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ESTIMATING VELOCITIES WITH UNCERTAINTY

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] Implementations of various technologies described herein generally relate to

methods and systems for estimating velocities with uncertainty.

Description of the Related Art

[0002] The following descriptions and examples are not admitted to be prior art by

virtue of their inclusion within this section.

[0003] When drilling a well, a fluid is inserted into a well-bore to maintain the
integrity of the well-bore wall. If the pressure of the fluid in the well-bore is lower than
the pore pressure (the pressure of the fluids in the formation surrounding the well), the

fluids in the formation could enter the well-bore.

[0004] The fluid inserted into the well-bore to maintain the integrity of the well-bore
wall is known as a mud. The mud is a fluid with suspended particles. A mud-weight is
the amount of pressure that the mud applies to the well-bore wall. To prevent a kick,
the driller uses an appropriate mud-weight. A kick is a collapse of the well-bore wall
due to fluids with a pore pressure greater than the pressure within the well-bore. In one

such scenario, flammable liquids, such as gas, could enter the well-bore and ignite.

[0005] Typically, the pore pressure increases as the well-bore is dug. Accordingly,
the mud weight may be increased. However, the mud weight may not exceed a
minimum stress of the well-bore. The minimum stress is an amount of pressure against
the well-bore wall that may induce fractures in the surrounding formation. A fracture

may lead to the loss of drilling fluid, which is very costly.

[0006] An increase in mud pressure increases the pressure along the entire length
of the well-bore wall. If the mud pressure is higher than the minimum stress in a more
shallow part of the well-bore, the well-bore wall may fracture. As such, a range of
pressure is maintained within the well-bore that is greater than the pore pressure but
less than the minimum stress. The pore pressure and the minimum stress provide a
mud-weight pressure window, and this window may be used to decide the depth of

casing points.
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[0007] The casing points are depths within the well-bore where casing shoes are
inserted. For example, when the pore pressure at a lower well-bore depth exceeds the
minimum stress at a more shallow depth, a casing shoe may be inserted to protect the

integrity of the well-bore wall at the more shallow depth.

[0008] The casing shoes are steel tubes that are cemented into place to protect the
integrity of the well. Once the casing shoe is inserted, the mud-weight may be
increased at the lower depth without inducing fractures at the more shallow depth. The
casing shoes are very expensive and are typically ordered ahead of time due to the

logistics involved in planning and digging wells.

SUMMARY

[0009] Described herein are implementations of various technologies for estimating
velocity in a subsurface region. Seismic data for a subsurface region may be received.
One or more attributes for the seismic data may be calculated. A posterior distribution
may be generated. The posterior distribution may represent one or more probabilities
of one or more velocities for the attributes. A velocity with uncertainty may be
determined for the subsurface region based on the posterior distribution. A pore

pressure with uncertainty may be determined based on the velocity with uncertainty.

[0010] In one implementation, a moveout may be calculated for the seismic data. In
such an implementation, the posterior distribution may represent one or more
probabilities of the velocities for the moveout. Additionally, a minimum stress with
uncertainty may be determined. The minimum stress with uncertainty may be based on

the velocity with uncertainty.

[0011] In another implementation, a waveform inversion may be performed for the
seismic data. In such an implementation, the posterior distribution may represent the
probabilities of the velocities for the waveform inversion. Additionally, a well may be
designed based on the pore pressure with uncertainty and the minimum stress with

uncertainty.

[0012] The claimed subject matter is not limited to implementations that solve any or
all of the noted disadvantages. Further, the summary section is provided to introduce a

selection of concepts in a simplified form that are further described below in the
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detailed description section. The summary section is not intended to identify key
features or essential features of the claimed subject matter, nor is it intended to be

used to limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Implementations of various technologies will hereafter be described with
reference to the accompanying drawings. It should be understood, however, that the
accompanying drawings illustrate only the various implementations described herein

and are not meant to limit the scope of various technologies described herein.

