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FRACTURE CHARACTERIZATION FROM REFRACTION TRAVEL TIME DATA

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is a non-provisional application which claims benefit under 35 USC
§119(e) to U.S. Provisional Application Ser. No. 61/725,285 filed November 12, 2012, entitled
"FRACTURE CHARACTERIZATION FROM REFRACTION TRAVEL TIME DATA," which

18 incorporated herein in its entirety..

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] None.

FIELD OF THE INVENTION
[0003] Seismic refraction data analysis for fracture characterization has been developed. In one
embodiment, the azimuthal variation of refracted travel time is used as a method to detect and
show influence of azimuthal anisotropy. This aids in the detection of fractured or stressed zones

and can be used to monitor reservoir and overburden fractures or stress state.

BACKGROUND OF THE INVENTION

[0004] Many reservoirs in the world are stressed and/or fractured in nature. Characterization of
those stresses and/or fractures can help to detect an oilfield. Further, it can help to optimize well
placement and increase productivity of existing fields. One way of characterizing stresses and
fractures of the subsurface reservoirs is using well log data. But generally well log data gives
limited information in a field to a region around the well and therefore has limited spatial
resolution. On the other hand, seismic data samples the entire reservoir spatially. Therefore,
estimation of stress and fracture parameters using seismic data is an important development.

[0005] One way of seismically characterizing stress and fractures is by detecting and analyzing
seismic anisotropy. Presence of horizontal stress differential and/or vertical fractures with nearly
uniform strike direction makes a medium transversely isotropic with horizontal axis of symmetry
(HTT). HTI medium shows simplest form of azimuthal anisotropy with respect to seismic wave
propagation. Generally, seismic waves travel faster along the fracture strike direction and slower
perpendicular to the strike direction of the fractures in an HTI medium. Utilizing this property, in

current practice, travel time and amplitude (separately and/or together) variation of reflected
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seismic energy with azimuth is used to characterize fracture property from seismic data (both
travel time and amplitude).

[0006] While reflected energy only samples a small area in the Fresnel zone from the target
layer, refraction energy samples significantly more area of the target layer as it travels long
distances in the target layer. Therefore, effect of anisotropy is significantly more pronounced on
the refracted wave than the reflected wave from the target fractured layer. Hence, one can argue
that the refracted energy analysis should provide better understanding of azimuthal seismic
anisotropy than reflected energy. The uses of refracted energy to characterize fractures are very
uncommon and there is a need to develop a methodology to characterize seismic anisotropy using
refracted seismic energy. Theoretically, Landre and Tsvankin (2007), Sil and Sen (2009) show
that, some properties of the refracted energy (e.g. critical angle, critical offset etc) vary with
azimuth in an azimuthally anisotropic medium. Even though most of the time reflected seismic
energy is used to characterize fractures, use of refracted energy to characterize fractures is still
uncommon. Previously, refraction travel time variation to determine anisotropy as discussed .
[0007] There is a need to develop a methodology to characterize seismic anisotropy using

refracted seismic energy.

BRIEF SUMMARY OF THE DISCLOSURE

[0008] A method of azimuthal anisotropy property estimation which is linked to a fractured or
differential stress system is presented from refraction seismic data. The method is demonstrated
on multi-azimuth refracted data from a synthetic model generated by a one dimensional
reflectivity code. Using these synthetics it has been shown that (1) refracted waves carry
significant information from the anisotropic target and can be detected in the difference plot of
different azimuth data, (2) velocity of refracted waves vary with azimuth significantly, and (3) we
can estimate anisotropic parameters using refracted waves from the multi-azimuth travel time
data.

[0009] A work flow is developed to determine anisotropic parameters and fracture strike
directions at the target level. This information can be used to i) detect oil reservoirs, ii) spot
naturally fractured, hence high production zones, iii) detect dominant natural stress directions, iv)
better place horizontal wells to optimize production, v) monitoring man made fractures or

induced directional stress changes. Combined with horizontal drilling technology, this can



WO 2014/074133 PCT/US2013/027090

dramatically and positively change the economics of conventional and unconventional resource
plays.

