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Abstract
Main aspect in wellbore instability is the selentiof an appropriate rock failure criterion. Thisterion involves

only the maximum and minimum principal stres 0,and 0, and therefore assumes that the intermediate ¢
O, has no influence on the rock strength. When MCoulomb criterion was developed it justified

experimental evidence from conventional triaxistt{g, >0, = 0;). Based on triaxal failure machine the M-
Coulomb criteion has been extensively used to represent rotrdaunder the polyaxial stress stag,>
0, = 03). In contrast to the prediction of redistributibohr-Coulomb much evidence has been accumulatir
suggest tha, thus indeed have a strengthening effect. This reseshown that Mol-Coulomb failure criteriol

only represent, that triaxial stress sted,=0,0rg, = 0,) which only occasionally encounterec-situ. The

linear failure criterion has been justified by esipeental evidence from triaxial tests as well atypgial test. It is
natural extension of the classical M-Coulomb criterion into three dimensions. As the k-Coulomb criterion
only represents rockaflure under triaxial stress state, it is expediede conservative in predicting well bc
instability. The 3D analytical model employed by ¢i-Coulomb has been achieved by using linear elasticéory
to calculate the stresses. A model was deve in analyzing shale intrusion, at depth 6100ft thedl Wwore pressur
of the formation was found to be 0.9180psi/ft ardrdases to 0.420psi/ft at depth 7300ft. The memebefficiency
of the formation increases from 0.698 to 0.71%atdepth consider above.

Keywords: Wellbore instability, Rock failure criterion, Polyial test, pore pressure, membrane efficie

Introduction

In recent years the technical challenges arisiognfhighly deviated drilling coupled with the drite reduce
completion and work ovecosts has increased the application of rock mechaini wellbore stability and sol

production problems. The key to successful rockiraairs solutions lies in the acquisition of matsrjaroperties
data (elastic moduland strength) which & representative of the strata penetrated.

There have been a growing interest in geomechaininglation, real time wellbore stability monitoringtimulation
job design, or sand management, the value of gelmenézs have now been demonstrated and is @ble through
out the entire life of a field. Borehole instahjliduring drilling can take many familiar forms, $uas stuck pipe
hole squeezing, lost circulation, severely enlargelé or difficult direction control. Many relatgatoblems coult
arise vhen such wells are drilled to target, including emain formation evaluation, poor cementing, cayl

deformation and ineffective perforati

Problems of wellbore instability cost the indussgveral billions of dollars a year estimated towatib5— 1 Billion

USD/ Year around the globe in downturn, well comdion costs and lost productic

Most of the instability problems encountered in ihe@ustry are mainly shale related, though it caallb occur ir
unconsolidated sandstones as formation out during drilling and thereby distortindown hol¢ formation
evaluation, shale’sre low permeability media that does not experienu@amal fluid loss and f-field pressure
dissipation when exposed to mud at over balancegldrilling. As oil reservirs deplete and costs increases,

need to drill extended reach holes with open holeernal also will increase. This requirement vi# interfacec
with the need to protect the environment againssiide pollution in the past oil based mud (OBMye been
typically justified on the basis of borehole stipjlfluid loss filter cake quality, lubricity angmperature stabilit
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As the environmental regulation restricts the ubmibbased mud's, it is clear that the industry simprovide
innovative means to obtain OBM performance withitwet environmental impact. Therefore, the desigthefmud
system must provide for shale stabilizing, lubyiciind cake quality characteristics of an OBM whilaimizing

acute toxicity issues and maximizing biodegradsbiti such harsh environments (e.g. north sea)aotiyr, efforts
within the industry have centered around understandhe fundamental factors when provides the resegs
characteristics to the OBM to have improve perfarogain terms of borehole stability. From this bakisn it is
hypothesized that implementation of these fundaaterncepts associated with OBM can be utilizeddsign an
effective water based mud to meet up with envirammaderegulations. This is the main aim of this e¥sé to

understand wellbore instability for further apptioa in mud technology and other related applicatiin effective
well optimization.

