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Drilling System Failure Risk Analysis Method

FIELD

The present invention relates to methods for assessing risk associated with drilling a
section of a wellbore in a formation using a drilling system. The assessment method may be
used in related methods for selecting a drilling system; for optimizing the performance of a
drilling system; for planning a well drilling operation; and for drivlling a wellbore in a
formation. The invention also provides a method for assessing the ability of a drilling system
- to drill a section of a wellbore without triggering a failure mode of the drilling system. The
invention further provides a related computer, computer-readable medium and drilling
system.

BACKGROUND

in the oil well drilling industry, it is important to reduce the economic cost of drilling
a wellbore in order to extract oil and gas from underground reservoirs. With underground
resources becoming accessible at even greater depths, it becomes evermore important to
identify the most efficient and effective drilling configuration to be used in order to drill
through the intervening rock formation and access the underground reservoir.

The drilling environment is a complex environment to physically model and predict,
and multiple constraints are placed, by the environmentai conditions and the physical limits
of the drilling system and its components, on the drilling system designer and drilling system
operator. In the case of drilling system selection for a planned well drilling operation, this
has led to a trial-and-error approach to selection optimization, based on data obtained from
actual drilling operations conducted at a location offset from the planned well drilling
operation. However, much of this selection optimization focuses on past performance values,
even though the drilling conditions for the planned well drilling operation may not be
identical, and on a perception of drilling system reliability that may not take into account all
relevant factors determinative of the actual reliability of the different available candidate
systems for the purp'oses of the planned well drilling operation.

One measure of the effectiveness of a drilling configuration is the absolute drilling
performance which the drilling configuration can achieve through a particular section of
- formation. Drilling system design is typically concerned with optimizing the performance of
a drilling system for drilling through a particular formation as economically -as possible,
which in most cases means drilling as quickly as possible (with the highest rate of
penetration (ROP)) with the fewest number of changes of the bottom hole assembly (BHA).
Of course, whenever the bottom hole assembly has to be changed, the existing bottom hole
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assembly and the entire drill string has to be tripped out of the wellbore being drilled, and a
new bottom hole assembly and the same length of drill string has to be tripped back into the
hole to recommence drilling. With ever deeper wells being drilled, this process takes
correspondingly longer, with increasing attendant costs.

One reason for changing the bottom hole assembly is that one type of BHA may
achieve a higher rate of penetration in one type of rock, or be cheaper, but will not achieve a
sufficient rate of penetration or will quickly become worn in another type of formation, for
which a different type or configuration of the BHA would obtain superior performance.
Where changes in the formation rock types are identified and known in advance, a change of
bottom hole assembly can be planned into the well drilling operation.

However, another cause of having to change the bottom hole assembly is where the
BHA fails, in particular where a component of the BHA, suc;h as the drill bit or an associated
downhole tool becomes worn or damaged.

- The amount of wear which a drill bit will suffer can be predicted with increasing
~accuracy, and can also be monitored in “real time” during drilling, for example by tracking the
frequency response of the vibrations generated by the drill bit as it drills through rock.
Nevertheless, drill bits can break or become worn more quickly than expected, and downhole
tools can be damaged by vibrations and environmental conditions. For example, the teeth of
a drill bit may become damaged and break through impacting against the formation.

Where the BHA fails in such a manner, it may become necessary not only to trip out
‘the damaged BHA, but also to carry out a “fishing” operation to retrieve any damaged
component of the BHA that has become detached and left at the bottom of the wellbore. This
again adds to the time and cost of driliing the wellbore. Where the downhole tool becomes
damaged, it will also likely be necessary to trip out the drill string and replace the damaged
downhole tool, especially where the downhole tool is used to provide “look-ahead” or geo-
positional information to help steer and position the bottom hole assembly.

Although such types of failure may be classified as unpredictable or random, it may be
that, where the BHA has been designed to obtain a focused optimization of one property of
the BHA for drilling under one specific set of expected drilling conditions, the chances of the
BHA failing increase when the actual drilling conditions deviate away from the expected
drilling conditions, or that the extent of the deviation from optimal which is required to
induce such a failure decreases.

The same principle may apply not only to design and selection of the BHA, but to the
drilling system as a whole, where the selection of the BHA and the choice of drilling control
parameters has been subjected to focused optimization based on expected drilling conditions.

The principle may be described as “robustness” - whether the designed system will
be robust to variations in operating conditions as these move away from the design point. Of
course, during drilling operations there are continuously changing drilling conditions, due to
changing characteristics of the rocks in the formation with depth. The drilling system
operator also has a significant degree of freedom to alter the system control parameters.
Again, the system control parameters are normally selected according to a drilling plan
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designed to optimize. drilling performance as far as possible at each point along the wellbore,
although without unnecessarily continuously varying selectable parameters, such as weight-
on-bit (WOB), which in certain cases may not readily be varied without undesirably requiring
drilling operations to stop. Additionally, actual drilling conditions may differ from the
expected drilling conditions due to inherent inaccuracy in the measurement equipment and
prediction methods used to determine the expected formation properties.

It would therefore be advantageous to be able to assess, and where possible to control
or limit, the degree to which a drilling system is exposed to situations of high risk of failure.

It would furthermore be advantageous to be able to compare the expected response
of different drilling systems in order to identify the relative risk of failure associated with
each drilling system.

It may be advantageous to be able to compare values indicating the risk of failure and
robustness to variations in operating conditions against expected performance when
selecting between different available candidate drilling systems for drilling a planned
wellbore.

It would be advantageous to permit a drilling system to be designed which optimizes
or maintains a level of performance for the drilling system at the same time as reducing the
risk of failure or keeping the risk of failure within acceptable levels. Likewise, it would be
advantageous to be able to optimize: drilling system performance whilst also optimizing or
maintaining a required degree of robustness to variations in external drilling conditions.

In certain cases, it would be advantageous to be able to perform ongoing risk analyses
during drilling- operations, and to adjust a prior risk assessment when actual drilling
conditions and drilling system performance have been measured against the expected drilling
conditions and predicted drilling system performance.

it would be further advantageous to enable a well planning method able to identify
difficult-to-drill sections of the wellbore. Such may permit the selection or design of a drilling
system configuration, or a combination of drilling system configurations, as well as a plan of
drilling control parameters, to arrive at a solution that is robust to variations in drilling
conditions within the formation, and/or which has a reduced risk of failure.

SUMMARY OF THE INVENTION

According to a first aspect of the present invention, there is provided a method for
assessing risk associated with drilling a section of a wellbore in a formation using a drilling
system, comprising: providing a probabilistic model for the risk of the drilling system
triggering a failure mode during drilling; and assessing the risk of the drilling system
triggering one of said failure modes during drilling of the section based on said model.

In one embodiment of the method, assessing the risk of the drilling system triggering
one of said failure modes includes determining a value of the instantaneous risk of triggering
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a failure mode at one or more points along the section of the wellbore. In such an
embodiment, assessing the risk of the drilling system triggering one of said failure modes
may include determining a value of the instantaneous risk of triggering a failure mode at
multiple points along the section of the wellbore, and calculating a value of the section risk as
the additive risk of the instantaneous risk values, |

According to a second aspect of the present invention, there is provided a method for
assessing risk associated with drilling a section of a wellbore in a formation using a drilling
~.system, comprising: defining the critical control parameters for the drilling system; and
identifying one or more failure modes of the drilling system associated with each critical
control parameter which may arise during drilling the section of the formation.

One embodiment of the method further comprises assessing each critical control
parameter to determine the probability of triggering each failure mode associated with that
control parameter as the critical control parameter varies.

Each critical control parameter may be assessed for a fixed set of external drilling
conditions corresponding to a position along the section of the wellbore. Furthermore, each
critical control parameter may be assessed for each of multiple sets of external drilling

conditions corresponding to respective multiple positions along the section of the wellbore.

The assessed probability of triggering each failure mode associated with each critical
control parameter as the critical control parameter varies may be used to define an operating
window for the drilling system. '

In these methods, the assessed probability of triggering each failure mode associated
with each critical control parameter as the critical control parameter varies may be used to
define an operating window for the drilling system at each position along the section of the
wellbore. | |

Embodiments of the method may further comprise determining a width of each
operating window for one or more individual critical control parameters.

In certain embodiments, the system has N critical control parameters and the method
further comprises determining an N-dimensional volume corresponding to the size of each
operating window. |

The method may further comprise plotting the instantaneous operating point of the
system, corresponding to the instantaneous value of each of the critical control parameters,
within each respective operating window or the N-dimensional volume, respectively.

Embodiments of the method further comprise assessing whether the drilling system
IS robust to variation of the external drilling conditions throughout arilling of the section of
the wellbore.

In further embodiments of the method, the assessed probability of trigeering each
failure mode associated with each critical control parameter as the critical control parameter
varies is used to determine a value of the risk of the drilling system failing if it is used for
drilling the section of the wellbore. '
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The method may further comprise determining a value of the instantaneous risk of
the drilling system failing at each point along the section of the wellbore. Here, the method
may further comprise determining a value of the risk of the drilling system failing if it is used
for drilling the section of the wellbore as a whole by summing the values of the instantaneous
risk at substantially every point along the section of the wellbore. Such embodiments of the
method may further comprise determining a value of the risk of the drilling system failing if it
is used for drilling the section of the wellbore as a whole by calculating the scalar product of a
unitary matrix representative of the drilling system, or of multiple candidate drilling systems
including said drilling system, with a risk matrix representative of the instantaneous risk of
any one of the failure modes arising in the or each drilling system configuration as multipie
critical control parameters are varied at substantially every point along the section of the
wellbore.

In embodiments of the method, assessing each critical control parameter may be done
by simulating or otherwise mathematically modeling drilling the section of the wellbore with
the drilling system, or by measuring the etfect of varying the critical control parameters
during an actual drilling operation using the drilling system, or by a combination of these.

in the embodiments of the invention, the critical control parameters may be
independent control parameters for conducting arilling of the section of the wellbore with
the drilling system.

