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PREFACE

The main objectives of this Formation Pressure Evaluation Reference
Guide are to:

1. Educate Baker Hughes INTEQ field personnel to a basic level of
pressure evaluation expertise

2. Provide a comprehensive reference to for experienced Baker
Hughes INTEQ field personnel

3. Foster constructive thought and continued development of Baker
Hughes INTEQ personnel in the nag@ment of formation
pressures

This reference guide is based upon sevRaider Hughes INTEQ sources
(EXLOG's Theory And Evaluation of Formation Presss Manua|

Eastman Teleco'’Bore Pressure Courslilpark’s Drilling Fluid

Technology Manualimany new ideas from published articles, along with
information and feedback from field-based personnel. These have been
incorporated into this revision. It is hoped that the topics will generate
interest and will allow field personnel to follow up on the new lines of
thought referenced in this manual, and return their comments to their local
Training and Development department.

Ease of introduction is provided by the detailed table of contents and the
glossary of terms, definitions and formulae should make access to
background information more rapid. References are listed at the end of
each section. Should tiheader of this manual require a copy of a
reference, if a copy is unavailable from the fielda#fiplease contact the
Baker Hughes INTEQ Training and Development department in Houston,
Texas.
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Chapter ll

What i1s Pressure Evaluation?

The evaluation of formation pressures is an integral part of the well
planning and formation evaluation process. For example, in order to drill a
well safely and economically, it is necessary to know the pore pressure and
fracture pressure so that the mud density can be optimized to provide
sufficient overbalance, while being low enough so that formation integrity
is not compromised (see Figure 1-1).

In areas where exploration and production histories are established, offset
data sets can be used to provide detailed profiles of expected pressures for
those wells about to be drilled. Seismic data, log information (wireline,
FEMWD, FEL and various pressure logs) and direct pressure
measurements (DST, RFT and production testing) can all be used.

This information, while extremely valuable, can be subject to regional
variations and should be considered a guide at best, and at worst
misleading. It is vital that during the course of a well methods be adopted
to evaluate changes in the formation pressures. This “real-time”
information can then be used to update the initial well prognosis.

By using modern methods and industry accepted concepts (outlined in this
manual), relationships between petroleum geology and drilling engineering
can be interpreted to give accurate estimations of formation pressures at
any point during the course of a well. In addition, mathematical models and
algorithms can be used to predict formation fracture pressure following the
first pressure integrity (Leak-Off) test in a competent formation.

The successful estimation afrmation pressures requires the correct
application of methods and evaluation procedures, and the knowledge, skill
and experience of those personnel entrusted with this type of work.
Effective communication with rig site personnel (Operator, Drilling
Contractor, Service Companies) is also extremely important.

In all instances, teamwork is the key.

Requirements of Pressure Evaluation Personnel

The individual providing pressure evaluation services for Baker Hughes
INTEQ must be an person with extensive field experience. They must have
a thorough understanding of drilling engineering, have excellent
communication skills, and be knowledgeable of logging procedures and
interpretation techniques. This person must have witnessed pressure
evaluation services first-hand, and have played a part in these services by

Reference Guide 1-1
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recording and interpreting such information as drill rate, MWD and
wireline log traces, formation gas, drill cuttings and rig site sensor
parameters.

The Baker Hughes INTEQrillByte ® service has an unprecedented

amount of computing power, which can be used to collect, store, process
and interpret vast amounts of drilling and geological data, and to produce a
variety of plots, logs and reports. It is a highly effective tool that can be
used to provide pressure evaluation personnel with the means to make
accurate decisions and quantitative estimations of formation pressures, and
to eliminate the need to make lengthy, laborious repetitive calculations.

Even with all this advanced technology, pressure evaluation still requires
experience, good judgement and teamwork to be successful.

Responsibilities

When Baker Hughes INTEQ field personnel are asked to perform
formation pressure evaluation services, they accept a great deal of
responsibility. The decisions and reports made during the course of their
duties are of genuine importance to the drilling operation. As a result, their
reports must be accurate, subject to critical examination in difficult
situations, and must be substantiated.

These personnel must work in close cooperation with the Operator's
engineers and geologists, the rig superintendent, mud engineer and others
at the local base. Their ability to communicate with these personnel is a
vital component of the service.