[0010] The disclosure more particularly includes determination of anisotropic parameter €
(Thomsen, 1986, and Riiger, 2001) and fracture strike direction at each refraction bin in the
reservoir. The concept of Common Refraction Point (CRP) is defined in this process.

[0011] In one embodiment, fractures are identified in a hydrocarbon reservoir by transmitting
seismic source signals into the earth; receiving seismic signals with two or more geophones in
different azimuth; recording source-receiver records to a computer processor comprising a user
interface and a storage medium; pre-processing each pair of source-receiver records for each
azimuth around one or more common source signals, including: applying linear move-out,
removing dipping signals, extracting refraction travel time, and removing linear move-out;
deriving anisotropic parameters from refraction travel time; and correlating changes in
anisotropic parameters to one or more reservoir models.

[0012] In another embodiment, fractures are identified in a hydrocarbon reservoir by
transmitting two or more seismic signals into a seismic reservoir; receiving two or more seismic
signals at one or more geophones; recording source-receiver records to a computer processor
comprising a user interface and a storage medium; pre-processing each pair of source-receiver
records for each azimuth around one or more common receivers, including: applying linear
move-out, removing dipping signals, extracting refraction travel time, and removing linear move-
out; deriving anisotropic parameters from refraction travel time; and correlating changes in
anisotropic parameters to one or more reservoir models.

[0013] In yet another embodiment, fractures are identified in a hydrocarbon reservoir by
transmitting two or more seismic signals into a seismic reservoir; receiving two or more seismic
signals at two or more geophones; recording source-receiver records to a computer processor
comprising a user interface and a storage medium; binning multiple source-receiver records in
which the refracted wave passes through a common point in the target reservoir, pre-processing
cach pair of source-receiver records for each azimuth, including: applying linear move-out,
removing dipping signals, extracting refraction travel time, and removing linear move-out; derive
anisotropic parameters from refraction travel time; and correlating changes in anisotropic

parameters to one or more reservoir models.
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[0014] In some instances a different wave-mode may be used to record anisotropic seismic
signals. Typically this method may be applied when a lower velocity overburden exists; when the
reservoir has a small critical angle; and/or when the refractions have narrow incidence angles.
Additionally multiple azimuths may be plotted simultancously in a difference plot to identify
areas of higher fracturing. A grid search and/or optimization algorithm may be applied to derive
and/or invert one or more anisotropic parameters.

[0015] This method requires a relatively faster seismic velocity in the target layer than its
overburden in order to obtain a refracted energy from the target layer. In certain cases, assuming
vertically propagated fractured zones or vertical continuity of the stresses, the method can be
applied to shallower faster layers to infer information about a deeper target that may not itself

provide refractions.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] A more complete understanding of the present invention and benefits thereof may be
acquired by referring to the follow description taken in conjunction with the accompanying
drawings in which:
[0017] FIG. I: Illustration of reflected and refracted waves. Refracted wave travels horizontally
along the interface with the velocity of the target layer. Reflected wave only reflects from a
narrow Fresnel zone at the target layer.
[0018] FIG. 2: Illustration of variation of direction of refracted wave from one shot (dot) to two
receivers (triangles) in an HTT medium. Receiver along the 0° azimuth direction is parallel to the
HTI symmetry axis (slower velocity); Receiver along the 90° azimuth direction is perpendicular
to the symmetry axis (faster velocity).
[0019] FIG. 3: Synthetic seismogram for 0 degree azimuth (w.r.t. HTT symmetry axis) slow
direction (left panel), 90 degree azimuth fast direction (middle panel) and their difference (right
panel) for an isotropic overburden and HTI target layer. Difference plot helps to identify strong
linear refracted signals in large offset due to anisotropy (between 1000 to 1250 ms, in right
panel). We also see much weaker reflected signals due to anisotropy just after the refracted
signal.
[0020] FIG. 4: A typical seismic receiver gather from field data showing the refracted energy

from the reservoir.
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[0021] FIG. 5: Variation of refracted P-wave travel time with offset and azimuth for a common
receiver gather.

