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Abstract. During the petroleum well drilling operation many mechanical and hydraulic parameters are observed by an instrumentation
system installed in the rig named mud-logging system. The mud-logging system is composed by several sensors distributed in the rig;
these sensors measure different operation parameters like: hook load, column rotation, mud pit level, pumping pressure, etc. The mud-
logging system allows to track the evolution of each measured parameter on-line. Nowadays, many parameters are continuously
measured in the mud-logging units with a supervising purpose. However, in the most of cases, those data are stored without take
advantage of all its potential. In other hand, to make use of the mud-logging data, it is required analyze and interpret it. That is not an
easy task because of the large amount of information involved. This work presents a system that can automatically classify the operation
stage that is being executed using mud-logging data interpretation. The system allows to classify for instance if therig is in a rotary
drilling process, or if therigis circulating mud in the well, etc. The here presented system was used to classify two days of an offshore
well drilling operation. In order to check the performance of the system, the results obtained were compared with the expert handmade
diary drilling report classification. It was observed a high level of conformity between the system classification and the drilling report
classification mainly in small time periods where the drilling report classification is more precise. For larger periods of time, the
automated system obtained a more precise classification because it make possible to individualize each executed stage. The proposed
system allows the online classification of stages or the stages classification from a drilled wells database. The system can also be used to
develop a tool able to automatically generate a precise record of the executed stages.
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1. Introduction

Offshore petroleum well drilling operation is artigity that usually involves high cost and comptgxilt demands a
high qualification level of drilling experts. Nowags, there is a great concern about the optimizaifadrilling activities
with the purpose to guarantee the drilling execuiioa safety and low cost manner.

In the last two decades, the technological advamcesilling techniques has contributed consideyabl reduce costs
and to enlarge exploration areas. The improvemgbirectional Drilling, Measuring While Drilling (MVD) and Logging
While Drilling (LWD) Systems and the developmentdriiling capabilities for deep and ultra-deep waiee evidences of
how technological progress has changed the petro&gploration scenario.

Technological progress in petroleum engineerindd fisas in part motivated by the evolution in instentation
techniques, which affected not only the petrolexplaation but also the field development and pudiidun activities. As
result of increasing instrumentation level, todeyge amount of well drilling operational data Hzeen measured and
recorded. However, techniques of data interpreiagiod evaluation have not developed at the sanmedspad there is a
lack of tools able to make an efficient analysid ase all data and information available.



This work presents the development of a systemubes the information collected by mud-logging téghes during
well drilling operations. Nowadays, the mud-loggiteghniques do collect huge amount of data. Howewerch of the
valuable information is not being used as much alduld be. The main goal of the proposed sysgeto take advantage
of potential valid information contained in the aadse, which is not being completely exploited. Diagput of this
exploration could be used to produce performanbamrement.

The proposed methodology is able to generate asgreeport of the executed stages during an operdtrough the
interpretation of mud-logging data. It has two polesapplications. The first one is related to pegformance analysis and
abnormalities investigations. In this sense, theetitged tool could be used to carry out later asialgf the time spent in
drilling each well in a field, and to investigatevin much each stage consumed from the total operétite. The second
one is that the methodology could be implementeal @G@mputer system to produce on-line report ofettecuted stages in
the rig, and this report would present the same tinecision as the mud-logging data.

Similar initiatives for development of automatedpstvising systems in other fields were observed rfoning
engineering problems (Yt al., 2003).

The presented work was developed at Unicamp, inL#ie of Artificial Intelligence Applied to Petroleu (LIAP).
LIAP team has been working in the last years depiefp intelligent and automated systems for oil ajad industry
(Mendes et al., 2001 and Silegal., 2003).

2. Mud-logging System

During the petroleum well drilling operation mangahanical and hydraulic parameters are measurethandored in
order to perform the drilling in a safe and optiedzmanner. There are many systems that work togétha rig to
accomplish this task. One of these systems is nametlogging and it is responsible for measuring aronitoring a set
of mechanical and geological parameters.