During the performance of their duties, the pressure evaluation personnel
will find that some wells are trouble-free and very undemanding. This,
however, is no reason to reduce the quantity or quality of their observations
and record-keeping. On the other hand, some wells will place so much
stress and responsibility on them, that their knowledge and capabilities are
tested to the utmost. Every well is different, and knowledge is gained from
every circumstance. The completion of a demanding assignment, which
results in the attainment of total depth with minimum hole problems and
maximum information is the most rewarding aspect of the job.

Instrumentation

Pressure evaluation personnel should be trained in the use of the various
calculators and computers available within Baker Hughe&€£@ITSuch
equipment is invaluable when making pressure calculations. Several
Engineering Assistance PrograrBA\P) are available iDrillByte .

A sophisticated pressure evaluation packagePress is included in
DrillByte (version 2.0+) and should be used whenever it is available. In
general, the amount of instrumentation used in pressure evaluation will

1-2
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vary with each particular job. Figure 1-2 illustrates the variety of
equipment and parameters available to pressure evaluation personnel.

When used, FEMWD services can provide many parameters that can be
valuable in formation pressure evaluation. Parameters such as Gamma
Ray, Resisvity, Neutron Porosity and Formation Density can be used
effectively during pressure evaluation. Composite logs, combining the
FEMWD and surface logging data are important sources of interpretation,
evaluation and correlation material.

Secondary equipment can also be important sources of formation pressure
variables. Services which include mud density (In and Out), mud
temperature (In and Out), mud conductivity (In and Out), Mud Flow, Pit
Volume Totalizer, Shale Density, and Shale Factor proves invaluable when
monitoring formation pressures. To ensure its effectiveness, whenever any
of these services are included in the logging unit, the pressure evaluation
personnel are required to know how to operate, calibrate and troubleshoot
this secondary equipment, in addition to interpreting the acquired data.

Logs and Reports

A complete record of formation pressure data and evaluation results is
important for the communication of information while drilling. This record
is also of value in the development of future exploration and drilling plans.

In the pressure evaluation aspects of their work, the wellsite personnel are
responsible for the production of a group of pressure logs and reports.
Examples oDrillByte plots include:

e  Dirilling Data Pressure Log

» Temperature Data Log

*  Wireline Data Pressure Log

» Miscellaneous Data Logs (i.e. Shale Data Pressure Log)
*  Pressure Evaluation Log

*  Various FEMWD Composite Logs

In addition to the logs, pressure data and comments are reported daily to
the Operator oDrillByte morning reports (Appendix F).

At the completion of the well, all of the information in the pressure
evaluation reports and logs, are combined with the formation evaluation
and engineering information, which is then compiled into a Final Well
Report (FWR) for the client.

Reference Guide 1-3
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Chapter E

Origins Of Abnormal Pressure

In most geological settings, a “normal” set of parameters can be used to
predict what formation pressures might be encountered while drilling. If
these conditions always prevailed there wouldity ever be any problems
in tailoring a drilling fluid system to control the well.

Unfortunately, various geological and mechanical variables conspire to
produce pore pressures that are higher (or lower) than the “normal”.

What information does the well planner have at their disposal to predict
formation pressures for upcoming wells? The geological history of the area
to be drilled is usually known. This, combined with a krexge of how
abnormal pressures develop in different geological settings, can enable the
well planner to anticipate the location, extent and potential magnitude of
possible pressure problems.

The fundamental difference between normally and abnormally pressured
rocks is that in abnormally pressured zones the pore fluids no longer
communicate 100% efficiently with the water-table (surface
communication). Some mechanism is providing a seal or cap to interfere
with the fluid column and preventing it from achieving normal hydrostatic
equilibrium.

Once the continuity of the fluid column has been broken, the pore fluids
can be acted upon in a number of ways. For example, if we picture the area
of abnormal pressure as a qmmtment, it can be present hrde different
conditions; 1) it may be perfectly sealed like a balloon, 2) it may slowly
leak like a punctured tire, or 3) it may be so leaky that it holds pressure for
a short period of time (these vepaky sealsire not often knowingly

drilled but have other geologically important rolesch as being the cause

of major landslips and slope failures).