Factors Influencing Wellbore Stability
Drilling a well in a formation changes the initgttess state and causes redistribution in theityaif the wellbore.
The redistributed stress state may exceed thestoekgth and hence, failure can occur.
Generally wellbore fails either by exceeding thestke strength of the formation or by exceedingshear strength
of the formation. These two types of failure arplained below.
Shear Failure The shear failures occurring at the borehole wal @dassified into four modes in terms of the
principal stresses as defined in a cylindrical dowate system.
Breakout and tonic shear failures occurs when thd pressure is not sufficiently high to support ieeehole. On
the other hand, when the mud pressure is excegdiigh, heliptical shear and elongated shear fafiuran occur.
Similar to tensile failure, there exist lower bouswad upper bound mud pressures which defines awsatiow of
mud pressures within which shear failure will notur.
Tensile Failure: The tensile failures often encountered in practice classified into two modes in terms of the
principal stresses in a cylindrical coordinate syst
Hydraulic fracture will occur when the mud pressigeexcessively high. Exfoliation usually occursemhpore
pressure becomes higher than the mud pressureessila of matrix deformations under predominanthirained
conditions. Hence there exist lower bound and ufyeemd mud pressure between which is the safe wigsdaf
mud pressure whereby tensile failure will not occur
The objective of wellbore stability analysis isitwestigate the potential instability of wellboreg calculating the
redistributed stress state and company it with dopted failure criterion. In order to understanddbwle failure
problems, the factors that affect wellbore stapititust be known and they are outlined below:

» Orientation and magnitude of the in-situ stresklfie

* Rock mechanical and strength properties.

* Pore pressure.

e Mud pressure.
Traditionally, wellbore stability assessments hdween limited to deterministic analysis that yielsllbore
pressure for the onset of tensile and compressigardailure at the wellbore wall. These analyseselproven to be
valuable for well planning and in explaining weltbcstability related drilling problems seen in fied. However,
these analyses have been of limited practical asause they establish limits for operation failure.

Fundamental Issues

Fundamentally, besides inadequate mud weight, bteeimstability is related to the influx of watentd the
formation which aggravates instability by incregsthe near wellbore pore pressure and by decredlsenghale
strength.

The movement of water in or out of the shale isegpgd by several mechanisms; the two most relewvatitis
contract being hydraulic pressure differenlP] between the wellbore pressure (mud weight) hedhale pore fluid
pressure and chemical potential difference betweenlrilling fluid and shale pore fluid.

This research work will analyses the geomechaffécabrs contributing to the stability of a wellbaed anticipated
hole problems.

Objectives

* Review of wellbore stability analysis models.
e Compute the stresses around the wellbore baseedn-8itu stresses, mud weight and pore pressures
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e Compute the chemical stress due to osmotic potatiffarence between shale and the drilling fluid
when a semi-permeable membrane exist

+ Determine if failure of the rock fabric will occunder the calculated stresses

» The research work aims at implementing the comhinaif pressure difference and chemical potential
differences by utilizing the framework of poroeleiy theory to formulate the physico-chemical Isasi
of the borehole stability model.

Methodology

Mechanical instabilities are caused by the drillomggration removal of the cylindrical rock materiaduces a stress
concentration around the Wellbore which usually barbalanced by the hydrostatic pressure of tHéndrifluid.
The extent of the range of scale operating drillfgd densities is dependent on local conditionsl ahe well
geometry.

Wellbore instability, experience mainly in shaletsens, is one of the principal causes of drillidglays and in
some cases even suspension of wells prior to neqthe target depth. And as such the drilling eegirdoes not
want to stay on site longer than necessary; thisnegessitated a lot of author to try to presemiee acceptable
method of wellbore stability analysis. Strubhar &t (1975); Scott et al (1953); Daneshy (1973); and
Baumgartneretal (1989) conducted laboratory expantnon large blocks subjected to true biaxial IngdiThe
result of the experiments showed that fracturetepably initiate parallel to the borehole axis. §hiso conforms to
the generalized plum strain elastic theory whiokdjuts that the fracture trace (initiation) on aidted well makes
an angle with the borehole walls.