According to a third aspect of the present invention, there is provided a method for
selecting a-drilling system for drilling a section of a wellbore in a formation, comprising:
identifying two or more candidate systems avatlabie for selection; assessing risk associated
with drilling the section of the wellbore using each candidate drilling system according to a
method of the first or second aspect; and selecting the drilling system with which to drill the
section of the wellbore based at least in part on the respective assessed risk for each
candidate system.

Embodiments of the method may further comprise eliminating from selection any
candidate systems determined not to be robust to variation of the external drilling conditions
throughout drilling of the section of the wellbore.

According to a fourth aspect of the present invention, there is provided a method for
optimizing the perfdrmance of a drilling system for drilling a section of a welibore
comprising: assessing risk associated with drilling the section of the wellbore using the
driliing system according to a method of the first or second aspect; and adjusting the drilling
system configuration and/or control parameters for the drilling system to maximize or
maintain at least one performance characteristic whilst minimiz’i'ng, reducing or capping risk.

According to a fifth aspect of the present invention, there is provided a method for
planning a well drilling operation comprising driliing a section of a wellbore in a formation
using a drilling system, the method comprising: assessing risk associated with drilling the
section of the wellbore using the drilling system according to the method of the second
aspect; and selecting planned values for the critical control parameters for the system
throughout the section of the wellbore which are predicted not to trigger any of the failure
modes of the drilling system associated with each critical control parameter.
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According to a sixth aspect of the present invention, there is provided a method for
drilling a wellbore in a formation using a drilling system, comprising: drilling at least part of
the wellbore with the drilling system; and assessing risk associated with drilling a future
section of the wellbore using the drilling system according to the method of the first or
second aspect.

Embodiments of the method include: assessing risk associated with driliing the
wellbore based on a predicted performance of the drilling system; and determining the actual
performance of the drilling system in drilling the at least part of the wellbore, wherein said
assessing risk associated with drilling a future section of the wellbore is based on a predicted
future performance of the drilling system based at least in part on said determination of the
actual drilling performance.

Assessing risk associated with drilling a future section of the wellbore may be done
during drilling of the wellbore.

According to a seventh aspect of the present invention, there is provided a method for
assessing the ability of a drilling system to drill a section of a wellbore without triggering a
failure mode of the drilling system, comprising: providing a probabilistic model for the risk of
the drilling system triggering a failure mode during drilling under the variation of one or
more critical control parameters; and identifying upper and/or lower threshold values for
each control parameter, at one or more points along the section of the wellbore to be drilled,
respectively above or below which thresholds the risk of a failure mode of the drilling system
being trigeered is deemed to be unacceptabie.

Embodiments of the method further comprise defining an operation window for the
drilling system at the or each point as being the range of values for each control parameter
within which the risk of a failure mode of the drilling system being trigeered is deemed to be
acceptable. Embodiments of the method may further comprise determining whether the
drilling system 1s robust to variations in the drilling conditions during drilling of the section
by testing whether any single set of values of the control parameters can be used
continuously throughout drilling of the section whilst remaining within the operating
window at every point.

Embodiments of the method may comprise identifying any points for which there is
no available operating window due to every available value of one or more of the control
parameters being above the respective upper threshold or below the respective lower
threshold. These embodiments may further comprise defining one or more transition points
adjacent to any points having no available operating window, identifying upper and/or lower
threshold values for each control parameter, at each transition point, respectively above or
below which thresholds the risk of a failure mode of the drilling system being triggered is
deemed to be unacceptable, and defining an operation window for the drilling system at each
transition point as being the range of values for each control parameter within which the risk
of a failure mode of the drilling system being triggered is deemed to be acceptable.

Embodiments of the method may further comprise dividing the section into two or
more parts and re-assessing the ability to drill the section of a wellbore by using a first
drilling system for a part of the section including a point at which no operating window was
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available and uéing a second drilling system for at least part of the section for which every
point had an available operating window. These embodiments may further comprise
determining whether the first and second drilling systems are robust to variations in the
drilling conditions during drilling of the respective parts of the section by testing whether any
single set of values of the control parameters can be used continuously throughout drilling of
the respective part whilst remaining within an available operating window at every point.

The method of any one of'the aspects may be a software-implemented method.

Similarly, the method may be a computerized method, carried out using a
programmed computer. '

According to an eighth aspect of the present invention, there is provided a computer
arranged to carry out the method of any of the first to seventh aspects.

According to a ninth aspect of the present invention, there is provided a computer-
readable medium having stored thereon programming code which is arranged, when run on a
computer, to implement a method according one of the first to seventh aspects.

According to a tenth aspect of the present invention, there is provided a drilling
system arranged to perform the method according to the sixth aspect.

The drilling system may comprise a CPU arranged in a downhole tool of the drilling
~ system to perform said method.

BRIEF DESCRIPTION OF THE DRAWINGS

To enable a better understanding of the present invention, and to show how the same
may be carried into effect, reference will now be made, by way of example only, to the
accompanying drawings, in which:-

Figures 1A and 1B show the probability distribution for the Operating Window of a
drilling system between two failure modes as the critical control parameter x 1s varied, and

the corresponding inverse function showing the probability of success in the same Operating
Window;

Figures 2A to 2D show the Operating Windows for each of four candidate drilling
systems for multiple external drilling conditions;

Figure 3 shows a comparison between the ¢-robust Operating Windows for three c-
robust candidate drilling systems;

| Figures 4A and 4B show the calculated Operating Windows for two drilling systems
used in actual drilling operations; '
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Figures 5A and 5B show the re-calculated Operating Windows for the two drilling
systems of Figures 4A and 4B after further investigation of a singularity in the drilling risk
model; |

Figure 6 shows a bi-dimensional chart illustrating the Operating Window for a system
controlled by two critical control parameters, W and R; and

Figure 7 shows how the boundary values of one critical control parameter, at which
one or more failure modes may be triggered, may vary as the value of another critical control
 parameter is varied. |

DETAILED DESCRIPTION

Embodiments of the present invention can provide methods by which to evaluate the
risks of failure (and therefore associated non-productive time) for a drilling system driliing a
section of a wellbore. The risk of failure tor the drilling system may be expressed as a risk
index. The risk of failure may be determined based on the risk of triggering one or more
failure modes of the drilling system. The risk may be calculated as the instantaneous risk of
triggering any failure mode at a particular point along the planned section of the wellbore,
and a section risk may be calculated as the additive risk across all points along the section.
Conversely, the risk index may be derived from consideration of the operating window for
the system, within which no failure will occur, or within which the risk of failure is at an
acceptably low level. '

One technigue is disclosed and discussed herein in general theoretical terms, but may
be applied widely to the evaluation of risk in any number of different specific drilling
operations. The technique is based on developing a mathematical model of a drilling system
S which may be subject to F=(f ..., fn) different failure modes. The system is controlled, within
the system'’s physical limits, by setting or controlling one or more critical control parameters
X=(x1,..,x.). The drilling environment, such as the formation properties, defines the external
conditions C=(c;...cm) to which the system S is subjected during drilling of the section of
interest, and over which the drilling system operator has no direct control.

in the exemplary method which 1s described herein, the failure behaviour of the
drilling system is described mathematically using a multidimensional set of probabilistic
distributions P=Pg(S,X,C) to describe the risk of any one of the failure modes F occurring
when the drilling system S is subjected to external conditions C as the critical control
parameter X varies.

- Specific details of the mathematical risk model will now be described. To assist in
understanding the description which follows, the following notation and relationships will be
used herein:
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{PI- (S.x,0) I : Probability that at the chosen value x of the critical parameter, i-th type of fatlure
| .

will occur for the Mechanical system S, subject to external conditions .

[Ri (S.x,0) l : Probability that at the chosen value x of the critical parameter i-th type of failure

will not occur for the mechanical system S, subjected to external conditions .

Pi(S,x,0) + Ri(S,x,0) = 1;: the system can only fail or not fail for each value of critical

parameter x.

16(a—x)x8(x—b) =0,a < bj:thisrelationship is easy to demonstrate, as for each value of
x one of the two members is zero.

6(x —a) x 8(x ~ b) = 6(x — max(a, b)) | this relationship is easy to demonstrate as the

product is equal to 1 for each x > max{a, b), and 0 otherwise.

16(a —x) X 8(b—x)=68(min(a b) — x);: this relationship is easy to demonstrate as the

product is equal to 1 only when x <€ min(a, b).

!'Q(x} X 8(x) = 8(}:){ : this relationship is self evident.

OP;;(S,0) = f Ri;(S,x,0)dx!: when x is chosen within the Operation Window such that, as

described further below, the system is not subject to either failure mode 1 or .

If T is a matrix (m rows) x (n columns) and S is a matrix (m rows) X (n columns) then the
Scalar Product of the two matrices is: '

m n
T:-8= E E tii "8 T C117 " S11 T 82 S12 T T Umn " Smm

=1 f=1
OPERATING WINDOW

The concept of a system having an Operating Window has been explored in other
fields, notably in the field of manufacturing, for example by Clausing and Taguchi (see D.P.
Clausing, “Total quality developmemt”, ASME Press, New York (1994); D.P. Clausing,
“Operating window - an engineering measure for robustness’, Technometrics 46(1) {2004);
and G. Taguchi, ‘f"i“aguch‘i on robust technology development”, ASME Press, New York (1993)).

Herein, we define an Operating Window as follows:

“The Operating Window |of a physical system] is defined as the boundaries of
a critical parameter at which certain failure modes are excited”.

For a drilling system, the critical control parameters are parameters that the drilling
operator can set or control. The critical control parameters are independent controi
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parameters, and include all the independent control parameters which together fully
determine the operational state of the drilling system from a failure perspective.

