Office de la Propriete Canadian CA 2827032 A1 200//08/16

Intellectuell Intellectual P
du Canada Office T oy 2 827 032
g,rng[j%?:i‘:gaena " ﬁgl‘j‘g[f;‘éyaﬁg " 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1
(22) Date de depot/Filing Date: 2007/02/08 (51) Cl.Int./Int.Cl. GO7V 71/30(2006.01),

EZ21B 47/003(2012.01), GOTV 9/00(2006.01)

(71) Demandeur/Applicant:
SCHLUMBERGER CANADA LIMITED, CA

(72) Inventeurs/Inventors:
LEE, DONALD W., US;
SAYERS, COLIN M., US;
HOOYMAN, PATRICK J., US;
DEN BOER, LENNERT D., US

(74) Agent: SMART & BIGGAR

(41) Mise a la disp. pub./Open to Public Insp.: 200//08/16
(62) Demande originale/Original Application: 2 641 867
(30) Priorité/Priority: 2006/02/09 (US11/350,639)

(54) Titre : PROCEDES ET APPAREIL UTILISES POUR PREVOIR LA PRODUCTION D'HYDROCARBURE D'UNE
IMPLANTATION DE FORAGE

54) Title: METHODS AND APPARATUS FOR PREDICTING THE HYDROCARBON PRODUCTION OF A WELL
LOCATION

(ESTI MATE HYD RAULI%/‘ 200
FRACTURE VOLUME
SN A

OBTAIN T{ME-ORDERED|,— 9302
MICROSEISMIC DATA

GENERATE VOXELIZED | ,— 904
SPACE |

e —

Y

SELECT A PAIR OF

PQINTS FROM TiME- |~-— 506
ORDERED r

MfCROSEISMIC DATA

PO!NT’S WiITHIN

_‘ NO SRATIAL AND
TEMPORAL

THRESHOLDS?

1YES

INFILL VOXELS 510
ASSOCIATED WiITH
POINTS

ves MORE POINTS? ->f o12
AN -

lNO

514
ESTIMATE VOLUME

1

( ENDIRETURN >

(57) Abréegée/Abstract:

Methods and apparatus that use microseismic event data, stress data, seismic data, and rock properties to predict the hydrocarbon
production success of a well location are disclosed. An example method generates a hydrocarbon production function based on
Information associated with at least a first well location, obtains information associated with a second well location, and calculates
the hydrocarbon production function using the information associated with the second well location to predict the hydrocarbon
production of the second well location.

AR .
ey . RN
et '\'l'.'.
AU ¥,
e [ [ [ 4
N
A

‘ l an a d a http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191




l
CA 02827032 2013-09-09

50866-55D1

Abstract

Methods and apparatus that use microseismic event data, stress data, seismic
data, and rock properties to predict the hydrocarbon production success of a well location are
disclosed. An example method generates a hydrocarbon production function based on
information associated with at least a first well location, obtains information associated with a
second well location, and calculates the hydrocarbon production function using the

information associated with the second well location to predict the hydrocarbon production of

the second well location.
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METHODS AND APPARATUS FOR PREDICTING THE HYDROCARBON
PRODUCTION OF A WELL LOCATION

This application is a divisional of Canadian Patent Application No. 2,641,867 filed

February 8, 2007. |
FIELD OF THE DISCLOSURE

[0001] The present disclosure relates generally to predicting the hydrocarbon production
success of a well location and, more specifically, to methods and apparatus that use
microseismic event data, information on in-situ stress, and rock properties to predict the
hydrocarbon production success of a well location and stimulation (e.g., due to a hydraulic
fracture).

BACKGROUND
[0002] The collection and analysis of microseismic events associated with hydroiracturing a
well to improve production or due to production from reservoirs are generally well known.
Such microseismic events are essentially small earthquakes (e.g., having a Richter magnitude
of less than three) that result from stress changes within the geological structures associated
with a well or reservoir. Typically, these stress changes are induced during the extraction or
injection of fluids into the well or reservoir. More specifically, the aniso'tmpic nature of earth
stresses within a reservoir results in the accumulation of shear stresses on geological

structures such as faults, fractures, etc. These accumulated shear stresses are often released

during depletion (e.g., extraction processes) and stimulation (e.g., during hydraulic fracture
stimulation) operations. The release of these shear stresses results in the emission ot acoustic
energy or sound that can be detected by devices such as, for example, geophones,
accelerometers, etc., and analyzed to determine certain physical characteristics of the well
and/or reservolr.

[0003] Some past efforts have attempted to analyze microseismic data to optimize well
placement and to predict well performance. In particular, somc of these efforts have focused

on identifying the locations of microseismic events to map fractures to enable the prediction
]
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of well performance and/or optimize well placément. For example, microseismic data may
be analyzed to determine fracture orientation, extent or size, and estimated growth, all of
which are factors that affect optimal well placement and, ultimately, well production or
performance. One such effort is described in Society of Petroleum Engineers (SPE) paper

number 88695, entitled “Contribution to the Valuation of Microseismic Monitoring Data
Recorded from Treatment Well — Results Based on 20 Hydro-fracturing Jobs Recorded From

Treatment Well,” by Kaiser_et al.,

[0004] Other efforts have focused on using microseismic event data to improve hydraulic
fracture stimulation. of a reservoir to thereby increase the productivity of the associated

well(s). One such effort is described in SPE paper number 91435, entitled “Successful
Application of Hydrajet Fracturing on Horizontal Wells Cofnple’ted in a Thick Shale

Reservoir,” by East ét al.,

[0005] While the above—noyed uses of microseismic data have focused on .detem]ining the
spatial characteristics of reservoirs (e.g., fracture Iocatiqn, orientation, extent, etc.), still other
efforts have attempted to use microseismic event data to estimate reservoir properties such as,
for example, porosity, pprmeability, flmd saturation, stress, seismic velocity, and rock
strength. In addition to spatial characteristics, these other reservoir properties may be useful
to control fluid extraction from a reservoir and/or to plan production and/or development of .
fields. An example system .that procesées microseismic signals to estimate reservoir

properties as noted above is described in U.S. Patent No. 6,947,843,
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SUMMARY

[0006] In accordance with one disclosed aspect, a sy'stem and method of predicting a
hydrocarbon production of a well location generates a hydrocarbon production function based
on information associated with at least a first well location, obtains information associated
with a second well location, and calculates the hydrocarbon production function using the
information associated with the second well location to predict the hydrocarbon production ot

the second well location.