The use of mud-logging systems was introduced ewiBin the 70 decade. At that time, only a redunadber of
parameters were monitored. Since the 70s, with [dpreent in instrumentation techniques, the numifemeasured
parameters has increased and the use of mud-loggatgms became a common practice in the oil imglust

Another aspect that contributed to the progressiad-logging techniques in Brazil was the developnodrdeep and
ultra-deep water drilling technologies. The deep atira-deep water environments require a very i&tely controlled
drilling operation. Any failure or negligence maguse great human and economic losses. To havecasgraontrolled
with accuracy, it was needed to improve availabfermation systems. In this context, the mud-loggivas enhanced to
become an important information system.

Nowadays, mud-logging systems have two distinctedisions, the first one is responsible for collegtaimd analyzing
formation samples (shale-shaker samples), anddbend one is responsible for measuring and mongomechanical
parameters related to the drilling operation. Coeshg only the second dimension, the mud-loggiystesn could be
characterized as a complete instrumentation system.

To accomplish its mission, mud-logging systems émegal rely on a wide range of sensors distributethe rig
operative systems. One important characteristichef technique is that there is no sensor inside wkell, and the
measurements are made on the rig. The data cblette sensors is then sent to a central compys¢ers, where the data
is processed and displayed in real time througbest installed in the mud-logging cabin and inabmpany-man office.
The checking of the parameters evolution is madedisplay devices; the system allows the selectibrdisplayed
parameters as well as the selection of its presentappearance (numbers or graphics). Duringhalldrilling operation,
there is an operator watching the parameters @emy kind of abnormality. If an observed parametesents an unusual
behavior, the operator communicates immediatelydtiiker that will carry out properly procedures golve the problem.
Actually, the system allows the programming of mlarthat will sound in the mud-logging cabin, alggtithe mud-logger
that the value of the observed parameter is outsfitlee programmed range.

The number of observed parameters may vary acaptdirthe particular characteristic of the drillingeration. The
most common measured parameters are: Well DeptptiiDerrue Vertical Depth (TVD), Bit Depth, Rate Bénetration
(ROP), Hook Height, Weight on Hook (WOH), Weight &it (WOB), Vertical Rig Displacement (Heave), Tag
Drillstring rotation per minute (RPM), Mud Pit Vohe, Pump Pressure, Choke Line Pressure, Pump Stpsteminute
(SPM), Mud Flow, Total Gas, Gas Concentration [bstion, HS concentration, Mud Weight in/out, Drilling Fluid
Resistivity, Drilling Fluid Temperature, Flow LineAG Time, and Stand Length.

It is noticed that only some of listed parameteesraally measured using sensor devices. Somezof tire estimated
from measured parameters. The WOB, for instancan iestimated parameter. It is calculated usingMk¥H (a measured
parameter) and the weight of drillstring elements.

In following, a sequence of pictures taken onbazrdn offshore floating rig shows examples of mogdging system
application.

Figure 1 shows the sensor that measures the hagkthln the presented situation, the hook heighiging measured
through the drawworks revolution. It can be noticgsing Fig. 1, that there is more than one sedswice installed. It has
occurred in this specific case because, besidastioelogging sensor, there is also the rig andMi¢D sensors.



Figure 2 presents the sensor for hook weight measemts. In the presented situation the weightiisgomeasured by
strain gauges installed in the deadline. As meetidmefore, this measurement is utilized to caleulla¢ WOB.

Figure 3 presents a sensor installed close to tieepump piston. It measures the number of strakestime unit. The
mud flow rate is calculated using the number oblsts, the geometry of the pump chamber, and theppefficiency.
Actually there is more than one pump operatinghat $ame time, and the total mud flow rate is okthifrom the
summation of individual flow rate of each pump.

Figure 4 presents the choke line pressure senbi@ sénsor device is installed in the choke madiélthe rig floor.
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Figure 1. Assemble of the hook height sensor at the Figure 2. Assemble of the hook weight sensor at the
drawwork. deadline.

Figure 3. Assemble of the strokes sensor at theppum Figure 4. Assemble of the pressure sensor at thieech
piston. manifold.

A main function of mud-logging system is the edklgk detection based on observation of mud pit r@y mud
weight, and shale density. The mud-logging dataatsm be used to monitor the formation pore presand the formation
fracture gradient. The formation pore pressure lbarestimated using correlations that involve digliparameters like
Weight on Bit (WOB), Rate of Penetration (ROP), Mtldw, etc.