The critical control parameters may vary as between different drilling systems, and
depending on the type of drilling operation being performed. By way of example, for a typical
drilling operation, thiree critical control parameters can be adiusted to excite fallure modes
in the drilling system: weight on system, rotary speed, and flow rate.

~In this case, one can, at least theoretically, find precise thresholds defining the
operating window of a drilling system S using the three critical parameters. For instance, if
the weight on system 1s so low that the drill bit will not engage the rock then ROP (rate of
-penetration) will be zero and detrimental vibration modes may be excited. Conversely, at
high weight on system the cutters may become over-engaged, which may lead to them
becoming overloaded and damaged. '

Similar thresholds can be identified for the rotary speed (RPM) and flow rate, through
the specification of the system behavior-and failure modes associated with variation of these
control parameters. For example, the drilling system may fail due to an increase in lateral
vibration beyond an acceptable limit, or due to poor cieaning of the hole, washout or losses.

In this connection, it may be noted that the term “failure” is intended to include any
cause of the drilling system failing to drill through the formation, and as such encompasses
any failure in drilling functionality. Where drill bit failure is concerned, the failure mode may
be associated with impact damage to the bit teeth or cutters, whilst, in the case of a downhole
tool, the tool may become damaged by vibration and environmental conditions. These types
of failure might be termed as catastrophic or terminal failure modes, as the component in
question would likely need to be retrieved and replaced in order to proceed further with the
drilling operation. In general, a drilling system should be designed or selected with very low
tolerance to any risk of this type of failure. On the other hand, other failure modes may be
classified as non-catastrophic or non-terminal, as the failure represents merely an inability of
the drilling system to proceed further with the intended drilling operation, but not a
mechanical failure or destruction of part of the system itself. In the following example, no
distinction is made between these different types of failure mode, as the analysis is concerned
with overall drilling system functionality regardless of the failure mode type. Nevertheless, if
a high risk drilling condition is identified in a section of a wellbore which it is planned to dril],
it may be informative to investigate further which failure mode(s) are predicted to cause the
drilling system to fail.

In one method, the operating window is determined, for the drilling system to be
assessed, at multiple points along the section to be drilled. The operating window for the
drilling system is determined at each point along the section based on the predicted external
drilling conditions. The external drilling conditions are the properties of the driliing
environment which atfect the failure modes to which the system is susceptible. In many
cases, as in the example which follows, the external drilling conditions may be adequately

defined by one or more formation properties, such as the compressive rock strength .
Additional factors relating to the drilling environment and which may affect the risk of failure
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include the density of the drilling mud, which can affect the confined rock strength, and the
hole stability.

Before generalizing the concept to three or more dimensions (i.e., three or more
independent critical control parameters), it is heipful to consider the case of a system S
controlled exclusively by one critical control parameter x. In this example, weight on system
is taken as the critical control parameter, with the system being susceptible to the above-
noted failure modes of the drill bit not engaging with the formation when the weight on
system is too low, and of the cutters over-engaging and becoming damaged when the weight
on system is too high. The associated failure modes for the critical control parameter x are
triggered when the control parameter rises above an upper threshold value, %2, or falls below
a lower threshold value, x;. In this case, it is easy to mathematically model the probability
that the system will be subjected to either one of the associated failure modes, as this
depends solely on the value of the critical control parameter x: '

Pio(x) =68(x; —x)+ Q(x - X9), X1 <x, (1)

Where

6Ot fxs0 O

‘This probability function is represented graphically in Figure 1A. It is worth noting
that, for certain failure modes, the probability distribution need not be expressed as a step
function, but may be in the form of a Gaussian distribution, for example. In this case, it may
be desirable to define upper and lower thresholds for the value of x which define the
operating window as being the region within which the probability of triggering a failure
mode is below a certain percentage, if the driliing operator is willing to accept a degree of risk
of triggering a failure mode (for example if this will permit higher drilling system
performance, such as increased ROP). Otherwise, the upper and lower thresholds may be set
to the bounds of the region of values of x within which the probability of failure is zero,
thereby again defining the probability distribution as a step function. For present purposes,
the following description assumes that the Operating Window is the region within which the
chance of triggering a failure mode is zero. | '

The inverse of P;,(x) is the function R,,(x) = 1 — P;,(x). This inverse function is
shown graphicaily in Figure 1B, and describes the probability of the drilling system not
failing, i.e,, that neither failure mode 1 nor failure mode 2 will be triggered as x is varied. By
definition of the function P, (x), for all values of x within the range from x1 to x;, Vx €
(x1,x7), the probability of exciting either failure mode 1 or failure mode 2 is nil, namely, the
probability of successis 1. |

It 1s important to note the assumption relied on here, that the failure modes which
occur with variation of the value of the critical control parameter x are independent. In other
words, failure mode 2 cannot happen contemporaneously with failure mode 1. The fact that
failure mode 2 is initiated at values of x greater than the ones at which failure mode 1 is
initiated 1s merely used for the purpose of maintaining consistent notatioh; because, in
practice, the fallure modes are independent, the notation will remain consistent all times.
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Therefore, in this basic example, the critical control parameter x fully determines the one-
dimensional failure behaviour of the system S.

Once the threshold values have been determined, it is possible to calculate the size of
the Operating Window between the upper and lower limits x; and x2. The Operating Window
is characterized by the fact that the probability' of failure is zero when the parameter x is
within the range from x; to x, i.e.,, x € (x;,x,). Expressed mathematically, this gives the
relationship:

Pio(x) =0,  when xe(xy,x;) (4)

The Operating Window “width" may then be calculated using the distribution Ry, i.e.,
the inverse of the probability Pi;, as '

Iﬁ

OP;; = J Rip-dx = (x; — x1) (5)

R,(85,x,0) =1~ [6(x1(5, o) —X)+ 9(1 — X, (S, cr))] | (3)

This relationship will be true as long as the system remains within fixed external
conditions. In the case of a drilling system, the above relationship is true if the formation
remains truly invariant with depth. Of course, this is not a viable assumption in practice.
However, if the external conditions are defined as ¢ = o(d), then it is possible to express the
external drilling conditions to which the system S is subjected as a continuous function which
varies with parameter d (in the present example, this function represents the unconfined or
confined compressive rock strength as a function of depth d).

Relationship (1) can then be generalized because for each vaiue of the external
condition ¢ there is a probability P of failure 1 or failure 2.

Pio(S,x,0) =8(x,(S,0) —x) + 8(x — X, (S, cr)), | Xy <X, (6)

Consequently, the Operating Window upper and lower threshold values will also be a
function of the parameter d. Therefore, using relationship (3), the width of the Operating
Window of the system S is given by:

OP,-(S,0) = f #Rlz(s,x, o) dx = (xz(S, o) — x4(S, a}) (7)
=

INSTANTANEOUS RISK AND SECTION RISK

in embodiments of the present invention, the risk of drilling a section of the wellbore
may be calculated as a value representing the Section Risk. The Section Risk vaiues
calculated for each candidate drilling system may then be compared. Inembodiments of the
invention, the probabilistic failure model may be constructed so as to calculate the
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Instantaneous Risk at one or more points along the section of a wellbore to be drilled. The
Instantaneous Risk values may be used to calcuiate, or determine limits for, the Section Risk
for each candidate drilling system. The Instantaneous Risk at any point may be calculated
based on the determined Operating Window, specifically the width OP of the Operating
Window, at that point.

It is reasonable to consider that the width of the Operating Window, OP, and the risk
of incurring a failure according to mode 1 or mode 2 are linked each other for a given system
S subjected to an external condition ¢. For example, for two different bottom hole assembly
(BHA) configurations (which will correspond to two different systems) as candidates for
drilling the same section of a wellbore in a formation {i.e., under the same external
conditions}, the one having the largest OP in that formation will exhibit the lowest probability
of experiencing a failure according to either mode while varying the critical parameter x.

[f we continue with the example of the weight on system as the sole critical control
parameter x, a physical experiment consisting in varying the weight and recording when this
triggers a failure according to failure mode 1 or mode 2 at each value of the weight on system
can be carried out. If one of the two systems has an Operating Window with width OP=0, then
it is extremely probable that the above experiment would record one of the two failure modes
at almost any given value for the weight on system that is greater than 0. Conversely if the
width OP of the Operating Window is very large, the result would be the opposite (i.e., it is
probable that the experiment would not record the triggering of either of the failure modes
for almost every value of the weight on system). Of course, with modern software and
compufing capacity, the physical test may be performed virtually using a computerized
drilling simulation. '

On this basis, it is possible to define the Instantaneous Risk (R{,(S, ¢)) of either
failure mode being triggered as being the inverse of the width OP of the Operating Window

calculated for the system S when the external conditions have the value G, namely:
le (5! J) —

OP,,(S,0) &)

Excluding the system wear , risks will be remain additive, because each probability, at

the variation of g, is independent from all of the others. Consequently the risk of triggering
any of the failure modes when drilling a section of a wellbore using a drilling system S
subjected to the N external conditions F = {¢,, -+, gy} will be the sum of the values for the
Instantaneous Risk caiculated for each external condition. Adding a normalizing factor and
using equation (7), this gives the Section Risk, $.,(5), as:

| | N N N ;
_ (5)"12 1 _12 1 _12 1 .
| 5512 B N . 0P12(5, O-i) B N fxz(s’qi) dx - N . xZ(SJGi) _ xl(sr O-i) ( )
1=1 | =1

From (9) it is easy to see that

1 1

N
1 1

.05 =-Z-——-—-—-—-— S —CT")

mim(xz (S,0;) — x1(S, 0,;)) - N — OP;,(S,0;) rngax(xz (5, 0;) — x1(S, 05)) (
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 In other words, the (normalized) Section Risk of a System S 1s always bounded by the
inverse of the largest and the smallest values of the widths OP of the Operating Windows, out

of all of the Operating Windows, at the variation of the external condition ¢. To simplify the
notation, the following relationships can be defined:

L(S) = i_ITllinN OPlz(S, Gi) = XE(S, 5) -—xi(S, 5)

U(S) = .n%aXN OP5(S,0:) = x5(5,6) — x1(5,6)
« b= L e
Then, using the notation from equation {8) for the Instantaneous Risk associated with

each of these two values of ¢, the lower and upper bounds for Section Risk of the system S
can be defined as:

1 | 1 )
“L}“Cg'j = R12(5,6) € H12(5) < Rp(5,0) = 'E‘('?)" (11)

The above relationship {11) can be used as a quick risk assessment test for a set of
candidate drilling systems for drilling through the same set of external condition, i.e., the
same section of a planned wellbore. In principle, one may then select the candidate drilling
system which has least risk of triggering a failure mode by selecting the system with the
minimum ‘R;,(S, &) and the maximum R, (S, ). However, a single candidate system may
‘not exhibit both the minimum %, (S, ) and the maximum R, (S, ), in which case the
drilling system S having the predicted least chance of triggering a failure mode during drilling
of the section may be selected by choosing the drilling system S that has the smallest section
risk among all available candidate systems.