[0007] In accordance with another disclosed aspect, a system and method of estimating a
fracture volume obtains a set of microseismic data associated with a fracture, generates a
voxelized space based on the set of microseismic data, and selects pairs of points from the set
of microseismic data. Additionally, the system and method identifies voxels from the
voxelized space, wherein the identified voxels correspond to the pairs of points and vectors

connecting the pairs of points, and estimates the fracture volume based on the identitied

voxels.

[0008] In accordance with still another disclosed aspect, a system and method of estimating
an aspect ratio of a fracture associated with a geological area computes a stress ratio
associated with the fracture, and maps the stress ratio to an estimated aspect ratio via a

predetermined relationship relating stress ratios to aspect ratios for the geological area.

[0008a] According to another aspect of the present invention, there is provided a method ot
estimating a fracture volume, comprising: obtaining a set of microseismic data associated
with a fracture; generating a voxelized space based on the set of microseismic data; selecting
pairs of points from the set of microseismic data; identifying voxels from the voxelized space,
wherein the identified voxels correspond to the pairs of points and vectors connecting the

pairs of points; and estimating the fracture volume based on the identified voxels.

[0008b] According to still another aspect of the present invention, there is provided a system
for estimating a fracture volume, comprising: a processor and a memory coupled to the
processor, wherein the processor is programmed to: obtain a set of microseismic data

associated with a fracture; generate a voxelized space based on the set of microseismic data;

3
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select pairs of points from the set of microseismic’ data; identify voxels from the voxelized
space, wherein the identified voxels correspond to the pairs of points and vectors connecting

the pairs of points; and estimate the fracture volume based on the 1dentified voxels.

[0008¢] According to yet another aspect of the present invention, there i1s provided a machine
readable medium having instructions stored thereon that, when executed, cause a machine to:
obtain a set of microseismic data associated with a fracture; generate a voxelized space based
on the set of microseismic data; select pairs of points from the set of microseismic data;
1dentify voxels from the voxelized space, wherein the identified voxels correspond to the pairs
of points and vectors connecting the pairs of points; and estimate the fracture volume based on

the 1dentified voxels.

[0008d] According to a further aspect of the present invention, there is provided a method of
estimating an aspect ratio of a fracture associated with a geological area, comprising:
computing a stress ratio associated with the fracture; and mapping the stress ratio to an
estimated aspect ratio via a predetermined relationship relating stress ratios to aspect ratios for

the geological area.

[0008e] According to yet a further aspect of the present invention, there 1s provided a system
for estimating an aspect ratio of a fracture associated with a geological area, comprising: a
memory and a processor coupled to the memory, wherein the processor is programmed to:
compute a stress ratio associated with the fracture; and map the stress ratio to an estimated
aspect ratio via a predetermined relationship relating stress ratios to aspect ratios for the

geological area.

[0008f] According to still a further aspect of the present invention, there 1s provided a
machine readable medium having instructions stored thereon that, when executed, cause a
machine to: compute a stress ratio associated with the fracture; and map the stress ratio to an

estimated aspect ratio via a predetermined relationship relating stress ratios to aspect ratios for

a geological area.
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BRIEF DESCRIPTION OF THE-DRAWINGS

[0009] FIG. 1 is a flow diagram representing an example process to predict the hydrocarbon

production of a well location.

[0010] FIG. 2 represents an example manner in which rock petrophysical properties may be

determined in the example process of FI1G. 1.

[(0011] FIG. 3 represents an example manner in which rock mechanical and stress properties

may be determined in the example process of FIG. 1.

[0012] FIG. 4 represents an example curvature of a productive layer ot a reservotr.

[0013] FIG. 5 is a flow diagram representing an example process to estimate a hydraulic

fracture volume that may be used to determine hydraulic fracture characteristics in the

example process of FIG. 1.

[0014] FIG. 6A is example representation of a fracture having a relatively high horizontal

stress anisotropy.

[0015] FIG. 6B is an example representation of a fracture network having a relatively low

horizontal stress anisotropy.

[0016] FIG. 7 is an example graphical depiction of a relationship between the horizontal

stress characteristics of a fracture and the aspect ratio of the fracture.

[0017] FIG. 8 is an example processor system that may be used to execute machine readable

instructions to implement the example systems and methods described herein.

DETAILED DESCRIPTION

[0018] In general, the example methods, apparatus, and articles of manufacture described

herein use rock properties, stress and microseismic event data or information collected, for

example, during a hydraulic fracture treatment to predict or estimate the hydrocarbon

production success of a well location (e.g., a location that may be drilled). More specifically,

4a
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the methods, apparatus, and articles of manufacture described herein determine
geomechanical, petrophysical, and/or other rock properties that govern hydrocarbon
production for a horizon, field, or geological area (e.g., a basin), and then use the results to

predict the productivity of well locations for future wells.