The criteria that determines the efficiency of the seal, or cap rock are:
* its permeability
* its thickness
* the magnitude of diffrential pressure
* the time over which pressure changes have occurred

The best seal would be a perfectly impermeable, plastic rock, capable of
retaining its integrity and encapsulating a fluid-filled porouwkré\n
example of such a lithology is salt. As a result, salt can be the cause of

Reference Guide 2-1
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many severe pressure problems. The most common seals that are drilled in
the oilfields are claystones and shales. Though it would be a mistake to
suggest that all claystone/shale sequences are impermeable, even the
thickest ones, but a favorable combination of low permeability and
sufficient thickness can sustain quite substantial overpressuesiatly

if the rock still has sufficient tensile strength.

Quite often, owing to slight permeability, there can be a pressure halo
around the abnormally pressured zone which stretches as far as the next
change in vertical permeability. This gradual leakage of pressure means
that overpressures are very transient (in geologic terms), unless the
pressure is constantly replenished by some other charging mechanism.

Bradley, in his 197paper, showed that there only needs to be a leakage of
one “drop” of water per square centimeter every year for 300 years to bleed
off a differential pressure of 1000 psi. This is well within pleemeabity

range of many shales.

For this reason, the larger abnormal pressures are more likely to be
encountered where the processes that formed them are recent or still active
and seal efficiency is still very high.

How Does Abnormal Pressure Develop?

The discussion thus far has centered around differpettsof the
subsurface rk/fluid system. It has been mentioned that theorto
produce a pressure that is “abnormal” in a water-filled rock, a seal is
required and this seal may be of varying efficiency.

In order to describe the various pressure developing mechanisms (some
proven and some only postulated) some simple analogiescaied. The
simplestis a cocoa tin full of water (see Figure 2-1). The tin has finite
volume, a certain tensile strength and a sealing efficiency dependent on
how firmly the lid is fixed on. To change the internal pressure in the tin we
can do one of two things: 1) change the volume of the tin or 2) change the
volume of the liquid. It is also important to consider the liquid in the
absence of any gas cap (like a half empty cola bottle) since gas has a high
compressibility and a low hydrostatic effect, which can lead to very
different pressures at the top of the gamriment from those that would

have been encountered in the absence of gas.

First, look at systems where the compartment size changes, but not in
equilibrium with the fluid (i.e. no fluid epts or escapes), then compare
them with systems where the compartment size remains fixed, although
these are by no meaeasy distinctions to ake.

As we look at these mechanisms and the geological environment in which
they occur, we will see that a knowledge of how pressure anomalies
develop really can help the well planner to anticipate troublesome zones.

Baker Hughes INTEQ
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Normal Pressure Bulged due
to Imposed Pressure

~ ~

HEAT

Figure 2-1: Imposed Pressure on a Cocoa Tin
Lower Pressure Environments

Changing Compartment Size

If the confining pressure on a compartment is reduced, the compartment (if
flexible) will relax and expand. If no fluid can enter the system those
already inside it are required to fill a larger space. Thus the pressure drops.

Geological Settings

In areas where erosion has removed a significant thickness of the
overburden, the more elastic sediments (like shales and claystones) may
relax sufficiently to undergo an increase in pore volume. Also, this volume
increase may draw in fluids from interbedded and surrounding porous
rocks (i.e. lenticular sandsysulting in depletion of pressure in those
sands. If the fluid available for the entire area is insufficient, the whole
system, including clays, will be underpressured.

Reference Guide 2-3
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Temperature

Temperature is a complicating factor, but generally “decompressed
expansion” in areas of uplift and erosion will lead to subnormal pressure.
Nearly60% of the raks in the USA are subnormally pressdirin an
underpressured compartment the seal is entirely matrix supported.

Changing Fluid Volume

The simplest form of fluid change, and the most common cause of lower-
than-normal pressure,depletion of reservoirs and aquifers through
production. As such, in mature fields it is not uncommon to encounter
underpressured sands. In the absence of a matrix supported seal, the
consequence will be compaction of the reservoir and surface subsidence as
the matrix takes on the full load. The subsidence of the sea bed above the
Ekofisk field in the North Sea is a good example.

