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(57) Abstract: There isdisclosed herein a method for assessing the drilling
performance of a drill bit configuration used to drill at least a portion of a
wellbore in aformation, comprising: determining avalue of at least one drill
bit performance parameter at points along the wellbore, at least including at
multiple points along an interval constituting at least part of the portion
drilled using the drill bit configuration; determining rock characteristics for
the interval; determining the drilling performance for said drill bit configura-
tion in the interval based on the values for the drill bit performance paramet-
er; and assessing the effectiveness of the drill bit configuration for drilling
the interval based on the determined drilling performance and the deter mined
rock characteristics. Also disclosed are related methods for comparing the
performance of at least two different drill bit conf igurations, of designing a
drill bit configuration for drilling at least part of a wellbore; for selecting a
drill bit design for drilling at least part of a wellbore; and of well planning
for drilling wells in awell field.
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METHOD FOR ASSESSI NG THE PERFORMANCE OF A DRILL BIT
CONFI GURATI ON, AND FOR COVPARI NG THE PERFORMANCE OF DI FFERENT
DRILL BI'T CONFI GURATI ONS FOR DRI LLING SIMLAR ROCK FORVATI ONS

FI ELD OF THE | NVENTI ON

The present invention relates to a nethod for assessing

the drilling performance of a drill bit configuration used to
drill at least a portion of a wellbore in a formation, to a
related nmethod for conparing the performance of at |east two
different drill bit <configurations, and to a nethod for
selecting a drill bit design for drilling at least part of a
wel | bore. The invention also relates to a nethod of designing
a drill bit configuration for drilling at |east part of a
wellbore in a fornmation, to a drill bit manufactured

according to a design arrived at by that nmethod, to nethods
of well planning for drilling wells in a well field, and to a
conputerized system for carrying out any of these nethods .

BACKGROUND

In the oil well drilling industry, it is inportant to
reduce the economc cost of drilling a wellbore in order to
extract oi | and gas from wunderground reservoirs. Wth
underground resources becomng accessible at even greater
depths, it becones evernore inportant to identify the nost
efficient and effective drilling configuration to be used in
order to drill through the intervening rock formation and

access the underground reservoir.

In order to plan any well drilling operation, it is
common to conduct a prelimnary study of the intervening rock
formati on between the surface and the underground reservoir,
and to select and design a series of drill bits and drill bit
configurations to be used in drilling a wellbore through the
formation to the reservoir.
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In any formation, there wll often be a nunber of
different types of rock, as well as one or nore intervals,
along the determned path of the wellbore, which provide a
particular resistance to being drilled. Were such intervals

can be identified, the drilling operation can be planned in
advance so that drill bits capable of a high rate of
penetration can be used in non-problematic sections of the
wel | bore, whilst specialized drill bit configurations which
are nore resistant to wear and have a greater cutting
capacity can be used to drill through the nore problematic
intervals .

Neverthel ess, the geological properties wthin any such
interval will never be constant, and even in the sanme rock
formati on, the sanme apparent type of problematic rock
interval can have markedly different constitution as between
one interval and the next, both in ternms of the geol ogical
conmposition t hr oughout the interval, such as different
proportions of different rock types within the formation, or
sinmply a variation in the drillability of the rock, for
exanple due to variations in the rock strength.

These natural variations in the geological properties of

the formation nmake the prediction of drilling performance and
the planning of well drilling operations difficult, and limt
the accuracy wth which any drilling performance can be
predicted .

In order to calibrate the predictive nodels used to plan
wel | drilling operations, accuracy can be inproved by
utilizing the results of actual drilling measur enent s
obtained in order to conpare the expected performance of a
drill bit configuration against the actual performance of the
drill bit configuration in use. The actual drilling results
can be used to refine and inprove the predictive drilling
nodel

Nevert hel ess, a drilling oper at or may f eel nor e

confortable proceeding with the design and selection of drill
bit configurations based on actual drilling results which
have been obtained by using one or nore particular drilling
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configurations in the field. In such situations, the drilling
operator will often seek to conpare the like-foxr-like real
life per formance of several di fferent drill bi t
confi gurations, and will wsh to base his selection and
design of future drill bit configurations on those drill bit
configurations which have proven nobst successful in actual
drilling operations in the field.

In this situation, however, there is an inherent risk
that the respective in-field performance results nmay be
msleading as to which drill bit configuration actually
provides the best performance. This problem arises due to the
i nherent natural wvariations in the geological properties of

the formation, neaning that the drilling results from any two
real-life drilling intervals can be difficult to conmpare in a
sinpl e side-by- side conparison.

Put in sinple terns, if two different drill bi t
configurations are each used to drill a 100m interval in a

rock formation, for exanple in parallel wellbores, one cannot
sinply afterwards assess the neasured rate of penetration or
the actual time taken to drill through the 100m interval in
order to determine which drill bit configuration perforned
the best, or directly conpare the extent of wear on the two
bits to see which was nost resistant to bit wear, as one of
the two drilled intervals may have had a significantly higher
proportion of a rock type which is resistant to being drilled
or which produces a significantly higher degree of bit wear .
Even where the constitution of the rock types in each
interval is simlar, one of the intervals may exhibit a
significantly larger proportion of rock wth high rock
strength than the other interval .

It would therefore be advantageous to provide a nethod
for assessing the performance of a dxill bit for drilling an
i nterval which takes account of the actual drilling
conditions encountered, and which permts a neaningful
conmparison between the performances of different drill bit
configurations wused for drilling different intervals of the
sane or different wellbores.
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SUMVARY OF '"HE | NVENTI ON

According to a first aspect of the present invention,
there is provided a nmethod for assessing the drilling
performance of a drill bit configuration wused to drill at
least a portion of . wellbore in a formation, conprising;
determining a value of at least one drill bit performance
paranmeter at points along the wellbore, at least including at
multiple points along an interval constituting at |east part

of the portion drilled wusing the drill bit configuration;

det er m ni ng rock characteristics for t he interval ;
determining the drilling performance for said drill Dbit
configuration in the interval based on the values for the
drill bi t per f or mance par anet er ; and assessi ng t he
effectiveness of the drill bit configuration for drilling the
interval based on the determined drilling performance and the

determ ned rock characteristics

In one enbodi nent the met hod further i ncl udes
determining a value of at least one drillability paraneter
for the formation at each of said nmultiple points along the

interval, and wherein determning the rock characteristics
for the interval or determining the drilling performance for
said drill bit configuration in the interval is based on the

determ ned values of the at least one drillability paraneter
at said nmultiple points. Such a nmethod may further conprise
dividing said mnultiple points into groups based on the
determ ned values of the at least one drillability paraneter
at each of said multiple points. This nmethod may further
conprise determning a percentage of the interval constituted
by the points in at |east one of said groups.

In anot her enbodi nent , the method further i ncl udes
det er m ni ng a length value at each  of said points,
correspondi ng to a length drilled by the drill bi t
configuration , In this case, and where the nethod includes

determning a percentage of the interval constituted by the
points in at |east one of said groups, the percentage may
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correspond to the sum of the length values of the points
within the at |east one group out of the total length of the
i nterval . Moreover, here, the length value at each point may
be determined by calculating at least one from the group
consisting of: the distance between that point and the
adj acent next point; half of the distance between the
adj acent previous point and the adjacent next point; and the
length of the whole interval divided by the total nunber of
the multiple points.

Where the nethod conprises determining a percentage of
the interval constituted by the points in at |east one of
said groups, the percentage may correspond to the total
number of points wthin the at |east one group out of the
total number of the nultiple points along the interval.

In still another enbodiment, the nethod further includes
determining a value of at least one lithology paranmeter for
the formation at each of said nultiple points along the
interval, and wherein determning the rock characteristics
for the interval is based on the determ ned values of the at
| east one lithology parameter at said multiple points.

In vyet anot her enbodi ment , determ ning the rock
characteristics for the interval may include determ ning the
percentage of two or nore different rock types within the
formation in said interval ,

In a further enbodi nent , det er m ni ng t he rock
characteristics for the interval may include determ ning the
rock type, of two or nore rock types within the formation, at
each of said multiple points along the interval.

In a yet further enbodinment , determining the drilling
per f or mance for said drill bi t configuration i ncl udes
determining an average value for the drill bit performance
par anet er. In this case, determning an average value for
the drill bit performance parameter nmay include one selected
from the group consisting of: dividing the sum of the val ues
for the drill bit performance paraneter for the nultiple
points along the interval by the total nunber of the nmultiple
points; multiplying the value of the dril 1 bit performance
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paraneter for each point along the interval by the Ilength
value for that point to obtain a |ength-weighted performance
value for each point, and dividing the sum of the |ength-
wei ghted performance values for the nultiple points by the
t ot al length of the interval. Equal |y, determning an
average value for the drill bit performance paraneter my
include determining a group average performance paraneter
val ue, conprising one selected from the group consisting of:
dividing the sum of the values for the drill bit performance
paraneter for the points within one or nore of the groups by
the total nunber of points within that or those groups; and
mul tiplying the value of the drill bit performance paraneter
for each point within one or nore of the groups by the length
value for that point to obtain a |ength- weighted performnce
value for each point within the one or nore groups,
calculating a total length value for the one or nore groups
as the sum of the length values for the points wthin said
one or nore groups, and dividing the sum of the |ength-
wei ghted performance values by the total length value for the
one or nore groups. In the latter case, determning a group
average performance paraneter value may include: determ ning
the average performance paraneter value for a first set of
one or nore of the groups; and determning the average
performance paraneter value for a second set of one or nore
of the groups, different from the groups in the first set.
Determining a group average performance paraneter value nmay
i ncl udes one selected from the group consi sting of :
determning the average performance paraneter value for a
nunber of sets, each set including one or nore groups
different from the groups in any of the other sets, wherein
every group is included in one of the sets; and determning
the average performance paraneter value for each group.

In such enbodi nent s, det er m ni ng t he drilling
performance for said drill bit configuration in the interval
may include nmultiplying the determned average perfornmance
paraneter for each set or group by a drillability weighting
factor and summing all of the drillability -weighted average
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performance paraneters for each determned set or group.
Here, the drinability weighting factor for one or nore, but

not all, of the sets or groups nay be zero.
In enbodi nment s wher e determi ni ng t he rock
characteristics for the interval i ncludes determining the

rock type, of two or nore rock types within the fornation, at
each of said mltiple points al ong the interval and
determi ni ng the drilling perfornance for said drill bi t
configuration includes deternmining an average value for the
drill bit perfornmance paraneter, determ ning an average value
for the drill bi t per f or mance par amet er may i ncl ude
deternmining a rock type average perfornmance paraneter val ue,
conpri si ng one selected from the group consi sting of :
dividing the sum of the values for the drill bit performance
paranmeter for the points corresponding to at |east one of the
two or nore rock types within the formation by the total
nunber of points corresponding to the at l|least one rock type;
and multiplying the wvalue of the drill bit performance
paranmeter for each point corresponding to a: |east one of the
two or nore rock types by the length value for that point to
obtain a |ength- weighted performance value for each point
corresponding to the at least one rock type, calculating a
total length value for the at least one rock type as the sum
of the length values for the points corresponding to the at
|east one rock type, and dividing the sum of the |ength-
wei ghted performance values by the total length value for the
at |east one rock type. In this enbodinent , deternmining a
rock type average performance par amet er may include one
sel ected from the group consisting of: determning t he
average performance paraneter value for a nunber of sets,
each set including one or nore of the rock types different
from the rock types in any of the other sets; and determ ning
the average performance paraneter value for two or nore, or

each, of the rock types. Al so, in this enbodi nent ,
determni ni ng the drilling performance for said drill bi t
configuration in the interval may include multiplying the

determ ned average performance paraneter for each rock type
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by a drillabili ty weighting factor and summing all of the
dril lability -weight ed average performance paraneters for each
determned rock type. In that case, the drillability
wei ghting factor for one or nore, but not all, of the rock
types or sets may be zero.

In still yet anot her enbodi nent assessi ng t he
effectiveness of the drill bit configuration for drilling the
interval based on the determned drilling performance and the
determ ned rock characteristics conprises: identifying one or
nore factors relevant to drillability in the interval; and
determining whether the drilling performance for said drill
bit configuration has been affected by said factors. Her e,
identifying one or nore factors includes identifying groups
of values of one or nore of a drillability paranmeter and a

drill bit performance paraneter at said nultiple points along
the interval, into which groups said multiple points along
the interval may be divided. Furthernore, identifying one or

nore groups of the values of the drillability paranmeter or
drill bit performance paraneter may include outputting a
visual or nunerical representation of the distribution of the
drillability par anet er values wthin the interval, and
preferably includes plotting a histogram of the values for
said paranmeter at the nmultiple points along the interval.

In even yet anot her enbodi nent assessi ng t he
effectiveness of the drill bit configuration for drilling the
interval based on the determned drilling performance and the

determined rock characteristics conpri ses el i m nating a
selection of points, out of said multiple points along the

interval, from the determnation of the drilling performnce
for said drill bit configuration in the interval.

In still even anot her enbodi nent assessi ng t he
effectiveness of the drill bit configuration for drilling the
interval based on the determined drilling performance and the
det er m ned rock characteristics conpri ses appl yi ng a
wei ghting factor to one or nore drilling performance values
constituting the determned drilling performance for said

drill bit configuration in the interval.
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In yet still even another enbodi nent, assessing the
effectiveness of the drill bit configuration for drilling the
interval based on the determined drilling performance and the

determned rock characteristics conprises plotting at |east
one drillability parameter as an accunulative drillability
paraneter against length drilled.