[0019] In the examples described herein, a hydrocarbon production function or model 1s
determined or generated by fitting data associated with geomechanical, petrophysical, and/or

other rock properties for one or more operating or existing wells to the actual hydrocarbon

4b
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production of those operating wells. The operating or existing well(s) used to determine or
generate the hydrocarbon production function may pe assoctated with a particular geological
area (e.g., a basin). In this manner, the hydrocarbon production of a location to be drilled in
the geological area to which the hydrocarbon production function applies can be estimated by
collecting geomechanical, petrophysical, and/or other rock property information for the to be
drilled location and using this collected data in conjunction with the hydrocarbon production
function to estimate or predict the hydrocarbon production of the to be drilled location. As
described 1n greater detail below, some of the parameters used to determine and/or calculate
the example hydrocarbon production function described herein may be determined using
microseismic data, seismic data, log data, etc.

[0020] Before discussing the example methods in detail, it should be recognized that the
example methods or processes described herein may be implemented as machine readable
and executable instructions, code, software, etc. stored on a tangible medium such as, for
example, a magnctic, solid state, and/or optical medium and executable by, for example, a
controller, microprocessor, etc., such as the example processor system 800 of F1G. 8
described in greater detail below. Further, some or all of the operations associated with the
example methods described herein may be executed manually and/or tlje order of the

operations may be varied or eliminated to achieve the same or similar results.

[0021] The example methods may be described in conjunction with flow diagrams, which
may be representative of example machine readable and executable instructions, software, or
code. Such machine readable instructions, software, or code may comprise a program for
execution by a processor such as the processor 812 shown 1n the example processor system
800 of FIG. 8. The program may be embodied in software stored on a tangible medium such
as a CD-ROM, a floppy disk, a hard drive, a digital versatile disk (DVD), or a memory

associated with the processor 812 and/or embodied in firmware and/or dedicated hardware in
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a well-known manner. Additionally or altematively, the example methods may be
implemented using any desired combination of hardware, finmware, and/or software. For
example, one or more integrated circuits, discrete semiconductor components, or passive
electronic components may be used to perform the operations represented in the flow

diagrams.

[0022] Now turning to FIG.1, a flow diagram representing an example process 100 to predict
the hydrocarbon production of a well location is shown. The exémple prediction process 100
begins by determining rock petrophysical properties using log data, which may be calibrated
with core measurements (block 102). In general, the petrophysical properties determined at
block 102 are related to the hydrocarbon production potential of the rock. As depicted in
FIG. 2, the operations at block 102 may be carried out using an elemental log analysis 200,
which may be more commonly referred to as ELAN™ (which is a mark of Schlumberger), to
determinc what type of hydfomrbon is present in the pore space of the rock, how much
hydrocarbon is present in the pore space of the rock, and in what pore space the hydrocarbon
1S located. As is known, an elemental log analysis separates the minerals, porosity and
saturation of hydrocarbon for a volume of rock using log data 202 as inputs and core
measurements 204 as calibration points. The elemental log analysis 200 then outputs rock
petrophysical properties 206 such as, for example, porosity, mineral volumes, hydrocarbon
saturation, organic carbon content, etc. As is known, the log data 202 may be collected using
one or more probes and/or other tools, sensors, etc. disposed within one or more well
borehole(s) and the core measurements 204 may be made under laboratory conditions using
core samples obtained during the drilling of the well(s). The core measurements 204 provide
certain rock properties at known depths within the well and, thus, can be used in known

manners to better evaluate the rock properties associated with log data collected at different

depths (e.g., deeper) in the well.
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[0023] Returning to FIG. 1, following the de’tenninagion of the rock petrophysical properties
at block 102, the example process 100 determines rock mechanical and stress properties
(block 104). While a number of techniques can be used to determine the rock mechanical
and stress 'properties for a particular well, the operations associated with block 104 may be

advantageously carried out using a mechanical earth modeling technique such as that shown

in FIG. 3.

{0024] The earth modeling tqghnique 300 depicted in FIG. 3 is a well-known technique'
developed by Schlumberger Technology Corporation. More detailed information describing
earth modeling techniques are disciosed in U.S. Patent Nos'. 6,549,854 and 6,766,354,

In general, the earth modeling ‘ -

techniﬁue 300 enables the generation of a one dimensional mechanical earth model for the
field associated with the well under analysis. The one dimensional earth model may be used
to evaluate rock mechanical and stress properties at the well boreholc. In combination with
'seismic data, a three dimensional mechanical earth model c‘overing' the area of interest may
also be generated and populated with well data and seismic data using geostatistical
techniques such as, for example, kriging. Such a three dimensional earth model can be.

particularly useful to predict the expected production and performance of stimulation

treatments at locations for which there is no well information. More specifically, the model
includes earth stresses or stress profiles such as the pressure of fluids in rock pOres or pore
pressure (Pp) 302, the weight of the overburden or vertical stress (Sv) 304, the minimum
eftective honizontal stress (Sh) 306, and the maximum effective horizontal stress (SH) 308.

The mechanical earth model 300 also includes the principal stress directions 310 such as, for

example, the azimuths of the stresses Sh and SH. In addition, the mechanical earth mode}

300 includes rock mechanical properties such as rock compressional and tensile strength 312,

*
!
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Poisson’s ratio, Yoi.mg’s modulus (i.e., the static elastic properties of the rock), friction angle,
etc.