[0014] Figure 1 illustrates a schematic diagram of a drilling operation for the
construction of a well-bore in accordance with one or more implementations of various

techniques described herein.

[0015] Figure 2 illustrates a flow chart of a method for estimating velocities with

uncertainty in accordance with implementations of various techniques described herein.

[0016] Figure 3 illustrates a step for determining the posterior distribution function,

P(v|m), in accordance with implementation of various techniques described herein.

[0017] Figure 4 illustrates a seismic survey system in accordance with

implementations of various techniques described herein.

[0018] Figure 5 illustrates an a prior probability distribution, a likelihood distribution,
and a posterior distribution in accordance with implementations of various techniques

described herein.

[0019] Figure 6 illustrates a computer network, into which embodiments of the

invention may be implemented.

DETAILED DESCRIPTION

[0020] The discussion below is directed to certain specific implementations. It is to
be understood that the discussion below is only for the purpose of enabling a person
with ordinary skill in the art to make and use any subject matter defined now or later by

the patent “claims” found in any issued patent herein.
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[0021] The following paragraph provides a brief summary of various techniques
described herein. In general, various techniques described herein are directed to a

method for estimating uncertainty in velocity predictions.

[0022] One or more implementations of various techniques for estimating velocities
with uncertainty will now be described in more detail with reference to Figures 1 — 6 in

the following paragraphs.

[0023] Figure 1 illustrates a schematic diagram of a drilling operation 100 for the
construction of a well-bore 102 in accordance with one or more implementations of
various techniques described herein. A rig 104, located at the surface, may be used to
support the drilling operation 100. A drill bit 110, connected to the rig 104, may be used
to drill the well-bore 102 into a subsurface 120. The drill bit 110 may be located at the
bottom of the well-bore 102, connected to the rig 104 via a drill string 106.

[0024] The drilling operation 100 may also include an offset well 116, along with rig
118. The offset well 116 may be used to take measurements of seismic data about the

subsurface 120.

[0025] A tool 108 that is capable of making measurements during the drilling
operation may be disposed within the well-bore 102 and the offset well 116. In one
implementation, the tool 108 may be a logging-while drilling (LWD) tool. In another

implementation, the tool 108 may be a measurement-while drilling (MWD) tool.

[0026] The dashed line 114 shows a planned well-bore trajectory. As is shown, the
well-bore 102 may be drilled on land. However, it should be noted that
implementations of the various techniques described herein may also be applicable to
offshore drilling operations.

[0027] A control station 112 may contain one or more computers that receive
measurements from the tool 108 and the offset well 116. The computers may then be
used to estimate velocities with uncertainty for the subsurface 120. It should be noted
that while the control station 112 is shown to be located near the well-bore 102, the
control station 112 may be located at a remote location (not shown). Alternatively,

some portions of the control station 112 may be located remotely while other portions
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are located near the well-bore 102. The control station 112 is described in greater

detail with reference to Figure 6.

[0028] The integrity of the well-bore 102 may be protected by casing shoes 130A,
130B. As stated previously, as the mud weight is increased to counter an increasing
pore pressure in the well-bore 102, casing shoes 130A, 130B may be cemented into

place to prevent fracturing of the formation surrounding the well-bore 102.

[0029] As is shown, the casing shoes 130A, 130B may be set at depths defined on
the basis of the estimated pore pressure and the minimum stress. For safe and cost-
effective drilling, it is useful to have a method to estimate pore pressure and minimum
stress before drilling. Additionally, these estimates may be updated as the well-bore

102 is being drilled and new information is acquired.

[0030] Typically, estimates of the pore pressure and the minimum stress can be
obtained from information on the variation in compressional wave velocities in the
subsurface 120. In implementations of the various techniques described herein, a
prediction of the velocities may be derived with uncertainty. The uncertainty may then

be estimated based on information acquired before, and during, the drilling.

[0031] In turn, the pore pressure and minimum stress may be estimated, also with
uncertainty. Advantageously, by estimating the uncertainty of the velocity prediction,
the uncertainty for the pore pressure and the minimum stress estimations may be
reduced. The velocity prediction and the uncertainty estimation are described in

greater detail with reference to Figure 2.