WORKED EXAMPLE 1

In the following worked example, four candidate drilling systems, B1 to B4, having
respective different BHAs, which differed only in terms of the bit design used, were used to
drill a predefined sequence of formations. In this example, failure mode 1 is defined as the
under-engagement failure (i.e., the weight on system is not sufficient to engage the
formation}, and failure mode 2 is defined as over-engagement failure (i.e., the weight on
system is too high and cutters are overloaded). Drilling simulation software was used to
determine the Operating Windows of each of the candidate drilling systems. Appropriate
drilling simulation software is well known to the skilled person, and any suitable such
software may be used in accordance with the present invention. |

In the present case, the particular software program used was one which operates in
accordance with the principles set forth in U.S. Application Serial No.: 12/984,473, titled
"REAMER AND BIT INTERACTION MODEL SYSTEM AND METHOD”, to Luk Servaes, et al. The
particular software used i1s configured for modeling bit and reamer configurations, and uses
cutting structure characteristics curves to calculate the equilibrium between “weight on
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reamer” and “weight on bit” for a given weight on system, BHA and formation properties
(external drilling conditions). The software has an algorithm which determines if the cutting
structures are under-engaged or over-engaged, and so can directly mode] the onset of failure
mode 1 and failure mode 2, respectively, in the present example. The software can thus be
used to calculate an “Instantaneous” Operating Window width (OP) value, from which it
becomes possible to extract the Instantaneous Risk at the variation of the external conditions -
c, and the Section Risk. Equivalent values can be calculated directly, or otherwise be derived,
from other existing drilling simulation software, as appropriate to the drilling operation

being modeled and the failure modes to which the system being assessed is susceptible.

In the present example, the Operating Windows for each candidate drilling system are
“determined by the difference between the minimum and maximum weight on system that
each candidate drilling system can sustain in a given formation (given set of external
conditions). '

System | Bit Type {No. of Blades) | Cutters Chamfer
B1 4 Tomm | 0.02

‘BZ - 6 13mm | 0.02

B3 | 8 [lemm 001
s | 10 | 13mm |001
- (Tabey

 Sigma | Formation | ¢ | Depth in (m) | Depth out {m) | Drilled Length (m)
ST [Sof 3K 11200 | 1700 500
S2 Shale 18K | 1700 2040 340
'S3 | Limestone | 25K | 2040 3040 | 1000
'S4 | Hard | 35K | 3040 | 3540 500
(Table 2)

The drilling simulation software provided performance data and aliowed calculation
of the Operating Window widths for each system, as set out in the tables below.
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S;steJm Sigma o X1 — X2 OP
B1 S1 6,126 20,126 | 14,000
B1 S2 12,251 ‘ 42,874 | 30,623
B1 S3 12,251 42,874 30,623
Bl S4 18376 55,124 | 36,748
(Table 3)
?ystém Sigmﬁ X1 X2 ~Top
B2 S1 - 16,126 19354 3,228
B2  [s2 12,251 22874 130623
B2 3 12,251 42,874 | 30623
BZ S4 18,376 55,124 36,748
' ' ~ (Tabie 4)
System Sigma X1 x2 oP
B3 ST 6,126 11,118 4,992
B3 sz 112,251 42,874 30,623
B3 53 12,251 | 42,874 30,623
B3 154 18,376 55124 | 36,748
'L (Table 5)
System | Sigma X1 X2 OP
B4 ' S1 6,126 11,143 5,017
B4 S2. 12,251 42,874 30,623
B4 S3 12751 42874 30,623
B4 S4 18,376 55,124 | 36,748

(Table 6)
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These results are presented graphi.cally In Figures 2A to 2D, to show the Operating
Windows for each drilling system B1 to B4 for each external drilling condition 51 to $4.

The Section Risk is then calculated for each candidate drilling system Bl to B4 to give
a Risk Index or Section Risk Table (a scaling factor 10 1s here used to represent the data):

Bl

B2

| B3

B4

System

Section Risk

4.1

10.0

_—————-_-?—J——-——-———_-—-

6.7

7.3

2.7

_—-——n_-ﬂ—-—_———_-ﬂ—__———————-———n——u——r—-———————-—_—_———g

TS = Ru(85,8) | Riz(5,9) =
2.7 7.1
2.7 31.0
2.7 17.6

v
.
%-————_——*_——_._—————_
>~

19.9

l———————-i——————-——-—-—-—-———-———_—_———-——————_—_——-_‘_—

(Table 7)

, L(S)

From this analysis, it becomes apparent that the lowest risk drilling system to run for
the given section of the wellbore to be drilled is candidate drilling system B1. This drilling
system has the largest minimum Operating Window (L{S)) and as such has the lowest
associated risk among all candidate systems of triggering a failure mode during drilling of the
section of the wellbore. It can also be seen that this drilling system permits the smoothest
transition between the successive divisions of the section of the wellbore described by
respective formation characteristics S1 to S4. Specifically, with reference to Figure 24, it can
be seen that a single value of the critical parameter x (weight on system) can be maintained
(at around 20,000 lbs (about 9,072 kg}). For the remaining candidate drilling systems B2 to
B4, it is necessary to change the weight on system when transitioning from one division to
the next, in particular from condition S1 to condition S2, in order to remain within the
operating window for each division.

ROBUSTNESS

Methods in accordance with the present invention may also or alternatively be used
to Investigate the robustness of a drilling system to changes in the drilling environment
(external drilling conditions).

A drilling system So, which does not change with the variation of the external drilling
conditions o, may be described as being robust to variations in the external drilling
conditions G, for the section of the wellbore to be drilied, if the critical control parameter x
can be kept at a constant, fixed value throughout the drilling operation whilst remaining
within the Operating Window at every point along the section of the wellbore to be drilled.
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Such a system may be described as being G-robust. Mathematically, the system Sq is G-robust
if there exist a range of values for the critical control parameter x, between a lower limit a and
an upper limit b, which lies within the Operating Window for all of the point values of the
external drilling condition 64, -+, oy for the entire set F of the N different external drilling
conditions. In mathematical notation, this condition is expressed as:

Sois 0 — Robust if and only if AM = |a, b],witha < b, -such that P,-(Sq,x,0) = 0,
Vo € F,Vx €M -’

and the corresponding c-Robust Operating Window for the entire section is given by:

— ] — ) 719
- OP12(S0) min(x, (S, 0)) — max(x; (So, ) .(1~)_

(This can easily be demonstrated by considering that the theorem above implies that the
domains N M; # 0 for a ¢-robust system)

In fact, When X € [maxaey(xl (Sy, a)) , min .z (x5 (So, a))], P»(Sy,x,0) =0 Vo €F

In plain terms, in a drilling environment, relationship (12) implies that the critical
control parameter x (in the present example, weight on system) can be chosen within the
range from a to b and be kept the same for the entire section without exciting either failure
mode 1 {under-engaging cutters with the formation) or failure mode 2 {over-engaging the
cutters with the formation). |

From a practical point of view, if the drilling operator can keep the critical parameter
x within the boundaries a and b, irrespective of the value that ¢ could assume, without
triggering failure 1 or 2, then relationship (12) is valid, and the system is G-robust.

Another way to identify if a drilling system S, is c-robust is to verify
that minger(x,(Sg, 0)) > maxzer(x,(Sy, 0)).

OPTIMIZATION TO MAXIMISE DRILLING SYSTEM o-ROBUSTNESS

There are interesting optimization algorithms that can be deduced from (12}, in the
hypothesis that the system response 1s invariant with . To calculate the Optimum G-robust

system S of a collection {2 of c-robust drilling systems, we can simply maximize equation (12}
while varying S.

Maximizing the Operating Window, in this case, is equivalent to maximizing the
probability of success (or minimizing the probability of failure); theoretically, if the critical
parameter x can be any value from 0 to infinity (the maximum theoretical Operating
Window) for a given set of external conditions, the system would never fail when subjected to
those external conditions, regardless of the value of the critical parameter x value.