In the foregoing enbodi nent s, the at | east one
drillability parameter may include one or nore selected from
the group consisting of: unconfined rock strength; confined

rock strength; weight on bit; bit rotation speed; drilling
fluid flow rate; hole inclination; and dogleg severity.

Furt her nore, the at Jleast one drill bit performance
paraneter may include one or nore selected from the group
consisting of: length drilled; rate of penetration; bit wear
vol une; bi t dul | gr ade; nunber of stringers drill ed;
accunul ated strength of stringers drilled, time taken to
drill stringers or hard rock types; surface drilling torque;
bit drilling torque; surface sliding torque; bit sliding

torque; weight on bit; nechanical specific energy; dogleg
severity; accunul ated bit revol utions; mean time between
failures; stick slips; and vibrations, providing the sanme
paraneter has not been used as a drillability paraneter.

In a still even further enbodinent, determning a value
of at least one drill bit performance paraneter at points
along the wellbore and determning rock characteristics for
the interval includes obtaining a drilling log for at |east
the portion of the wellbore drilled wusing said drilling

configuration
According to a second aspect of the present invention,
there is provided a nmethod for conparing the performance of

at least two different drill bit configurations, conprising:
assessing the drilling performance of each drill bi t
configuration during the drilling of respective intervals in

respective portions of the sanme or different wel | bor es
according to the nmethod of the first aspect ; and conparing
the respective assessed drilling performances.
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In an enbodinent of the first aspect, conparing the
respective assessed performances conprises determning an

effective drilling per f or mance for each drill bi t
configuration by normalizing the drilling performances of all
conmpared drill bit configurations based on the respective
rock characteristics determined for the interval drilled by
each drill bit configuration . Here, the normalized drilling
performance for each configuration includes one or nore

selected from the group consisting of: the effective Ilength
drilled in a particular type of rock; the effective average
rate of penetration in a particular type of rock; the
effective rate of wear in a particular type of rock; the
effective length drilled in formation rocks having a
particul ar range of values of at least one drillabili ty
par anet er; the effective average rate of penetration in
formation rocks having a particular range of values of at
| east one drillability paranmeter; and the effective rate of
wear in formation rocks having a particular range of values
of at least one drillability paraneter.

In certain enbodi nent s, det er m ni ng an effective
drilling per f or mance for each drill bi t configuration
includes adj usting t he respective assessed drilling
per f or mances by elimnating from the assessnent of the
respective drilling performances performance data in non-
conparabl e sections of the respective drilled intervals.

In a further enbodi nment, conmparing the respective
assessed per f or mances conpri ses pl otting at | east one

drillability par anet er as an accunul ative drillability
paraneter against length drilled for individual drill bits

used in the or each drill bit configuration, from the
commencenent until the termnation of drilling wth each
i ndividual drill bit .

According to a third aspect of the present invention,
there is provided a nethod for selecting a drill bit design
for drilling at least part of a wellbore, conprising;
conmparing the performance of at least two different drill bit

configurations by the nmethod of the second aspect; and



WO 2013/083380 PCT/EP2012/072710

il

selecting the drill bit configuration exhibiting the highest
assessed drilling performance.

In an enbodinment of the third aspect, conparing the
respective assessed perfornmances conprises determining an

effective drilling per f or mance for each drill bi t
configuration by normalizing the drilling perfornmances of all
conpared drill bit configurations based on predicted rock

characteristics for the part of the wellbore to be drilled.
According to a fourth aspect of the present invention,

there is provided a nethod of designing a drill bi t
configuration for drilling at least part of a wellbore in a
formation conprising: assessing the drilling performance of a
drill bit configuration used to drill at least a portion of a

well bore in a formation by the nethod according to the first
aspect ; and adapting the drill bit configuration based on the
assessed effectiveness of the drill bit configuration in the
drilled interval and based on predicted rock characteristics
for the part of the wellbore to be drilled.

In an enbodinment of the fourth aspect , designing the

drill bit configuration includes designing the drill bit and
recording the drill bit design.

According to a fifth aspect of the present invention,
there is provided a nmethod of well planning for drilling
wells in a well field, conprising: drilling at |east one
wel | bore in the well field, assessing the drilling
performance of at least one drill bit configuration used to
drill at least a portion of the wellbore in a formation of

the well field according to the nethod of the first aspect ;
and planning the drill bit configuration to be used in a
simlar portion of at |east one successive wellbore in the
same formation based at least in part on said assessnent.

In an enbodinment of the fifth aspect, the rmethod
includes designing a drill bit configuration by the nethod
according to the fourth aspect, for drilling at |east part of

a successive wellbore in the well field.
According to a sixth aspect of the present invention,
there is provided a nmethod of well planning for drilling
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wells in a well field, conprising: drilling at least two
portions of the same wellbore or different wellbores in the
wel | field using two or nor e di fferent drill bi t
configurations; and planning the drill bit configuration to
be used in a simlar portion of at |east one successive
wel l bore in the same formation by selecting a drill bit
configuration from said two or nore different drill bit

configurations by the method according to the third aspect .

In the foregoing aspects and enbodi nents, all or part of
said nethod may be inplenented using a conputer.

According to a seventh aspect of the present invention,
there is provided a conmputerized system for assessing the
drilling performance of a drill bit configuration wused to
drill at least a portion of a wellbore in a formation, the
system being arranged to inplenent the nmethod of any
preceding claim

The nethods of the foregoing aspects and enbodi nents may

further conprise drilling the wellbore, including drilling
the interval using the drill bi t configuration to be
assessed.

In the foregoing aspects and enbodi nents, the system or
method may output the result of the nmethod to a conputer-
control |l ed resource.

According to an eighth aspect of the present invention,
there is provided a drill bit mnufactured according to the
design of the fourth aspect

An advant age obt ai nabl e with enbodi nent s of t he
invention is to determne one or nore neasurenents of the
performance of a drill bit for drilling a particular interval
in a rock formation which takes account of the different
types of rock in the formation within the drilled interval.
The method nmay also, or equivalently, take account of
variations in the drillability characteristics of the rock
type or types within the interval. In this way, an effective
performance value can be derived for the assessed drill bit
configuration, which can be conpared with the performnce of
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other drill bit configurations wused for drilling simlar

interval s .
In one exanple, the proportion of each of two or nore

different types of rock within the interval is identified,

and the effective performance of the drill bit is assessed as
being that which <corresponds only to the drilling of the
dif ficult-to-drill types of rock, whi | st the effect of
drilling non-problematic types of rock can be ignored. In

this way, non-representative mneasurements which arise within
the interval to be investigated can be elim nated.

VWere two or nore different rock types exist, and where
the effect of one rock type on drilling performance is |ess
significant than one or nore of the other rock types, but not
negligible, then a performance value for each rock type can
be determned, and if desired appropriate weighting values
can be applied to the performance value for each rock type,
in order to arrive at a total effective performance value for
the drill bit configuration for the interval as a whole.

The assessnment of the drill bit configuration wthin the
drilled interval can also take account of a drillability
paraneter, which may vary within rock of the same type within
the interval . In the case of the confined or unconfined rock
strength, for exanple, a distribution of the rock strength,
showi ng the proportion of the drilled interval having a val ue
of rock strength within two or nore groups or sets of rock
strength values, can be produced.

This information can be used, in one way, by applying
appropriate wei ghti ng factors to t he per f or mance
characteristics corresponding to each of the identified
groups based on rock strength or another drillability

paraneter. This will, again, give an effective or nornalized
performance value for the drill bit configuration wthin the
interval . As an alternative, t he di stribution of t he

drillability parameter can be plotted, or otherw se expressed
nunerically or mat hemat i cal | y, in order to permt a
conpari son between the drillability parameter distribution
for different drilled intervals.
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Returning to the exanple of rock strength, this can
allow the rock strength distribution for one drilled interval
to be conpared qualitatively and/or quantitatively wth the

rock strength di stribution for another drill ed i nterval,
whi ch can permt a determ nation of reasons for any
variations in the performance of the drill bit configurations
used to drill each interval. For ease of graphical reference,

the drillability distribution can be plotted as a histogram
based on the actual nmeasur enment results outputted as a
drilling log of the wellbore drilling operation, for the
portion of the wellbore corresponding to the interval to be
i nvesti gat ed

BRI EF DESCRI PTI ON oF THE DRAWINGS

To enable a Dbetter under st andi ng of the present
i nvention, and to show how the sanme may be carried into
effect, reference wll now be nade, by way of exanple only,
to the acconpanying drawings , in which: -

FI G 1 shows an exanple of a well drilling | og

exhibiting various 1logging data;

FIG 2 shows a flow diagram for a nmethod according to
the present invention;

FIG 3 shows a flow diagram for a further enbodi nent of
a nethod according to the present invention;

FIG. 4 shows a flow diagram for yet a further enbodinent
according to the present invention;

FIGS. 5A to D show an exanple of conparative confined
rock strength distribution hi st ogr ans for four different
drilling intervals drilled by simlar drill bi t
configurations ;

FIGS. 6A to D show conmparative unconfirned rock strength
distribution diagrans for four different intervals drilled by
simlar drill bit configurations ;

FIGS. 7A and B show plots of Accumulative Unconfined
Rock Strength and Accunul ative Confi ned Rock  Strength,
respectively, against Depth Drilled (length drilled) #£gor four
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di f f erent drill bits in simlar intervals in the sanme
formation and

FIGS. 8a to D show conparative confined rock strength
distribution diagrans for the four drill bits of FIG. 7A and
B, together with a table of related information pertinent to
making an inforned analysis and conparison of the respective
drilling performances of each drill bit.

DETAI LED DESCK.IPTION

Enbodi nents of the nmethod of the present invention seek
to provide a method for assessing the performance of a drill
bit configuration wthin a particular drilling interval by
isolating those neasurenents which are pertinent to the
assessment of the performance of the drill bit configuration,
and/ or by elimnating or otherw se accommodat i ng dat a
corresponding to portions of the drilled interval which are
less significant for assessing the performance of the drill
bit .

Herein, the term "drill bit configuration' s intended
to enconpass not only the specific design of a particular
drill bit, for exanple, in terms of the nunber of blades and
the position and placenment of cutters, in the case of a fixed
bl ade PDC cutter drill bit, or the specific design of teeth
and cones in a roller cone drill bit, but also the
configuration of the associated downhole assenbly (also known
as a bottom hole assenbly) to which the drill bit in question
is attached . For exanple, the drill bit configuration m ght

i nclude a downhol e notor.

One particular exanple where such a nethod nmay be
enpl oyed is in assessing t he durability of PDC
(pol ycrystalline dianond conpact) cutters. Sone rock types
are known not to have an inpact on PDC cutter wear, whilst
other rock types will have a significant inpact on PDC cutter
wear . In the evaluation of the performance of a PDC cutter in
a drilled interval including both rock types which inpact on
PDC cutter wear and rock types which are known not to have a
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signi fi cant i mqpact on PDC cutter wear, the performance of the
PDC cutter within the interval can be nore rneaningfully-

evaluated by isolating the rock types of the formation which

are known to have an inpact on PDC cutter wear and
el i mnating or otherw se appl yi ng a mnimzing wei ghti ng
factor to the other rock types. The resulting out put is a

neasure of the effective performance of the PDC cutter drill
bit, for drilling through the relevant types of difficult -to-
drill rock.

Turning to Figure 1, there is shown an exanple of a

t ypi cal wel | drilling | og obt ai ned by t aki ng vari ous
measur enent s before, during and/or after drilling a wellbore.
The drilling log plots various nmeasurenents and/ or cal cul ated

par anet er val ues agai nst the distance along the wellbore

(also referred to herein as the "depth")

In this cont ext, it shoul d be noted t hat , in the
drilling of a wellbore, di fferent drill bit configurations
may be utilized for drilling di fferent sections of the
wel | bor e, and that different sections of the wellbore may
have different di ameters. When assessing the performance of
any particular drill bit configuration, only paraneter val ues

correspondi ng to sections of the interval drilled by the sane

drill bit corifigurat ion should be taken into account , if any
meani ngf ul nmeasur e of the performance of the drill bit
configuration is to be obtained. Simlarly, when conparing

t he per f or mance of t wo or nor e di fferent drill bit
configurations for drilling simlar formation i nterval s, a
meani ngf ul compari son between the performance of the drill

bits can only be rmade wher e the different drill bit
configurations have drill bits for drilling wellbores of the
sane di anet er. In such cases, t here shoul d also be a
signi fi cant degree of simlarity between the formations in
each respective drilled i nterval, at | east in terms of the
gener al composi tion of rock types present. On the other

hand, for certain drilling operations, it my be useful to
eval uat e the relative per f or mance of different drill bit

configurations for drilling bores of different di ameters,
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especially when deciding on what drill bit configuration wll
be most suitable or efficient for drilling a planned well
bore, or a section thereof. For exanpl e, if the drilling
operator has to select between drilling a section of the
formation wusing a 6" drill bit or an 8% drill bit, it my
not be clear which configuration wll be nost effective. In
principle, a 6" drill bit can drill nore easily through the

formation as it has to renpve |ess formation mat eri al for

each increnental depth drill ed. However, smal | er di aneter

drill pipe cannot be subjected to the same |oading (WOB) as
| arger dianeter drill pi pes without buckl i ng, and cannot

transmit such high torque. Sui table conparative analyses can
help the operator assess in advance -which drill bit
configuration wll be nost effective in practice.