[0022] FIG. 6: Derived anisotropic parameter € and fracture strike direction over the target
reservoir map. Length of the arrow is proportional to the value of ¢ (strength of anisotropy) and
direction points to fracture strike direction.

[0023] FIG. 7: A schematic for generating one Common Refraction Point (CRrP). Parallel NW-
SE lines are all the shots and triangles show three example receivers. For each receiver, a line of
shots with different azimuths is highlighted as bold dots. The intersection of three lines (bold
dots) indicates a CRrP location.

[0024] FIG. 8: Derived anisotropic parameter ¢ and fracture strike direction over the target
reservoir map using CRrP technique. Length of the arrow is proportional to the value of ¢ and

direction points to fracture strike direction.

DETAILED DESCRIPTION

[0025] Turning now to the detailed description of the preferred arrangement or arrangements of
the present invention, it should be understood that the inventive features and concepts may be
manifested in other arrangements and that the scope of the invention is not limited to the
embodiments described or illustrated. The scope of the invention is intended only to be limited
by the scope of the claims that follow.

[0026] As shown in FIG. 1, the travel path of reflected and refracted waves from a target horizon
(or reservoir). Upon reaching the target medium the refracted energy travels in the target layer
and as a result refracted waves carry much more travel time and amplitude information about the
target layer than the reflected wave which just reflects locally off the top of the layer. The main
condition to reach the critical angle and form refracted waves is that the P-wave velocity above
the target layer is slower than the P-wave velocity in the target layer.

[0027] In a 3D shooting geometry, the energy from each source will propagate in different
azimuthal directions. FIG. 2 shows how refracted energy will travel in two different azimuth
directions in a 3D geometrical setting. If the target layer is an HTI medium, refracted waves will
travel faster along 90° azimuth (fracture strike or maximum horizontal stress direction), and
slower along 0° azimuth (perpendicular to the fast direction). Here the azimuths are with respect

to the symmetry axis of an HTT medium.
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[0028] The effect of anisotropy recorded from these two azimuthal directions will be captured in
the refracted wave travel times. To demonstrate this: FIG 3 shows a plot of synthetic
seismograms for a multi-layered case, where the overburden is isotropic and the target layer is
HTI. Left panel of FIG 3 shows synthetic P-wave seismograms from the 0° azimuth, middle
panel shows the synthetic P-wave seismogram for the 90° azimuth, and the left panel shows the
difference between them. It is clear from this plot that the difference (signature of anisotropy) is
more for the refracted energy than the reflected energy. This phenomenon is true for any
azimuthally anisotropic medium and not affected by the overburden even if it is anisotropic. This
is also true for any other mode of waves (converted, shear, surface wave etc).

Materials and Methods

[0029] A standard work flow of estimating seismic fracture parameters (seismic anisotropy
parameters) is described below. FIG. 4, shows a typical vertical component receiver gather
seismic data recorded in a 3 component receiver. Note that the observed data does not require
any special instrumental arrangement, and can be recorded in any standard recording systems
(e.g. single component, multi-component, ocean bottom node etc). Refracted energy is clearly
observed in this receiver gather from the target reservoir. Some pre-processing is applied before
extracting the refracted travel time from the observed signal.

[0030] Pre-processing steps include (but not limited to) application of linear move out (estimated
from the slope of the refracted signal or from external information of the velocity of the target
layer), applying frequency-wavenumber (or other) filtering to remove dipping signals, extraction
of travel time (using first break picking, or cross correlation or other technique), and removal of
the applied linear move out. This process is repeated for every pair of source and receiver for
every azimuth (where refraction signal is visible). Additionally, preprocessing may be required
to remove heterogeneity in the overburden and dip correction for reservoir features.

[0031] Extracted refraction travel time information is used to derive the anisotropic parameters
and fracture characterization.

