. The mean (x) and standard deviation (=) of each distribution is provided above each
plot.

[00162] These distributions cover the true values for these parameters. In the next step, these
distributions are used to estimate the size distribution p(a) from Pru using Eq. 37. However, since
the Pareto distribution is a function of two parameters, ao and vy, additional information may be
beneficial to form a well-posed inverse problem. Methods in accordance with the present
disclosure may use a number of approaches to determine ao and y including using prior knowledge
of @2 to estimate y, and using prior knowledge of y to estimate ¢:. With particular respect to
FIG. 19.3, the true value ao = 10 is used to estimate y. While the true value of y is covered by p(y),
the uncertainty on this estimate is too large for this estimate to be useful. Turning to FIG. 19.4,
the prior knowledge of y = 3.1 is used to estimate p(ao), which covers the true value with small
enough uncertainty to be useful. In practical applications, prior knowledge of y may be available
from observed fracture-scaling laws.

Multiscale approach for shape factor estimation

[00163] As the Pareto power law distribution presents two unknown parameters ao and y, methods
in accordance with the present disclosure may estimate ao and y based on a multiscale approach.
Once ao and v are known, a scale factor methodology may be used to estimate ao, known as the
scale factor. The overall workflow is illustrated in FIG. 25, which is discussed in greater detail in
the examples below.

(1) Fracture extraction from seismic data

[00164] Various techniques exist to extract geological structures such as fractures from 3D seismic-

data volumes. These methods can be based on edge enhancement or chromatic extraction

techniques, and the results may be presented as structural attribute volumes. Fracture-extraction
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tools allow the direct extraction of structural features that can be analyzed statistically. All three
ellipse attributes: axis length, elongation ratio, and rotation, can be computed for each extracted
patch, along with the values of strike and dip.

[00165] With particular respect to FIGS. 20.1-20.3, various steps in accordance with an
embodiment of the present disclosure are illustrated to obtain fracture geometry information from
an example of seismic data. FIG. 20.1 shows the generation of a fracture attribute (edge) volume.
FIG. 20.2 demonstrates the extraction of seismic discontinuities representing the fractures. FIG.
20.3 shows a statistical analysis of the extracted fractures/faults.

(2) Shape factor estimation

[00166] Once the fractures are characterized from borehole images, cores, outcrops and seismic
data, the multi-scale data may be integrated. Power laws and fractal geometry are useful descriptive
tools for fracture geometry characterization. Others have applied this multi-scale approach in
proterozoic basement of Yemen and Tamariu granite in Spain. By plotting the normalized
cumulative frequency distributions for fracture lengths from maps ranging from regional to micro-
block scales, they demonstrated an overall power-law behavior, even if the individual datasets
showed mostly exponential length distributions. Using information about fracture length from
seismic data and trace-length information from borehole images from above example shown in
FIGS. 20.1-20.3, the normalized cumulative frequency distributions for these datasets are plotted
in FIG. 21, which shows multiscale integration data of fractures length from 3D seismic data and
trace length from borehole images. Fracture lengths are displayed as a cumulative frequency
divided by area of the sampling. In this log-log plot, the slope is directly linked to the exponent of
the power law (y), and the value found in this example agrees with that reported for the same field,

based mostly on satellite imagery. This method is proven and applicable for fracture lengths
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following a power law distribution. Once ao and vy is estimated from this multiscale approach, the
methodology may be applied to estimate ¢ and its range of uncertainty in some embodiments.
Derivation of A. and A;
[00167] This next section discusses the derivation of 4., and the application of the derivation
approach to finding a formula for 4.
[00168] A circular fracture projects onto a plane perpendicular to the borehole trajectory as an
ellipse. Letting this ellipse have semi-major axis length ¢ and semi-minor axis lengths b, an

expression may be written in vector notation as Eq. 38.