A multiplicity of such inclined echelon features yntherefore be initiated. More over, the theoryetdisticity
predicts that each fracture begin at the same mii@ential location on the bore hole, presuminginteraction
Except for the case of extremely small flow ratbgse fractures may not have a chance to extermdebaf new
echelon fracture is initiated. The consequence omaero scale is that these fractures may effegtiveblesce to
form a quasilongitudinal fracture.

On the contrary, Bjarnasson etal (1988) pointedtuait it is also feasible to include large enougingverse stresses
(generated by Poison’s effects) to cause failurpgraicular to the wellbore trajectory. Using a povaw variation
for Young's Modulus as a function of the confinisigess for a vertical wellbore in an elastic mediuith isotropic
horizontal stresses, a generalized representatiioake’s law was presented. The observations asr®llows.

. The magnum tangential stress concentration occitlérwthe rock and not at the borehole wall for
specific loading conditions.

. The formulations do not take into account pre pgeald. The consequence is an over-estimate of the
tangential stress at the well and an under estiofat&ain.

. The representation could be improved by incorpngathodule relationships which do not imply that

the modulus approaches zero as the confirmingssagsroaches zero.
In order to understand borehole failure problers,factors that affect wellbore stability must b@wn and they
are discussed below.

Orientation And Magnitude Of The In-Situ Stress Fidd

The in-situ stress state in a locality generallflecds the density of the formations, the historfytectonics
movements, residual and thermal stresses in thierreln situ stress measurements in various pdrtteworld
have found that the ratio of mean horizontal sttesgertical stress ranges from 1 t02.25 at a d@pB000m while
ratio varies significantly when close to the suef§@.3 to 0.7). Generady/o, ranges from 1 to 2 amal/o, from 0.3
to 1.5 for typical depths of reservoirs.

Pore Pressure

The existence of pore pressure in the rock formatiohanges the effective stress tension. Formatiessure
normally equals to the hydrostatic head of watéemrding from the top of water table to the subseflormation.
However, abnormally high formation pressures ateroéncountered in impermeable formations, espeachéble’s.

Rock Mechanical And Strength Properties
Shale is commonly found as cap rock of oil andrgasrvoirs. The presence of bedding planes in shaldts in the
anisotropic behavior of the material. Uniaxial afdiaxial compression tests on transversely isotrapcks have
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demonstrated that their peak strength vary withahentation of the plane of isotropy with respéztprincipal
stress direction. This difference arises sincebibdding planes have much lower strength than tlaetimock (e.qg.
the ratio of cohesion of bedding planes to thecintack, ¢/c; is 0.53 — 1.0 and the ratio of friction angle, ggrtan
@ is 0.67 — 1.0). In addition, it is found that theerage tensile strength is between 20% and 35%r léw testing
parallel to bedding planes than testing perpendictd the planes. Hence, the strength differenderdsn intact
rock and bedding planes needs to be consideredllhaxe stability analysis.

Hoek Brown Criterion

Laboratory results of triaxial test on rock oftemow a curved strength envelope {Hoek and Brown,0198ek
1983}. Various researchers have therefore propasedine criteria, based laboratory investigatiofisis criterion
was originally developed for estimating the stréngt rock masses for application to excavation glesHoek and
Brown {1980} proposed that at failure the relatibipsbetween the maximum and minimum principal stss is
give by

01:03+\/mcv03+SC\/2 @)

Where m and S are material constants, S takesatlie & for intact rock, and less that unity fortulisd rock. The
value for m is different form rock to rock with anged between about 1.4 and 40.7 (Sheorey 1997).

Drucker Prager Criterion
The extended Von Mises or Drunker Pager criterias wariginally developed for soil mechanics (Druaed Prager
1952).it is expressed in term of principal stresses

T =K+ ()

Where T, is the octahedral shear stress according to equé®) defined by and, is the octahedral normal

o to,+0,

stress according to eqn (1) defined Iy, = and k and m and material constants. The material

parameters k and m can be estimated from the epeend slope of the failure envelope plotted s, — O,

space.