[0032] Amongst many potential methods, we show two different methods that are used to extract
anisotropic information from the collected refracted travel time data.

Method 1:

[0033] In the first method observed refracted travel times are sorted based on one receiver and

multiple shot offsets and azimuths (FIG 5). Then using an equation derived by Sil and Sen (2009)
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anisotropic parameter ¢ (a measure of fracture strength) and fracture strike direction is derived for
the receiver location. A grid search algorithm is applied in this case to derive these parameters.
Note that any inversion/optimization method can be used to derive those parameters from the
extracted data shown in FIG 5. Similarly the extraction method is not limited to the equation
derived by Sil and Sen (2009). Any other complicated or simple form of equation describing
refracted travel time variation with azimuth for an anisotropic medium (e.g. Landro and
Tsvankin, 2007) can be used for this purpose. Extracted fracture strike and ¢ values at each
receiver location are plotted over the reservoir in FIG 6.

Method 2:

[0034] In another embodiment a different sorting technique is used to derive anisotropic (and
fracture) parameters more precisely. In this sorting or binning technique data is selected from
multiple shots and receivers such that the refracted wave passes through a common point in the
target reservoir in different directions or azimuths. This point is called Common Refraction Point
(CRrP). FIG 7 shows a simplified example of the method with only 3 receivers. For each
receiver, a line of shots along three different azimuths is selected. The intersection of the three
lines indicates the considered CRrP location with refraction travel time data from three azimuths.
In practice this is actually applied to all the relevant receivers with refractions to get anisotropy
information from a large range of azimuths making the inversion for anisotropy strength and
direction robust at each CRrP location. The advantage of the CRrP technique is it sees variation
of velocity with azimuth in a considerably smaller or localized area. Once data is selected for
cach CRrP the same optimization (grid search) technique as in Method 1 can be applied to detect
anisotropic parameters and displayed in the same manner (FIG 8).

[0035] It has been shown that: 1) refracted travel time contains HTI anisotropy signals from a
target anisotropic layer, 2) Refracted travel times vary with azimuth due to azimuthal anisotropy
in the target layer, 3) Two methods to robustly obtain anisotropic parameter ¢ and fracture
direction from the refracted wave is demonstrated.

[0036] In closing, it should be noted that the discussion of any reference is not an admission that
it is prior art to the present invention, especially any reference that may have a publication date
after the priority date of this application. At the same time, each and every claim below is hereby
incorporated into this detailed description or specification as a additional embodiments of the

present invention.
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[0037] Although the systems and processes described herein have been described in detail, it
should be understood that various changes, substitutions, and alterations can be made without
departing from the spirit and scope of the invention as defined by the following claims. Those
skilled in the art may be able to study the preferred embodiments and identify other ways to
practice the invention that are not exactly as described herein. It is the intent of the inventors that
variations and equivalents of the invention are within the scope of the claims while the
description, abstract and drawings are not to be used to limit the scope of the invention. The

invention is specifically intended to be as broad as the claims below and their equivalents.
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CLAIMS

A method to identify fractures in a hydrocarbon reservoir comprising:

a) ecither (i) transmitting one or more seismic source signals into the earth, e.g. into a
seismic reservoir; and receiving one or more seismic signals at two or more geophones; or

(i1) transmitting two or more seismic signals into the earth, e.g. a seismic reservoir, and

receiving two or more seismic signals at one or more geophones;

b) recording source-receiver records to a computer processor comprising a user interface

and a storage medium;

c) pre-processing cach pair of source-receiver records for each azimuth, e.g. each

azimuth around one or more common source signals, including:

(i) applying linear move-out,

(i) removing dipping signals,
(ii1) extracting refraction travel time, and
(iv) removing linear move-out;

d)  deriving anisotropic parameters from refraction travel time; and

¢) correlating changes in anisotropic parameters to one or more reservoir models.

A method according to claim 1 wherein, after the step of recording source-receiver records
and prior to the step of pre-processing each pair of source-receiver records, the method
includes the step of binning multiple source-receiver records in which the refracted wave
passes through a common point in the target reservoir.