Various types of data are included in the well drilling
log of Figure 1, including a lithology trace, the confined

and unconfined rock strength (CRS and URS) , weight on bit
(WB) and rate of penetration (ROP)

As can be identified from Figure 1, however, it is
difficult to nake any quantitative assessnent of t he
different sections of the weillbore shown in Figure 1, beyond
nmere generalizations that could apply to any nunber of
simlar intervals in different wellbores . Enbodinments of the
pr esent i nvention therefore seek to at |east partially
quantify the data from such a well log in order to permt a

nmeani ngf ul assessment of the performance of a drill bi t
configuration, and a neani ngful compari son bet ween t he
performance of different drill bit configurations in simlar

wei l bore intervals.
A first step in the assessnent of the performance of the

drill bit configurat ion involves identifying the relevant
i nterval for assessnent. In general, the relevant i nterval
can be identified from the well drilling log by reference to
the identified Ilithology along the weil bore, or by reference

to the plot of confined rock strength or wunconfined rock
strength, from which any intervals which are problematic for
drilling can be identified. The relevant interval mght also
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have been identified during the well planning stage, and an
appropriately durable and effective drill bit configuration
will have been provided to drill the interval in question.

Turning to Figure 2, there is shown a flow diagram which
outlines one nmethod according to the invention for assessing
the performance of a drill bit configuration.

Step 110 involves acquiring drill bit performance
par anet er val ues for data points corresponding to the
selected interval of the wellbore to be investigated. The
drill bi t per f or mance par anet er val ues al | ow t he
det er m nati on or calculation of one or nore relevant
performance criteria for the drill bit configuration wthin
the interval. Typi cal such  performance characteristics
include the degree of wear experienced by the bit during

drilling the interval, typically expressed as "inner" and
"outer” wear volunes or dull grades, a neasurenent of the
actual length drilled, the rate of penetration nmade by the
drill bit whilst drilling the interval and the overall Dbit
dul | grade .

In sonme cases, these values cannot be obtained directly
froma well 1log, but can be acquired from further reports,
such as a directional drilling report or the report produced
by a drilling operator. For exanple, the degree of bit wear
and dull gr ade Wil typically be assessed fol | ow ng
conmpletion of the drilling of the interval in question, after
the drill bit has been renoved and sent for analysis. 1In the

alternative, there are also available predictive neasures of
drill bit wear, based, for exanple, on vibrational anal ysi s,
which may form part of a well drilling log to give an
i nstantaneous approximation of the degree of wear of the
drill bit.

Step 120 determnes the rock characteristics for the
interval . This may again involve acquiring data from the well

drilling log, which may again involve taking values neasured
directly during the drilling of the wellbore, or val ues
cal cul at ed on the basis of such neasurenents . Equal ly,

measur enment s taken before and/ or after drilling of the
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wellbore nmay be used, including seismc survey data and
measurements taken during a subsequent run with a downhole
analysis tool. Md logging data can also be used to acquire
an accurate representation of the rock characteristics for
the interval

In step 130, the drilling performance for the drill bit
configuration is det er m ned for t he i nterval bei ng
i nvesti gat ed. There are various paraneters which can be used
to define the drill bit perfornmance. The particular paraneter
of interest wll vary according to the particular performance
criteria which one wi shes to assess.
In the above exanple of the drilling of a problematic
interval using a poiycrystalline dianond conpact (PDC} cutter

drill bit, the inportant criteria will likely include the
rate of penetration which the drill bit is able to achieve
through the problematic interval , this determining thne-
overall time taken to drill through the interval and,
consequently, the associated cost of drilling that interval
At the sane tine, the perfornmance of the drill bit
configuration can be characterized by its durability, in
terns of the degree to which the drill bit has becone worn
through drilling the problematic rock interval . This will

give a representation of the total distance through such a

rock formation which a drill bit would be capable of
drilling. Such an indication is inportant for the planning of
future well drilling operations, since a fully-worn drill bit

has to be pulled back out of the well and replaced. In

certain situations, therefore, it will actually be nore
economical to utilize a single drill bit which can drill
through the entire interval, albeit at a reduced rate of
penetrati on, rather than using a drill bit configuration

which is capable of a higher rate of penetration but which
will wear out before the interval has been conpletely drilled
through and so will require replacenment. Of course, in order
to replace a drill bit, the drill string nust be "tripped"
out of the wellbore. Then, a new drill bit nust be attached
to the drill string and "tripped" back into the weillbore.



WO 2013/083380 PCT/EP2012/072710

20

Depending on the depth of the wellbore, this process can take
an extended period of tine.

A parallel neasurenment of a drill bit configuration's
performance is to assess the effective or normalised |ength
which has been drilled by the drill bit. This may be done by
determning the proportion of the interval which is made up
of problematic rock types, and then assessing the effective

length which the drill bit configuration has drilled through
the problematic rock types.

In order to provide a meaningful measure of the
drilling performance of the drill bit configuration, it is

necessary to identify and select which of the data values
wthin the interval are relevant to the actual assessnent of

the drill bit configuration performance. Determ nation of the
effective length of problematic rock drilled by the drill bit
within the interval is one such relevant neasurenent. This

performance neasure can be obtained in a nunber of different
ways .

A first possibility is to identify the proportion of
different rock types within the drilled interval, which my
be done using the lithology assessnent which typically forms
part of the well drilling | og. Havi ng identified the
different rock types within the problematic interval, it is
then possible to assess which rock type or types are

probl ematic to t he per f or mance of t he drill bi t
confi guration, and so are relevant in determning t he
effectiveness of the drill bit configuration for drilling the
specified interval. By way of exanple, in a shale and
sandstone formation, drilled using a PDC cutter drill bit,

shale can be characterized as being non-problematic, as it is
typically soft and non-abrasive, whilst sandstone is isolated
as a problematic rock type, since it is a source of abrasive

wear on PDC cutters. Therefore, in order to determne the
effective degree of wear arising from drilling such an
interval, it is only necessary to consider the parts of the
i nterval where the drill bit was drilling through the

problematic rock, in this case sandstone.
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The percentage of each rock type in the interval s
determned as a volume percentage in a typical lithology
trace. As the dianeter of the wellbore interval should be

constant, then the length of each rock type which the drill
bit configuration has drilled through corresponds directly to
the volune percentage of each rock type. As such, t he
effective length drilled can be determ ned as being the total
i nterval | engt h mul ti pl)i ed by the percentage of the
problematic rock type or types within the interval

For exanple, in the above-nentioned shale and sandstone
formation, if the percentage of shale is 40% and the
percentage of sandstone is 60% whilst the Ilength of the

sel ected i nterval for investigation is 100m then the
effective length drilled by the PDC cutter drill bit would
correspond to the wequivalent Ilength drilled through pure

sandstone, being 60% x 100m which is 60m This relatively
sinple calculation permts a better wunderstanding of the
drill bit configuration per f or mance, and elimnates any
nmeani ngless information (as far as the wear rate of the drill
bit is concerned) acquired during drilling of the interval as
a whol e.

Step 140 in the nethod of Figure 2 then proceeds to
assess the effectiveness of the drill bit configuration for
drilling the interval. In this assessnent, the relevant
performance characteristic can be conpared with know edge of

the rock characteristics for the interval, as well as any
further rel evant i nformation from any other reports,

including the well drilling log. For exanple, the drilling
operator's report wll indicate if, and at what depth
position, the drill bit became fully worn and had to be

replaced, or any other significant events or characteristics

involved in the drilling interval.
For exanpl e, in assessing the effectiveness of the
drill bit configuration wused for drilling the interval, a

conmpari son mght be made between the effective length drilled
through a problematic rock type and the degree of wear of the
drill bit at the end of drilling the interval. As drill bit



WO 2013/083380 PCT/EP2012/072710

22

wear is not a uniform process the neasurenment of dull grade,
as well as characterization of the type and position of wear,

can be used to  better inform the assessnent of the
effectiveness of the drill bit configuration for drilling the
i nterval

It is also clear that, even wthin the sandstone

portions of the interval drilled, there may be significant
variations in the actual rock strength of the drilled rock.
The performance val ue neasurenents for the drill bi t
configuration wthin the interval can therefore be assessed
against the neasured or calculated rock strength encountered
whilst drilling the formation. Even though such rock strength
calculations or neasurenents my be included in a well
drilling log, however, the well drilling |og does not readily
perm t a direct guantitative assessnent of the overall
drillability of +the rock, and typically only permts a
qualitative assessnent of the relative drillability at
different depth positions.

In order to better assess the performance of the drill

bit configuration during the interval , it is helpful to gain
some neasure of the distribution of the rock drillability
within the interval. In the exanple of the confined or

unconf ined rock strength, a rock strength distribution for
the interval may be obtained by separating the neasured or
cal culated values for the rock strength at each data point in
the well drilling log within the interval into a nunber of
groups correspondi ng to different values for the rock
strength. The relative proportions of rock in the interval
which has a rock strength falling wthin each rock strength
group can then be assessed, in or der to determ ne
qualitatively and quantitatively the distribution of rock
strength within the interval

A visual assessment may be facilitated by plotting a
hi stogram  of the data points for the rock strength
measur enment s or cal cul ati ons, in or der to show the
concentrations of data points at any particular rock strength
value. The size and nunber of groups to be used can be
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determined wth reference to the highest and |owest values
for the rock strength neasured or calculated for the data
points within the interval. The groups may then be defined by
selecting upper and lower limts which enconmpass all of the
nmeasurenents or calculated values for drillability which have
been obtained, and dividing the range of values between said
upper and lower limts into a nunber of equally sized groups.
The distribution of the drillability values <can then be
ascert ai ned, in one way, by identifying the nunber of
i ndi vidual data points which fall within each group. In the
exanpl e of rock strength, the neasurenment of rock strength in
kPsi mght be divided into groups each covering a range of
1,000 Psi (for exanple O to 1,000 Psi, greater than 1,000 to
2,000 Psi, greater than 2,000 to 3,000 Psi, etc).

When plotted, the rock strength distribution can reveal
the overall nature of the drillability t hr oughout t he
interval as a whole. Exanples of such plots of data points
are shown in Figures 5A to D and 6 A to D, which respectively
show confined and unconfined rock strength distributions for
different drilled intervals.

In order to facilitate the visual assessnment of the
rock strength distribution, the groups of data points have
been divided into a nunber of sets, each enconpassing a
nunber of the groups of rock strength values . The limts for
the sets, in this exanple, are able to be chosen by the rock
strength anal yst, and may be chosen so as to permt a
relative conparison between a nunber of different rock
strength distributions to be made . That is to say that the
same groups and sets of values should be utilized for all
rock strength, or other drillability parameter, distributions
to be assessed, in order to aid their relative conparison.

In the exanple of Figures 5A to D, the sets have been
set to correspond to values below 15 kPsi, from 15 to 20
kPsi , from 20 to 30 kPsi , and to values above 30 kPsi . In the
exanple of Figures 6A to D, the sets are chosen so as to
define values below 15kPsi, from 15 to 20 kPsi, from 20 to 30
kPsi , and for all values above 30 kPsi, (In Figures 6A to D,
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all values are, in any ease, below the upper boundary of 30
kPsi , and in the exanple of distributions 510 and 520, the
values are all, respectively, below 28 kPsi and 27 kPsi
Anot her i nformative par anet er relating to t he
performance of the drill bit configuration wIll be the rate
of penetration obtained within the interval. A measurenent of

the average rate of penetration throughout the whole interval

can aid in assessing the overall performance of the drill bit
confi guration. Equal | y, it my be desirable to calculate an
average rate of penetration (ROP) only within the portions of
the interval which correspond to the problemtic rock type.

In the case of rate of penetration measur ement s, however, t he
average rate of penetration cannot sinply be read out from
the ROP neasurenents appearing in the data log, and has to be

back- cal cul at ed from all selected points within the interval.

This is because the data points neasured in the well drilling
rock are distance separated, and not tinme separated as would
be relevant for an overall cal cul ation of the rate of

penetration

In the sinple exanple of deternmining an overall rate of
penetration for the whole i nterval, then cal cul ating t he
average ROP within the interval may be done by taking the ROP
measur ement for each point in turn, and working out the tine
taken to drill from that point to the next point at the

measured ROrF. In this way, a time value is obtained for each

portion of the well bore between adjacent data points wthin
the drilled interval. To obtain the average ROP, the total
i nterval length is then divided by the sura of the individual

time increnents for the interval as a whole.

| f calculating the average ROP only for selected data
points within the interval, then it becomes necessary also to
cal cul ate a length i nterval for each data poi nt, and
t hereafter to divide the sum of the length increnents {rat her

than the total i nterval | engt h} by the sum of the tine
i ncrenents, to obtain an average ROP for those selected data
poi nts. For exanpl e, it mght be desirable to calculate the

average ROP for the drill bit configuration only within one



WO 2013/083380 PCT/EP2012/072710

25

or nore different rock types, or only for sections of rock
having a particular drillabiiity characteristic, such as a
measured or calculated rock strength falling within a defined
range of val ues ,

Turning to Figure 3, a particular method for assessing
the performance of a drill bit configuration is shown in nore
detail. The following discussion of the nethod of Figure 3 is
equally applicable to the nethod shown in Figure 2.

In step 210, the interval to be investigated is
defined . The relevant interval may be selected by reference
to a well drilling log, which wll reveal an interval of

interest based on the rock types present or the drillabiiity
characteristics of the drilled wellbore in certain intervals,
for exanple the confined or unconfined rock strength. The
interval of interest may otherwise by selected, for exanple,

based on geol ogical survey data or based on the drilling
operator's well drilling report , which wll i ndi cat e, f or
exanpl e, the depths between which a particular drill bit
configuration was wused to drill through a section of the
formation.