Mogi Criterion
Mogi {1971b) conducted the first extensive poly @axtompresses test on rocks. He noted that themettate
principal stress does have an impact on rock stineagd the brittle fracture occurs along a plarni&isg in the 7,

direction sine the fracture plane striking in tt%, direction mogi concluded that the mean normalsste®,, that
opposes the creation of the fracture plar(g @2) rather than the octahedral normal stiess Consequently mogi

suggested a new feature criterion formulated fy=f (sz)

Chemical Effects In Well Stability

One of the main causes of shale instability iseveld to be the unfavorable interactions betweensttade and
drilling mud (Chenevert, 1970; Bakt a!., 1992; van Oort, 2003). Although such interactiamsich include
chemical, physical, hydraulic, mechanical, thernaaid electrical phenomena are very complicateduiiyiat al,,
1987; Modyel at., 1993; van Oort, 2003), their primary cause istegldo the movement of water/ions into or out of
shale. This movement causes alteration in mechaaizh physiochemical properties of the shale, sl lead to
wellbore instability problems.

The adsorption of water leads to an increase i poessure near the wellbore formation. This exeegsore
pressure is difficult to dissipate due to the losvrpeability of shale, which causes a decreaseeirettective stress
because the effective stress is equal to the sttass minus the pore pressure. The movement & ram the
drilling fluid into the shale also leads to an emgian (swelling) of clay layers and consequentlyearease in the
interlayer-bonding and shale strength. The decraashale strength resulting from relatively minocreases in
water content has been well documented in theatitiee (Chenevert, 1970; Hale et at, 1992). Botlnarease in
pore pressure and a decrease in strength causetgltdteriorate.
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Many mechanisms, including convection, diffusiorsmosis, and capillary phenomena are involved in the
movement of water/ions (Modgt al. 1993; Lomba at al., 2000; Simpson and Peering2R0rhe hydraulic pressure
difference between drilling fluids end shale cauaebulk flow of drilling fluid and is governed byd Percy
equation. However, this flow is generally considete be quite low as the result of both the reldsivow pressure
differential that typically exists for most drilinoperations, and the extremely low permeabilitglodles which is
in the range from 5 to 10 darcy (Pcl et at, 1992).

Low and Anderson (1958) suggested osmosis as aamisch for the movement of water, based on the iplim¢hat
shale itself acts as a semi-permeable membranealibavs the movement of water but restricts thevement of
ions. Fritz at at (1983, 1986) supported the themfrypsmosis as the mechanism controlling the mowené
water/ions, but they believed that clays are ndedi” membranes, and that the ideality of a claynlmane is a
function of the CEC,Porosity and concentration lofds. Mody and Hale (1993) suggested that the mangh
efficiency is also a function of confining pressare

From the above review, it is seen that the moverémtater/ions is critical when studying wellborestability in
shales. It is of great importance, therefore, targiatively measure the movement of water/ionthainteraction
of shale/mud.

In addition to chemical effects, thermal effectBueance the stress distributions around the wedband the shale’s
mechanical properties.

Using thermodynamic principles and the classicalcept of an osmotic cell, Low and Anderson (195837)
derived the following equation to determine the odmPressure that could develop between a shallenaal.

o = RT |r{ aw,meJ -
VW aw,mud

It should be pointed out that for an osmotic presso develop that is equal to the theoretical dsmmotential
defined by the above equation, a perfect membrasgicting ion movement must exist as discussediqusly,
studies have shown that a shale does not seterfezfpsemi-permeable membrane when contacted/¥Bd, so a
membrane efficiency termy() is introduced to correct for the “non-idealityPr({tz et at, 1983, 1986). The non-ideal
osmotic pressure equation becomes;

b =-I Eln(aw,shalej

"V B (4)
The membrane efficiency termyjl
As shown, the following asses can be highlightedhfEquation (4):
aw,shaleljaw,mud ’ . . . X
1) Chemical osmosis flow of water into the shale éases the water content and the pore

pressure near the wellborn wall, and thus destatsilihe wellbore;

Shale Permeability

It can be seen that the lower critical weight iases, while the upper critical mud weight decreasttsdecreasing
permeability (assuming all other parameters renth@é same). This is because the effective stress lower
permeability formation is lower at any given timengpared to that of a high permeability formatiomieh causes
wellbore instability problems (Yat al., of, 2001). For example, when the permeabilitygead to 2 md, the upper
critical mud weight reaches the lower critical mueight. This means that wellbore instability prob&cannot be
avoided when drilling through such low permeabifitymations.