[0032] Figure 2 illustrates a flow chart of a method 200 for estimating velocities with
uncertainty in accordance with implementations of various techniques described herein.
It should be understood that while the flow chart indicates a particular order of
execution of the operations, in some implementations, certain steps of the method 200

may be executed in a different order.

[0033] At step 210, seismic data may be received at the control station 112. At step
220, the moveout may be calculated for the seismic data. The moveout is a difference

in travel time that is a function of the offset.
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[0034] The moveout may be used to derive a prediction of the velocities. In another
implementation, velocity predictions may instead be derived using other attributes of
the seismic data, such as waveform inversion. For example, a waveform inversion may
invert the whole observed seismic wavefield in the seismic data directly to a velocity
model. In such an implementation, the waveform inversion may be performed using full

waveform inversion or waveform tomography.

[0035] As stated previously, the predicted velocities may contain some uncertainty.
The uncertainty of the predicted velocities may be represented as a probability
distribution. The probability distribution may quantify how likely different values of
velocity may be in light of the measured moveouts. Accordingly, at step 230, a
posterior distribution function, P(v|im), of velocities may be generated for potential

moveouts. The step 230 is described in greater detail with reference to Figure 3.

[0036] At step 240, the interval velocity with uncertainty may be determined. The
interval velocity with uncertainty may be determined based on the moveout calculated
at step 220, and the P(v|m) generated at step 230. In one implementation, the interval
velocity with uncertainty may be determined using analytical methods, such as, the

Monte Carlo method.

[0037] At step 250, the pore pressure and minimum stress may be estimated with
uncertainty based on the interval velocities with uncertainty. For example, methods for
pore-pressure prediction start from Terzaghi’s effective stress principle, which states
that all effects of stress on measurable quantities (such as compressional-wave

velocities) are a function of the effective pressure,
Peff(Z) = Poyer(2) — Ppore(z)a
EQUATION 1

[0038] where Pqi(z) is the effective pressure at depth z, Pyore(z) is the pore pressure

at depth z, and Po((z) is the pressure due to the overburden at depth z. Further,

Poer(z) = g fP(Z’)dZ',

EQUATION 2
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[0039] where g is the acceleration of gravity, p(z) is bulk density, and the integration
is carried out from the surface to depth z. Pore pressure may be estimated using
Eaton’s equation,

V(z)

Vnorm(2)

Ppore(z) = Pover(2) = [Pover(2) = Prorm(2)] * [ 1",

EQUATION 3

[0040] where Pnom(z) is the normal (hydrostatic) pore pressure, V(z) is the
compressional-wave velocity, and V,om(z) is the normal value of velocity expected
when there are no overpressures. Eaton originally suggested that the exponent, n,
should be around 3. However, Bowers noted that if overpressures are the result of
mechanisms other than under-compaction, the appropriate value of n should be higher

(up to, approximately, 5).

[0041] Similar to the velocity prediction, the pore pressure estimation may not be
exact because the necessary inputs, such as, velocity, may not be accurately known.
To quantify and propagate uncertainties in the pore-pressure estimate, a Bayesian
approach may be used. The final output of this approach is not a best estimate of the
pore-pressure but rather a probability distribution that quantifies how likely different

values of pore pressure are in light of all available information.

[0042] More specifically, the posterior probability distribution for the pore-pressure

estimation may be derived from Bayes’ rule as:

p(V' P, Cporeldlv dl! R dN)s

[0043] where V and p are compressional-wave velocity and density. In practice, V
and p may be vectors of velocity and density values in a finely layered medium. The
value, Cpore, may be a vector of uncertain coefficients needed in Eaton’s equation.

Further, d4, d2... dy are N vectors of measurements acquired while drilling.