As mentioned above, temperature has an effect on the “geessonal
expansion”, and an increase in temperaguagelient at the santene as the
erosion may compensated for (or even over-compensate for) the loss of the
imposed pressure. For this reason the areas most likely to be
underpressured are those that were originally hot and undercompacted.
This kind of situation can prevail in interior basins with high heat flows,

but which don’t become subsequently filled during the later sag phase.

Things That Look Like Underpressure

A low water table, or an adeir with an outcrop below the water table, will
show a pressure that is (for drilling purposes) subnormal (See Figure 2-2).

Subnormal pressure is not as dramatic as overpressure, tadithieg loss

of circulation and consequent loss of hydrostatic pressure control in the well
can be even more catastrophic than a “simple” kick from overpressure, and
can be far more difficult to control.

The Prediction and Detection of Overpressure

For optimum safety, it is necessary to know (even before the well is drilled)
what types of pressuregimes may exist aepth. If this kind of

information is not available, the safety of the well will depend upon the
expertise of those monitoring the drilling operations to detect the onset of
changing pressure. The origins of abnormal pressure are many and varied,
and although each mechanism is relatively simple when taken in isolation,
they combine to form rather complex sets of interacting influences.

The knowledge of local pressueggimes can also hesed to assistin
deciding where the well is@ted. Oil and gas can be driven upwards by
buoyancy or horizontal and downwards by pressure differentials, so by
avoiding those reservoirs at higher pressures the risk of drilling into
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overpressure can be reduced. It can, however, result in a dry hole by
drilling into a reservoir where the hydrocarbons have been expelled.

Each sedimentary basin, although similar to others on a gross scale, is
unique in its own geologic history. In complex basins with “interesting”
histories we begin to approach levels of interaction whiakevefforts to
predict overpressure difficult (and at worst futile). If this is the case, how
can we ever hope to plan a well with confidence?

Tried and trusted methods reduce complex models into simple ones, and
then restrict predictive modelling to simple basins. This is by far the most
preferable, since many of the past failures have involved taking a nice
simple model out of its home basin. This is one reason whyréfiered

areas for research and modelling are the Gulf Coast of the USA, other
Tertiary Deltas (e.g. Niger and Nile) and the North Sea Terteqyeste.

The preferred lithologies for modelling are always clay dominated
siliciclastic sequences and carbonates. The modeled formations are those
deeper compartments emplaced late in the basin’s history.

In pressure evaluation, there are two classes of prospect generation; 1)
those areas where drilling hakén pace, and 2) wildcat areas.

In the first case, increased data density, provides for better well planning (if
the data is interpreted correctlygdause it is always possible to be mislead
by ambiguous well data. The “Bendo pressure gradient” is a name to watch
out for, because it often means that the pore pressure was determined by
the mud density used, and this may not always be in perfect balance.

In the second case we have nothing to fall back on excegtayjenodels,
surface observations, and pre-well geophysical data.

Formation Pressure Models

Basin modelling to predict sub-surface pressures has mainly concentrated
on the historical (on a geologic time scale) ebb and flow of formation
pressures in order to predict possilidelamulations of hydrochons.

Recent models include England, et al (1987) and Mann audhzie

(1990).

The latter used a 2-D model to predict abnormal pressure in rapidly
subsiding siliciclastic sequences, above an impermeable basement. The
model is based entirely upon vertical migration and the changing vertical
permeability of the sediments as thaae buried. The only over-pging
mechanism invoked is simple compactiosedjuilibrium. Tlere is a very
good approximation in this model to the actual puess in the Gulf of
Mexico to 4000m, the Northern North Sea to 5000m, the Haltenbanken
(Norway) to 3500m and the Nile Delta to 4000m. Thiggests that
compaction disquilibrium is indeed the dominant mechanism at these

Reference Guide 2-5
80824 Rev B /January 1996 Confidential



Origins Of Abnormal Pressure Formation Pressure Evaluation

depths, in offshore Tertiary clays and sands. This ties in fairly well with the
two tier basin model of Hunt (1990).

A more comprehensive model was described by Ungerer, et al (1990)
which takes into account the complex thermal history and fluid dynamics
of a basin. Again, the emphasis is on predicting hydrocarbgratian and
accumulation, but the modappears able to produce a good approximation
of the pressure profile. Whether the profile is better than the simple model
of Mann and Mackenzie is not clear. (A Haltenbanken-type example is
given in both papers and both appear to work well). It would appear though
that the Ungerer Model is better in older, more complex basins.