Pore pressure plays a crucial role in wellboreibtgbT he chemical effects, involving water andhimovement into
or out of shale formations, and thermal effects damnge the pore pressure distribution around #ltbare, which
may cause wellbore instability problems.

We see that the lower critical mud weight increasésle the upper critical mud weight decreased st increase
in pore pressure This means that both compressidetensile failures easily occur due to an effectsiress
decrease with increasing pore pressure. Therdfasepf great importance to prevent pore presgweeases around
a wellbore so as to improve wellbore stability.

Diffusion Coefficient
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It is seen that the lower critical mud weight aeges while the upper critical mud weight increagés increased
diffusion coefficient when the concentration of ttelling fluid is lower than that of the pore ftlji From our
discussion on water and ion movement we know ti&titovement of water and ion occurs simultanecasty/that
the movement of water is hampered by the movenking. When the ion concentrations in the drillihgid is
lower than this in the pore fluid, ions diffuse fiathe pore fluid into the drilling fluid and watemoves in the
opposite direction. For a high diffusion coeffidigdiffusion of ions from the pore fluid into theilting fluid helps
prevent more water movement into the formation.sTlm turn, prevents a high pore pressure increakéh
improves wellbore stability.

In addition to the poroelastic effects osmotic ptes is also found to be an important factor aiffiecthe wellbore
stability. Swelling pressure can be observed when ghale samples are exposed to difficult drillfhgds. In
addition, the shale strength changes with exposome as hydration or dehydration progresses. Ithess shown
that osmotic pressure can be treated as a hydrpatiential that drives water into or out of shatenfations.
Exposure of the drilling fluid to the wellbore sack results in the contacted formation being exppdseboth the
hydraulic and osmotic potentials. Solute diffusismot considered in this study.

For shale, the compiling coefficient,ds significantly less than Cthus the pressure term in the temperature
equation can be neglected. The finite differendat®m of temperature distribution also indicatee Co’ term can
be ignored for shale’s. One may suggest ignorirghydraulic effect on pore pressure distributiod #me pore
pressure will be a steady state function of tentpesachanges for specific redial distances. Thigregch only
applies for large distance and long time, hindeictvitemperature reaches a pseudo-steady statibdigtn. Hence,
the problem can be partially decoupled.

o e 62T+1 oT -
ot °lar? y o,
0 °p. 10 aT
PSP 2R T (6)
ot or° yor or
The initial conditions and boundary conditions emasidered as;
p(r,0) = p,, pleo,t) = P, -~ - (7)
p(r,,t 20)= p,, = P, = P,--- - ®)
pf (1t 2 0)= P = Py = Py = Py = Py (©)
T(r,0)=T,, T(o,t) =T, (10)
T(rw't):Tw;rf(rw't):Tw_To"" (11)
Where
p' = pore pressure fluctuations
T = Temperature fluctuations
Po = Initial pore pressure
Pw = Wellbore pressure
Prw = near well bore pressure
To = Initial temperature
Tw = Well bore wall temperature
My = wellbore radius
P = Chemical potential
The osmotic pressure in a mud/shale system caeteendined by the following expressions;
RT . ([ O
Pr =P i =" |- (12)
V O e
Where
O,m = mud water activity
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0.+, = shale water activity

R = Gas constant

\% = partial molar volume of water
(4 = membrane efficiency

T = Inlet mud tempt.

Note for a positive osmotic pressure (potentiainplies there is a driving of water out of the shand vice-versa.