)= | 0481

[00169] Given a circular borehole of radius 7, the bounding curve for 4. is found by rolling the
circle around this ellipse and tracing the center of this circle. Since the circle is tangent to the
ellipse for all values of ¢, the position of circle center as it rolls around the exterior of the ellipse

is defined by Eq. 39, where n(¢) is the outward-pointing unit normal vector for the ellipse, defined

by Eq. 40.
fe($) = p(&) +rh(E) (39)
[0 1 |de@
n(g)_{—l OJ d¢ (40)

[00170] In order to compute 4., Eq. 40 is extended to describe the family of curves filling the

interior of f.(¢) given by Eq. 41, where 0 = # < 1

fr, &) = vf. (&) 41)
[00171] The area is then given by Eq. 42, where ./ is the Jacobian of the transformation, defined by

Eq. 43.

72 1
Ae:4/ dg/ 7] dv,
0 0 (42)
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- e
L Ofr Ot (43)
[00172] Note that symmetry allows us to integrate just the first quadrant and then multiply by four.

The integrals in Eq. 42 can be evaluated analytically to yield Eq. 44.

b2
A, = wab+ wr? + 4arE (1 - —2>
a

(44)

[00173] The derivation of a formula for A: follows the same approach, but the bounding curve is
now defined by Eq. 45, where the negative sign indicates that the circle is rolling along the interior
of the ellipse.

fi(§) = p(&) —rn(¢) (45)

[00174] With particular respect to FIG. 22, an illustration of the geometrical features in the
definition of A; are shown. The solid curve 2202 represents the projected ellipse represented by
solid line representing p(¢), while the dotted borehole circles 2204 and 2206 represent two possible
positions for the borehole circle as it rolls about the interior of the ellipse to create a dashed line
representing fi(¢). The value of ¢ corresponding to this position is the value of ¢ for which the

second component of fi({) equals zero, or Emin. A closed-form solution for ¢ min 1s given by Eq. 46.

a2 (B2—r2)—aby/(a?—b2) (b2 —12) =y

VET @77\ 2aby/(a? 02) (57 17) +a?(r? 207+ b 2
gmin = “
0, Otherwise (46)

[00175] With the family of curves interior to fi(¢) defined by where ¢ = < < 1 and the Jacobian

defined as before but with respect to Eq. 47, the area A4, is given by Eq. 48.

(1, 8) = 1 1,(8) (47)

/2 1
AZ-:4/ dg/ 17| dv
¢ 0 (48)

min

[00176] This integral can be analytically evaluated to yield Eq. 49.
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a2 2
AZ’ :ab(’ﬂ' — 2£min) —|— 7Tr2 —|— 4bT (E(Emina 1 — b—z) — E(l — —)> +

g(a2 — b?) sin(2€ i) — 2r tan (% tan(fmin)) .

(49)

Derivation of p(f)

[00177] In this section, p(f) is defined so that it is consistent with a uniform distribution of circle
centers, a functional relation is needed between a circle center ¢ and its specification in terms of
the ellipse angle £ and the offset of ¢ from the ellipse #. This problem can be reduced to two
dimensions by rotating coordinates so that the projected fracture is contained in the -« plane with
the x axis is aligned with the major axis of the ellipse. In this case, the circle center is related to
and # by Eq. 50, where — ¥ << % < 7 constrains the circle center to lie within intersection distance

from the ellipse, and # is the outward normal to the ellipse, defined by Eq. 51.

c(B,n) = [ @ cos(f) ] +nn(3)

b sm(ﬁ) (50)
[ teos(s)
I‘I(ﬁ) - |: a’sin(ﬁ) :| (51)

[00178] p(B) is obtained by applying the transformation in Eq. 50 to the distribution on ¢, denoted

p(c), yielding Eq. 53, where the integral is a marginalization over #.

p(8) = / 9l 1] dy .

[00179] The symbol J is the Jacobian of the transformation from ¢ to (f,#) parameters, given by

Eq. 54.