[0044] The measurement vectors dq, d»... dn-q contain well logging and checkshot
data measured by borehole seismics. A checkshot is a set of travel times of
compressional waves between the surface and different depths in the well, and can be

obtained while drilling using drill-bit noise or with an LWD measurement. The vector
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dn may contain measurements related to pore pressure, such as, mud weights or direct

measurements of pore pressure.

[0045] At step 260, a well may be designed based on the pore pressure and

minimum stress estimates derived at step 250.

[0046] Figure 3 illustrates step 230 for determining the posterior distribution function,
P(vIm), in accordance with implementation of various techniques described herein. It
should be understood that while the flow chart indicates a particular order of execution
of the operations, in some implementations, certain operations of the flow chart may be

executed in a different order.

[0047] At step 310, the uncertainty of the moveout may be determined. Because
the velocity prediction may be derived from the moveout, determining the uncertainty of
the moveout may be useful. In one implementation, the uncertainty of the moveout
may be derived from a semblance analysis. The semblance analysis may differ
between a single azimuth, and multiple azimuths. For a single azimuth, semblance

may be defined as,

to+T /2| Xpax

[ | JuGendx
to-T /2| Xpn
to+T /2 Xpax

[ [Wx0) dxdr
to-T/2 X0 |
EQUATION 4

[0048] For multiple azimuths, the semblance may be defined as,



WO 2010/138244 PCT/US2010/030532

tO +7/2 X max ¢max

j j j U(x,d,t)dddx dt
to-T/2| x
to+T /2 Xppax Prmax

I I I (U(x,8,1)) dgrdxdt

to-T/2x

min ¢min

min ¢min

EQUATION 5

[0049] where t is the moveout, x is the offset, U is the recorded wavefield (seismic
data) at the subsurface image point (CIP) and ¢ is the azimuth associated with the

seismic scattering from the CIP.

[0050] At step 320, the parameters with uncertainty that describe the moveout may
be determined. The parameters may be velocity (tomographic or RMS), anisotropy,
and zero offset time. An equation, containing the parameters, may be determined that
represents the moveout. In another implementation, numerical methods that use the

parameters, may be determined that represent the moveout.

[0051] For example, the moveout equation may be used. Alternately, the following

equation may be used for azimuthally varying parameters,

x’ 27(¢)x"

1 (x,¢) =1, 2 Cp2 2y 2 7 ’
()=t o Vi DNV s () + 1+ 25 ()2

EQUATION 6

[0052] where Vnmo is the root mean square average (RMS) of the interval nmo
velocity and nis an effective high order moveout parameter, which is related to the

interval velocity anisotropy.

[0053] In another implementation, a general path integral over the slowness, S, from
ray tracing may also be used. For example,

Reciever
t= .
Source

S(x, 0)dl EQUATION 7
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[0054] At step 330, the prior interval parameters distribution may be determined.
The parameters may include interval velocity, anisotropy, and zero offset. Given
modeling data from surrounding wells, such as, the offset well 116, a prior probability
distribution, P(v|z), may be determined. P(v|z) may be a distribution of probabilities for
interval velocities, v, at a depth z. In one implementation, the prior interval parameters

distribution may be determined by combining the moveouts of 2 different reflectors.

[0055] Figure 4 illustrates a seismic survey system 400 in accordance with
implementations of various techniques described herein. The seismic survey system
400 may be used to conduct a survey of the subsurface 420 where the drilling

operation 100 takes place.

[0056] The seismic survey system 400 may include a source 410 and receivers 412,
which may be connected to the control station 112 (shown in Figure 1). The seismic
source 410 may create seismic waves in the subsurface 420, including the formation
470 between reflectors 430, 432. A portion of the seismic waves may travel downward
through the subsurface 420. When the seismic waves reach the seismic reflectors 430,
432, a portion of the seismic waves may reflect upward. The receivers 412 may sense
the reflected waves that reach the surface 440 and generate representative signals that
are communicated to the control station 112. The representative signals are also

referred to herein as seismic data, and may include amplitude and travel time.