Cation Exchange Capacity (CEC)

The cation exchange capacity, CEC, is defined astity of exchangeable captions required balanttiegcharge
deficiency of a clay particle and is expressed #disemuivalents per 100 grams of dry clay. Eachydiaineral type
is characterized by a range of CEC values but tivd@mental conditions, mainly the pH and preseoicsoluble
salts, may influence this property.

The determination of CEC was done by two methotlsylene blue test and the ammonium acetate teszPer
describe the sample preparation technique and twdewnethodology for the ammonium acetate testsé hiwo
methods give similar results for CEC total but #mamonium acetate method allows the identificatiérthe
individual /contribution by different captions. Bhis an important feature of the experiment sinde possible to
differentiate between the more reactive sodiumtiséefiom the less reactive calcium steatite.

Table 1.0 presents the results of CEC for four daspollowing the ammonium acetate method. Theaye value
of 28 meq/I00g is within the range of possible C&Ques for illites. The results also show that psiiam and
sodium are the most exchangeable captions. Sewverarsion tests carried out by Rabe, confirmed ibssailt after
chemical analysis if the immersion fluid, The knedde of the exchangeable cation can be valuablarfalyzing
the cation exchange during ion invasion from thdlimg fluid to the shale and the eventual altesatiin clay
Structure destabilizing the formation such as satggkby Simpson and Dearing.

Table 1.0 Cation Exchange Capacity (CEC) And Interbangeable Cations

Sample CEC Interchangeable cations(meg/1Q0

Li* Mg™ sSrm ca™ Ba" K'Na

1 28.99 Tr 1.43 0.43 7.61 Tr 19.53
2 30.29 Tr '1.67 0.56 9.23 Tr 18.84
3 25.18 Tr 1.82 0.47 8.11 Tr 14.97
4 26.05 Tr 1.26 0.47 6.99 Tr 17.33

Atoms other then silicon, aluminium and magnesidoms could be encountered in clay crystal due prozess
known as isomorphism substitution. This is the aepiment of an atom by other of atoms similar simgslower
charges without altering the general structurehef d¢rystal lattice. For example, in the tetrahedtaet,Simay
replaced withA}" or Fé"An overall change deficit now exists causing a tigggotential at the clay surface. The
clay is now cation-seeking and will readily adsarlagnation to adjust this change imbalant&e occurrence of
isomorophous substitution and the subsequent ailsompf a cation in clay cause a disparity in thetability. The
adsorbed cation is held loosely by the crystalcstme and can readily be exchanged for anotheorcathus the
term cation exchange capacity (CEC). In the presexicwater, the cation voluntarily undergoes subttin by
hydrogen or hydronium ions present. This resulis lnigh affinity for water molecules which can caadteration of
the shale’s physical properties. CEC can be medsiarehe laboratory by introducing cationic specg&gh as
ammonium (NH) K*,Na", and methylene blue to completely balance the ghadeficiency in the clay, the
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methlene blue test is the reported in nuits of M@@g (mill equivalent wightsof ethylene blue/10Ggloy clay) .the
CEC of common clay minerals have been measure@@npresent in table

Results

The data presented below in tables 2 and 3 areinsahsitivity analysis which are carried out é@ she effect of,
» Swelling pressure against depth
* Membrane effect against depth
* Molar volume against dept

Consequences Of Geomechanical Failure

* Induced fracture causing excessive mud loss

* Heliptical and elongated shear failure when the ma@jht exceeds maximum permissible value
e Stuck pipe problems

e Poor hole cleaning

e Spalling and sloughing of shale

Conclusion
Proper knowledge of Geomechanical analysis hagtudifficult drilling problems into manageable onasd as the
industry continues to move in directions that présgew and even more challenging drilling scenaribsvill
become more important to understand how earthgeaatondition presented by drilling operationse Beience of
geomechanics is the first step in that process
From the technical investigations presented inwhigk, the following principal conclusions are niite
 The geomechanical analysis methodology presenteddas a method of integrating classical wellbore
stability modelling with operational tolerance fostability.
e Drilling in the proximity of faults can promote less and more extensive instability. Whenever plessib
well trajectories should be planned to intersegttéain more favourable (normal) directions.
e There is need to integrate knowledge of subsuréacelitions and wellbores stability into both wedlsign
and operating practice
We believe that Mogi-Coulomb criterion describes thck failure more accurately that does the ti@aiti Mohr-
Coulomb criterion. In all rock engineering applioat therefore, it would be advantageous to empidy rock
criterion. From the result analysed the wellborespures increases as depth increases likewise ¢hgbrane
efficiency increases with depth.
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Appendix
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Figure 1: Sensitivity Analysis of Depth and Wellbece Pressure