[0025) Returning again to FIG. 1, following determination of the rock mechanical and stress
properties at block 104, the example process 100 determines the formation and horizon
curvature from seismic or horizon properties over productive layers (block 106). Curvature 1s
the rate of change of angle along a surface (e.g., time or depth) with respect to normal vectors
along the surface. i?IG. 4 depicts an example curved surface and the sign convention for
curvature. In particular, FIG. 4 illustrates regions of zero curvature, negative cﬁrvature, and
positive curvature. Curvature of a three dimensional surface (such as one bounding a
hydrocarbon zone associated with a well) is related to stress (assuming buckling) as set forth
in Equation ! below, where the constant of proportionality can be determined using well,

seismic, and stress information in the area.

hxj_'(xE:

Stress o

where
h = Layer Thickness
K = Layer or Horizon Curvaiure

E = Young's Modulus

Equation 1
[0026] Referring again to FIG. 1, following the formation and horizon curvature
determination at block 106, the example prediction process 100 determines the hydraulic
fracture characteristics associated with the existing well location under analysis (e.g., an

operational well) (block 108). More specifically, at block 108, microseismic event data,

which may be collected during hydraulic fracture stimulation of the existing well location,
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may be hsed to determine hydraulic fracture orientation, hydraulic fracture volume, hydraulic
fracture aspect ratios, as well as any other desired hydraulic fracture characteristics.

[0027] To determine the hydraulic fracture volume at block 108, a discrete pair-wise linear
Interpolation approach may be used. One particularly useful discrete pair-wise linear
interpolation process is outlined below in detail. However, before providing a more detailed
description of the manner in which this linear interpolation process may be carried out, a
more general discussion of the operation of the process is provided to facilitate an
understanding of the detailed example mathematical operations that may be used to
implement the processes associated with block 108.

j0028] Generally, the example process for estimating or determining hydraulic fracture
volume at block 108 is based on the assumption that microseismic events occurring near in
time to the initiation of a hydraulic fracture stimulation are spatially closer to the source ot
the fracture than those microseismic events occurring relatively later in time from the
initiation of the stimulation. In other words, for any set of microseismic data, the data 1s
generally assumed to be temporally and spatially correlated such that data occurring later in
time are more spatially distant from the source. Of course, in pracFice, some data may not
conform perfectly to the assumed spatial/temporal correlation. However, such non-

conforming data would have or could be made to have minimal, if any, effect on the resultant

fracture volume estimate. For example, data deemed to be non-compliant or otherwise
aberrant could be eliminated from consideration, processing, etc.

0029} Given the assumed spatial/temporal correlation of the microseismic data to be
processed, the data is initially received in a time ordered list such that data that is adjacent in
the list is also temporally (and assumed to be spatially) adjacent. The list of data is then

traversed to determine the minimum and maximum X, y, and z axis coordinates, which are in

turn used to compute the maximum dimensions of a three dimensional space occupied by the
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microseismic data. The three dimensional space is then voxelized using a desired resolution
(i.e., voxel size) and may be represented using one or more data arrays and/or any other
suitable data structure or construct. The use of such a data structure (e.g., data arrays)
enables the voxelized space to be represented and stored in a computer memory and/orany
other type of computer readable medium.

[0030] After having established the voxelized space, the ttme ordered list of microseismic
data is processed to enable voxels within the voxelized space to be infilled, marked, tagged,
or ot11erwiée identified as composing the fracture space. In general, this identification
process involves iteratively processing the time ordered list of microseismic data to
repeatedly select different pairs of data points that are sufficiently temporally and spatially
correlated and infilling, tagging, etc. those voxels in the voxelized space corresponding to the
data points themselves as well as the voxels lying along a .vector joining the data points.
Thus, by repeatedly selecting different pairs of points from the time ordered list and infilling,
tagging, etc. those voxels corresponding to the original microseismic points themselves as
well as the voxels lying along the vectors connecting those points, the voxelized space forms
an infilled or tagged voxel volume, cloud, or space within the overall or total available
voxelized space. This infilled or tagged voxel volume or space can then be associated with or
may correspond to the fracture volume,

j0031] Although it is possible to pair every original microseismic point with every other such
point during the above-described iterative process, the resulting volume of tagged voxels
would substantially overestimate the actual volume of the associated fracture network. Tims,
it is advantageous to limit the extent to which points may be paired, corresponding to the
assumed ranges of spatial/temporal correlation over which the point pairings are assumed to

be valid or meaningful. Thus, in the voxel infilling process described in greater detatl below,

pairs of points that are temporally spaced beyond a predetermined threshold (e.g., a temporal

10
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spacing selected by a user) are not subjected to the infilling or tagging process, and the points
lying on the vector connecting these pairs of points are neither infilled nor tagged. Further,
the example process below also recognizes that the degree of correlation between pairs of
points may decay or decrease with increasing temporal separation. In particular, the example
infilling process establishes a maximum radius or spatial correlation length may decrease
with increasing temporal lag. A pair of points that falis within the maximum temporal lag
threshold but for which the distance between the points exceeds the maximum radius or
correlation length is not subjected to infilling or tagging.

[0032] A tlow diagram generally representing an example of the above-described process 1s
provided in FIG. 5. The example process 500 for estimating a hydraulic fracture volume may
be used to implement the example process of FIG. 1 and, in particular, the operations of
block 108 shown therein. Tuming in detail to FIG. 5, the example process obtains time
ordered microseismic data (block 502). The time ordered microseismic data may be received
in the form of a pre-processed list or one dimensional array of time ordered data. The list of
time ordered data is then processed or examined to generate a voxelized space (block 504) to
be used to hold data representing the fracture volume. In particular, as noted above, the
voxelized space may be implemented as one or more three dimensional data arrays.