The mud-logging monitoring services are generallgvigled by a specialized company. At the end ofriflirdy
operation, the company makes a report relating roences associated to the completed operation.nBuhie drilling
parameters monitoring, a huge amount of data isllysgenerated. Due to difficulties of data storatfeese data are
summarized into smaller files. The common pracisc® reduce the sampling frequency of the measemnéfnom second
basis to minute. If it solves the problem of filees, on the other hand it represents a lost aitggmount of information.
There are some events that may occur and lastfewlyseconds, like the drag occurrence in tripping @hen the data is
summarized the information about the drag occueeneild partially be lost.

Another important question related to mud-loggiggtem is the redundancy of measured parametergleBethe hook
height, others parameters have been usually mehbyrenore than one instrumentation system. It immon to find rigs
where the same parameter is being measured byutidagging company and by the rig system itselfdAtnis not rare to



observe cases where the measurements taken dbowttlse same absolute value. This behavior hasdalsscussions
about the future of mud-logging system.

The general observed tendency is that the latestrggon rigs have high level of instrumentatiom.this context,
probably, the onboard rig measurement system wiltdsponsible for measuring and monitoring alllidgl parameters
while the mud-logging services will be restrictedshale-shaker samples analysis.

The following section presents the description emalstruction of the proposed automated classiinagystem.

3. The Classification System
3.1. Individual stages associated to the drillingperation

The drilling of petroleum well is not a continuopsocess constituted by one single operation. Lapkanit with a
small scale it is possible to notice that the pgetnm well drilling operation is made up by a seqeenf discrete events.
These events comprised in the drilling operatiolhlvé named here as drilling operation stages.

Six basics stages associated to the drilling ojmeratere identified to build the proposed classifion system. Table 1
presents a brief description of each consideregestad the labels adopted.

Table 1. Description of the considered stages.

Mode Drilling Operation Stages Label

Rotary Drilling: In this stage occurs the drilling itself; the b#ally advances increasing the
well depth. The drillstring is rotating and thesemiud circulation. The drillstring is not anchored RD
Rotating | in the rotary table causing a high hook weightleve

Mode Reaming: In this stage despite the high hook weight levhE mud circulation and the
drillstring rotation, the bit does not advance @aging the final well depth. In this situation tner RR
is a reaming of an already drilled well section.

Drilling (Sliding Drilling): In this stage, the bit really advances increadigwell depth. Th

difference here is that the drillstring is not totg and the drilling occurs due to the actionhef|t NRD

Rgt(;?'hg downhole motor. There is mud circulation and a tighk weight level.
i

Mode Reaming or Tool Adjusting: In this stage the bit does not advance increadiadfinal well
depth. There is circulation and a high hook welghiel. This condition indicates that a reamingNRRA
cycle is being executed or that the tool-face efdhwnhole tool is being adjusted.

i Tripping: This stage corresponds to the addiction of a nesticseto the drillstring. The T
drillstring is anchored causing a low hook weightdl. The drillstring does not rotate.

i Circulating: In this stage there is no gain in the well depthisl characterized by fluid C
circulation, high hook weight level and a moderat@dtion of the drillstring.

D

The described above six stages represents a fiost o individualize the basic stages of a dnifJi operation. The
stages were detailed considering the drilling pbagiéh mud return to the surface. The drilling teclogy considered was
the drilling using mud motor and bent housing. Tdiassification may not be satisfactory to theiahidrilling phases and
for special operations, like fishing, in the wdih the same way, if other drilling technologies amnsidered, small
adjustments in the stages definition will be regdirFor instance, using rotary steerable systenageisn’'t make sense to
make distinction between rotary drilling and oreshtdrilling stages as they were defined in the goresd work, because
these systems are supposed to drill all the tinmegudrillstring rotation.

3.2. Architecture of the Classification System

In order to identify the stage that in being exedythe system need some of the information magtdtdny the mud-
logging system. This work suggests the use of fasameters: Bit Depth, Weight on Hook — WOH, StRipk Pressure —
SPP and Drillstring Rotation — RPM.

After reading the information; the data are intetpd according to a set of pre-established rulssie8ult, the system
will associate an operation stage to each settefatzcording to the rules.

The classification obtained using the system ctn@dised to automatically generate a logging ofettecuted stages.
Figure 5 presents an illustration of the systerhitgcture.