Chemp-Mod Sensitivity For Depth and Membrane Efficiency On 16/0522011 18:21:56
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Figure 2: Sensitivity Analysis of Depth and Membrae Efficiency
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Chemp-Mod Sensitivity For Depth and Molar Volume On 16052011 18:15:47
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Figure 3: Sensitivity Analysis of Depth and Molar \blume

Table 2: Data for the mud activity, pore pressure, angles and time

Mud Pore Normalize Pore | Inlet-Mud BHT,deg F | Gas Inclination, Azimuth, Friction Time,
Activity Pressure, Pressure,Psi/ft Temperature ,deg F Constant deg deg Angle, Hrs
Psi/ft deg
0.123 0.433 0.434 120 150 0.08205 45 45 45 5
0.145 0.434 0.435 124 155 0.08205 45 45 45 7
0.167 0.435 0.436 128 160 0.08205 45 45 45 9
0.189 0.436 0.437 132 165 0.08205 45 45 45 11
0.211 0.437 0.438 136 170 0.08205 45 45 45 13
0.233 0.438 0.439 140 175 0.08205 45 45 45 15
0.255 0.439 0.44 144 180 0.08205 45 45 45 17
0.277 0.44 0.441 148 185 0.08205 45 45 45 19
0.299 0.441 0.442 152 190 0.08205 45 45 45 21
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0.321 0.442 0.443 156 195 0.08205 45 45 45 23

0.343 0.443 0.444 160 200 0.08205 45 45 45 25

0.365 0.444 0.445 164 205 0.08205 45 45 45 27

0.387 0.445 0.446 168 210 0.08205 45 45 45 29

Table 3: Data for Shale Intrusion Mode
Max Well
Molar Hor. bore
OBS, MinH, Cohesion, Poisson | Young's Membrane | Volume Of Pore Stress | press.n
Depth, ft psi/ft psi/ft psi/ft Ratio Modulus,MPa | Efficiency water Fluid psi/ft psi/ft

4500 0.96 0.605 0.113 0.25 3600000 0.67 0.23 0.45 | 0.7825 1.5189
4900 0.96 0.605 0.115 0.25 3600000 0.677 0.25 | 0.455 | 0.7835 1.4130
5300 0.96 0.605 0.117 0.25 3600000 0.684 0.27 0.46 | 0.7845 1.3189
5700 0.96 0.605 0.119 0.25 3600000 0.691 0.29 | 0.465 | 0.7855 1.1189
6100 0.96 0.605 0.121 0.25 3600000 0.698 0.31 0.47 | 0.7865 0.9180
6500 0.96 0.605 0.123 0.25 3600000 0.705 0.33 | 0.475 | 0.7875 0.7180
6900 0.96 0.605 0.125 0.25 3600000 0.712 0.35 0.48 | 0.7885 0.5189
7300 0.96 0.605 0.127 0.25 3600000 0.719 0.37 | 0.485 | 0.7895 0.420
7700 0.96 0.605 0.129 0.25 3600000 0.726 0.39 0.49 | 0.7905 0.4110
8100 0.96 0.605 0.131 0.25 3600000 0.733 0.41 | 0.495 | 0.7915 0.3180
8500 0.96 0.605 0.133 0.25 3600000 0.74 0.43 0.5 | 0.7925 0.210
8900 0.96 0.605 0.135 0.25 3600000 0.747 0.45 | 0.505 | 0.7935 0.1210
9300 0.96 0.605 0.137 0.25 3600000 0.754 0.47 0.51 | 0.7945 0.110
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