Mudford andBest’s (1989) model incorporates temperature and
compactional effects on permeability, as well as hyaideon gearation.
Work on the Ventura gas field led them to conclude that compaction
disequilibriumwas dominant, even though sedimentation was slow.

Unfortunately, both models need good data in the form of an accurate
lithostratigraphy. So they will be of little use in a completely new setting
unless seismically derived lithostratigraphy is determined.

“Under-pressure”

“Over-pressure”

Figure 2-2: Piezometric Surface Effecton P ore Pressure

Compaction Disequilibrium

As can be seen, compactionadigilibrium is a common cause of abnormal
pressure. This isspecially true in rapidlyiling (Tertiary) sedimentary
basins. Passive plate margins, with one or more large deltas (i.e. Gulf of
Mexico, Niger Delta, etc.) are common areas for this type of geopressure.
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Under “normal” circumstances tisedimentsleposited at the delta front

will dewater as the matrix material reshuffles itself (See Figure 2-3) under
the influence of gravity and the overburden created by the deposition of
even more overlying sediment. The dewatering process (§aeeRi-4)

relies on slow, continuous permdéip that ultimately connects with the
surface/water table, allowing the pore fluid pressure to remain hydrostatic.

If seasonal changes in load (the switching of a channel) or a change in
sediment sarce occurs, the quantity and/or typesefliment can change
abruptly. A change from a clay/silt/sand mixture to clay alone can easily
restrict the dewatering process to those clays/silecadf to a sand layer.
Rapid loading by auge thickness of the same clay/silt sediment may tip
the dewatering balance temporarily in favor of overpressure. In actual fact,
the dewatering process is rarely perfectly “normal”.

This lack of dewatering conspiresdause the matrix stress between the
grains to become “locked” as burial continues, and causes the pore fluids to
be responsible for carrying the remaining overburden. The process will
continue until the fluid pressure finds relief by rupturing the seal. This
rupture can occur at pressures below the overburden if the rock is brittle or
even as much as 40% above the overburden if the rocks have enough
tensile strength. Since compaction disequilibrium is common in younger
clays, a frequent result of thidedt is a suite of mud diapirs, mud lumps,

and sand volcanoes.

Porosity (%)

10 20 30 40
0
2000
:f:\ 4000
s
% 6000
)
8000 /r/
10000 //
Figure 2-3: Porosity/Depth relationship for a typical compacting clay sequence
In the Mississippi River delta, these lumps (where the high pressures have
reached the swate) are seen as small islands. Similar islands of mud have
erupted in Indonesia. The pressures can sometimes be relieved by systems
of sub-vertical faultstaove the diapir or by growth fault systems. The high
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pressures in these shale masses are a major contrifagiogin the
formation of massive “growth faults” that cut across the dedaptng the
rollover anticlines (which often form traps for oil and gas in the hanging-
wall). The faults may also trap oil on the foot-wall side where the
movement has brought sands against shales to seal them.

Fault movement and the presence of sand also helps to both segregate and
redistribute pressures. Pressure anomalies are often laterally sealed by a
clay smeared fault-plane, which can also have zones of mineralization
associated with it. For this reason when drilling through growth faults it

may be necessary to increase the mud density.

When normal faults move, the fault plane separates slightly or “dilates”
(because of the high injected fluid pressure) and as it does, it allows the
high pressure to communicate with any lower pressure potential along the
fault plane. This can be the surface or a sand body adjacent to the fault. If
the fault closes, any sands so charged are ms®aled against shales and
lay in wait for unsuspecting drillers. The problem is theoretically more
acute in the distal part of the delta, where sands are thin and for any given
throw are more likely to reseal against shales, instead of ending up next to
another sand which would allow the pressure to dissipate.

A further complication is that any clay overpressured by compaction
disequilibrium will tend to charge any adjacent sands which are at lower
pressures, with the risk of creating an overpresspeeteable zoneSge

Figure 2-5). If the bed thickness is sufficient, the edges of the clay will bleed
down first, compact, and seal the original overpressured area in the middle
by virtue of the reduced permeability at the edge.
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Figure 2-4: Bulk Density reversal in an abnormal pore pressure zone

Tectonics

The process of oventhisting in the earth’s crust is itselépendent upon
overpressure, without the lubrication of overpressured fluids at the base of
the thrust, the huge rock masses could not move in the way that they do
(See Figure 2-6). The almost total lack of deformation along many thrusts
shows the efficiency of the fluids in the faulting process.