In step 220, log data for the interval of interest is
acqui r ed. Pertinent data points from the well drilling |og

may be selected for the further determination of relevant
drillabiiity and drill bit performance val ues or the
determ nation of di fferent rock types or ot her rock
characteristics

In step 230, the nethod i ncl udes det erm ni ng a
drillabiiity parameter value for each log data point within
the interval. as discussed above, the drillabiiity paraneter
value may be the confined or unconfined rock strength, and
may be taken directly from the well drilling log if provided.
In other circunstances, however , the relevant drillabiiity
paranmeter wll not be included in the data log and nust be
separately calculated £for each data point . {In this context: ,
a data point refers to a single depth position along the
wel | bore at which a neasurenent is taken or a value or
characteristic is determined, and the data point may include
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all values or neasurenents corresponding to that single depth
position along the wellbore.)

For exanple, the rock strength may be calculated from
depth based ganmma ray, density and neutron porosity
neasurenents taken from within the wellbore either during or
after the well drilling operation. As an alternative , the
rock strength calculation my be based on the sonic DIC
(delta-T conpressional) curve, rather than based on density
and neutron porosity. O her rock strength «calculations are
well known, and any such calculation nmethod may be used for
assessing the rock strength at each data point along the
wel | bore, at least within the interval to be investigated.

In step 240, the measured or calculated values for the
drillability paraneter are divided into groups of ranges
enconpassing the deternmined values, as explained above.

Following from step 240, in step 250 the distribution
of the drillability paraneter is determined based on the
sel ected groups. As nentioned above, this my be achieved in
a sinple way sinply by identifying the nunber of data points
Wi t hin each sel ect ed group, Wi th t he di stribution
corresponding sinply to the nunber of data points within each
group. However, the data points within the interval are not
necessarily equally spaced throughout the Ilength of the
interval, so that a sinple distribution based on the nunber
of data points does not necessarily give an accurate
reflection of the actual distribution of the drillability
paraneter within the interval as a whole. It may therefore
preferable to determine a length-weighted distribution for
the drillability wvalues, along the following Ilines.

Instead of sinply counting the nunber of data points
within each group, a length value is determned for each data
point . The length value may be taken as the length from each
data point to the next successive data point wthin the
interval, or nmay be calculated in a nunber of other ways,
such as being half of the length between the preceding
adj acent poi nt and the adjacent next poi nt along the
wel lbore . To obtain the length-weighted distribution, the sum
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of the length values for each data point in each group is
cal cul at ed, to give a total | ength drilled for each

drillability par anet er group. This may equally be expressed
as a percentage of the total length of the interval by
dividing the sura of the length values for the points in each
group by the total Ilength of the interval. {Note that the
sane length values should be used wherever an equivalent
measur enent is required, so, for exanple, the sanme length
value calculation should be used for determining the |ength-
wei ghted distribution as would be used for determning t he
length and tine increnents in the above -described average ROP
calculations .)

At step 255, the determ ned di stribution of t he

drillability parameter- is then outputted as a histogram

Al ternatively, the drillability paraneter di stribution could
be outputted in another format, such as a different type of
pl ot or in a nunerical form As expl ai ned above, t he

hi stogram gives a visual representation of the distribution
of the drillability paranmeter wthin the interval. Know edge
of the distribution of the drillability par anet er can be
utilized to explain variations between the performance of a
drill bit configuration in different drilling intervals , to
facilitate the conparison of perfornmance between different
drill bit configurations in simlar intervals, or sinply to
inform the assessment of a drill bit configuration within a
single interval

In step 260, the groups are divided into two or nore
sets, again as explained above, as a way of characterizing
the sets of groups. For exanpl e, wth reference again to
Figures 5A to D and 6A to D, the limts for the sets can be
det er m ned accordi ng to the preference of an analyst, to
permt conpari son bet ween t he drillability par anet er
di stri butions of different drilled intervals. Al ternatively,
the drillability sets may be determined based on a technical
assessnent of the values above and below which a notable
vari ation in drilling per f or mance can be expected. For

exanpl e, in the case of rock strength, it may be determ ned
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that a drill bit will suffer a significant increase in thne-
degree of wear experienced for values of confined rock
strength above, say, 30kPsi , or that a desired rate of
penetration for the drill bit cannot be maintained wthin

rocks havi ng such  high rock strength characteristics
Equally, it may be determned that no appreciable degree of
wear is incurred in sections of the formation having a
confined rock strength below 20kPsi , or that a higher rate of
penetration can be made in such less-hard rock.

As shown in step 265, the divisions for the sets of
groups may be indicated on the histogram output at step 255.
Again, this aids in the visual assessnent to be nmade by an
anal yst . Again, the proportions in each set may alternatively
be outputted in a numerical format , and/ or related data may
be added to the histogram in nunerical form

At step 270, the percentage of the interval fornmed of
rock types problematic to the durability of the drill bit is
then calculated. As explained above, the percentage of the
interval formed of each type of rock present in the drilled
formation interval may be calculated from the lithology trace
for the wellbore. Where information regarding the proportion
of each rock type is not directly available, it is possible
to identify the rock type present at each data point along
the interval, and then to calculate the proportion of the
wel | bore fornmed of each rock type, on this basis. Again, the
proportion of each rock type may be assessed according to the
nunber of data points, out of the total nunber of data points
for the interval, for which each rock type is identified.
{For the present purposes, only a single rock type should be
associated to each data point , although a nore conplex nodel
may be enployed where two or nore rock types may be apparent

at sonme data points from the lithology trace or associated
nmeasurements.) a nDre accurate representation may again, in
principle , be obtained by instead calculating a |ength-
wei ghted value of the rock type distribution, in a simlar

method to that explained above in respect of the distribution
of the drillability parameter values. That is to say that,
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for each rock type, the sum of the length values for each
data point is calculated and divided by the total Ilength of
the interval, to derive the percentage of each rock type
within the interval, or, if preferred, only the percentages
for the rock types which are problematic to the durability of
the drill bit or another drill bit configuration performance
par anmet er

Moving to step 280, the effective drilled Ilength for
the drill bit configuration is calculated by nmultiplying the
t ot al ength of the interval by the percentage of the
problematic rock type in the interval. |In the sinplest way,
this can be done sinply by adding the percentages of each
problematic rock type together , and nmultiplying the total by
the length of the interval , A nore nmeaningful measure of the

effective drilled length for the drill bit configuration my
also be obtained by applying a weighting factor to each rock
type. For exanple, if one rock type is determned to have
twice as nmuch effect on drill bit wear as another rock type,

the percentage of the nobst -wearing rock type may be taken
directly, whilst a factor of 0.5 (or 50% may be applied to
the percentage of the less-wearing rock type. The result is a

calculated effective drilled Ilength which wll permt a
meani ngful assessment of the performance of the drill bit
configuration for drilling the interval. 1In particular, this
assessnment will permt a nmeaningful analysis of the degree of
bit wear wthin the interval, and an assessnent of the
overal | or effective rate of wear for the drill bi t
configuration wthin the interval, which accounts for the
different degree of wear caused by each rock type.

Dependi ng on t he effective drilling per f or mance
paraneter to be assessed, other driliability or drilling

per f or mance paraneters can be used to determne t he
appropriate weighting factors to be applied. For exampl e,

the average rock strength for each type of rock may be used
in setting the weighting factors applied in determning the
effective length drilled in one rock type. Equal ly, the
wei ghting factors may be based on the neasured weight on bit
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(WOB), rate of prenetration (ROP) , bit rotation speed ({bit

RPM), etc.
Moving to step 290, an average ROP for the interval is
cal cul at ed, in the same way as nentioned above. The ROP nay

be an average for the interval as a whole, or may be the

average ROP obtained wthin one or nore of the different

types of rock identified W t hin t he drilled i nterval.

Li kew se, the average ROP nmay be calculated for each rock
type individually, or for all of the problematic rock types
t oget her. In situations where there are nultiple rock types
pr esent at. particul ar depth intervals, the mxed rock-type
data points can be excluded from the analysis , or an
appropriate weighting schene can be devel oped, for exanple to
allocate an effective ROP to the drilling of an equivalent

| ength of formation to each rock type, based on the

proportion of each rock type.

A nmethod for assessing the drilling perfornmance of a
drill bit configuration is further exenplified in Figure 4.
The following discussion of the nmethod of Figure 4 is equally

applicable to the methods shown in Figures 2 and 3.

In step 310, the context for the assessnent i s defined,
by specifying any factors influencing drill bit performance
dramatically, and by defining the depth i nterval of the
challenging portion of the formation that has been drilled.
In situations where nore than one drill bit has been used to
drill the interval, the start and end points of the portion
of the run done with each drill bit is also defined.

In step 320, log data is gathered to calculate t he
confined rock strength. As nentioned above, two ways of

calculating the rock strength include a calculation based on
dept h based gama ray, density and neutron porosity
measurenents and, alternatively, a method based on ganma ray
and sonic DTC curve val ues.

Further log data may also be gathered, i ncluding depth
based rate of penetration (ROP) , weight on bit (WB) , torque ,
and bit RPM {revolutions per mnute) . The gathered I|og data

may also include depth based equivalent circulating density



WO 2013/083380 PCT/EP2012/072710

31

(ECD) , and/or depth based nmud weight in. The data may also
i nclude neasurenments of the pore pressure and formation tops
(the depths at which the formation through which the wellbore
being drilled changes from one rock formation to another)

At step 330, it is determ ned whether the formation
through which the interval to be investigated is being
drilled is perneable.

In step 341 or 342, either the unconfined rock strength

or the confined rock strength, respectively, is calculated in
dependence on whet her the formation is perneable, and a
hi st ogram is pl otted of t he rel evant rock strength
distribution wthin the interval. As noted above, the rock

strength is not the only drillability parameter of interest,
and, as an alternative to steps 341 and 342, it my be
informative to plot a histogram of alternative paraneters,
such as WOB or bit RPM. Equal |y, an alternative output
format may be wused to describe the drillability paraneter
di stribution, and alternative plot types or a nunerical
description may equally be used. An alternative graphical
representation nmay be plotted, in place of or in addition to,
such a histogram For exanmple, as discussed wth respect to
Figures 7A and B below, an accumulative (cumulative) value of
a drillability paranmeter, such as unconfined or confined rock
strength, may be plotted against the depth drilled .

In step 350, background data for the analysis of the
interval is provided . Exanples of data to be included are
shown as the length drilled including only the problemtic

i nterval, at step 351; the overall wear to the PDC cutter
drill bits (neasured wear volunme , and optionally any "inner"
and "outer" dull grades) , at step 352; a definition of the

power source of the bit (such as rotary, notor, etc) , at step
353; the bit gauge dull grade or wear, at astep 354; as well
as any additional factors needed to properly characterize the
drilling of the interval , at step 355. Further input data
m ght include, for exanple, any run coments taken from the
di recti onal drilling (DD) report , information from the
drilling operator's reports , seismc survey data, etc.
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At step 360, the percentage of rock volunme for each

rock type which is a problem to the durability or performance

of the drill bit configuration is calculated. As expl ai ned
above, the rock types can be interpreted from the 1lithol ogy
report typically fornmng part of a well drilling 1log. The

rock types can be identified using the SPARTA (TM equipnent,
and the percentage of each rock type can be deternined using
statistical t ool s, such as the well known INSITE (™M
software, both provided by Halliburton Energy Services, Inc.
In step 371, the average ROP is calculated over the
i nterval as a whole, as described above . Aternatively, t he

average ROP only for the parts of the interval corresponding

to the problematic rock type or types can be calcul ated. In
alternative applicati ons, other drillability or performance
paraneters nay be calculated as an average, instead of the
ROP.

Addi tionally, in step 372, t he equi val ent | engt h
drilled through in the problemtic rock or rock types is
cal cul at ed, in a simlar manner to that noted above.

In step 380, t he cal cul at ed data is present ed
graphical ly, and nmay be included in a drill ing analysis
report, appropriately characteri zi ng the performance of the
drill bit configuration during the problematic or challenging
i nterval, including any indication of reasons for above- or

bel ow expected performance.

It should also be noted that, in this and the preceding
nmet hods, di fferent rock characteristics my be relevant to
di fferent drilling paraneters, and, therefore, it nmight be
decided to assess rate of penetration against all rock types

having a rock strength above a nminimum value, but to assess
the effective drilled length and/or the extent of bit wear
against only the rock types which are known to cause drill
bit wear.

Turning to Figures 5A to D and 6A to D, exanples are
given of confined and unconfined rock strength distribution
hi st ogr ans, respectively. The confined rock strength should

in general be used, as it gives a nore accurate reflection of
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the drilling interaction between the drill bit configuration
and the formation rock. However , in perneable formations

then the unconfined rock strength gives a good approximation
of the confined rock strength.

The plots of Figures 5A to D and 6A to D are mmde for
simlar drilling intervals in the sanme rock formation, SO
that one might intuitively expect the drillability across the
intervals to be broadly sinmlar. However, the histograns
show that that is not wholly true.

To aid in the visual assessment of the rock strength
distributions in each of the four histograms 410, 420, 430,
440 of Figures 5a to D, and in the four histograns 510, 520,

530, 540 of Figures 6a to D, boundary Ilines have been drawn
at 15 kPsi, 20 kPsi and 30 kPsi on each rock strength
distribution plot. These boundary |ines divide the groups of

calculated rock strength values for the data points wthin
each interval into different sets.