[0057] The amplitude may be an amount of energy contained by the seismic wave
as the wave reaches the surface 440. The travel time may be the time between the

firing of the source 410 and the arrival of a reflected wave at the receivers 412.

[0058] By comparing the moveout for the reflector 430 to the moveout for the
reflector 432, it may be possible to determine properties about the formation 470. For
example, interval parameters may be determined, with uncertainty, such as velocity. In
this manner, a probability distribution may be determined for interval velocities at the
depth of the formation 470.

[0059] Figure 5 illustrates an a-priori probability distribution 510, a likelihood

distribution 520, and a posterior distribution 530 in accordance with implementations of

10
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various techniques described herein. As stated previously, the a prior probability
distribution 510 may represent the probabilities for interval velocities (Vo — V3) for a
given depth, z4, i.e., P(v|z4). As is shown, the probability is low near velocity, vo,
increases as the velocity approaches v,, then decreases again as the velocity

approaches vs.

[0060] Referring back to Figure 3, at step 340, a likelihood distribution of moveouts
for interval velocities may be determined. The likelihood distribution, P(m|v), may
represent the probability of particular moveout values for each of the interval velocities.
The likelihood distribution may be determined by calculating moveouts according to the
representation of moveout that is determined at step 320. The moveouts may be

calculated for the values of the interval parameters, e.g., the velocities of P(v|z).

[0061] Referring back to Figure 5, the likelihood distribution 520 may represent the
probability of moveout values (Mo — M3) for a velocity, V1. As is shown, the probability
is low near a moveout value, My, increase as the moveout value approaches M;, then

decreases again as the moveout value approaches Ms.

[0062] At step 350, the a prior probability distribution may be multiplied by the
likelihood distribution. According to Bayes Theorem, the product may represent the
posterior distribution, P(vim). As stated previously, the posterior distribution, P(v|m),

may represent the probability of interval velocities for particular moveouts.

[0063] Referring again to Figure 5, the posterior distribution 530 shows that the
probability of the velocity V4 for the moveout value M¢ is 10%. Advantageously, by
generating the posterior distribution, P(v|m), the range of possible velocities for the
depth Z; may be limited. More specifically, instead of a range of values, such as V, to
V3 shown in P(v|z), the potential velocities may be limited to the range of values shown

in P(v|m) for moveout values that are calculated from the recorded seismic data.

[0064] In other words, instead of predicted velocities with uncertainty between
velocity values between Vj and Vs, the predicted velocities have a reduced uncertainty

limiting the potential velocity values within the range of Vg and V..

[0065] It should be noted that implementations of the various techniques are

described herein using a Bayesian approach. The Bayesian approach, or, Bayesian

11
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probability interprets the concept of probability as 'a measure of a state of knowledge.'
Many modern machine learning methods are based on objectivist view of Bayesian

principles.

[0066] Alternatively, a frequentist approach could be used. The frequentist
approach, or frequency probability, is an interpretation of probability that defines an

event's probability as the limit of its relative frequency in a large number of trials.

[0067] One of the crucial features of the Bayesian view is that a probability can be
assigned to a hypothesis, which is not possible under the frequentist view, where a

hypothesis can only be rejected or not rejected.

[0068] Figure 6 illustrates a computer network 600, into which embodiments of the
invention may be implemented. The computer network 600 includes a system
computer 630, which may be implemented as any conventional personal computer or
workstation, such as a UNIX-based workstation. The system computer 630 is in
communication with disk storage devices 629, 631, and 633, which may be external
hard disk storage devices. It is contemplated that disk storage devices 629, 631, and
633 are conventional hard disk drives, and as such, will be implemented by way of a
local area network or by remote access. Of course, while disk storage devices 629,
631, and 633 are illustrated as separate devices, a single disk storage device may be
used to store any and all of the program instructions, measurement data, and results as

desired.