It is important to notice the parameters readinglwa done either from previous stored mud-loggileg for from mud-
logging systems in real time. It means that théesyscould be used either to carry out classificativa database of drilled
wells or to generate an on-line report in the rig.
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Figure 5. Architecture of the Classification System

The automated processing of the data is vital duéhé great volume of information involved. If wensider a
sampling data second by second, for just one hboperation would be produced 14400 (4 x 3600) patars value what
makes the manual classification a very time consgrtask.

The system knowledge is represented by a set e@s.ruh this sense, human knowledge was represented
programmable language. In this work, the operatiknawledge is represented by a set efiThen rules.

In order to build these rules, human knowledge naigg characteristics of each stage and the relaifoeach stage
with the four parameters measured by the mud-lgggiystem was required. From the relation betweggest and chosen
parameters six independent rules were formulatsdlting then in one rule for each stage. TableeBgnts the rules used
in this work.

Table 2. Considered rules.

Operation Bit Depth RPM | WOH | SPP Classification
Positive variation, and bit depth equ

Aigh | High | High | Rotary Driling - RD

. Drilling or larger than the maximum depth
Rotating . - -
Mode Positive, negative or null variation,
Reaming and bit depth smaller than the High High High Rotary Reaming - RR
maximum section depth
- Positive variation, and bit depth equal . . Non-Rotary Drilling -
Non- Drilling or larger than the maximum depth Null High High NRD

Rotatin i iti i iati
0] Reaming or| Positive, negative or null variation, Non-Rotary Reaming o

Mode i i i
'_I'oII_ and blt_depth smgller than the Null High High Tool Adjusting - NRRA
Adjusting maximum section depth
Tripping Null variation Null Low Low Tripping - T
Circulating Smaller than the maximum depth| Null High High Circulating -C

The stage “Tripping”, for instance, is charactedizghen there is no well depth variation, no driligg rotation, and
there is low hook weight and low pressure levelthastand pipe.

The labels “High”, “Low” and “Null” used in Tab.lactually correspond to a range of values. The mngey
according to the rig and parameter considered.ekample, for a particular rig, a High WOH level dam a value above
250 kibs, while a Low level would be a value bel@%0 kibs.

The rules presented in Table 2 are a first efforbtild a more complex system able to classifyrgeiaquantity of
stages. If additional technical knowledge abougesas added, it will make possibly to obtain a enafined set of rules
able to classify more stages.



4. Results

The proposed system was tested with real mud-lggdata from a database. In this database dataiamarized per
minute, then for each parameter only one valueeémh minute is available. The first presented tdsuhe classification
obtained for seven hours of drilling operation madfshore well.

The results are presented in Figure 6 in orderdkeneasy the understanding. The considered mudhlpggformation
is presented in the four first time records. Thetfiecord, for instance, presents the Bit Depttampater. The vertical axis

represents the Bit Depth and the horizontal oneeggmts the time in minutes.
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Figure 6. The classification produced by the sysi@nseven hours of drilling operation in an offshavell.

The last time record in Figure 6 presents the systlassification. The horizontal axis represents time and the
vertical axis represents the resulted classificatidhe classification is indicated in the vertiaals using the labels defined
in Tab. 1 and the additional label “NC”, which indtes not classified data. Each horizontal lineesgnts one stage.
Observing the line identified by the label “T” (pging), it can be noted that just two “Tripping” reeexecuted during the
considered period, one in the first and other i tihird measured hour. The examination of the “NRRXon-Rotary



Reaming or Tool Adjusting) line shows that a sigpaift fraction of the total considered time wasrgpe this stage. It can
be explained by the characteristic of the drillleghnology employed. When a directional well idledi using downhole
motor and bent housing, much time is spent trymgdt the tool-face angle, and this time is congpuate “Non-Rotary
Reaming or Tool Adjusting” time, according to thefiditions presented in Tab.1.

From the same Figure 6, other important featurebsanabserved. In the classification and inspedtirgfirst record, it
is possible to observe that before the first trgponly the back-reaming of the last pipe was etezt;uwhile before the
second tripping it was executed the back-reamingllahe last section. This is an example of whatlof information is
“hidden” in mud-logging data.