[0033] A pair of points is then selected from the time ordered microseismic data (block 506)
and the points are evaluated to determine if they fall within predetermined spatial and
temporal thresholds (block 508). If t.hc points do not fall within the thresholds at block 508,
the pair of points is not processed further and control returns to block 506 to select a ditferent
pair of points. If the points do fall within the thresholds at block 508, the voxels associated
with the points are tagged, infilled, or otherwise identified or classified as composing a part

of the fracture volume (block 510). The process 500 then determines if there are more point

pairs to process (block 512). If there are more points to process at block 512, control 1s

11
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returned to block 506 to-select a different pair of points. If there are no further points to
process at block 512, the example process 500 may then evaluate the set of tagged, infilled,
etc. voxels to estimate the volume of the fracture (block 514).

|0034] The following discussion provides a more detailed example of the above-described

operations or processes for estimating hydraulic fracture volume. Initially, given N spatially

and temporally correlated points, P,=|x,,y,,z,,t, | in ascending time (t) order, where n =1

to N, with associated discretization intervals (Ax, Ay, Az) > 0, additional points are generated

using discretized linear interpolation between pairs of points P, and P,_, for /=1 to L, where

i i e=f

L<N and L is subject to the constraints shown below.

and:
At =1, - 1,
]
r = [(xn — %0+ On —yu)* + (25 = zn1)*] &

[0035] The input points are then discretized by voxelizing them into a three-dimensional

array. The entire list of points (i.e., the list of N points) is initially traversed to determine the

numerical range of each coordinate (x . X, s Vi s Voo s Zmin 2 Zuee ) - 1 1€ dimensions of the

three-dimensional array (#;,n;,n,) arethen determined as:

i = Vmax — Ymin)/ Ay + 1.5
n; = (xma.\' - xmfn)/ Ax + 1.5

ng = (Zmax — Zmin)/ Az + 1.5

[0036] Two three-dimensional arrays are then allocated so that one of the arrays (7':,.,1t ) 18 used
to record the ¢ coordinate values and the other array (M, ) is used to count the number of

contributors to each voxel. After initializing both three-dimensional arrays to zero, each

input point is voxelized by computing the indices i,/,k of the corresponding cell in the three-

12
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dimensional array then recording ¢, and the number of contributors. An example process by

which the arrays can be zeroed and input points can be voxelized is set forth below.

for n=1 to NV
T «— 0
My «— 0
end for

for n=1 to N:
i — (Vn —Ymin)lAy + 0.5
J «— (xn ""xmin)/Ax + 0.5
k < (z,.—-zm;,,) [Az + 0.5
]}jk e Lk t Iy
Mij — Mz + 1

end for

|0037] If the voxel radius (Ar ‘;=.“Ax‘-I-AyLi-A.:a:’)”2 exceeds the minimum distance between
points, voxelization results in decimation and the total number of populated voxels, Np, is

less than the total number of input points N. In this case, the array 7}, is normalized by

dividing by the artray M, and resetting M, to unity before interpolation is performed.

|0038] Following voxelization, interpolation is performed to infill voxels along the vector
joining each pair of points. An arbitrary maximum lag (L) is selected (e.g., by a user) based

on an assumed temporal correlation length (Az,_.. ) and an average time interval between

max

points (At). For example, L. may be sclected based on the equation L = NAt¢ __/(t, —¢t). A

maximum radius ( 2,_. ), corresponding to lateral and vertical spatial correlation lengths 1s

mix

also assumed. Estimates of the temporal and spatial correlation lengths may be obtained by
analyzing variograms generated using the microseismic data associated with the existing well
location. Assuming that the degree of correlation between pairs of points decays with

increasing temporal separation, the maximum radius may be modeled as a function of the lag

R

(/) = —, where ¢ > 0, yields a maximum radius which decreases with

(/). Forexample, r,_, 1

13
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increasing lag. A process by which the above-described interpolation may be performed is

described below.

for I=1 to L:
Pmay < Rmaxl 17
for n=[+1 to NV

X €= Xpn—Xnd
Y VY~ Vnt

Z € Zp—Zp
roe— (x3+ y+ z3)%
if (r < Fmae and &, — £,y <. Almac) then

infill_voxels between_ pts (n, n—1/)
end if
end for

end for
[0039] Voxel infilling i1s then performed via linear interpolation by iteratively stripping
segments of length Ar from the vector joining points » and »—1 as shown in the example

process below.

begin wfill voxels between pts (n, n—{):

X € Xpu!

Y  Vn. set P=P,,

Z & Zp.

I & Iy

y o Ar/r set length fraction (0 <r< 1)

while (r < 1):
x &« x+ rix,-x)
y =y +trQ.—y
z <« z+ r(z,—2)
i — t+ r{,— 1
o Arf{(xy—x)*+(Ya—y) Hzi—2)*] 2
I — (V=ymin)Dy + 0.5
J = (X—=Xmm)lDx + 05
kK <« (z ~ znip) Az + 0.5
. T — Ty + ¢
Miji «— My + 1
end while
end infill_voxels between pt

interpolate a new point by
shifting P closerto P, a
distance Ar

reset the length fraction

voxelize P

record P in 3-D arrays

WY L VD | S | WD [ WO ) S —

[0040] Following the determination of hydraulic fracture characteristics at block 108, the
example process 100 compares the hydraulic fracture characteristics (e.g., hydraulic fracture

volume, orientation, and/or aspect ratios) to the stress and seismic anisotropy characteristics
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(block 110) of a fracture or fracture network. In particular, at block 110, the example process
1 00 may compare the orientation and/or aspect ratio information to stress characteristics such
as, for example, stress anisotropy and/or seismic anisotropy characteristics.

[0041] The aspect ratio of a fracture or fracture network is generally positively (and strongly)
correlated to hydrocarbon production of that fracture or fracture network. Thus, as described
below, analyses of microseismic information or data to determine the aspect ratio of an
existing well may be advantageous when determining or generating a hydrocarbon
production function or model for use in predicting the production of new well locations.
Before turning to a more detailed discussion concerning the manner in which fracture aspect
ratios can be determined using microseismic data, a general discussion concerning the
general relationships between the anisotropy of in-situ stress fields, fi'actﬁre aspect ratios,
fracture growth, and fracture characteristics or type is provided in conneciion with FIGS. 6A
and 6B.