In the real world, the same drilling parameters - critical control variables x - could be
used for many drilling systems with different BHA configurations (changing the drill bit only,
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for instance) to drill the same formations. In this case,'the optimum drilling system S is _
selected from a finite collection Q of N different candidate drilling systems, S,..., Sy. If each of
the drilling systems S;,..., Snv 1s G-robust, using (12) one can define the width OP of the
Operating Window for the i-th G-robust system in the collection, S;, as

O0P12(Si) = min(x;(5;, 0)) — max(x,(S;, 0))

This permits a definition of the drilling system S having the largest Operating Window
5}312 of

OP,, = max OP;»(S;) = max(0P;5(S;), ..., 0P1,(Sy))  (13)

In simple terms, the drilling system S that satisfies equation (13) is the one having the
largest possible range of variation for the parameter x which does not induce failure, whereas
external conditions are changed within the enfire collection F representative of the external
conditions within the section of the wellbore to be drilled. Put another way, one could say
that the system § satisfying equation (13) 1s the one, among the collection Q) of G-robust
drilling systems, with the highest chances of successfully drilling the section without exciting
either failure mode 1 or failure mode 2 - i.e. the one with the lowest associated section risk.

An example of this is shown schematically in Figure 3 for three candidate drilling
systems S1, 52 and S3, from which it is clear that drilling system S3 has the largest Operating

Window, and therefore is the most ¢-robust drilling system among the collection @ = S1, S2,
S3, at the variation of o and the critical control parameter x. | |

The ideal drilling system, from a robustness perspective, is a -robust system having
OP;, infinite, because in such circumstances it is practically impossible to generate either of
the failure modes 1 or 2, for any value of the critical parameter x >0, which means that the
critical parameter can be safely chosen to optimize other system performance, such as rate of
penetration or other performance indicators. it is worth nothing that, if any of the candidate
drilling systems in the collection 1s not ¢-robust, the relationship (13) is not true, because the
Operating Window is not accurately defined by equation {12) for non o-robust systems.

To generalize the relationship, it is possible to use a metric for G-robust systems. A
“system S will be 1-dimensionally robust if it satisfies equation (12) for any value of ¢ € F.
The system will be bi-dimensionally robust if there exist two subsets F, and F, of the
collection F such that 7, U F, = F and F,(1F, = 0 and equation (12) is satisfied for each
subset separately. Extrapolating this relationship, then, in general, a system S¢ is N-
dimensionally robust if it satisfies the condition:

3Fy, .., FywithF; c Fand UF, c FNF; =0
such that

min( x5 (So, a)) > gr}_a}:x(xl (So, J)) (14)

og€eF;

It should be noted that variation of ¢ moves the system across robustness dimension
order.
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NON 6-ROBUST DRILLING SYSTEMS

There are cases in drilling applications (for example, in certain bit-and-reamer
combinations) where the failure mode 1 and failure mode 2 are both expected to happen at
values of the critical control parameter x that do not respect the condition x> > x;. In other
words, there is no value for the weight on system that would allow the bit and, in this
example, the reamer to contemporaneously engage correctly with the formation. In other
words, there is no available Operating Window. According to the risk model described above,
then the predicted risk of failure in this condition has probability 1 of happening, which
means that the risk of failure is extremely high for this system (theoretically, infinitely high)
such that one or both of the two failure modes is essentially suaranteed to occur.

Physically, this may represent a clear example of incompatibility between the selected
bit and reamer. However, it is worth considering the matter in more detail. In general, if the
drilling operator’s attitude to risk taking behavior is adverse, then choosing an incompatibie
configuration is not a good idea. Such choices are inherently “riskier” than solutions which
_are 6-robust. However, it may be that the non G-robust drilling systems are also the ones that
are predicted to deliver the best theoretical performance for drilling the section of the

- wellbore, such as the highest ROP; i.e., they may offer better drilling performance than the c-
robust systems. If this is the case, having a methodology to assess the risk vs. drilling
performance, e.g., a measure of the risk to ROP ratio, could be extremely useful for the
optimization process and to assist the drilling operator in making an informed selection of
which drilling system to use.

WORKED EXAMPLE 2

A worked example will now be described with reference to Figures 4A and 4B. This
example is based on two drilling systems, labeled as FX75 and FX65, which were used in real
operations involving drilling while simultaneously enlarging the wellbore. Operating
Windows for each drilling system were determined at the variation of the external conditions

G, as shown respectively in Figures 4A and 4B.

As is shown in Figure 4B, the FX75 drilling system does not have an Operating
Window for the external condition Sé. In principle, therefore, one could immediately discount
the FX75 drilling system from further consideration as a candidate drilling system. However,
if this value is isolated _from the analysis and the risk model is run only against the remaining
values of the external conditions, then the results given in Table 8, below, are obtained.
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Configuration | Section Risk i 56 . Is Sigma-Robust

(excluding S6) | Instantaneous Risk

' FX7512 Y4 x 14 4.87 infinite NO

I . R IR EE——————————————————————————
FX6512 ¥4 x 14 6.66 12.34 NO
(Table 8)

The indications are therefore that, in every other scenario of external conditions, the
FX65 driliing system configuration is riskier than the FX75 drilling configuration (almost
27% riskier}, but that the FX75 drilling system configuration is unable to drill through
external condition S6 without triggering a failure. On the other hand, even the FX65 drilling
system runs quite a high risk of triggering a failure mode when transitioning from the
external condition S5 to the external conditions S6. Considering the application of the risk
model to real-world drilling operations, it can be seen that the critical control parameters x
have to be significantly changed in order to move from the Operating window for the external
condition S5 to that for the external condition S6 (there is no available value for the critical
parameter x in the Operating Window for external condition S5 that is also in the Operating
Window for external condition S6). Therefore, even for the FX65 drilling system, crossing the
interval between external conditions S5 and 56 is likely to require transitioning through a
value of the critical parameter x that will either initiate failure mode 2 in drilling through
external condition S5 or failure mode 1 in drilling through external condition S6, before
reaching a value of the critical parameter x that is within the Operating Window for Sé.

Embodiments of the present invention can address this apparent problem.

According to one method, referring to the example above, the approach is to add a
transition between external conditions S5 and S6. The two systems can then be evaluated
again to determine the Section Risks and the Operating Windows of the two drilling system
configurations in these new scenarios. Although adding transition points may appear to be
manipulating the predicted external conditions; and might appear as trick simply to ignore
the problematic interval, this is not the case. In fact, the drilling reality is that the external
conditions are a continuous function of time (during drilling, the drill bit is penetrating
through a continuously changing formation throughout the drilling process), so introducing
transition points between the evaluated external conditions S5 and S6 is merely equivalent to
increase the sampling frequency of the external conditions around the transition between the
corresponding portions of the formation being drilled.

Another approach, which can be used in conjunction with adding transition points, is
to investigate the sensitivity of the risk model to small variations in the predicted values of
the external drilling conditions at the point of interest. The values for the external conditions
used in the model (i.e., in the present example, the formation compressive‘ rock strength
value) are in reality not precise numbers, because they are derived from electric logs, or
otherwise, and not measured directly. It is therefore appropriate to analyze the behaviour of
the drilling system in a neighborhood of the value of the external condition at which the
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singularity in the risk function is generated. In the present example, external condition S6
generates a singularity point for the FX75 drilling system risk function. It is possible to
replace S6 with S6-D and/or S6+D, and to calculate the Instantaneous Risk for the set of
externai conditions, e.g., [S1, S2, 53, S4, S5, S6-D, S6+D, S7, S8, §9]. Again, although this may
appear as a trick to avoid the apparent singularity at Sé6, it should be appreciated that the risk
function is not necessarily a continuous function of the external condition parameter.
Consequently, it is appropriate to test the sensitivity of the risk model to the predicted values
for the external conditions, in order to reveal whether a small variation of the value of the
external condition (in this case, of the compressive rock strength) allows the Instantaneous
Risk value to be determined. The value D of the variation in the external condition parameter
value depends on the ievel of accuracy to which the external condition can be predicted.

-When the risk model is run again, as shown in Fi'gures 5A and 5B, after having
introduced the transition zone between S5 and S6, in which intermediate points “Int-1" and
“Int-2" are evaluated, and having made a small change to the value of the external condition
S6 to permit an Instantaneous Risk value to be calculated, the results given in Table 9, below,
are obtained.

Configuration Section Risk | Sé6-D Is System

{with Interface) instantaneous Risk Sigma-Robust
e e e e e e e e e e e e e e e

FX7512 %4 x 14 5.01 4.55 YES
FX6512 % x 14 6.62 3.48 NO
(Table 9)

The Section Risks now are compatible: according to the re-calculated values, the FX75
drilling system (corresponding to a 7-bladed bit) is not only a safer option, because the
Section Risk is smaller, but also the more detailed investigation reveals that the FX75 drilling
system is, in fact, c-robust throughout the section under investigation {see Figure 5B).

[t can thus be seen how a small variation of the external conditions makes the FX75
configuration ¢-robust; this is an important aspect for the optimization of drilling system |
selection when considering the vicinity of a point of transition between formation types or
rock types. Considering that the formation compressive rock strength ¢ is not known with
“precision across the interaction, the fact that the drilling system configuration FX75 becomes
G-robust according to the risk model indicates that there is an interval of critical control
parameter x (weight on system) values that can be used safely within the transition zone (i.e.,
in the example, the drilling system can drill through the transition using a constant weight on
system). '

As an alternative, or following such analysis, and in particular where the singularity in
the risk model remains after further investigation, it is possible to split the section to be
drilled into two (or more, in case of multiple singularities appearing in the risk model),
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analyzing each sub-section separately, and then combining the risks together. By definition
the risks are additive, and a simple normalization factor can be applied to maintain the risk
lower and upper bound equations valid. Such an approach is shown schematically in Figure
S5A for the drilling system FX65 (éorresponding to a 6-bladed drill bit). This allows the
Section Risk for drilling each sub-section with a different drilling system configuration to be
compared directly with the Section Risk for drilling the whole section with one drilling
system configuration, for example. It is then possible to compare the two options: multiple
drilling systems used to cover sub-sections with different external conditions versus a singie
driliing system configuration to be used for the whole section of the wellbore for all external
drilling conditions.