The second obtained result is the classificationt@ days of drilling operation in another offshowell. In order to
check the performance of the automated classificatystem, the two days of the system classifinatiere compared with
the classification registered in the Daily DrilliRgport (DDR) of the considered well.

The DDR is an operational report elaborated byrapamy expert responsible to supervise the drilbpgration; this
report is filled up at the end of every day onbotrel offshore rig. The DDR presents a low levebt@ndardization; the
DDR operation descriptions are very influenced lhg person responsible to complete the report. ¢toiemon to find
DDRs where the details of the descriptions suddehfnge from a given day to another. It is a direstilt of the change
of the company drilling expert in charge. It canda@l that each company expert has an individyld 86 complete DDR;
some of them are more detailed while others areerooncise.

Table 3 presents part of the results obtainedHerdomparison between the automated system ctagiifi and the
DDR records.

Table 3. Comparison between the automated systessifitation and the DDR classification.

DAILY DRILLING REPORT AUTOMATED CLASSIFICATION SYSTE M
LINE TIME ROTARY MODE | NON-ROTARY MODE NOT
NUM. DATE |[FROM| TO | PERIOD DDR DESCRIPTION T C | cLASSIFIED
(h) RD RR NRD NRRA

01 | o07/09/2003] 7:00 9:3 2.5| NON-ROTARYDRILLING  37% 59 339 9% 3% | 0% 3%
02 | o07/09/2003] 9:30f 11:0p 15 ROTARY DRILLING 73% 89 3% 9% 6% % 1 0%
03 | 07/09/2003| 11:00 12:00 1 NON-ROTARY DRILLING  22% 59 439 3% 2% | 0w 5%
04 | 07/09/2003] 12:00 12:3p 0.5 ROTARY DRILLING 80% 3 0% 17%| %ol o% 0%
05 | 07/09/2003| 12:3) 14:00 15| NON-ROTARY DRILLING 0% 1246 0%|  78% 4% | 0% 6%
06 | 07/09/2003| 14:00 15:00 1 ROTARY DRILLING 28%|  18% 339 20%| %ol 0% 0%
07 | 07/09/2003| 15:00 16:0D 1 NON-ROTARY DRILLING 0% 09 509% 988 % | 2% 3%
08 | 07/09/2003| 16:00 17:00 1 ROTARY DRILLING 40%|  10% 17%) 33%| %ol 0w 0%
09 | 07/09/2003| 17:00 18:00 1 NON-ROTARY DRILLING 0% 09 27% 98 | 10% | 0% 5%
10 | 08/09/2003| 18:00 19:30 1.5 ROTARY DRILLING 40%|  17%  27% 6 | 0% | 1% 0%
11 | 08/09/2003| 19:3) 21:00 15| NON-ROTARY DRILLING  16% 3% 90 22% 4% | 0% 4%
12 | 08/09/2003| 21:00 23:00 2 ROTARY DRILLING 53%|  18% 0% 25% 3% 1% 1%
13 | 08/09/2003| 23:00 0:0( 1 NON-ROTARY DRILLING ~ 17% 89 50% 923 2% | 0% 0%
14 | 08/09/2003| 0:00 0:34 0.5 ROTARY DRILLING 40%| 279 0% 17% | oy 0% 0%
15 | 08/09/2003| 0:30] 1:0q 05| NON-ROTARY DRILLING  20% 09 57%) 3% 0% | 0% 0%
16 | 08/09/2003| 1:00 1:3q 0.5 ROTARY DRILLING 27% 39 27% 43% 0% 0% 0%
17 | 08/09/2003| 1:30 2:04 05| NON-ROTARY DRILLING 0% 09 60% %3 | 13% | 0% 3%
18 | 08/09/2003| 2:00] 2:3q 0.5 ROTARY DRILLING 37%|  23% 3% 37% 0% 0% 0%
19 | 08/09/2003| 2:30 3:04 05| NON-ROTARY DRILLING 0% 09 77% 920 0% | 0% 3%
20 | 08/09/2003| 3:000 3:3( 0.5 ROTARY DRILLING 30% 39 13% 33% 0% 0% 20%
21 | 08/09/2003| 3:30] 4:3( 1 NON-ROTARY DRILLING 3% 7% 53% 25% | %7| 0% 5%
22 | 08/09/2003| 4:30] 5:00 0.5 ROTARY DRILLING 60% 79 13% 20% 0% 0% 0%
23 | 08/09/2003| 5:00 5:3( 05| NON-ROTARY DRILLING 0% 09 73% %23 0% | 0% 3%
24 | 08/09/2003| 5:30 6:04 0.5 ROTARY DRILLING 27%| 209 13% 30%| %O0| 0% 10%
25 | 08/09/2003| 6:00] 6:30 05| NON-ROTARY DRILLING 0% 09 53% 047 3% | 0% 27%