[0042] As can be seen from FIG. 6A., high stress (and seismic) anisotropy (e.g., the ratio
Sh/SH is closer to zero) results in the growth of a substantially planar hydraulic fracture,
which is commonly referred to as a classic hydraulic fracture. As depicted in FIG. 6A, in a
classic hydraulic fracture, the stress Sh (i.e., the minimum horizontal stress) is substantially
smaller than the stress SH (i.e., the maximum horizontal stress), which tends to result 1n
fracture growth along the maximum stress direction in response to hydraulic fracturing
stimulation. On the other hand, as shown in FIG. 6B, low stress (and scismic) anisotropy
(e.g., the ratio of Sh/SH is closer to 1) typically results in a wide fracture fairway composed

of a more dispersed network of intersecting fractures. Wide fracture fairways or fracture
networks are generally advantageous (e.g., more productive) in low permeability reservoirs
such as the well-known Barnett shale, for example, because there is more contact area

between the multiple fractures and the hydrocarbon bearing rock than occurs for a
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substantially planar fracture. Thus, a well location having a relatively high Sh{SH ratio
typically has a relatively high aspect ratio (i.e., width/length) and can be expected to provide
a wide fracture network such as that shown in FIG. 6B and to yield a relatively high
hydrocarbon prdduction.

[0043] As aresult of stress field anisotropy, hydraulic fractures do not grow isotropically, but
instead have a preferred orientation and width. Hydraulic fracture width corresponds
generally to the area of contact between the fracture and the formation, while the fracture
orientation is generally a function of the principal stress directions acting on\ the fracture.

The orientation and width of a hydraulic fracture may be computed using the radius of

gyration matrix defined as shown below.

R, R, R,
R=IR, Ry Ry

Ry Ry Ry,
where

I << (k) —lk)rg (K)  =lk)
Ry =— > (5" =70 =F1).

N =
[0044] In the above computation, N represents the number of microseismic events recorded

during the monitoring of the hydrofracture growth, r,m is the ith component of the position

. . . -(k) « K
vector of the kth microseismic event, and ™" is the mean value of »" averaged over all the

microseismic events and is the ith component 6f the position vector of the center of gravity of
the microseismic cloud. The square roots of the eigenvalues of R are the principal radin of
gyration and may be considered as the principal axes (i.e., the width, length, and height) of an
ellipsoid describing the shape of the microseismic cloud. The eigenvectors of R detine the
directions of principal axes of the microseismic cloud and can be used to determine the

direction of the principal stress directions and the principal axes of the seismic anisotropy.
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Typically, one of the principal axes is substantially vertical, and the eigenvaiues will be

denoted by AV, AH and Ah, where AV is the vertical eigenvalue, AH is the largest horizontal

eigenvalue, and Ah is the smallest horizontal eigenvalue. The aspect ratio (o) of the

microseismic cloud is then defined as square root of the smallest horizontal eigenvalue
divided by the largest horizontal eigenvalue, and is equal to & = {1, /1, )''* and defines the

width of the fracture fairway in terms of its length and the magnitude of the seismic

anisotropy, which decreases with increasing aspect ratio. A second aspect ratio

= (ﬂv [ A, )”2 may be computed and is related to the vertical extent of the hydrofracture and

may be used to determine if the hydrofracture has stayed in zone.

[0045] This relationship can be calibrated (i.e. the single parameter p can be determined
using, for example, the procedure or technique described in detail below in connection with
FIG. 7) by calculating the ratio of the width to the length of the microseismic cloud at any
location where Sh/SH is known (or estimated using, for example, three-dimensional seismic
data for azimuthal anisotropy) and the rock s approximately azimuthally isotropic such as,
for example, in a region with small fracture density or low curvature. The aspect ratio of any
microseismic cloud at any location where a well has not yet been drilled, but at which Sh/SH
can be esimated, can then be predicted so that this estimate can be used to estimate the
volume of the microseismic cloud before the well is drilled. It should be noted that this
method can also be used to estimate the maximum horizontal stress at the location of a
hydraulic fracture by combining the aspect ratio of the microseismic cloud with the minimum
honzontal stress at that location according to the above equation.

100406] Th¢ operations associated with blocks 102-110 may be carried out for one or more
wells for which actual hydrocarbon production is known. The one or more wells may be
associated with a particular geological area (e.g., a basin) for which the hydrocarbon

production of a new (i.e., to be drilled) well location is to be estimated or predicted. In this
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manner, as described in greater detail below, an equation or model relating (e.g., fitting) the
data or information determined at blocks 102-110 can be based on a more statistically
significant data set and, thus, may enable more accurate predictions of the hydrocarbon

production of a new well location within the same geological area or a geologically similar

arca.

[0047] In particular, the data or information determined at blocks 102-110 may be related to
- the actual hydrocarbon production (block 112) for each of the existing well locations
analyzed at blocks 102-110. As represented below, using rock properties, petrophysical
properties, reservoir curvature, along with the microseismic orientation, volume, and aspect
ratios computed using the microseismic events, a ¢orrelation cz;n be determined relating the

properties to the hydrocarbon production such that:

Hydrocarbon production = f{HIP,Sh,SH,Curvature,MSV ,aspect ratio)
where
HIP = hydrocarbon in place
Sh = minimum horizontal stress
SH = maximum horizontal stress
Curvature = productive formation surface curvature
MSYV = microseismic fracture volume
- aspect ratio = aspect ratio of microseismic cloud

[0048] The correlation or relation of the above-noted parameters will vary depending on the
particular characteristics of a geological area (e.g., a basin) being analyzed. Each of the
parameters or properties above may, for example, be determined for one or more of wellsin a
particular geological area for which hydrocarbon production is known. Using the parameter
values for each of the wells together with the known hydrocarbon production of these wells, a
best correlation of the parameters of interest (f:s.g., those noted above) can be determined at

block 112 using one of several data fitting methods or techniques. For examplc, a least

squares, weighted average, linear regression, or any other suitable data fitting technique may
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be used to find an optimal fit of the data to a function. However, it should be noted that the

hydrocarbon function or model described above is one example function or model and that
fewer parameters and/or additional parameters may be used to generate the function or
model.