- It will be appreciated that singularity points in the risk function have a very
interesting meaning in real terms. The analysis of the singularity points is able to indicate to
the analyst: |

1)  how many drilling s'ystems are necessary to minimize the section risk given knowledge
of the formation in which the section of the wellbore is to be drilled; and

2)  inthe case of multiple drilling systems, the transition point (i.e., the approximate depth)
at which the driliing system should be changed in order to avoid a high-risk drilling condition.
This has an immediate implication for the drilling operator, who can evaluate the benefits of

" maintaining a low risk profile versus the cost of tripping the drilling assembly out of hole to
change the drill bit or BHA, etc.

APPLICATION TO SYSTEMS WITH MULTIPLE CRITICAL CONTROL PARAMETERS

In the eXampleS given above, the failure behavior of the system is determined by a
single critical control parameter, namely the weight on system. However, the same approach
may be used to conduct risk analysis for systems having multiple critical control parameters
by which the drilling system is controlied and which determine the failure behavior of the
~ system.

In this regard, it is important to understand that critical control parameters must be
independent from each other. In fact if a relationship exists between two or more of a
system's control parameters then these do not constitute “critical” control parameters.
However, where such a relationship exists, it is nearly always possible to express one contro!
parameter as a function of the other. Consequently, a syStem having N control parameters,
where two of these control parameters are related, can be expressed instead as an equivalent
system having (N-1) critical control parameters. The same is true for multiple inter-related
(non-critical) control parameters, which, for the purposes of extrapolating the above risk
analysis, should be re-written as functions of one another to define N-1, N-2, N-3, and so
forth, independent critical control parameters, as appropriate.

- The following example assumes that the system under consideration has N
independent critical control parameters which uniquely determine the state of the system S
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as being “failed” or “not failed”. The state of the system is thus represehted uniquely by a
vector X = (%1, ...,xy) € R" space. The relationship given by equation (6) above is therefore
a function RY — R that provides the probability that the system S will trigger either failure
mode 1 or failure mode 2 as the control parameter vector X is varied. To derive the
corresponding probability function for a system having multiple critical control parameters,
it is important to recognize that the system S fails if any one (or a combination) of the critical
control parameters triggers its own respective failure mode.

For example, as mentioned above, in the case of a BHA containing only one drill bit for
drilling a certain formation, the system may be defined by three independent control
parameters: weight on system (W}, rotary speed (RPM), and drilling fluid flow rate (Q) A
possible failure mode assessment is described in Table 10 below.

-~
Critical Failure point 1. x; ' Failure point 2: 2x;
parameter
W IW =not enough to shear/destroy W= cutting structure is overloaded
| formation

RPM tRPM= first natural frequency for 2RPM=second natural frequency for

the BHA is excited ' the BHA is excited
Q | 1Q= not enough to clean hole 2= Flow rate causes formation

damages | |
(Table 10)

In the case of systems having multiple critical control parameters, it is normally easier
to derive the function R,»(S, X, 6): R = R, and then to use the relationship defined in
equation (3) to caiculate P;,(S,X,0): RY - R

For conciseness, the following notation will be used:

K
i}

value of the it critical parameter which triggers its respective failure mode 1

K
I

value of the it" critical parameter which triggers its respective failure mode 2

It is then possible to consider the system S, subjected to an external condition &, and
uniquely characterized by the vector X = (x,, ..., x5) € RN of independent critical parameters.
It can clearly be seen from the foregoing that the probability of not triggering any of the
failure modes for the system 1s formally described by the relationship:

N

Ri»(S, X, 0) = H 1-0("x S0)—x)-08(x;— *x; (S0))| (15)

=1

Where the operator I1 indicates that the product of the inverse function R4, (5, x;, o)of each
and every critical parameter must be calculated. |
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‘Thus, by way of example, in a system S controlled only by two (independent) critical
- parameters, x1=W and x,=RPM, the critical control parameter vector X=(W,RPM). For this
system S, with the external conditions ¢ defined by the drilling environment, equation (15)
becomes: |

Ri2(S,X,0) =1 -8 "%, —2x1)=0(x; — %x3 )] [1-6( "%y —x3) —8(x; - 23:2 ).
=|1-0('W-w)-8(W - *W)}-|1-6(*RPM - R)—8(R ~ *RPM)]

The above equation is easy to represent graphically; it gives a value of 1 in a specific
range' of values for X (1.e., for W and RPM}, and a value of zero everywhere else, as seen also
from Table 11 below.

R,»(S, X, 0) is equal to: R7Y < w < ‘w \wW<sw< *w | w> ‘w> w
RPM < 'RPM < “RPM | 0 _ 0 . 0
'RPM < RPM < “RPM 0 T 0
RPM > RPM = RPM | O | o0 | 0
(Table 11)

As shown 1n Figure 6, an easy way to represent the above function is to use a bi-
dimensional chart in which the shaded area denotes where the function assumes the value 1,
and the white {or non-shaded) area denotes where the function assumes the vaiue 0.

- As noted above, the function Pi; can be derived from the relationship defined by
equation (3). It will be appreciated that the multipie critical control parameter probability
function P is not a simple product of the probabiiity functions for each of the individual single
critical control parameter components. This is due to the fact that the system S assumes the
status of having failed when any single critical control parameter triggers one of the
corresponding failure modes. In the case of drilling a wellbore, for instance, if the weight on
system is not sufficient to cause the cutting teeth to engage the formation, it is not possible to
drill ahead, regardless of the speed at which the drill bit is rotated; therefore the systemisin
reality in a “failed state”. | | |

Using equation (7) and generalizing the function Ri;, described by equation (15), it is
possible to derive the size of the Operating Window, the Instantaneous Risk, the Section Risk
and all the other properties of the system S, as described above for the case of a single
variable, as follows. ' '

Hence, in the general case, equation (7) becomes:

(=1

. N
OP,»,(S,0) = [HLI — 9( x; (S, o) — xi) — 6 (xi — in (S, O'))} dx; (16)
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1

Furthermore, in the special case where *x; and “x; are independent from each

other then equation (16) formaliy becomes

OP;,(S,0) = ﬂ f 1-0(% S0 -x)-0(x~ *x; (50))| dx;
=1 —co

N

= H[ xp (S,0) = x (S, 0)]  (17)

1=1

Note that OP1; becomes nil if the width of the Operating Window for any of the critical
control parameters is zero - this is in line with the definition that the system is considered to
be in a failed state if any of the critical control parameters is outside its own Operating
Window. The instantaneous risk in the case of a system having multiple critical control
parameters is still described formally by equation (8), although the size of the operating
window, OP1,, is in this case calculated by the equation (16) above (and in special cases by
(17} above), In place of equation (7).

Using equations (16) and (8}, the Section Risk for a multipie critical control
parameter system S, subjected to external conditions varying within the sample ¢ €
o4, ..., 0}, Mmay then be expressed as:
1 M y then be exp d

1 1
D12(5) = “M'Z 0P,(S, ;)

1 .
“‘“‘"‘"‘“‘““““‘“’“‘"”“""““”‘“““‘“‘“““‘_"‘“““““‘“"—“" T 18
Z 8( 1x (S,00) — xj) — 0 (J.j xj (S, JL-))_ dx; (o)

Slmllarly, using (1 7), it 1s easy to see the geometrical meaning of the section risk for a
multiple critical control parameter system. In fact, the equation for the Section Risk becomes:

1
$12(5) = Z———-—-—-—-—- Z—-———-———-———————————- (19)
Mz OPa(S 00 M (2 (S,0) — *x; (S, 0))

Although 1nvolvmg a more complex calculation, the Section Risk is still a unique
function of the system §, and it is equivalent to the normalized sum of once over the volume
-of each of the hyper-cubes representing the size of the Operating Window in N-dimensional
space, calculated at each value of the external conditions o;. |

All of the other above-described single-critical control parameter properties and
methods are still applicable to the multiple critical control parameter case, with the
- generalization expressed by equation {18), or in special cases equation (19).
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EXAMPLE RISK OPTIMIZATION WORKFLOW FOR A SINGLE CRITICAL CONTROL
PARAMETER |

The following example uses the definitions and relationships described above to
provide a method by which to select the lowest-risk drilling system among a collection of |
candidate drilling systems for drilling a section of a wellbore through the same formation, i.e.,
subjected to the same external conditions.

1. Identify the N candidate drilling systems forming the collection {S;, ..., Sy}

2. Varying the external conditions o, calculate the upper X; and lower X; thresholds for
the critical parameters X for each candidate drilling system S and for each external
condition vaiue o. .

a. Organize the results in the matrices X, and X4

' | : 2 2 - 2 /
| 235(51;01) x(Sn,01) X1,1 " XN
ZX — : .‘. : g_f;'-f » . »
2 2 -
x(S1,0m) - X(Sn, op) le,M ZxN,M
1 1 1. 1o,
x(S1,01) - “x(Sy,01) X11 " XN
lX — : ... E (:_Ef . " N
135(51: Oym) - 1X(5N; Opm) 136'1,'1\4 13C'N,M,

3. Calculate the Operating Window width Matrix OP and Risk Matrix

OP-':XZ_X:[

4. Calculate the Section Risk, $,, for s,,, the n-th candidate drilling system, with the
Scalar Product of the risk matrix R with the unitary matrix U,, as follows:

) o (o 1 0)
mT oy
| 0 1 0

(This method of calculating the scalar product between the matrices R and U, is also
applicable to the case of a system controlied by more than one critical parameter x, using
standard Tensor calculus, as exemplified in the multiple critical parameter workflow

example below.)

NE

Dn

_'1
= .
;

Il
=

5. Test whether the n-th system S; is o-robust, by determining if the following
relationship is true for the column n:

min;_q_um( zxi,.n) > max;-q,.m( 1’55.-11)
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6. Among all n candidate drilling systems of the collection Q of o-robust drilling systems,
select the one having the smallest Section Risk £,,. |

As will be apparent, the above outline workflow is set forth merely by way of example.
- Alternative workflow solutions, other than that set forth above, will be apparent to the skilled
person for putting into effect the methods of the present invention. The present invention
includes all such alternative workflow solutions within the scope of the following claims.