From the Table 3, it is possible to observe thaRDBcords and the classification of the proposeatiesy become close
each other, in general, when the time period censitlis short. Considering the line number 01 quedf 2.5 h), it can be
noted that the DDR classification is “Non-Rotaryilllrg” for the entire interval, while the automatsystem classification
indicates that 33% of the time was spent in “NoraRp Drilling”. Considering the line number 15 (jm of 0.5 h), the
DDR classification indicates “Non-Rotary Drillingdr the entire period, while the automated systedicates that 57% of
the period was spent in “Non-Rotary Drilling”.



This behavior can be explained by the fact that@DiER provides more exact information when time iintds are
shorter. When time interval is long, commonly metages are comprised in the time interval. The Iprolis that the
executed stages are not properly registered inDIBR. The common practice is the company expertsiflas longer
intervals with the operation that he believes tothmE more important (for example, that one consuioader period of
time, or that one produced more positive resu@®nsequently, part of the information about theceied operation is lost
and it can not be recovered from the DDR.

The lines 16 and 20 in Table 3 are examples ofpih@ DDR classification. Both lines are classifi@sl “Rotary
Drilling” by the DDR, but according to the mud-ldgg data the time spent with RD was 27% and 30 $peetively. In
these two cases most part of the time was consloyp&bn-Rotary Stages and it is not registered @MDR. In general,
the expert classification “Rotary Drilling” includehe two Rotary Mode Stages (RD and RR), but éwisnconsideration
does not make DDR classification suitable.

The proposed system allows automatically classiéy éxecuted stages and the time consumed by ezgh. $t the
accuracy and the detail level are considered ntbsaconcluded that the proposed system provigesfisant advantages if
compared with the DDR.

Table 3 also shows that a small percentage ofwlasanot classified. It can be explained by twodextThe first one is
the quality of mud-logging data. The presence dfiens, probably caused by mistakes in the meagupirocess, was
observed within the data during the developmenheforesented work. With the purpose to minimizeittluence of these
mistakes, the system makes use of measured var{@tistead of measured value) always it is possibie available in the
literature, discussions regarding mud-logging dgiality and its quantitative use limitations (Kgidjstadet al., 1993).

The second factor that can explain the presencemflassified data is the consistency of the astbptles. The rules
were formulated considering that for each stageetli® a particular parameter configuration. Thebjgm is that the
parameters do not necessarily change at the samaeRor example, considering the “Tripping” stae, “column anchor”
and the “pumps turn off” do not occur exactly a¢ game time. A delay may occur, and during thisydeh unexpected
parameters configuration is characterized. The p@eted configuration results in “not classifiedtala

Improvement in the quality of data and improvenrthe rules can increase the classification level.
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6. Conclusion

The development of an automated classificatioresygbr basic stages of drilling operation was pnesg This system
represents an initial effort to build a more compkeystem able to classify a larger set of stage$ tangenerate
automatically operational reports using mud-loggitaga. The classification system presented carseé either to classify
stored mud-logging data of a drilled wells databas® classify mud-logging data on-line and onbdoiara rig. Due to the
detailing level regarding executed stages proviokedhe classification system, it can be helpfubt@lyze the individual
drilling performance of each well. Information albdhe total time spent in each stage combined vétated economic
costs can be used to assess the real cost redbetiwiit caused by optimized drilling programs amdoduction of new
technologies.

Information concerning individual drilling performee can be used also to build benchmarking analysiis sense,
a petroleum company could use this informationaycout comparisons between performances of diffedivisions. In a
minor scale, the company could compare rentedpgég®rmances and identify weak points as part gbarg improvement
process. The results produce by the proposed sysi@yngive support to the design of new wells. Tiferimation about
the time spent to execute a determined stage dmeilldsed for planning new wells in the same regimvigding cost
estimations.
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