Wth reference to Figures 5A to D, showing confined
rock strength distributions, it can be seen that the rock
strength distribution 410 has a large proportion of rock with
a strength value between 20 and 25 KkPsi, but wth sone
extremely high rock strength portions of the interval, up to
46 kPsi. It is the only one of the four distribution plots
with any calculated rock strength values greater than 40
kPsi

By conparison to the rock strength distribution plotted
in histogram 410, the rock strength distributions of
hi stograns 420, 430, 440 are relatively nore concentrated

around one particular rock strength value. In histogram 420,

the majority of the rock strength values are between 22 and
28 kPsi, centered on around 26 kPsi. By contrast, t he
di stributions in histograms 430 and 440 are centered on

slightly higher values, wth the distribution in histogram
430 having the mjority of values between 26 and 32 kPsi,

centered on 28 kPsi, and with a substantial nunber of values
in excess of 30 kPsi . Simlarly, in histogram 440, the
distribution is concentrated between 26 and 32 kPsi, although
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with a higher percentage of the interval having a confined
rock strength above 30 kPsi

In thig way, it can be seen that it is possible to
characterize the overall rock strength, or hardness, in each
of hi st ogr ans 410, 420, 430, 440 as, in that order,

increasing . Thus, the interval corresponding to histogram 440
would be the hardest to drill, followed by the interval
corresponding to histogram 430 and then that of histogram
420 . Wth regard to histogram 410, the overall [lower rock
, but
the effect of the very hard sections of the interval mnmakes it

strength nmakes the interval as a whole easier to drill

possible to explain why the overall perfornance, in terns of
rate of penetration and drill bi t wear, m ght appear
different than expected for such a drill bit configuration in
a drilling interval with the sanme average confined rock
strength .

In Figures A to D, the wunconfined rock strength
distribution has been plotted for the same four intervals,
w th hi st ogr ans 510, 520, 530, 540 correspondi ng,
respectively, to histograms 410, 420, 430, 440 of Figures b5A
t0o D. Here, the histogranms 520, 530, 540 show a correspondi ng
trend in the hardness of the rock as for histograns 420, 430,
440, with histogram 540 representing the hardest rock,
hi stogram 530 the next hardest rock and histogram 520 the
softest rock. However , a different overall i npression is
given when conparing the histograns 510 and 520 as for that
obtained by conparison of histograns 410 and 420. The
confined rock strength distribution in histogram 420 suggests
that the rock interval corresponding to histogram 420 is
harder than the rock interval corresponding to histogram 410.
By contrast, the distribution in histogram 510 suggests that
this corresponds to a rock interval which is harder than the
interval for histogram 520.

It will therefore be appreciated that, in order to
obtain a meaningful conparison between the peff ormances of
the drill bit configurations wused in drilling each respective
i nterval, it 1is necessary to identify the appropriate
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drillability paraneter which has to be taken into account.

Typical ly, the <confined rock strength wll give a nore
accurate picture of t he act ual drilling condi tions
encountered during the drilling of the interval, although the
unconfi ned rock strength val ues will gi ve a good
appr oxi mati on of the actual drilling condi tions for a

perrneabl e formation.

In the case of each of the histograms 410, 420, 430 and
440, as well as the respectively corresponding hi st ogr ans
510, 520, 530 and 540, the neasurenents used to produce the
hi stograns correspond to a 150m interval drilled using an 8 %
inch drill bit configuration, in each case. As a different
drill bit was wused to drill each of the respective intervals
correspondi ng to histograns 410, 420, 430 and 440 (and
equally <corresponding to histograns 510, 520, 530 and 540),

t hese obt ai ned rock strength di stribution pl ots al | ow
vari ations in the per f or mance bet ween the drill bit
confi gurations used in each case to be nore properly
understood, and any acquired drill bit performance paraneter

values to be placed in appropriate context

In the foregoing, the rock strength distribution has
been used as an exanple of a drillability paraneter, which
permits an assessnent of the relative degree to which the
formation resists drilling and can be characterized as a
"problematic" formation type or rock interval. Various other-
indicators of the drillability of the formation could also be

plotted in order to characterize the drilling environment
encountered by the drill bit configuration in the interval
being investigated, or to supplenment the rock strength

di stribution analysis, such as a plot of the weight on bit
(woB) and bit rotation speed (bit RPM

In terms of the performance paraneter to be assessed,
exanpl es have been given above of certain paraneters which
are useful to characterize the relative performance of the
drill bit for drilling the identified probl emati c rock
interval . These include the length drilled (or the effective
length drilled in problemtic rock types) , the rate of
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penetration (ROP) , the bit wear volunme and the bit dull
grade. Oher performance characteristics can be obtained and

neasured in place of or in addition to any of these nentioned

par anet er s, depending on the particular characteristics of
the drill bit configuration which the analyst wi shes to
assess .

The nethods of the present invention for assessing the
drilling performance of a drill bit configuration include the

step of determning rock characteristics for the interval
Thi s nay, of cour se, i ncl ude det erm ni ng dri liability
par anet er values for the interval, or an assessnent of the
types of rock within the .interval , or both.

In order to determne the rock types wthin t he
interval, and specifically to identify the problematic rock

types, it is of course possible to identify the proportion of

each type of rock based upon the lithology trace from a well
drilling log. Equally, there may be other ways to distinguish
between the different types of rock present in a fornation,

such as from seismc survey data.

On the other hand, the problenatic rock interval to be
i nvesti gated ni ght be identified from an appropriate
drillability par anet er, for exanpl e by sel ecting any
intervals of a formation wth a confined or unconfined rock
strength above a particular val ue. For exanpl e, W th
reference to the confined rock strength distribution shown in

hi stogram 410 of Figures 5A to D, it would be possible to

identify any intervals within the well logging data where the
confined rock strength exceeds 40 kPsi . Any such intervals
could then be investigated, regardless of the type of rock

having such a high apparent confined rock strength.

In. the nethods descri bed above, it is, of course,
possible to identify the proportion of each rock type wthin
the interval , and thereby to elimnate from the final
assessnent of the drilling performance of the drill bit
conf igurat ion any drilled portions of the interval which do
not correspond to the problematic type of rock. On the other

hand, it is not necessary in every case to actually determne
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the proportion of the rock type in question. Since the rock
type for every data point in the well drilling log is known
from the lithology trace, or otherw se, it is possible sinply

to select the points corresponding to the desired type of

rock. Equally, once the confined or unconfined rock strength

has been cal cul ated, it 1s possible sinply to select for
assessnent those particul ar data points falling wthin a
defined set or group which one w shes to analyse. Equal | y,

when selecting the data points for analysis based on a
drillability par anet er, it is not al ways necessary to
det erm ne the distribution of the drillability par anet er
values, and instead data points can be selected according to
whet her the specific neasured or calculated value at that
point neets one or nore criteria, such as being above or
below a given threshold.

Equal | y, when det er m ni ng an overal | drill bit
performance paraneter for the drill bit configuration, it is
possible to apply any weighting factors to the individual
specific data points, r at her than appl yi ng them to the
cal culated percentage of each rock type, or to each set or
group of dat a poi nts correspondi ng to a particular
drillability characteristic.

By way of exanple, in a formation including four rock

types A, B, C and D, where A causes the greatest anmount of

wear of the drill bit and D has a negligible effect on the
degree of wear incurred by the drill bit, whilst B and C
influence the wear rate of the drill bit but to a Ilesser

extent than rock type A, then appropriate weighting factors
could be applied rock types B and c, for exanple of 30% in
each case. For rock type A, the weighting factor to be
applied is 100% The data points for rock type D can either
be ignored entirely, or can be included in the calculation
but have a mnimzing weighting factor, or even a weighting
factor of o, applied to them.

The respective weighting factor can be applied to each
i ndi vi dual drilling perfor mance par anet er val ue to be

assessed, for exanple, the length drilled through each rock
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type, to give an overall effective length drilled. By
appl yi ng the weighting val ues nentioned above in this
particul ar exanpl e, the effective length drilled would

correspond to an effective length drilled in the rock type A.
In a 100m interval , where an equal proportion of each rock
type is present, the effective Ilength drilled 1is thereby
determned as 25m x 100% for rock type A, plus 25m x 30%,
for rock type B, plus 25m x 30% for rock type c, with rock
type D being ignored. This gives an effective Ilength,
equivalent to drilling through rock purely of type A, of 40m

The effective or equivalent Ilength drilled can thus be
said to be normalized to rock type A. By applying a different
set of weighting criteria, the values could be nornalized to
any one of the other rock typez B, C or D. Note that, in this
way, the effective length drilled mght correspond to a value
greater than the actual length of the interval bei ng
investigated, since the weighting factor to be applied to a
particularly abrasive rock type mght be larger than 100%
where the effective length being assessed corresponds to a
| ess abrasive rock type.

The above exanple is useful when attenpting to
determine the effective durability of a drill bit, and the
degree to which it wears when drilling through problematic
rock formations of a particular type. Oher drillability and
drill bit performance paraneters may of course be nornalized
in a simlar manner , dependi ng on t he particul ar
characteristic of t he drill bi t configuration bei ng

i nvesti gat ed.

Appropriate weighting factors may be selected by the
anal yst investigating the performance of the drill bi t
configur ation, based on experience gained of drilling through
different types of rock in other formations . Wuere direct
conparative data is available for determning the effective
wear rates produced by different types of rock wth any
particul ar drill bit configuration, then of course the
wei ghting factors can be adjusted to reflect nore closely on
real |ife observations.
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In a simlar way, such weighting factors can by applied
when assessing an average performance paraneter value, in
order to give a neaningful effective average value regardless
of the distribution of the rock strength or ot her
drillability paraneters and drilling conditions.

For exanple, it could be determined that the wear rate
experienced by a drill bit increases exponentially wth the
confined rock strength of a rock being drilled. In this case,
it my be appropriate to adjust the increnental  ength
allocated to each data point when assessing the total
effective length drilled, based on the rock strength at that
data point . The effect of such weighting factors wll, in
general, be to normal ize the performance of the drill Dbit
according to one particular rock type and/or according to one
particular drillability characteristic of rock wthin the
interval being investigated.

As noted above, the weighting factors to be applied my
be infornmed by enpirical data, or by reference to other

measur ed or calculated drillability or drilling performance
par anet er val ues. The weighting factors my even be
determned based on multiple different drillability and
drilling performance par anet er s, or based on specific
rel ati onships between nmultiple different drillability and
drilling performance paraneters, It goes wthout saying,
however, that, where appropriate in view of the accuracy

required, the weighting factors may equally be selected by
the analyst based on his or her experience and know edge of
the same or related geological formations.

As wll be apparent from considering Figures sa to D
and saA to D, the nmethod of assessing the performance of a
drill bit according to the present invention also allows a
compari son to be made bet ween di fferent drill bi t
configurations, including between different types of drill
bit . Although such analysis wll typically be conducted
retrospectively, the main purpose of such analysis is to
inform the future design and selection of drill bits for

drilling in a particular formation or rock type.
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In sone cases it may be possible to directly,
quantitatively assess t he respective per formances of
different drill bit configurations where the drillabil ity
paraneter values do not exhibit a significantly different
distribution wthin the respective intervals, or providing
that a sophisticated schene of appropriate weighting factors

is applied in the analysis of the drill bit performance
parameter or paraneters to be assessed.

In general, however, it wll often not be possible
sinply to identify a single drill bit performance paraneter
value for direct conparison, due to the nultiple different
factors which affect drill bit configuration performance in a
real-life drilling environment. For this reason, the analysis
nmet hod di scl osed herein represents a particular tool which an
anal yst can use, t oget her with their experience and
associated drilling reports, to give a nore neaningful

interpretation of the respective performances of different

drill bi t configurations as used in simlar formation
intervals . For exanple, an analyst would be able to assess a
conmbination of different drill bit performance paraneters,

such as average rate of penetration, effective length drilled
and degree of bit wear, together wth a rock strength
distribution for one or nore of the rock types wthin the
interval, to provide an overall picture of the performance of
each drill bit and to nmke relative conparisons between

different drill bits used to drill different intervals.

For the purposes of the present description, it is
assuned that +the analyst wll obtain depth based readings,
nmeasurenents and calculations from .. well drilling Ilog.
However, for present purposes, the source of the data to be
analysed is uninportant, and it my be taken from a well
drilling 1og or from any other available source ({(such as
directly from neasurenent equipnent) . The term well drilling

log should thus be interpreted to enconpass any series of
depth based neasurenents or calculated paranmeters values
which give drill bit performance, driliability and/or rock
type information at nultiple data points along a wellbore .
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Once a conparison has been nade between different drill

bit configurations, a drilling operator wll then be able to
select fromthe field-tested drilling configurations in order
to drill a subsequent wellbore in the same or a simlar
formati on, in particular in order to drill t hrough an
interval within a formation which has been identified as
being Ilikely to be problematic to drill. The present
i nvention is particularly usef ul for assessi ng t he
performance of specialized drill bits, such as PDC cutter
drill bits, which are <chosen and used specifically for

drill1ing through problematic formation intervals, and which
are effective at cutting through the problematic rock types
but may be prone to a high degree of bit wear resulting from

the associated drilling conditions. For such types of drill
bit, it is very wuseful to be able to nake a relative,
nmeani ngful conparison in order to inform the selection or
design of the drill bit configurations to be used in future
to drill simlar problematic formation intervals.