It is possible to drill into a thrust which is still at higressure, but
generally their significance is two-fold.

1. It may load the underlying sediments and, if seals are present,
impose an extra pressure on the contained pore fluids. This may
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also change the geothermal gradient seriously enough to alter the
pressure.

2. It can lift compartments to higher levels without rupturing.

The phase before thrusting can also induce pressure. In the foreland basins
of active mountain building thrust belts the horizontal stresseseegh

twice the overburden before faulting occurs, any of that stress which acts
directly on the pore fluids must necessarily cause excess pressure.

The Qum oilfield in Iran is one of the best examples of pressure in the base
of a thrust. The limestone below the thrust remains overpressured.

0 — Hydrostatic Pore Pressure
Overburden Pressure
Actual Pore Pressure
A
2000 —
Very high local pressure gradient
adjacent to permeable pnes due
to low permeability of the clays
Overall Geopressure Gradient
4000 — CLAY paralells the overburden pressure
, . gradient, but may not reach extrapolated
g = % pressure gradient due to leakage from
T SAND the clays
s _ %
o
L
[a) CLAY
6000 —
SAND y Extrapolated initial
K geopressure gradient
(parallel to
_ overburden pressure
CLAY gradient)
8000 — SAND
| CLAY
10000 —
SAND
[ [ [ [ [ [ [ [ [ [ [ [ [ [
0 2000 4000 6000 8000 10000 12000 14000

PRESSURE (psi)

Figure 2-5: Typical Pore Pressure Depth plot of compaction disequilibrium geopressures
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Figure 2-6: Idealized diagram of zones of abnormal pressure

Reference Guide 2-11
80824 Rev B /January 1996 Confidential



Origins Of Abnormal Pressure Formation Pressure Evaluation

Diagenesis

The physical/chemical transformation of one rock or mineral into another
is often cited as a cause of overpressures. Many minerals will undergo a
chemical metamorphoses at relatively low temperatures, long before true
metamorphism occurs. A classic example is the transition of gypsum to
anhydrite (CaS©x 2H,0 to CaSQ) in which there is a total volume

change of about 50% with the expulsion of water. Normally this change
occurs at about £C, at relatively shallow depths.

Conversely, pressures may be generated by the change from a high density
porous rock to a lower density, less porous rock. A good example of this is
de-dolomitization. Under the right conditions dolomit@CO;) will

turn into calcite (CaCg). Since calcite crystals occupy ma@ace than
dolomite, with the absence of fractures, they will tend to squeeze out any
remaining pore fluids.

Such a condition should only occur when the connate water is replaced by
a fresher fluid (which can also rehydrate gypsum). This process is probably
restricted to neagurface sediments.

SUBSTITUTE ADD K.
AL FOR SI SUBSTITUTE 3-layer sheet
Mg FOR AL MORE AL FOR SI
; T INTERLAYER
—p 0 —P SITES
CAIl’\-;SBiiACNH?:GE CHARGE 3-layer sheet
SATISFIED
PYROPHYLLITE (SMECTITE END MEMBER) SMECTITE GROUP ILLITE / MICA GROUP
AL (Sly 019 (OH), AL 4 Slg Oz (OH)4 nH,O K7 AL4 (Slg.y: ALy) Oz (OH)y
NEUTRAL CHARGE NEGATIVELYY CHARGES PLATES
SATISFIED BY INTERLAYER WATER KEY
AND CATION ADSORPTION
(O  OXYGEN @ MAGNESIUM
@ siLicon @ WATER
(®  HYDROXYL ® PoTASSIUM
®  ALUMINIUM (® CATION e.g.Nalca?
Figure 2-7: Changes in ionic substitution in three-layered sheets
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Clay Diagenesis

The diagenetic changes that occur in some types of clays are widely held to
be the cause, either directly or indirectly, of overpressure.

The precise nature of this mechanism has been hotly debated over the last
twenty years.