[0069] In one embodiment, seismic data from hydrophones are stored in disk
storage device 631. The system computer 630 may retrieve the appropriate data from
the disk storage device 631 to perform the interval velocity estimation according to
program instructions that correspond to the methods described herein. The program
instructions may be written in a computer programming language, such as C++, Java
and the like. The program instructions may be stored in a computer-readable memory,
such as program disk storage device 633. Of course, the memory medium storing the
program instructions may be of any conventional type used for the storage of computer
programs, including hard disk drives, floppy disks, CD-ROMs and other optical media,

magnetic tape, and the like.

12
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[0070] According to the preferred embodiment of the invention, the system computer
630 presents output primarily onto graphics display 627, or alternatively via printer 628.
The system computer 630 may store the results of the methods described above on
disk storage 629, for later use and further analysis. The keyboard 626 and the pointing
device (e.g., a mouse, trackball, or the like) 625 may be provided with the system

computer 630 to enable interactive operation.

[0071] The system computer 630 may be located at a data center remote from the
survey region. The system computer 630 is in communication with hydrophones (either
directly or via a recording unit, not shown), to receive signals indicative of the reflected
seismic energy. These signals, after conventional formatting and other initial
processing, are stored by the system computer 630 as digital data in the disk storage
631 for subsequent retrieval and processing in the manner described above. While
Figure 6 illustrates the disk storage 631 as directly connected to the system computer
630, it is also contemplated that the disk storage device 631 may be accessible through
a local area network or by remote access. Furthermore, while disk storage devices
629, 631 are illustrated as separate devices for storing input seismic data and analysis
results, the disk storage devices 629, 631 may be implemented within a single disk
drive (either together with or separately from program disk storage device 633), or in
any other conventional manner as will be fully understood by one of skill in the art

having reference to this specification.

[0072] While the foregoing is directed to embodiments of the present invention,
other and further embodiments of the invention may be devised without departing from

the basic scope thereof, and the scope thereof is determined by the claims that follow.

13
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What Is Claimed Is:

1. A method for estimating velocity in a subsurface region, comprising:

receiving seismic data for the subsurface region;

calculating one or more attributes for the seismic data;

generating a posterior distribution representing one or more probabilities of one
or more velocities for the attributes;

determining a velocity with uncertainty for the subsurface region based on the
posterior distribution; and

determining a pore pressure with uncertainty based on the velocity with

uncertainty.

2. The method of claim 1, wherein the velocity with uncertainty is determined using

a Monte Carlo method.

3. The method of claim 1, further comprising:

determining a minimum stress with uncertainty based on the velocity with
uncertainty; and

designing a well based on the pore pressure with uncertainty and the minimum

stress with uncertainty.

4. The method of claim 1, wherein generating the posterior distribution comprises:

determining an uncertainty of the attributes;

determining one or more parameters with uncertainty that describe the
attributes;

receiving modeling data for the subsurface region;

determining prior interval parameters distribution, based on the modeling data;

determining a likelihood distribution representing one or more probabilities of the
attributes for each of the one or more velocities; and

multiplying the prior interval parameters distribution by the likelihood distribution

to generate the posterior distribution.

14
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5. The method of claim 4, wherein the uncertainty of the attributes is determined

using a semblance analysis.

6. The method of claim 4, wherein the one or more parameters with uncertainty
comprise:

tomographic velocity;

RMS velocity;

anisotropy;

zero offset time; or

combinations thereof.

7. The method of claim 4, wherein one or more prior interval parameters of the
prior interval parameters distribution comprise:

tomographic velocity;

RMS velocity;

anisotropy;

zero offset time; or

combinations thereof.

8. The method of claim 4, wherein the modeling data is obtained from surrounding

wells.
9. The method of claim 4, wherein determining the prior interval parameter
distribution comprises determining a probability distribution representing one or more

probabilities for the one or more velocities for a given depth in the subsurface region.

10.  The method of claim 4, wherein the one or more parameters with uncertainty are

determined using numerical methods.

1. A computer-readable medium comprising program instructions executable by a

processor to perform a method as in claims 1-10.

15
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A computer system, comprising:

a processor; and

a memory comprising program instructions executable by the processor to
perform a method as in claims 1-10.
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