This is particularly usef ul in the situation of
drilling multiple wells in a single well field, where all
wel | bores ext end t hrough broadly simlar sections of
formation, and where the experience gained from drilling
earlier wellbores in the formation can be put to use when
planning the drilling of further successive wellbores in the
same formation. However, if any selection or redesign of
drill bits is to have the desired effect of inproving the
real -life drilling performance in the successive wellbores,
the basis for assessnment and conparison of the drill bit
configurations already tested in the field nust take account
of the differences and variations in the drilling conditions
in which each of the respective drill bits has perforned.
This is made possible by the nmethods disclosed herein for
assessing the performance of a drill bit configuration.

It will be appreciated, of course, that the analytical

nmet hod described herein is, in general , to be carried out on
a computer , with appropriate input from the analyst. In
practice, all <calculation and determnation steps wll be
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carried out by the conputer processor, whilst the input of

data wll also typically be achieved 1in a conputerized
manner . In such a conputerized system the analyst nay be
responsible for setting, for exanple the values for the
gr oups, as well as the division between sets, for the
par anet er val ues used in determnning the driliability-
paraneter distribution wthin the interval. However, these
groups and sets my also be set autonatically by the
conputerized system Wi t hout requiring i nput from the
analyst. Equally, the step of assessing the effectiveness of
the drill bit configuration for drilling the interval based
on the determined drilling performance and the deternined

rock characteristics can be done by conputerized processes by
which an automatic assessnent can be nade.

Anot her computerized technique, for planning a well
drilling operati on, m ght i nvol ve t he assessnent of
i ndi vidual data points from the well drilling log or logs of
one or nore intervals drilled with respectively one or nore
drill bit configurations. Assuming that a wellbore drilling
operation is planned, a series of data points can be defined
along the length of the planned weilbore, and any expected
dif ficult-to-drill intervals can be identified. For each of
the data points wthin the interval to be drilled, a
plurality of the nost closely-approximating data points from
the drilled intervals of the or each earlier drilled weilbore
can be identified, based on common known characteristics
identified for the planned weil bore, such as by seisnic
survey and other related neasurenents. By taking an average

for all the simlar data points in each already-drilled
interval, an expected performance for each known drill bit
configuration can be determned for each data point along the
interval to be drilled. In this way, the expected performance
of one or a nunber of different drill bit configurations can
then be predicted, for the planned interval to be drilled, by
ext rapol ati on. The drill bit configuration to be used can
t hen be selected, or the design of the drill bi t

configuration adjusted, accordingly.
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A less conplicated version of this nethod would sinply
be to determine the proportion of each rock type within the
interval to be drilled, and thereby to obtain a predicted
effective length of one or nore of each rock type within the
interval to be drilled. Know edge of the effective drilled
length for each of the investigated drill bit configurations
can then be applied to the selection or design of the drill
bit configuration to be used in drilling the planned wellbore
interval to be drilled.

Turning to Figures 7A and B, another method for
assessing the relative performance of several different drill
bits in apparently simlar sections of formation is shown.

Figures 7A and 3 show plots of the accunmulative (or
cunul ati ve) rock strength (in the case of Figure 7A

unconf ined rock strength; in the case of Figure 7B confined
rock strength) against the depth drilled in the respective
formation intervals, for four of the individual drill bits
used in drilling the intervals shown in Figures 5A to D and

6A to D. These are labelled as Bit 1 to Bit 4 in each of the
corresponding histograns 410, 420, 430, 440, 510, 520, 530

and 540, and next to the respective plot lines in Figure 7A
and B.

The accunul ative rock strength vs. depth is plotted for
t he length drilled by a single drill bi t of each
configuration, and shows the accunul ated rock strength
between the start and termnation of drilling with each drill
bit . This plot gives a good representation of the total work
done by each drill bit in drilling into the formation. The
slope of the plot for each type of drill bit also indicates
how strong the rock 1is that is being drilled, wth the
steeper curves indicating drilling through rock of higher
rock strength, (OfF course, a single plot could be made for
assessing the performance of any single drill bit, where a
conmpari son between different drill bits is not required.)

Changes in the =slope of the curve are indicative of changing
trends in the rock strength as the depth increases .
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The plot my be derived sinply by adding the neasured
rock strength -value at each depth position to the sum of the
values of rock strength at each preceding point, and plotting

this against depth. This assumes, of course, that all data
points are separated by an equal depth interval. In the
plots shown in Figures 7A and B, all data points are Im

apart, and so no length conpensation needs to be applied.

Where the data points are not at fixed intervals, t hen
the accunmulative value can be obtained by mltiplying the
length interval by the rock strength value at each point, and
summing this length-multiplied value for each of the points,
in the sane way.

As will be appreciated, Figures 7A and B shows only one
particular pair of exanples, using unconfined and confined
rock strength, respectively, as the accumulative drillability
par armet ers. Qher drillability paraneters my equally be
plotted in the sanme way, such as, for exanple, weight on bit

(WoB) , speed of rotation of the drill bit (bit RPM , rate of
penetration (HOP) , which all give an indication of the
ef fective effort bei ng appl i ed t hr ough the drill bit

configuration into the formation.
Fi gures 7A° and 7B again denonstrate the need to

exercise scrutiny in selecting appropriate par amet ers by
which to conpare different drilling configurations in order
to obtain a neaningful conpari son. The plots of accumul ative
unconfined rock strength for each drill bit in Figure 7A seem
to show that, for the four drill bits wunder investigation,

Bit 4 drilled the longest distance through the formation and
also drilled through the hardest rock (highest unconfined

rock strength rock) . Bit 1 drilled nearly as far, but
through |less hard rock. Bit 3 drilled through rock wth
simlar hardness, but only managed to drill a much shorter
| engt h. Bit 2 drilled through the softest formation, and
also drilled the shortest length before being pulled out;
however, in this case the drilling termnated before the

drill bit was fully worn.
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However, the plots of accumulative confi ned rock
strength for each drill bit in Figure 7B indicate that the
three drill bits, Bit 1, Bit 2 and Bit 3, in fact, all
drilled through formation of very similar effective hardness,
with the slopes for these drill bits being very simlar and
directly conparable. This suggests that Bits 1 and 2 were in
practice drilling through a sonewhat relatively har der
formation than suggested by Figure 7A Figure 7B also
confirms that the interval drilled by Bit 4 was indeed of
significantly harder formation material than the intervals
drilled by Bits 1, 2, 3 and 4.

Plots such as Figures 7A and B are useful in
identifying which individual drill bit configuration perforns
best and nost reliably for a given type of formation. Bits 1

and 4 can be directly conpared in view of the simlar |engths
drilled, which would l|ead to the conclusion that Bit 4
performed better as it drilled further in harder rock. Bit 1
is likely to wear nore quickly in harder rock, and so would
probably ~not have drilled so far under the sanme conditions
experienced by Bit 4. Simlarly, it is likely that Bit 4
woul d have drilled further in the formation drilled by Bit 1.
Si nce, in any drilling operati on, t here is a
significant cost associated wth having to retrieve a worn
drill bi t and repl ace it, know ng whi ch drill bi t
configuration can nmake best progress through hard, wearing
formations allows an appropriate selection to be nmade based
on know edge of the actual past performance of other drill

bit configurations wunder simlar drilling conditions.
Even in this case, however, it will be clear that the
four drill bits, Bits 1 to 4, were not drilling through a

single type of rock. The accunulative drillability paraneter

may therefore be based only on t hose dat a poi nts
corresponding to problematic rock types, and ignoring the
data points for rock types that are not relevant to the
performance of the drill bit configuration. For exanpl e,

fol |l ow ng the exanples given above, any data points
consisting exclusively of shale could be ignored, and the
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accurmul ative value could be calculated using only those data
points which include at |east sone sandstone. Al ternatively,
the accunmulative value could be calculated wusing only the
data points which exclusively consist of sandstone, or which
include at least a mninum proportion of sandstone.

In any approach which includes data points where there
are mxed rock types, the effective Ilength drilled in the
probl ematic rock type <can be calculated as before, by
applying a weighting factor based on the proportion of each
rock type (either in the interval as a whole, or for each
data point) . Extracting relevant data for the effective or
equi val ent accunul ative rock strength or other drillability
paranmeter becomes nore challenging where mxed rock types are
i nvol ved, however, as the value calculated for each data
point will be based on the average value for the different
rock types encountered.

One way to approach this is to assume that the
calculated rock strength is representative of the hardness of
the mxed rock of either type, and that no adjustnent is
necessary. In this case, the effective or equivalent
accurmul ative value of the drillability paranmeter is obtained
by multiplying the actual calculated rock strength by the
effective or equivalent length of the problematic rock type,
as noted above.

Anot her way would be to assune a proportional
relationship between the rock strengths of each type of rock,
and to apply an appropriate weighting factor to the actual
calculated rock strength, to give an effective rock strength
for each rock type at each data point. For example, in a
shal e and sandstone formation, it mght be concluded that the
shale typically has a rock strength that is 5% |ower than
that of sandstone. In this case, the effective rock strength
for each rock type can be calcul ated. Using the above
exanpl e, with a mxture of 60% sandstone and 40% shale,
assuming a calculated rock strength of 20.0 KkPsi, t he
effective rock strength for sandstone would be calculated as
20.0 kPsi x 1/ (0.60 [the percentage of sandstone] x 1.00
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[ sandstone rock strength weighting factor] + 0.40 [the
percentage of shale] x 0.95) = 20.4 kPsi . Of course., this is
nmerely an exempl ary cal cul ati on, and nore conpl ex and

detailed relationships my be established based on enpirical
or other data, and nay, for exanple, take account of the
geol ogi cal rock structure, changes in proportional rock
strength with depth, etc.

Turning to Figures B8A to D, exanples are given of how

the graphical representations may be taken together with
other specific data relating to the drilling interval and
drilling conditions , in order to provide a nmore inforned
overall assessment of the drilling performance of individual
drill bit configurations , as may permt & nore neaningful
comparison between different drill bit configurations and
different drill bits .

Fi gures 8A to D show the confined rock strength
di stributions for the four drill bits, Bit 1 to Bit 4, of

Figures 7A and B, together wth a table for each bit that
gives pertinent data relating to the effective and overall
performance of each bit.

The confined rock strength distributions 810, 820, 830
and 840 are notably different from the similar distributions
410, 420, 430, 440 in Figures b5A to D, as the distributions
of Figures 8an to D relate only to portions drilled by a
single drill bit, whereas the intervals 410, 420, 430, 440 of
Figures 5A to D constitute the data points for 150m intervals
that may have been drilled using nultiple drill bits (each of
the multiple drill bits being used in identical drill bit
configurations wthin each respective interval)

The tables in Figures 8A to D indicate, inter alia, the
actual length drilled by each of the drill bits, Bit 1 to Bit
4:; the extent of wear on each drill bit between start and
termnation of drilling with that bit, including dull grade

and gauge dull grade; the average rate of penetration (ROP) ;
the percentage of non-problenmatic rock within the drilled
i nterval (in this case, the percentage of shale in a shale
and sandstone formation) ; and the equivalent or effective
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length drilled in pure sandstone (based on the above
calculation where the total length drilled is multiplied by
the proportion of sandstone, calculated as 100% less the

percentage of shale) . As noted above, drilling with Bit 2
was termnated before it becane fully worn, as can be seen
from the indication of dull grade. This indicates to the
analyst that reference to the drilling operator' s report is
needed to identify why drilling with this bit was term nated.

In particular, the rate of penetration was good, suggesting
that the drill bit my have been pulled out due to bit
failure or due to sone external influencing factor not
related to its drilling performance (such as pulling out due

to associated equi pnent failure or adverse operational
conditions , or due to reaching total depth) .

This makes clear that a direct conparison between Bit 2
and the other bits may not be appropriate, but ot herw se

confirnms the relative drilling performance of Bits 1, 3 and
4, In particular Bit 4 appears to have perfornmed best at
drilling through the hardest rock, while Bit 3 appears to
have perfornmed |east well . This may indicate that further

investigation of the very hard portions of the formation
drilled by Bit 3 is needed, or that this bit should be re-
designed to cope better wth the harder sections of rock.
Equal | y, a drilling oper at or could feel reassur ed in
selecting Bit 4 in preference to Bits 1 and 3 for drilling
simlar intervals in the same or simlar rock formations,
when planning future drilling operations. A conparison
between Bits 1, 3 and 4 may also help to inform future drill
bit design, as the variation in respective performance can be
conpared with the location and extent of wear on each drill
bit to identify specific areas for re-configuration

The graphical representations of Figures 8A to D may be
viewed in conjunction with the plots of Figures 7A and B to
give a robust appreci ation for the overall drilling
performance of each of Bits 1 to 4. In particular, Figures
7n and B help to qualify the extent to which the relatively
smal | proportion of some relatively high rock strength
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sections of the drilled i nterval af f ect the overall
resistance of the formation to being drilled, it being clear
from Figure 73 that the formation intervals drilled by Bits
1, 2 and 3 is simlarly difficult to drill, whereas the
formation interval drilled by Bit 4 is overall less drillable
than the formation intervals drilled by Bits 1, 2 and 3.

The above description has focused primarily on the
exanpl e of assessing the performance of a drill bit
configuration in terns of length drilled against durability
or wear resistance, as may typically be of interest in
assessing the performance of specialised drill bits such as
PDC cutters. However, there are a great nmany other
paraneters that may be of interest in assessing the

performance of these and various other drill bit
confi gurations. Some of the other parameters which may be of
interest as drillability parameters include drilling fluid

flow rate; hole inclination; and dogleg severity, while
paraneters which may be of interest as drill bit performance
paraneters include the nunber of stringers drilled; the
accunmul ated rock strength of stringers drilled; the tine
taken to drill stringers or hard rock types; the surface
drilling torque; the bit drilling torque; the surface sliding
torque; the bit sliding torque; nechanical specific energy;
dogl eg severity; accunulated bit revolutions; nean tine
between failures; stick slips; and vibrations. It will be
noted that certain paraneters can represent either a
drillability paranmeter or a performance paraneter, depending
on which aspect of a drill bit configuration's performance is
bei ng assessed, but a parameter should typically not be used
as both a drillability paraneter and a drill bit performance
paraneter in the sanme anal ysis.