B a'b'n
b2 cos2(f) + a?sin

|J] ) + \/b’2 cos?(B) + a’? sin?(B)

(54)

[00180] Since a uniform distribution on ¢ means that p(c) is constant, Eq. 54 reduces to Eq. 55.

p(B) 2r\/b’2 cos?(f) + a2 sin? () (55)
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[00181] When normalized such that it integrates to unity over & € [0: 2% this has the form of Eq.

o
@

56, where ¢ = &

_ Vcos2(B) + €2sin?(5)
4F (1 — €?) (56)

[00182] The distribution ps(f) is dependent on fracture and borehole parameters only through the

p(B)

parameter ¢, and is periodic with period =. With particular respect to FIG. 23.1, plots of p(f3) for
several values of ¢ are presented. A Monte Carlo verification of Eq. 53 is provided in FIG. 23.2,
where the analytical distribution for ¢’ == 5is compared with a histogram of 10* samples of partially-
penetrating boreholes (with » = 1) that were uniformly sampled on a projected ellipse with a’ =
25.

Application
[00183] The following section discusses methods of employing elliptical fracture calculations in a
number of practical applications. In one or more embodiments, methods in accordance with the
present disclosure may be performed as shown in the flow diagram provided in FIG. 24. Following
the installation and logging of one or more boreholes, a 2D borehole image is obtained at 2402
using one or more suitable techniques, including conductivity, acoustics, and visual mapping. At
2404, the borehole images are analyzed to record all instances of fractures, which are then
combined into a fracture set. The fracture set is then analyzed to classify measured fractures
present in the borehole images into groups of fully and partially intersecting fractures at 2406.
[00184] At 2408, assumptions about the shape of the intersecting fractures are made before further
processing. Previous approaches approximated fractures intersecting a borehole under study as
circular, with the associated drawbacks discussed in prior sections. At 2410, the circular fractures

are converted using stereological techniques based on the probability of full intersection of the
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fracture with the borehole. The stereological information is then processed at 2412 to determine
overall fracture geometry, and associated uncertainty of the calculations.

[00185] Methods in accordance with the present disclosure assume elliptical shapes for intersecting
fractures, which are converted at 2414 using stereological techniques based on the probability of
full intersection of the fracture with the borehole. Features of elliptical fractures such as the
relative azimuth may then be collected at 2416 to provide information regarding the dip and
rotation angle of the elliptical fractures. In addition, fracture geometry may also be determined at
2418, including determination of size, elongation ratio, and rotation angle, and statistical
treatments may yield uncertainty for each of the determined variables.

[00186] In another example, analysis of elliptical fracture information obtained from a borehole
under study may be processed according to the flow diagram shown in FIG. 25. Starting at 2502,
a fracture length distribution is obtained for a fracture set using methods in accordance with the
present disclosure. While Pareto and exponential distributions are discussed in the examples above
it i1s envisioned that any parametric distribution may be used including lognormal, Gaussian,
gamma, power law, and the like.

[00187] The method may continue at 2504 for fracture sets that assume a constant length, which
may be converted to stereological information for the probability of full intersection at 2506. For
fracture length distributions that assume variable length fractures at 2508, the obtained data may
be converted to determine stereology from the probability of full intersection at 2510. Stereology
may be enhanced by considering partial intersection relative to the midpoint trace azimuth at 2512.
At 2514, the probability of fracture intersection and/or detection may be calculated from the
stereological data, which may be treated in a number of different ways, depending on the quality