[0049] There also exists a relationship (material balance) between the mechanical/stress
properties and microseismic fracture volume such that MSV = f (Sh, SH, Curvature, voiume
of fracture flumid). Thus, development of this relationship using the techmques descnbed
herein provides another manner in which the MSV parameter may be calculated for a new
well location (e.g. a location to be drilled). The MSV can also be estimated at any location
wheré Sh/SH is known or can be estimated (e.g., via analysis of three-dimensional seismic
data for azimuthal anisotropy) using, for example, the technique described below in
connection with F1G. 7.

10050] Aiter determining or generating a hydrocarbon production function or model
associated with a particular geological area (e.g., a basin) at block 112 | the example process
100 uses the hydrocarbon production function or model developed at block 112 to predict the
hydrocarbon production of a new well location (e.g., a location that may be drilled) (block
114). More specifically, values for each of the parameters composing the function or model
are determined for the new well location and a predicted hydrocarbon production is
computed. For the example function or model provided above, values for HIP, Sh, SH,
curvature, MSV, and aspect ratio (& ) may be determined for the new well location and used
with the previously generated hydrocarbon production function or model (i.e., the function or
model generated at block 112) to compute the predicted hydrocarbon production (block 114).

]0051] As noted above, the aspect ratio of a new well location (e.g., a well location to be

drilled) can be determined using more easily obtainable stress data as oppbsed to

microseismic information. Specifically, the ratio of minimum and maximum horizontal
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stress (i.e., Sh/SH) may be related to the aspect ratioa . In particular, this relationship can be

expressed generally as @ =(S, /S,,)°, where p is characteristic of a particular geological

area.
[0052) FIG. 7 is an example graph including a family curves illustrating the relationship

between the stress ratio and aspect ratio tor different p values. To predict, estimate, or

determine the aspect ratio for a new well location (e.g., a location to be drilled), the actual
stress dafa and aspect rafio information associated with existing well locations (e.g.,
information collected at blocks 108 and 110 of the process 100) is used ta determine which of
the family of curves best represents the geological area (e.g., a basin or field). After the
curve representative of the geological area is selected from the family of curves shown in
F1G. 7, stress data (1.e., Sh and SH) for the new well location (e.g., the location to be drilled)
are estimated or measured. The ratio Sh/SH is then calculated and mapped to the selected
curve to determmne an estimated aspect ratio. For example, if the ratio Sh/SH for a new well

location is determined to be .8 and the p value associated with that location is determined to

be .5, then using the example graph of FIG. 7, the estimated or predicted aspect ratio for the
new location i1s about .9. The estimated aspect ratio can then be used (along with values for
the other paramecters) when computing the predicted production for the new well location
using the pfoduction equation or model developed at block 112 of FIG. 1.

[0053] FIG. 8 is a block diagram of an example processor system that may be used to
implement the systems and methods described herein. As shown in FIG. 8, the processor
system 800 includes a processor 812 that is coupled to an interconnection bus 814. The
processor 812 includes a register set or register space 816, which is depicted in FIG. 8 as
being entirely on-chip, but which could alternatively be located entirely or partially off-chip
and directly coupled to the processor 812 via dedicated electrical connections and/or via the

interconnection bus 814. The processor 812 may be any suitable processor, processing unit
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or microprocessor. Although not shown in FIG. 8, the systern 800 may be a multi-processor
system and, thus, may include one or more additional processors that are identical or similar

to the processor 812 and that are communicatively coupled to the interconnection bus 814,

0054} The processor 812 of FIG. 8 is coupled to a chipset 818, which includes a memory
controller 820 and an input/output (IYO) controller 822. As is well known, a chipset typically
provides I/0 and memory management functions as well as a plurality of general purpose
and/or spéCiai purpose registers, timers, etc. that are accessible to and/or used by one or more
processors coupled to the chipset 818. The memory controller 820 performs functions that
enable the processor 812 (or processors if there are multiple processors) t0 access a system

memory 824 and a mass storage memory 825.

]0055] The system memory 824 may include any desired type of volatile and/or non-volatile
memory such as, for example, static random access memory (SRAM), dynamic random
access meimory (DRAM), flash memory, read-only memory (ROM), etc. The mass storage
memory 825 may include any desired type of mass storage device including hard disk drives,

optical drives, tape storage devices, eftc.

]0056] The /O controller 822 performs functions that enable the processor 812 to
communicate with peripheral input/output (1/0) devices 826 and 828 and a network intertace
830 via an I/0O bus 832. The I/O devices 826 and 828 may be any desired type of /0 device
such as, for example, a keyboard, a video display or monitor, a mouse, etc. The network
interface 830 may be, for example, an Ethernét device, an asynchronous transfer mode
(ATM) device, an 802.11 device, a DSL modem, a cable modem, a cellular modem, etc. that

enables the processor system 800 to communicate with another processor system.

{0057] While the memory controller 820 and the 1/0 controller 822 are depicted in FIG. 8 as

separate functional blocks within the chipset 818, the functions performed by these blocks
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may be integrated within a single semiconductor circuit or may be implemented using two or

more separate integrated circuits.
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CLAIMS.:

1. A method of estimating a fracture volume, comprising:
obtaining a set of microseismic data associated with a fracture;
generating a voxelized space based on the set of microseismic data;
selecting pairs of points from the set of microseismic data;

identifying voxels from the voxelized space, wherein the identified voxels

correspond to the pairs of points and vectors connecting the pairs of points; and
estimating the fracture volume based on the identified voxels.