As drillability parameters, the drilling fluid flow
rate; hole inclination; and dogleg severity can give useful

insight into the respective difficulty for a drill Dbit
configuration to drill its respective interval.
The drilling fluid flow rate is controlled by the rig.

This influences the drillability of the formation via the
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associ at ed effect on the HHSI (Hydraulic Horsepower per
Square Inch) coming out of the bit nozzles, and the resultant
IF (Ilnmpact Force) of the fluid on the rock at the bottom of
the well bore. These two paraneters (H'S, IF) are inportant
to help fail the rock and increase ROP, and can also affect
PDC cutter cooling (which will affect the bit life) and the
ability to clean cuttings out of the way and get proper ROP
(if cuttings are not cleared out of the way, the drill bit is
forced to drill through the cuttings again to get to the
fresh rock beneath)

In general, a high drilling fluud flow rate is
desirable for helping to fail the rock, clear away cuttings
and cool the drill bit. However , there has to be an
equilibrium to avoid lifting the bit off the bottom if too
much force is generated by the fluid being ejected from the

nozzl es. Maintaining a higher drilling fluid flow rate also
generally requires nore power. It may therefore be desirable
to wutilise drill bit configurations which will achi eve
simlar drilling performance, but at |ower KHSI.

Turning to hole inclination, there are several factors

that can influence ROP and bit wear. One is the efficiency
of weight transfer to the bit - a higher proportion of the
wei ght is transferred to the bit, in the direction of
drilling, when the hole being drilled is vertical . Another
factor is the relative dip angle between the bit and the
formation beds - if the bit attacks a new bed at angle
conpared to the bed, it will change the drilling dynamcs and
nost |likely slow down the ROP.

Dogl eg severity represents the change in curvature in
the direction of the well (both inclination and azinuth
conbined) , and is nmeasured in degrees per 30m (or per 100ft) .
The higher the dogleg severity, the nore the applied forces
(weight on bit, torque, etc.) are "lost" laterally in side
forces, thereby reducing the rate of penetration.

As drill bit performance paraneters, the nunber of
stringers drilled; the accunulated rock strength of stringers
drill ed; the time taken to drill stringers or hard rock
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types; the surface drilling torque; the bit drilling torque;
the surface sliding torque; the bit sliding torque;

nmechani cal specific energy; dogleg severity; accunulated bit
revolutions; nmean tinme between failures; stick slips; and

vibrations can all give an indication of the relative
performance obtained by a drill bit configuration in terns of
a particular criterion.

One sinmpl e neasur e of drill bi t configuration
performance is sinply to count the nunber of stringers
drilled by a drill bit. This is a quick and easy way of

| ooking at bit performance, and does not necessarily require
calculation of the rock strength, as the ROP curve can be
just enough to make a quick evaluation of where stringers
were encountered within the drilled interval. Using simlar
techniques, a nore accurate appreciation for the nunber and
extent of the stringers drilled by a particular drill bit can
be obtained by isolating and accounting for different types
of stringers according to their rock type and their level of
rock strength. For exanple, one option wuld be to
differentiate stringers above and below 20 kpsi, and to
di sti ngui sh between |inestone and non- |inmestone stringers.

The accunulated rock strength of the stingers drilled
and the time taken to drill the stringers can be derived
directly from the above identification of the stringers.

The accunulated rock strength of the stringers is the
same as the total accumulative rock strength, but only taking
into account the values for data points within the portions
of the interval identified as being within a stringer . Once
the stringers have been identified and their rock strength
cal cul at ed, the sum of ail the rock strength values
associated to this group is calculated (assum ng an equal
spacing between data points, or otherwise adjusted for the
vari abl e spacing between data points)

One wuseful diagrammtic representation is to plot the
accumul ative rock strength against the accumnulative |ength of
stringers drilled. Alternatively, the total accunulated rock
strength can be used as a data point for assessing the
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average ROP associated with drilling the stringers, for
exanpl e. This enables the analyst to plot different bi t
results to conpare perfornmance.

Assessi ng the tine taken to drill the stringers is
simlar in concept to assessing the ROP, and is sinply
calculated by adding the tine increnents to drill through
each increnmental Ilength associated to a data point. The tinme
to drill the increnental length at each data point is not

typically recorded, but can be back-cal cul ated as the length
drilled divided by ROP. The total time can thus be
deternmined by adding up the calculated tine values, either

for each stringer or for all stringers together. A further
use could be to calculate an average tine to drill each
i ncrenent al length of the stringers (total tine <+ total
length of stringers) . It can be inmportant for sone drilling
operators to know the time it takes per depth interval, or
the total time, when drilling intervals including stringers,

in order to nmke predictions for the planning of future
wells .

Surface drilling torque is the torque neasured at the
surface, with the torque sensor placed by the rig floor ,
while drilling

Surface sliding torque is the torque neasured at the
surface, with the torque sensor placed by the rig floor,
while sliding (downhole notor applications)

Bit drilling t or que is the torque nmeasur ed by an
el ectronic tool placed in the bottom hole assenbly (BHA)
nearby the bit, while drilling.

Bit sliding t or que is the torque neasur ed by an
el ectronic tool placed in the bottom hole assenbly ( BHA)
nearby the bit, while sliding (downhole notor applications)

The torque is really a response of the bit, BHA and/or
the entire drill string to the drilling of the hole. It can
be used in the sane way as the ROP in the analysis of drill
bi t configuration per f or mance, in order to conpare t he
efficiency of different PDC bit designs. |In the sanme fashion
as before, the rock strength and lithology are determined to
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make sure that a neaningful conparison is being made, or that

the anal yst is aware of the differences in the rock
types/ hardness when conparing torque performance . The torque
can be a |limiting factor to drilling. Specifically, too nuch
torque can lead to damage of the drill string, BHA or notor,

which can be very costly, and can cause the bit to stall

Wei ght on bit (WwoB} can be a useful nmeasur e for
assessi ng relative per f or mance in hard rock drilling
appl i cations. Specifically, a nore efficient drill bit wll
require less WOB to drill than a less efficient bit. WOB can
be eval uated agai nst the cal cul ated rock strength and
lithology groups ({rock types) in the sane nanner described
above ,

The nechani cal specific energy (MSE) , also called,
sinmply, "specific energy" 1is a calculated paraneter conbining
several other drilling paraneters (for exanple, Chevron's NMSE

uses WOB, ROP, bit or surface Torque and bit RPM to calculate
the MSE, see, for exanple, SPE/IADC 92194) . Essentially, t he
MSE represents the drilling efficiency of the bit or the BHA
in terns of the energy used to drill the formation. It can be
plotted or evaluated against rock strength in the sane way as
for ROP, torque, length drilled, etc.
One way, in particular, is to isolate the problematic

formations in one group, and in that group, for each data
point, calculate the difference (MSE - Rock strength (URS or

CRS) ), then calculate an average of these delta values over

the interval of interest , and wuse this to conpare t he
per f or mance of different bit designs. This will give an
average performance for each bit, where a Ilower value
indicates a higher average efficiency. It can also be useful

to plot the accunulated MSE against the length drilled in the
problematic rock type (s) , which will give an indication of
the non- efficiency rate, and may also highlight trends such
as wear acceleration of PDC cutters (as would be indicated by
a rapid increase in the delta value)

The dogleg severity, and in particular vari ations

between the planned and actual dogleg severity values, are
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inmportant to evaluate the steering ability of the drill bit
(typically the drill bit is determnative of the steering
ability of the drill bit <configuration as a whole) . Of

course, Vvariations between the planned and actual dogleg
severity values are not always due to the bit having poor
steering ability, and it could be that the directional

driller is inexperienced and needs to nmke a lot of
corrections to the well path due to his/her |ack of precision
in the commands, or that the BHA is not optimsed for the

directional plan. Such background know edge is useful when
assessing the performance {steering ability) of a particular
drill bit or drill bit configuration. However, in the normal
case, where drilling operator experience and BHA design are
not questi onabl e, then the bit is nmore likely the nmgjor
driver for variations in the dogleg severity.

Know edge of t he rock strength and ['ithol ogy
identification are also inportant her e, as background

information, since dogleg variations may be also influenced
or anmplified by <changes in formation strength/ type by
appl ying unwanted side forces to the bit and BHA conponents.
Wth appropriate background know edge , groups of data
points can be isolated to nmake sure that simlar |1ithol ogy
and rock strengths are being conpared, or otherwise the
anal yst must nmake sure to be aware of the differences and
possible effects of these factors on the dogleg performance
(steering ability) , In a related assessnent, the dogl eg
severity can be plotted against Ilength drilled, or it is
possible to <calculate the accunulative deviation of the
actual dogleg severity away from the planned or nmean dogl eg
severity over a defined interval, and to calculate the
average of this deviation over this sanme interval, where the
nore deviation neans the worse performance in terns of

steering ability. In this regard, it is also inportant to
understand the type of drill bi t configuration bei ng
assessed, as certain drill bits can have very high dog Ieg

curvature capability, but not be very snooth to steer in |ow
curvatures applications. In this connection, it is also
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possible to calculate the accumulative deviation of dogleg
from the planned dogleg severity over a defined interval, and
to calculate the average of this deviation over this sane
i nterval, wher e t he nor e devi ati on means t he Wor se
performance in steering ability.

Anot her paranmeter of interest s the accunulated bit
revol utions (sum of RPM x drill time x 60), or kRevs . This
is an indicator of bit Ilife when conpared against dul |

grading, rock strength and lithology, and also WOB.

Rel at ed nor e to component s of t he drill bi t
confi gurati on, r at her that the drill bi t itsel f, is the
assessment of downhole tool failures (DTF) , in particular of
measuring while drilling (MWD) and directional drilling (DD
electronic tools. This can indicate the reliability of one
type or make of one downhole tool as compared to another
avail able type or nake.

In the case where DIF can be attributed reliably to the
vi brations caused by drilling the hole, the calculation of
Mean Tinme Between Failures (MIBF) of the tools used on the
wells to be conpared can also be a performance indicator of
bit stability and the ability of the bit not to create

damaging vibrations (i.e. , its ability to drill snmoothly) . In
general, the snoother the drilling , the fewer vibrat ions are
generated, and the l|longer the electronic tool's life wll be.

In this case, the rock strength and lithology can be used as
background information , since differences in these paraneters
influence the vibrations generated by the bit (i.e. , the nore

hard rock or stringers the drill bit encounters, the nore
likely it is to generate vibrations) . In a simlar manner to
the cal cul ation of effective | engt h drilled above , an

effective or equivalent MIBF can be precisely calculated by
isolating the problematic formation types and assessing the
r el evant rock strength, and thereafter cal cul ati ng t he
equi valent MIBF in equivalent problematic Ilengths drilled.

If it is desired to make a conparison directly between
two specific downhole tools, irrespective of the drill bit
configuration in which they are each enployed , then one can
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elimnate the effect of different drill fait configurations on
the performance of the downhole t ool by calculating t he
equi val ent MTBF in equival ent probl ematic rock intervals
between two tool failures by using the sane bit design in

both cases.

Stick slips (where the bit digs into the formation and
st ops, and then suddenly releases (usually at high speed),
which can lead to "twist offs" and inmpact danmage on cutters)
and other types of vibrations that are nmeasured downhole by
the MAD and DD tools (axial and/or lateral and/ or torsional

vi brati ons) are also indicative of bit performance (i.e., the

ability of a bit not to generate vibrations) , when these
vi brations are know ngly attributabl e to t he bit's
i nteraction with the fornation. Typical ly, such vibrations

are interpreted as being of low risk, nedium risk and high
risk levels. The vibration val ues (the unit or quantity-
depends solely on the type, size and brand of the neasurenent

t ool ) can be evaluated by calculating an average of the
vi bration val ues over t he i nterval of i nt erest (if
appropri ate, taking account only of values isolated by the
1lithol ogy and rock strength identified) or by plotting an
accunul at ed value of vibration | evel agai nst t he equival ent

length drilled in the interval of interest. In the latter
case, the steeper the slope, the less smooth the bit 1is and

the more it is likely to cause danaging vibrations.

The level of vibrations (low, nedium high) can also
useful ly be plotted as a histogram for exanple wth one
hi stogram per |evel. For exanpl e, if the high risk level s
i sol at ed, i.e., if we consider only the data points where
high risk level vibrations occur, it is possible to plot the
di stribution (histogram) of these Vi brati on occurrences
against the rook strength. | f conparing two bits in this way,
the one which has a greater |level of occurrences of high risk

vi brations at lower intervals of rock strength values is nore
likely to generate harnful vibrations, and so is nore likely
to cause expensive failures to the drilling equipnent, as my
lead to incapacity of BHA conponents or downhole tools or to
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"twist offs' , where the drill bit becomes unscrewed from the
drill string , etc ., which result in the drill string having
to be pulled out.
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Cl ai s :

1. A method for assessing the drilling performance of

a drill bit configuration used to drill at l|east a

portion of a wellbore in a formation, conprising
determning a value of at least one drill bit

performance paraneter at points along the wellbore, at
least including at nultiple points along an interva
constituting at |least part of the portion drilled using

the drill bit configuration
determ ning rock characteristics for the interval
determining the drilling performance for said
drill bit configuration in the interval based on the
values for the drill bit performance paraneter; and
assessing the effectiveness of the drill bit
configuration for drilling the interval based on the
determined drilling performance and the determ ned rock

characteristics .