EXAMPLE RISK OPTIMIZATION WORKFLOW FOR MULTIPLE CRITICAL CONTROL
PARAMETERS ' ' |

In the following further workflow example, standard Tensor calculus notation is used.
In order to make it easier to follow the calculations, the example is based on the above-noted
case of a drilling system subjected to three independent critical control parameters.

This example is given to demonstrate how the foregoing example risk optimization
workflow for a single critical control parameter can be generalized to the case of multiple
critical control parameters using Tensor calculus. Generalizing the matrices *X and 2X used in
the above workflow example for a generic critical control parameter x;, the following notation
1S used:

2 2 1 2 2 -
| x; (S1,00) - x; (Sy,01) Xi11 Xi N1
ZX f— : . | * k= . ’ .

L & . [ ]
2 v 2 2
x; (Syom) 0 TX Svoom)) | XM T xi,N,MJ
and
-1 ' 1 - 1. | 1
X (Slrgl) Xi (SN;GI) [ Xi11 xi,N,l]
lX' — : ‘', : — . T ' .
l | ‘ ‘
1 . 1 - 1 1
L x; (S om) o x; (Snoom)] | Xiim " XiN.M.

where each [ indicates the corresponding critical parameter x; and each element of the above
matrix 2X 1s the value that parameter takes to trigger the failure mode 2 of that critical
parameter, whilst each element of the above matrix X is the value that parameter takes to
trigger the failure mode 1 of that critical parameter, for the system S;subjected to the external

condition o,.

Applying standard Tensor notation helps to simplify' the further explanation. For
Instance, alternate duplicated indices indicate that summation over this index is to be carried
across all the possible values for the index, for instance:

t=N

L def

Xits YVis = S Xjts " Vits

j" JS _];) ])rs
t=1

Using equation (16), the size OP of the Operating Window in the case of a multiple
critical control parameter system is then expressed as:
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N .
OpP < Opj,k e j n[l -— 9( 1Xi,jk — XL) — B(XE — zxi,ﬂ()] dx[-
=1 | |

As alréady derived for equation (17}, this can take the sirriple form of
N
ef . 2 .. 1.,
OP Z opj i = ﬂ[ Xijk = Xijk]

1=1

_ (Note that the index i is absorbed in both cases, in the sense that equation (17)
requires multiplying over all the possible values that this index takes. As such, the value of OP
is independent on “i”, resulting in a number (and not a tensor) which depends only on the
system S and the condition o - this makes it possible to calculate 1 /OP and derive the risk
matrix R.) | | |

The instantaneous risk tensor is therefore expressed as:

1

R = 7}"1( - Opj,k
105 lf Opj,k = (

lf Opj,k = ()

Therefore, for the system S, within the collection of systems {5, ..., Sy, ... Sy}
subjected to M external conditions ¢, and controlied by many independent parameters ¥;, the
Section Risk is still given (formally) by the normalized scalar product of the array R and the
unitary matrix Up:

M |
1 1
S =17 )Tk = 3R Un
| J=1

INDEPENDENT CRITICAL CONTROL PARAMETERS HAVING DEPENDENT FAILURE MODE
BOUNDARIES '

In the most general case, one could observe that although the critical control
parameters are independent (therefore, they can be varled independently), the failure points

'x; and “x; might be dependent.

As an example based on the case of a drilling system having three critical control
parameters, as discussed above, the resonance frequencies of a BHA are a function of the
weight on system W (a critical control parameter) applied. If the weight on system is varled

the values of the rotary speeds *RPM and “RPM at which resonance triggers one of the

respective failure modes will also vary. This is a typical example of independent critical
- control parameters with dependent failure mode boundaries.

The approach set forth above is capable of analyzing the more general case where
dependencies exist between failure mode boundary positions and one (or more) critical
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‘parameters. The assumption that the failure modes are independent is stili valid. Here, the
situation being considered is that the change of one critical control parameter may affect the
position of the boundary of the failure mode of a different critical control parameter. The
failure modes are still independent, as well as the critical parameters, however the
relationship affects the boundary values at which the failure modes are triggered. A computer
‘program can be made to analyze the general case and iterate against multiple systems and
external conditions.

Consider again the above example of a drilling system subjected to three independent
parameters (weight on system= W, rotary speed = RPM, and flow rate = F}. As known, the
drilling system’s natural resonance frequencies are a function of the weight on system. A
standard directional drilling program, or another drilling simulation program or the like, can
be used to plot this relationship. Such a plot is shown in Figure 7, which shows how the
values of rotary speed RPM at which resonance frequencies of a drilling system BHA, as may
correspond to one or more failure modes, are excited vary as the weight on system W is

varied from around 5,000 to 35,000 lbs {about 2,268 to 15,876 kg).

In Figure 7, each dashed line represents a resonant frequency for one or more of the
tools in the BHA. Each tool can have one or many resonant frequencies, and may have several
individual components with different resonant frequencies. Some of those resonant '
frequencies may be deemed to initiate a failure mode, whilst others may not. Any two
adjacent failure mode-initiating resonant frequencies may be used to set the upper and lower
limits for the rotary speed RPM, thereby representing the onset of failure mode 1 and failure
mode 2 for that critical parameter. Also shown in Figure 7 are feint lines, which run in
paralle] with each resonant frequency dashed line, on each side thereof. These represent
nominal upper and lower design limits which are sometimes used in present system design to
indicate non-operational windows surrounding each resonant frequency. The drilling system
is normally controlied so as not to be operated within these limits, i.e., so as not to approach
too closely to the resonant frequency. The upper and lower limits corresponding to failure
modes 1 and 2 for the rotary speed RPM may also be set in this way, so as to define the onset
of failure mode 1 or 2 as approaching within a certain approximation of the respective
resonant frequency. Equally, a more investigative analysis may be done to define more
precise values for the rotary speed at which the vibrations approach the resonant frequency
sufficiently closely to risk damaging the system.

The relationship can be well approximat'ed‘by a polynomial, and a computer could
numerically approximate that relationship by means of a suitable polynomial expression of n-

degrees. For simplicity, in this example, a linear approximation is adopted, in the form: RPM
=a+Whb, |

Here, as the weight on system W changes, the boundary value for the rotary speed
RPM at which failure mode 1 (for instance, the first resonance frequency is excited) is
triggered changes. The failure mode (resonance}, however, remains the same at all times, but
the value of RPM at which this failure mode is triggered changes as the other independent
critical control parameter W changes.
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For this system, the failure mode trigger points are generally defined in table 12
below. | |

m_*—m
2

Critical 'x; -failure mode 1 | “x; - failure mode2
Parameter point point

Rdtary speed ‘RPM = *a+ *h-W | RPM = “a+ “b-W
Weight on system W= Wonin ‘W = Winax

Flow rate - YF=F .. 'ZF = Fonax

(Table 12)

Using equation (16) it is possibie to calculate the size of the Operating Window for
this system, noting that Rip=1 (i.e., P1;_-=O) only within the boundaries defined in the table
above (and noting that, in this case, equation (17) is not applicable because the failure mode
boundaries are not independent).

-
-

dxi |

N
OP,, (S, o) = f ﬂ 1-0( %, (5,0)—x) = 0(x — % (50))
=1

;
=dej dW - dRPM
J M

‘w - 2RPM
= (°F - 'F) j dW~f dRPM
) YW ‘RPM

| ‘W
= ( °F — lF) j | RPM — 1RPM]dW
| »

= (2= [ (at W)= (Pat ow)|aw

2;, 1 |
( b b).(ZWZ__ 1W2) (al)

- (%F - 1F)-[(2a-— ta)- (2w — W) +

Equation (a.1) can be written more explicitly, taking away the indices (for a system S
under external condition o}:

OPi; = (Fmax - mtn) ' [A ' (Wmax ~ Whnin) + B (]/Vrmrwac2 — Wminz)]
where: |

Zb _ lb)

A=(*a- 1a)cmdBE( >
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From here it is possible, using ailgebra, to derive the Instantaneous Risk, and from
there the Section Risk, as before. 1t should also be note that the expression {(a.1) above is
applicable to many systems, and is susceptible to calculation by a computer. Equally,
numerical calculus can be used in the case of a polynomial interpolation being used for the
relationship between weight on system and the rotary speed at which the system’s natural
resonance frequencies are excited.

In a very similar fashion, equation (16) is valid even in the case of multiple
interdependent relationships between failure mode boundaries.

As a final note, the skilled person will recognize that the separation between failure
modes 1 and 2 is arbitrary and generic in the foregoing exampies and calculations. This
means that it is possible to analyze and optimize the {Section) Risk for a drilling system
against any chosen couple of failure modes for the system: the same mathematics applies,
with the same considerations, workflow and formal results. | |

' - As regards practical applications, the methods disclosed herein can use real time data
to update the calculated instantaneous risk for undrilled portions of the wellbore section
being drilled, and are therefore able to re-calculate in real time the section risk for the drilling
system being used. This permits the system to display the actual instantaneous working
point for the system (i.e., the current values of the critical control parameters) within the
operating window or windows of the critical control parameters ~ either for one or more of
the critical control parameters individually, or, for a system having N critical control
parameters, within the N-dimensional risk hypercube volume.