2. A method as defined in claim 1, wherein obtaining the microseismic data

associated with the fracture comprises obtaining a time ordered set of microseismic data.

3. A method as defined in claim 1, wherein obtaining the microseismic data
associated with the fracture comprises obtaining microseismic data associated with a

hydraulic fracturing operation.

4, A method as defined in claim 1, wherein generating the voxelized space based
on the set of microseismic data comprises establishing at least one three dimensional array to

represent the voxelized space.

5. A method as defined in claim 1, wherein selecting pairs of points from the set
of microseismic data comprises selecting different pairs of points that fall within at least one

of a spatial or a temporal threshold.

6. A method as defined in claim 1, wherein identifying voxels from the voxelized

space comprises infilling or tagging the identified voxels from the voxelized space.

7. A system for estimating a fracture volume, comprising:
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a processor and a memory coupled to the processor, wherein the processor is

programmed to:
obtain a set of microseismic data associated with a fracture;
generate a voxelized space based on the set of microseismic data;
select pairs of points from the set of microseismic data;

identify voxels from the voxelized space, wherein the 1dentified voxels

correspond to the pairs of points and vectors connecting the pairs of points; and
estimate the fracture volume based on the identified voxels.

3. A system as defined in claim 7, wherein the processor 1s programmed to obtain
the microseismic data associated with the fracture by obtaining a time ordered set of

microseismic data.

9. A system as defined in claim 7, wherein the processor 1s programmed to obtain
the microseismic data associated with the fracture by obtaining microseismic data associated

with a hydraulic fracturing operation.

10. A system as defined in claim 7, wherein the processor 1s programmed to

generate the voxelized space based on the set of microseismic data by establishing at least one

three dimensional array to represent the voxelized space.

11. A system as defined in claim 7, wherein the processor is programmed to select
pairs of points from the set of microseismic data by selecting different pairs of points that fall

within at least one of a spatial or a temporal threshold.

12. A system as defined in claim 7, wherein the processor is programmed to

identify voxels from the voxelized space by infilling or tagging the identified voxels trom the

voxelized space.
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13. A machine readable medium having instructions stored thereon that, when

executed, cause a machine to:
obtain a set of microseismic data associated with a fracture;
generate a voxelized space based on the set of microseismic data;
select pairs of points from the set of microseismic data;

identify voxels from the voxelized space, wherein the identified voxels

correspond to the pairs of points and vectors connecting the pairs of points; and
estimate the fracture volume based on the identified voxels.

14. A machine readable medium as defined in claim 13, wherein the instructions,
when executed, cause the machine to obtain the microseismic data associated with the fracture

by obtaining a time ordered set of microseismic data.

18. A machine readable medium as defined in claim 13, wherein the instructions,
when executed, cause the machine to obtain the microseismic data associated with the fracture

by obtaining microseismic data associated with a hydraulic fracturing operation.

16. A machine readable medium as defined in claim 13, wherein the instructions,
when executed, cause the machine to generate the voxelized space based on the set of

microseismic data by establishing at least one three dimensional array to represent the

voxelized space.

17. - A machine readable medium as defined in claim 13, wherein the instructions,
when executed, cause the machine to select pairs of points from the set of microseismic data

by selecting different pairs of points that fall within at least one of a spatial or a temporal

threshold.

18. A machine readable medium as defined in claim 13, wherein the instructions,
when executed, cause the machine to identify voxels from the voxelized space by infilling or

tagging the identified voxels from the voxelized space.
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19. A method of estimating an aspect ratio of 4 fracture associated with a

geological area, comprising:
computing a stress ratio associated with the fracture; and

mapping the stress ratio to an estimated aspect ratio via a predetermined

relationship relating stress ratios to aspect ratios for the geological area.

20. A method as defined in claim 19, wherein the stress ratio is computed using

minimum and maximum horizontal stresses.

21. A method as defined in claim 19, wherein the predetermined relationship is

computed using microseismic data and aspect ratio information associated with existing wells.

22. A method as defined in claim 19, wherein the computed stress ratio 1s

assoclated with a location that does not correspond to any existing wells.

23. A system for estimating an aspect ratio of a fracture associated with a

geological area, comprising:

a memory and a processor coupled to the memory, wherein the processor 1s

programmed to:
compute a stress ratio associated with the fracture; and

map the stress ratio to an estimated aspect ratio via a predetermined

relationship relating stress ratios to aspect ratios for the geological area.

24. A system as defined in claim 23, wherein the processor is programmed to

compute the stress ratio using minimum and maximum horizontal stresses.

23. A system as defined in claim 23, wherein the processor is programmed to
compute the predetermined relationship using microseismic data and aspect ratio information

associated with existing wells.
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26. A system as defined in claim 23, wherein’the computed stress ratio 1s

associated with a location that does not correspond to any existing wells.

27. A machine readable medium having instructions stored thereon that, when

executed, cause a machine to:

compute a stress ratio associated with the fracture; and

map the stress ratio to an estimated aspect ratio via a predetermined

relationship relating stress ratios to aspect ratios for a geological area.

28. A machine readable medium as defined in claim 27, wherein the instructions,
when executed, cause the machine to compute the stress ratio using minimum and maximum

horizontal stresses.

29. A machine readable medium as defined in claim 27, wherein the instructions,
when executed, cause the machine to compute the predetermined relationship using

microseismic data and aspect ratio information associated with existing wells.

30. A machine readable medium as defined in claim 27, wherein the computed

stress ratio is associated with a location that does not correspond to any existing wells.
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