A method comprising one of claims 1 or 2, wherein a different wave-mode is used when
compared to conventional seismic.

A method comprising one of claims 1-3 comprising one or more of the following
conditions:

a) wherein a lower velocity overburden exists;
b) wherein the reservoir has a small critical angle; or
¢) wherein the refractions have narrow incidence angles.

A method comprising one of claims 1-4, wherein multiple azimuths are plotted

simultaneously in a difference plot.

A method comprising one of claims 1-5, wherein a grid search algorithm, optimization

algorithm or both are applied to derive or invert one or more anisotropic parameters.

10
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2.

CLAIMS
A method to identify fractures in a hydrocarbon reservoir comprising:
transmitting one or more seismic source signals into the earth;
receiving one or more seismic signals at two or more geophones;
recording source-receiver records to a computer processor comprising a user interface and
a storage medium,;
pre-processing each pair of source-receiver records for each azimuth around one or more
common source signals, including:
applying linear move-out,
removing dipping signals,
extracting refraction travel time, and
removing linear move-out;
derive anisotropic parameters from refraction travel time; and
correlating changes in anisotropic parameters to one or more reservoir models.

The method of claim 1, wherein a different wave-mode is used when compared to

conventional seismic.

3. The method of claim 1, comprising one or more of the following conditions:
a) wherein a lower velocity overburden exists;
b) wherein the reservoir has a small critical angle; or
¢) wherein the refractions have narrow incidence angles.
4. The method of claim 1, wherein multiple azimuths are plotted simultancously in a
difference plot.
5. The method of claim 1, wherein a grid search algorithm, optimization algorithm or both

are applied to derive or invert one or more anisotropic parameters.

11
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7.

A method to identify fractures in a hydrocarbon reservoir comprising:

transmitting two or more seismic signals into a seismic reservoir;

receiving two or more seismic signals at one or more geophones;

recording source-receiver records to a computer processor comprising a user interface and
a storage medium;

pre-processing each pair of source-receiver records for each azimuth around one or more
common receivers, including:
applying linear move-out,
removing dipping signals,
extracting refraction travel time, and
removing linear move-out;

derive anisotropic parameters from refraction travel time; and

correlating changes in anisotropic parameters to one or more reservoir models.

The method of claim 6, wherein a different wave-mode is used when compared to

conventional seismic.

8. The method of claim 6, comprising one or more of the following conditions:
a) wherein a lower velocity overburden exists;
b) wherein the reservoir has a small critical angle; or
¢) wherein the refractions have narrow incidence angles.
9. The method of claim 6, wherein multiple azimuths are plotted simultancously in a
difference plot.
10.  The method of claim 6, wherein a grid search algorithm, optimization algorithm or both

are applied to derive or invert one or more anisotropic parameters.

12
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11.

12.

A method to identify fractures in a hydrocarbon reservoir comprising:

transmitting two or more seismic signals into a seismic reservoir;

receiving two or more seismic signals at two or more geophones;

recording source-receiver records to a computer processor comprising a user interface and
a storage medium;

binning multiple source-receiver records in which the refracted wave passes through a
common point in the target reservoir,

pre-processing each pair of source-receiver records for each azimuth, including:
applying linear move-out,
removing dipping signals,
extracting refraction travel time, and
removing linear move-out;

derive anisotropic parameters from refraction travel time; and

correlating changes in anisotropic parameters to one or more reservoir models.

The method of claim 11, wherein a different wave-mode is used when compared to

conventional seismic.

13.
a)
b)
©)
14.

The method of claim 11, comprising one or more of the following conditions:
wherein a lower velocity overburden exists;

wherein the reservoir has a small critical angle; or

wherein the refractions have narrow incidence angles.

The method of claim 11, wherein multiple azimuths are plotted simultaneously in a

difference plot.

15.

The method of claim 11, wherein a grid search algorithm, optimization algorithm or both

are applied to derive or invert one or more anisotropic parameters.

13
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