Equation a.1, for instance, can be calculated using real time data. This allows the

- parameters of the fitting polynomial to be calculated in real time and the model adjusted
accordingly. In this regard, fitting polynomial coefficients associated with the one or more
driliing systems under consideration either can be determined in operation or can be
previously determined or calculated theoretically and then stored in a database for use in the
real-time drilling calculations, in order to speed-up the real-time calculations, e.g., by using
characteristic failure curves representing the failure mode boundary dependencies.
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CLAIMS.:

1. A method for assessing risk associated with drilling a section of a wellbore In

a formation using a drilling system, comprising:
obtaining data for the section of the wellbore in the formation;

providing a probabilistic model for the risk of the drilling system triggering failure

modes during drilling based on the obtained data;

assessing the risk of the drilling system triggering one of said failure modes
during drilling of the section based on said model, comprising determining a value of
the instantaneous risk of triggering a failure mode at multiple points along the section

of the wellbore, and calculating a value of the section risk as the additive risk of the

instantaneous risk values; and

adjusting a drilling system configuration to maximize or maintain at least one
performance characteristic while minimizing, reducing, or capping the value of a

section risk.

2. The method of Claim 1, further comprising assessing critical control
parameters to determine the probability of triggering each failure mode associated

with that control parameter as each critical control parameter varies.

3. The method of Claim 2, wherein cach critical control parameter 1s assessed for
a fixed set of external drilling conditions corresponding to a position along the section

of the wellbore.

4. The method of Claim 3, wherein each critical control parameter is assessed for

cach of multiple sets of external drilling conditions corresponding to respective

multiplc positions along the scction of the wellbore.

5. The method of Claim 2, wherein the assessed probability of triggering each
failure mode associated with each critical control parameter as the critical control

parameter varies 1s used to define an operating window for the drilling system.

6. Thc mcthod of Claim 3 or 4, wherein the assessed probability of triggering

each failure mode associated with each critical control parameter as the critical

CA 2867110 2017-06-19
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control parameter varies is used to define an opcrating window for the drilling system

at each position along the section of the wellbore.

7. The method of Claim 5 or 6, further comprising determining a width of each

operating window for one or more individual critical control parameters.

8. The method of Claim 5 or 6, wherein the system has N critical control
parameters and further comprising determining an N-dimensional volume

corresponding to the size of each operating window.

9. The method of Claim 7 or 8, further comprising plotting the instantaneous
operating point of the system, corresponding to the instantaneous value of each of the
critical control parameters, within each respective operating window or the N-

dimcnsional volume, respectively.

10. The method of any of Claims 5 to 9, turther comprising assessing whether the
drilling system 1s robust to variation of the external drilling conditions throughout

drilling of the section of the wellbore.

11. The method of any one of Claims 2 to 10, wherein the assessed probability of
triggering each failure mode associated with each critical control parameter as the
critical control parameter varies 1s used to determine a value of the risk of the drilling

system failing if it is used for drilling the section of the wellbore.

12. The method of Claim 3 or 4, wherein the assessed probability of triggering

each failure mode associated with each critical control parameter as the critical
control parameter varies is used to determine a value of the risk of the drilling system
failing i1t it 1s used for drilling the section of the wellbore, further comprising
determining a value of the instantaneous risk of the drilling system failing at each

position along the scction of the wellbore.

13. The method ot Claim 12, further comprising determining a value of the risk of
the drilling system failing 1t it 1s used for drilling the section of the wellbore as a
whole by summing the values of the instantaneous risk at substantially every position

along the section of the wellbore.

14. The method of Claim 12 or 13, further comprising determining a value of the
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risk of the drilling system failing if it is used for drilling the section ot the wellbore as

a whole by calculating the scalar product of a unitary matrix representative of the
drilling system, or of multiple candidate drilling systems including said drilling
system, with a risk matrix representative of the instantaneous risk of any one of the
failure modes arising in the or each drilling system configuration as multiple critical

control parameters are varied at substantially every position along the section of the

wellbore.

15. The method of any one of Claims 2 to 14, wherein assessing each critical
control parameter may be done by simulating or otherwise mathematically modeling
drilling the section of the wellbore with the drilling system, or by measuring the effect
of varying the critical control parameters during an actual drilling operation using the

drilling system, or by a combination of these.

16. The method of any one of Claims 2 to 15, wherein the critical control
parameters are independent control parameters tor conducting drilling of the section

of the wellbore with the drilling system.

17. A method for selecting a drilling system for drilling a section of a wellbore in

a formation comprising:
identifying two or more candidate drilling systems available for selection;
obtaining data for the section of the wellbore in the formation;

assessing risk associated with drilling the section of the wellbore using each
candidate drilling system by providing a probabilistic model tor the risk of the drilling
system triggering failure modes during drilling, the model based on the obtained data,
and assessing the risk of the drilling system triggering one of said failure modes
during drilling of the section based on said model by dctermining a value of
instantaneous risk of triggering a failure mode at multiple points along the section of

the wellbore, and calculating a value of the section risk as the additive risk of the

instantaneous risk values;

selecting the drilling system with which to drill the section of the wellbore based

at least 1n part on the respective assessed risk for each candidate system; and
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adjusting a drilling systcm configuration to maximize or maintain at least one

performance characteristic while minimizing, reducing, or capping the value of a

section risk.

18. The method of Claim 17, further comprising eliminating from selection any
candidate systems determined not to be robust to variation of the external drilling

conditions throughout drilling of the section of the wellbore.

19. A method for optimizing the performance of a drilling system for drilling a

section of a wellbore comprising:
obtaining data for the section of the wellbore;

assessing risk associated with drilling the section of the wellbore using the drilling
system by providing a probabilistic model for the risk of the drilling system triggering
failure modes during drilling, the model based on the obtained data, and assessing the
risk of the drilling system triggering one of said failure modes during drilling of the
section based on said model by determining a value of instantaneous risk of triggering
a failure mode at multiple points along the section of the wellbore, and calculating a

value of the section risk as the additive risk of the instantaneous risk values; and

adjusting at least one of the drilling system configuration and the control
parameters for the drilling system to maximize or maintain at least one performance

characteristic whilst minimizing, reducing or capping risk.

20. A method tor drilling a wellbore in a formation using a drilling system,

comprising:
drilling at least part of the wellbore with the drilling system;

assessing risk associated with drilling a future section of the wellbore using the
drilling system by providing a probabilistic model for the risk of the drilling system
triggering failure modes during drilling and assessing the risk of the drilling system
triggering one of said failure modes during drilling of the section based on said model
by determining a value of instantaneous risk of triggering a failure mode at multiple
points along the section of the wellbore, and calculating a value of the section risk as

the additive risk of the instantaneous risk values: and
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adjusting a drilling system configuration to maximize or maintain at least one

performance characteristic while minimizing, reducing, or capping the value of a

section risk.
21. The method of Claim 20, wherein the method includes:

assessing risk associated with drilling the wellbore based on a predicted

performance of the drilling system; and

determining the actual performance of the drilling system in drilling the at least

part of the wellbore, wherein

said assessing risk associated with drilling a future section of the wellbore is based
on a predicted future performance of the drilling system based at least in part on said

determination of the actual drilling performance.

22. The method of Claim 20 or 21, wherein said assessing risk associated with

drilling a ftuture scction of the wellbore 1s done during drilling of the wellbore.

23. A method for assessing the ability of a drilling system to drill a section of a

wellbore without triggering a tailurc mode of the drilling system, comprising:
obtaining data for the section of the wellbore in the formation;

providing a probabilistic model for the risk of the drilling system triggering a
fatlure mode during drilling under the variation of one or more critical control

parameters, the model based on the obtained data;

identifying upper and/or lower threshold values for each control parameter, at one
or more points along the section of the wellbore to be drilled, respectively above or
below which thresholds the risk of a failure mode of the drilling system being

triggered i1s decemed to be unacceptable; and

adjusting a drilling system configuration to maximize or maintain at least one
performance characteristic whilc minimizing, reducing, or capping the value of a

section risk.

24. The method ot Claim 23, turther comprising defining an operating window for
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the drilling systcm at the or each point as being the range of values for each control

parameter within which the risk of a failure mode of the drilling system being

triggered is deemed to be acceptable.

25. The method of Claim 24, further comprising determining whether the drilling
system is robust to variations in the drilling conditions during drilling of the section
by testing whether any single set of values of the control parameters can be used

continuously throughout drilling of the section whilst remaining within the operating

window at every point.

26. The method of any of Claims 23 to 25, wherein the method further comprises
identifying any points for which there is no available operating window due to every
available value of one or more of the control parameters being above the respective

upper threshold or below the respective lower threshold.

27. The method of Claim 26, further comprising defining one or more transition
points adjacent to any points having no avatlable operating window, identifying upper
and/or lower threshold values for each control parameter, at each transition point,
respectively above or below which thresholds the risk of a failure mode of the drilling
system being triggered 1s deemed to be unacceptable, and defining the operating
window for the drilling system at each transition point as being the range of values for
each control parameter within which the risk of a failure mode of the drilling system

being triggered 1s deemed to be acceptable.

28. The method of Claim 26 or 27, further comprising dividing the section into
two or more parts and re-assessing the ability to drill the section of a wellbore by
using a first drilling system for a part of the section including a point at which no
operating window was available and using a second drilling system for at least part of

the section for which every point had an available operating window.

29. The method of Claim 28, further comprising determining whether the first and
sccond drilling systems are robust to variations in thc drilling conditions during
drilling of the respective parts of the section by testing whether any single set of
values of the control parameters can be used continuously throughout drilling of the

respective part whilst remaining within an available operating window at every point.
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30. The mcthod of any of Claims 1 to 29, wherein said method is a software-

implemented method.

31. The method of any of Claims 1 to 30, wherein said method 1s a computerized

method, carried out using a programmed computer.
32. A computer arranged to carry out the method of any of claims | to 31.

33. A computer-readable medium having stored thereon programming code which
1s arranged, when run on a computer, to implement a method according to any one of

Claims 1 to 31.

34. A drilling system arranged to perform the method according to any one of

Claims 20 to 22.

35. The drilling system of Claim 34 comprising a CPU arranged in a downhole

tool of the drilling system to perform said method.
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