The basic premise of this mechanism is that the surficial, younger
argillaceous sedimengse often rich in a smectite clay called
montmorillonite (See Figure 2-7). The significant feature of the smectite
group, is its very high surface area. These clay platelets are held together
by a weak electromagnetic force (Van der Waal’s bonds), and there is a
considerable amount of area to which up to ten layers of water can bond
(See Figure 2-8). The result is a low density “swelling clay”, much like
bentonite (a smectite clay), the major component of drilling fluids.

Smectite clays go through a number of changes with burial. Initially,
increasing pressure will drive out the loosely bound water (a process

similar to normal compaction), but as the number of layers is reduced, the
pressure required to release the remaining water increases (See Figure 2-9).
Ultimately, only high temperature and chemicalgasses will release the

last layer, which can be bound with metallic cations (See Figure 2-10).

Virginia Colton-Bradley (1987), studied the purely physical dewatering of
smectites and its potential role in the development of overpressure. She
concluded that smectites in the pore spaces of sand, under hydraulic
pressure, lose their last two water layers with great difficulty. When
smectites within a shale, are subjected to lithostatic pressure and a
temperature of 67- 81° C the penultimate layer will be displaced. A
further rise in temperature to 172192 C is requied to drive off the last
layer, which is very closely bound between the clay plates.

These critical temperatures are raised under the influence of local
overburden and although the initial dewatering may actually cause some
overpressures, thresulting extra hydraulic pressure will also tend to

inhibit further dewatering. Therefe, urder most conditions the simple
dewatering proess will not lead to excessive overpressure, since there is a
negative feedback loop at work. Howevegrthis also the chemical
diagenesis to corder.

The threshold temperature for the loss of the penultimate water layer is
roughly the same at which hydrocarbons are generated. At this point the
smectites can turn into illite clays (See Figure 2-11).
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Figure 2-8: Hydrogen bonded water and exchangeable cations

Depending upon the type of smectite (K or Na smectites react more quickly
than Ca or Mg smectites), the presence of available cations’likdIK

satisfy the surface charges in place of water and collapse the clay into the
more compact illite-type.

The remaining water is released into the new porosity created by the
reduction in clay volume. Theories that this last water is super dense and
“fluffed up” on its release have recently been backed up by theoretical
studies. Monte Carlo simulation suggest a density of up to 1.3 g/cc(in a
magnesium smectite). Total volume change is in the order of 6 percent.

Colton-Bradley also suggested that the bound water acidity (in Bronsted
acidity) increases as the water layers are gradually lesteTtactors also
tend to drive the smectite clay into illite.

Other workers have found large variations in the temperedqrared to
initiate simple, physical smectite dehydration. Bruce (1984) found a
threshold temperature of 7C in the Mississippi River and over T30 in
the Niger delta. He suggests that cation availability may partly control it.

The real links between overpressure and smectite/illite transformation
appear to be more closely related to the higher density of the illite packets
and the consequent loss of vertical perniggithrough the zone. In this

way the clay is not always the direct source of the pressure but rather a
mechanism for capping pressure, especially if hydrocarbons are beginning
to form, or water is being driven upward by other processes.
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Figure 2-9: Dynamic Structuring of water

Freed and Peacor (1989) studied the exact relationshygedepressure

and percentage of illite packets. They found that normal pressures stopped
when the transformation began, and continued to rise through the zone of
increasing illite. From this, it appears that 40% to 50% illite is sufficient to
retard vertical permedhy. This ties in well with the classic shale

transition zone and throws new light on its possible development.

Recent work also helps to understand the “illite free” overpressure that was
normally ascribed to compaction disequilibrium. It may be inferred that the
hydrostatic pressure and “frozen” matrix stress have prevented simple
dewatering, which are seen at shallower depths. At greater depths, the
permeability effects oflite probably dominate.

In any clay-type pressure interpretation, we must consider the following:

* Was there any original smectite? Some basins contain very little. As
an example of this variability, smectite comprises 40% of the clay in
the Northern Atlantic but only 20% in the Southern Atlantic. In the
south western part of the Indian Ocean it reaches concentrations as
high as 80% (Biscayne 1964 - cited in Reike + Chénan).
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* Is there any sand present, which can act as a conduit to leak fluid
away from the simple delyation (or any other) mechanisms? The
old “sand-count” as a means of assessing overall vertical
permeability now has a mopeactical use.