of fit. For example, methods in accordance with the present disclosure may utilize an exponential
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distribution at 2516, which may be solved for fracture length by inverting the exponent obtained
for the exponential distribution at 2518. Other possibilities include fitting the probability of
fraction intersection using a power law distribution at 2520, which may be solved in one
embodiment by inverting the power law exponent or shape value at 2522. In some embodiments,
a multiscale approach may be used to solve for multiple variables at 2524. Variables may then be
solved for by using the power law exponent or using shape value estimation at 2526, and inverting
the exponent for the scale value at 2528. However, depending on the application, one or more
fitting techniques may be used depending on the goodness of fit from the known variables.
[00188] Embodiments of the present disclosure may be implemented on a computing system. Any
combination of mobile, desktop, server, embedded, or other types of hardware may be used. For
example, as shown in FIG. 26, the computing system (2600) may include one or more computer
processor(s) (2602), associated memory (2604) (e.g., random access memory (RAM), cache
memory, flash memory, efc.), one or more storage device(s) (2606) (e.g., a hard disk, an optical
drive such as a compact disk (CD) drive or digital versatile disk (DVD) drive, a flash memory
stick, efc.), and numerous other elements and functionalities. The computer processor(s) (2602)
may be an integrated circuit for processing instructions. For example, the computer processor(s)
may be one or more cores, or micro-cores of a processor. The computing system (2600) may also
include one or more input device(s) (2610), such as a touchscreen, keyboard, mouse, microphone,
touchpad, electronic pen, or any other type of input device. Further, the computing system (2600)
may include one or more output device(s) (2608), such as a screen (e.g., a liquid crystal display
(LCD), a plasma display, touchscreen, cathode ray tube (CRT) monitor, projector, or other display
device), a printer, external storage, or any other output device. One or more of the output device(s)

may be the same or different from the input device(s). The computing system (2600) may be
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connected to a network (2612) (e.g., alocal area network (LAN), a wide area network (WAN) such
as the Internet, mobile network, or any other type of network) via a network interface connection
(not shown). The input and output device(s) may be locally or remotely (e.g., via the network
(2612)) connected to the computer processor(s) (2602), memory (2604), and storage device(s)
(2606). Many different types of computing systems exist, and the aforementioned input and output
device(s) may take other forms.

[00189] Software instructions in the form of computer readable program code to perform
embodiments of the invention may be stored, in whole or in part, temporarily or permanently, on
a non-transitory computer readable medium such as a CD, DVD, storage device, a diskette, a tape,
flash memory, physical memory, or any other computer readable storage medium. Specifically,
the software instructions may correspond to computer readable program code that when executed
by a processor(s), is configured to perform embodiments of the invention.

[00190] Further, one or more elements of the aforementioned computing system (2600) may be
located at a remote location and connected to the other elements over a network (2612). Further,
embodiments of the invention may be implemented on a distributed system having a plurality of
nodes, where each portion of the invention may be located on a different node within the distributed
system. In one embodiment of the invention, the node corresponds to a distinct computing device.
Alternatively, the node may correspond to a computer processor with associated physical memory.
The node may alternatively correspond to a computer processor or micro-core of a computer
processor with shared memory and/or resources.

[00191] Although only a few examples have been described in detail above, those skilled in the art
will readily appreciate that many modifications are possible in the examples without materially

departing from this subject disclosure. Accordingly, all such modifications are intended to be
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included within the scope of this disclosure as defined in the following claims. In the claims,
means-plus-function clauses are intended to cover the structures described herein as performing
the recited function and not only structural equivalents, but also equivalent structures. Thus,
although a nail and a screw may not be structural equivalents in that a nail employs a cylindrical
surface to secure wooden parts together, whereas a screw employs a helical surface, in the
environment of fastening wooden parts, a nail and a screw may be equivalent structures. It is the
express intention of the applicant not to invoke 35 U.S.C. § 112 (f) for any limitations of any of
the claims herein, except for those in which the claim expressly uses the words ‘means for’ together

with an associated function.
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CLAIMS

What is claimed:

1. A method, comprising:

creating a fracture set from a collection of intersecting fractures in a borehole image
log recorded within a subterranean formation;

classifying the fracture set into groups of fully and partially intersecting fractures;

calculating one or more of the elongation ratio and the rotation angle of the partially
intersecting fractures;

determining a probability of full intersection of fractures from the fracture set; and

determining a fracture size or a parametric distribution of fracture sizes from the
fracture set using the calculated one or more of the elongation ratio and the rotation angle and

the determined probability of full intersection of formation fractures within the borehole.