2. The method of Claim 1, wherein the nethod further
i ncludes determning a value of at |east one
drillability parameter for the formation at each of
said multiple points along the interval , and wherein
determning the rock characteristics for the interva
or determining the drill ing performance for said drill
bit configuration in the interval is based on the
determ ned values of the at least one drillability
paraneter at said nmultiple points.

3. The method of Claim 2, further conprising dividing
said nultiple points into groups based on the

determ ned values of the at least one drillability
paranmeter at each of said multiple points.

4. The nmethod of Claim 3, further conprising
determ ning a percentage of the interval constituted by
the points in at |east one of said groups.
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5. The method of any preceding claim wherein the
met hod further includes determining a length value at
each of said points, corresponding to a length drilled
by the drill bit configuration

6 . The nethod of Caim 5 as dependent directly or
indirectly on Claim 4, wherein the percentage
corresponds to the sum of the length values of the
points within the at |east one group out of the total
| ength of the interval

7. The method of Claim 5 or 6, wherein the length
val ue at each point is determned by calculating at
| east one from the group consisting of:

the distance between that point and the adjacent
next point;

hal f of the distance between the adjacent previous
poi nt and the adjacent next point; and

the length of the whole interval divided by the
total nunber of the multiple points.

8 . The nmethod of Claim 4, wherein the percentage
corresponds to the total nunber of points within the at
| east one group out of the total nunber of the multiple
points along the interva

9. The method of any preceding claim wherein the

met hod further includes determning a value of at |east
one lithology paraneter for the formation at each of
said multiple points along the interval, and wherein
determning the rock characteristics for the interval
is based on the determ ned values of the at |east one
lithol ogy paraneter at said multiple points,

10. The nethod of any preceding claim wherein
determning the rock characteristics for the interval
i ncludes determning the percentage of two or nore
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different rock types within the formation in said
i nterval

11. The nmethod of any preceding claim wherein
determining the rock characteristics for the interval

i ncludes determning the rock type, of two or nore rock
types within the formation, at each of said nultiple
points along the interval ,

12. The nethod of any preceding claim wherein

determning the drilling performance for said drill bit
configuration includes determ ning an average value for
the drill bit performance paraneter,

13. The nethod of Claim 12, wherein determ ning an

average value for the drill bit performance paraneter
i ncludes one selected fromthe group consisting of:
dividing the sum of the values for the drill bit

performance paraneter for the nmultiple points along the
interval by the total nunber of the nultiple points;
and

multiplying the value of the drill bit performnce
paraneter for each point along the interval by the
length value for that point to obtain a |ength-weighted
perfornmance value for each point , and dividing the sum
of the length- weighted performance values for the
multiple points by the total length of the interval

14. The method of Claim 12, wherein determ ning an
average value for the drill bit performance paraneter
i ncludes determning a group average performance
paranmeter value, conprising one selected from the group
consisting of:

dividing the sum of the values for the drill bit
performance paranmeter for the points within one or nore
of the groups by the total nunber of points within that
or those groups; and
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multiplying the wvalue of the drill bit performance
par anet er for each point within one or nore of the
groups by the length value for that point to obtain a
| engt h- weighted performance value for each point wthin
the one or nore groups, calculating a total Ilength
value for the one or nore groups as the sura of the
length values for the points wthin said one or nore
groups, and dividing the sum of the |ength-weighted
performance values by the total Ilength value for the
one oOr nobre groups

15. The nmethod of Caim 14, wherein determning a

group average performance paraneter value includes
determining the average performance paraneter

value for a first set of one or nore of the groups; and
determining the average performance paraneter

value for a second set of one or nore of the groups ,

di fferent from the groups in the first set

16¢. The nmethod of Caim 14 or 15, wherein determning
a group average performance paranmeter value includes
one selected from the group consisting of :

determining the average performance paraneter
value for a nunber of sets, each set including one or
nmore groups different from the groups in any of the
other sets, wherein every group is included in one of
the sets ; and

determining the average performance paraneter
value for each group.

17. The nmethod of daim 14, 15 or 16, wherein
determining the drilling performance for said drill bit
configuration in the interval includes nmultiplying the
determ ned average performance paraneter for each set
or group by a driliability weighting factor and sunm ng
all of the dri 1labil ity- weighted average perfornance
paraneters for each determined set or group.
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18. The nmethod of Claim 17, wherein the drillability
wei ghting factor for one or nore, but not all, of the
sets or groups nmay be zero.

19. The nethod of Claim 12 as dependent on Caim 11,
wherein determning an average value for the drill bit
performance paraneter includes determning a rock type
average performance paraneter value, conprising one
selected from the group consisting of:

dividing the sum of the values for the drill bit
performance paraneter for the points corresponding to
at least one of the two or nore rock types within the
formation by the total nunber of points corresponding
to the at |east one rock type; and

mul tiplying the value of the drill bit perfornmance
paraneter for each point corresponding to at |east one
of the two or nore rock types by the length value for
that point to obtain a |ength-weighted perfornmance
value for each point corresponding to the at |east one
rock type, calculating a total length value for the at
| east one rock type as the sum of the length values for
the points corresponding to the at |east one rock type,
and dividing the sum of the |ength-weighted perfornmance
values by the total length value for the at |east one
rock type.

20. The nethod of Claim 19, wherein determining a rock
type average performance paraneter includes one
selected from the group consisting of;

determ ning the average performance paraneter
value for a nunber of sets, each set including one or
nmore of the rock types different from the rock types in
any of the other sets; and

determ ning the average performance paraneter
value for two or nore, or each, of the rock types.

21. The nmethod of Caim 19 or 20, wherein determ ning
the drilling performance for said drill bit
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configuration in the interval includes nultiplying the
determ ned average performance paraneter for each rock
type by a drillability weighting factor and sunmng all
of the drillabi Iity-weighted average perfornmance
paraneters for each determ ned rock type.

22. The nmethod of Claim 21, wherein the drillability
wei ghting factor for one or nore, but not all, of the

rock types or sets nmay be zero.

23. The nethod of any preceding claim wherein

assessing the effectiveness of the drill bit
configuration for drilling the interval based on the
determined drilling performance and the determ ned rock

characteristics conprises:
identifying one or nore factors relevant to
drillability in the interval; and

determning whether the drilling performnce for
said drill bit configuration has been affected by said
factors .

24,  The nethod of Caim 23, wherein identifying one or
nore factors includes identifying groups of values of

one or nore of a drillability paraneter and a drxill bit
performance paranmeter at said multiple points along the
interval , into which groups said multiple points along
the interval nmay be divided.

25. The nethod of Caim 24, wherein identifying one or
nore groups of the values of the drillability paraneter
or drill bit performance paraneter includes outputting
a visual or nunerical representation of the
distribution of the drillability paraneter val ues
within the interval, and preferably includes plotting a
hi stogram of the values for said paraneter at the
multiple points along the interval
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26. The nethod of any preceding claim wherein

assessing the effectiveness of the drill bit
configuration for drilling the interval based on the
determned drilling performance and the determ ned rock

characteristics conprises elimnating a selection of
points, out of said nultiple points along the interval
fromthe determnation of the drilling performance for
said drill bit configuration in the interval

27. The nethod of any preceding claim wherein

assessing the effectiveness of the drill bit
configuration for drilling the interval based on the
determned drilling performance and the determ ned rock
characteristics conprises applying a weighting factor
to one or nore drilling performance values constituting
the determned drilling performance for said drill bit

configuration in the interval

28. The nethod of any preceding claim wherein

assessing the effectiveness of the drill bit
configuration for drilling the interval based on the
determned drilling performance and the determ ned rock

characteristics conprises plotting at |east one
drillability paraneter as an accunulative drillability
paraneter against length drilled.

29. The nethod of any preceding claim as dependent
directly or indirectly on Caim 2 or Claim 24, wherein
the at least one drillabil ity paraneter includes one or
nmore selected from the group consisting of:

unconfined rock strength;

confined rock strength;

wei ght on bit; and

bit rotation speed;

drilling fluid flow rate;

hole inclination ; and

dogl eg severity .
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30. The nethod of any preceding claim wherein the at
| east one drill bit performance paraneter includes one
or nore selected fromthe group consisting of:

l ength drilled;

rate of penetration;

bit wear volune; and

bit dull grade

nunber of stringers drilled;

accunul ated rock strength of stringers drilled;

time taken to drill stringers or hard rock types;
surface drilling torque;
bit drilling torque

surface sliding torque;
bit sliding torque
wei ght on bit;
mechani cal specific energy;
dogl eg severity;
accunmul ated bit revol utions;
mean time between failures;
stick slips; and
vi brations ,
providing the sane paraneter has not been used as a
drillability par amet er .

31. The nmethod of any preceding claim wherein
determning a value of at least one drill bit
performance paraneter at points along the well bore and
determ ning rock characteristics for the interval
includes obtaining a drilling log for at |east the
portion of the wellbore drilled using said drilling
configuration

32. A nethod for conparing the performance of at |east

tw different drill bit configurations, conprising;
assessing the drilling performance of each dril
bit configuration during the drilling of respective

intervals in respective portions of the sane or
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different well bores according to the nmethod of any one
of Cainms 1 to 31; and
conmparing the respective assessed drilling
per f or mances .

33. The method of Claim 32, wherein conparing the
respective assessed performances conprises determ ning
an effective drilling performance for each drill bit
configuration by normalizing the drilling performances
of all conpared drill bit configurations based on the
respective rock characteristics determned for the
interval drilled by each drill bit configuration

34 . The nethod of Claim 33, wherein the normalized
drilling performance for each configuration includes
one or nore selected fromthe group consisting of:

the effective length drilled in a particular type
of rock;

the effective average rate of penetration in a
particul ar type of rock;

the effective rate of wear in a particular type of
rock;

the effective length drilled in formation rocks
having a particular range of values of at |east one
driliability paramneter

the effective average rate of penetration in
formation rocks having a particular range of values of
at | east one drlnablllty parameter; and

the effective rate of wear in formation rocks
having a particular range of values of at |east one
drillability par anet er .

35. The nmethod of Claim 33 or 34, wherein determning

an effective drilling performance for each drill bit
configuration includes adjusting the respective
assessed drilling performances by elimnating from the

assessnent of the respective drilling performances
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perfornmance data in non- conparable sections of the
respective drilled intervals.

36. The nmethod of any one of Clains 32 to 35 wherein
conparing the respective assessed performances
conprises plotting at least one drillability paraneter
as an accunul ative drillability paraneter against

length drilled for individual drill bits used in the or
each drill bit configuration, from the comrencenent
until the termnation of drilling with each individual
drill bit.
37. A nmethod for selecting a drill bit design for
drilling at least part of a wellbore, conprising:
conparing the performance of at |least two
different drill bit configurations by the nethod
according to any one of Clains 32 to 36; and
selecting the drill bit configuration exhibiting
t he highest assessed drilling performance.

38. The nmethod of Claim 37, wherein conparing the
respective assessed performances conprises determ ning

an effective drilling performance for each drill bit
configuration by normalizing the drilling performnces
of all conpared drill bit configurations based on

predicted rock characteristics for the part of the
wel | bore to be drilled.

39. A nmethod of designing a drill bit configuration
for drilling at least part of a wellbore in a formation
conprising :

assessing the drilling performance of a drill bit
configuration used to drill at least a portion of a
wel | bore in a formation by the nmethod according to any
one of Claims 1 to 31; and

adapting the drill bit configuration based on the
assessed effectiveness of the drill bit configuration
in the drilled interval and based on predicted rock
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characteristics for the part of the wellbore to be
drill ed.

40. The nethod of Caim 39, wherein designing the

drill bit configuration includes designing the drill

bit and recording the drill bit design.

41. A nethod of well planning for drilling wells in a
well field, conprising-. drilling at |east one
well bore in the well field;
assessing the drilling performance of at |east one

drill bit configuration used to drill at least a

portion of the welibore in a formation of the well
field according to the nethod of any one of Claims 1 to
31;

and planning the drill bit configuration to be
used in a simlar portion of at |east one successive
welibore in the sanme formation based at least in part
on said assessnent.

42. The nethod of Claim 41, wherein the nethod
includes designing a drill bit configuration by the
met hod according to Claim 39 or 40, for drilling at

| east part of a successive welibore in the well field.

43. A nethod of well planning for drilling wells in a
well field, conprising :

drilling at least two portions of the sane
welibore or different wellbores in the well field using
two or nore different drill bit configurations; and

planning the drill bit configuration to be used in
a simlar portion of at |east one successive welibore
in the sane formation by selecting a drill bit
configuration from said two or nore different drill bit

configurations by the method according to Claim 37 or
38.
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44, The nethod of any preceding claim wherein all or
part of said nmethod is inplenented using a conputer

45. A conputerized system for assessing the drilling
performance of a drill bit configuration used to dril 1
at least a portion of a wellbore in a formation, the
system being arranged to inplenent the nethod of any
preceding claim

46. A method according to any preceding claim further

conprising drilling the wellbore, including drilling
the interval using the drill bit configuration to be
assessed .

47. The system or nethod of any preceding claim
arranged to output the result of the nethod to a
conput er-controll ed resource.

48. A drill bit manufactured according to the
design of Claim 40.
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