2. The method of claim 1, wherein calculating one or more of the elongation ratio and the

rotation angle comprises:

generating a distribution of relative azimuths for fracture trace midpoints for the

partially intersecting fractures.

3. The method of claim 2, wherein calculating a distribution of relative azimuths for fracture
trace midpoints for the partially intersecting fractures further comprises:
computing the uncertainty of the distribution of relative azimuths for fracture trace

midpoints for the partially intersecting fractures.
4. The method of claim 3, further comprising;

computing an uncertainty of the one or more of elongation ratio and rotation angle
from the uncertainty of the distribution of relative azimuths for fracture trace midpoints for

the partially intersecting fractures.
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10.

11

The method of claim 1, wherein calculating the one or more of the elongation ratio and the

rotation angle comprises:

using one or more of seismic data, satellite images, cores, analogs or outcrops to

determine the one or more of elongation ratio and rotation angle.
The method of claim 1, comprising:

determining a fracture size from the fracture set, and wherein the method further

comprises:

computing an uncertainty of the fracture size from an uncertainty of the one or more
of the elongation ratio and the rotation angle and an uncertainty for the probability of full

intersection of fractures.
The method of claim 1, wherein the method further comprises:

estimating a single parameter of the parametric distribution of fracture sizes from

one or more of the elongation ratio and the rotation angle; and

using a multiscale approach, elongation ratio and rotation angle to estimate multiple

parameters of the parametric distribution.

The method of claim 7, wherein the parametric distribution of fracture sizes is one or more
selected from a group consisting of: single parameter parametric distribution and multiple

parameters parametric distribution.

The method of claim 8 where the single parameter parametric distribution is an exponential

distribution.

The method of claim 8 wherein the multiple parameters parametric distribution is selected

from a group consisting of: power law, Gaussian, lognormal and gamma distribution

. The method of claim 7, further comprising computing the uncertainty of the parameter

estimate for the parametric distribution of fracture size.
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12.

13.

14.

15.

16.

The method of claim 7, further comprising:

generating an oilfield design based on at least one of fracture size, distribution of

fracture sizes, elongation ratio, or rotation angle; and
storing the oilfield design.
The method of claim 12, further comprising:
performing an oilfield operation according to the oilfield design.

The method of claim 1, wherein the borehole image log recorded within a subterranean
formation is obtained using one or more selected from a group consisting of: acoustic

tools, electric tools, optical tools, and core sampling.

A method, comprising:

creating a fracture set of a collection of intersecting fractures from a borehole image log
recorded within a subterranean formation;

classifying the fracture set into groups of fully and partially intersecting fractures;

determining a probability of full intersection of fractures; and

determining a fracture size or a parametric distribution of fracture sizes from the fracture
set using the calculated probability of full intersection of formation fractures within the
borehole wherein the probability of full intersection of fractures Pruiis determined

according to a ratio of the areas of projected fracture ellipses 4; and 4., given by:

Ay

Fra =
l A,

A non-transitory computer readable medium comprising computer readable program code

for:

creating a fracture set from a collection of intersecting fractures in a borehole image log
recorded within a subterranean formation;

classifying the fracture set into groups of fully and partially intersecting fractures;

calculating one or more of the elongation ratio and the rotation angle of the partially

intersecting fractures;
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determining a probability of full intersection of fractures within the borehole from the
fracture set;

determining a fracture size or a parametric distribution of fracture sizes from the fracture
set using the calculated one or more of the elongation ratio and the rotation angle and
the determined probability of full intersection of formation fractures within the
borehole;

generating an oilfield design based on the determined fracture size; and

storing the oilfield design.
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