* At what depth, below the surface, does the combination of
temperature and pore-water chemistry in the basin lead to the

formation of illite rich zones?

* What has happened geologically since the zone foriHadzhe
basin subsided or been elevated? Has the local heat flow changed?
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Figure 2-10: Hypothetical dehydration curves of Montmorillonite

sediments with depth and temperature
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Figure 2-11: Diagenetic stages in the alteration of montmorillonite to illite
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Aquathermal Pressuring

Nobody can be in any doubt that if a tin of water was placed over a fire it
will ultimately pop its lid. This analogy is important as an origin of
overpressure. It was mentioned previously that the change in temperature,
associated with cooling can cause a reduction in pressure. On the other
hand, how much of a risk is temperature to drillige Figure 2-2).

To heat a rock it must move to a higher geothermal gradient (i.e. bury it).
The gradient itself, however, is regionally variable; some interior basins
are cool, some active continental margins are hot.
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Figure 2-12: Pore pressure increases with geothermal gradient
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The actual rate of expansion in aqueous brines and the resulting increases
in pressure was documented by Barker in2l@nd criticized by Daines in
1980. The point of contention is not so much “does water expand” or “does
the expansion cause pressure” but “can thereaHy hold thepressure?”

The volume increase regad to produce pressure is in the order of 0.05%,
well within the leakage or tensile capabilities of all but the stiffest,
toughest, and most impermeable seals. It is, on bajanore likely that
aquathermal presiring is an extra drive thaiptures seals, moves fluids

and pressures, generally keeping the systems dynamic. Temperature also
drives the convection of fluids in the upper parts of many basins,
redistributing ions that can affectadjenesis.

Osmosis

Osmosis is the movementions in water down a water concentration gradient
(i.e. from fresh to saline). The ions will continue to move until the salinities
balance or pressure prevents further movement.

That pressure is postulated to be as much as 4000 psi in the aobsurf
where shales can act as the semipermeable membranes.

Imposed Pressure

In some cases a system may exists with no pressure anomaly but with a
reasonable seal. The previous pressures may have leaked away, leaving
behind a compartmeneady to receive pressure from an externatca
Formations like this can be recharged from a number of sources, from
faults (as already discsisd) and even by drilling.

The most obvious man-made charging comes about during production,
when fluids are pumped into asegvoir to replace the extracted
hydrocarbons. As an example, in the Unita basin the Rangely field
waterflooding has raised the pressure from abnormally lowDt6 psi/ft
(1.39 lar/m) high, causingarthquakes on a nearby strike-strip fault.
(Raleigh 1972).

Faults

As discussed earlier, normal faults and thrust faults are the result of various
stress imbalances in the crust and superficial sediments. They are often
caused by, helped by, or linked to overpressure. When moving and
dilating, pressures can easily be transferred. Thisesamt in moving

fluids to a previously lower potential or bleeding pressure off, returning it
back to hydrostatic.

Faults are also good lateral seals.
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Seismic Or Fault Pumping

A model for generating overpressure which hasetitd increasing

interest through the 1980’s is “seismic” or “fault” pumping. Rocks under
stress tend to act like @&rt, and pump fluid from one location to another.
Based on studies of rock dilatancy during earthquakes, this theory proposes
that the rock stresses which can cause wrench faultingaatidjuakes can
affect the pore volume of rocks.

Examination of vein mineralization by Sibsd®¥5) indicated that the
zoning of the mineral&as caused by discontinuous, episodic, passage of
fluid through the veins. Further work Burley, et al (1989), invokes this
seismic pumping mechanism and links it to pore water salinity changes
inferred from the cementation history of the Tartan reservoir in the UK
North Sea.

These episodic influxes of hot mineralized fluids show up as distinct
phases in quartz and carbonate veins.

Another diagenetic evidence for the expulsion of fluids from deep pressure
compartments is cited in Jansa and Urrea ‘90. The dissolution of
carbonates is linked to the highly acidic fluids developed when CO
dissolves under pressure in the presence of orgarmis. &nth are linked

to kerogen maturation.

When pores expand, they will do so in the direction of least stigss (
before the “valve” contracts. The vertical distance over which the pushed
fluids will travel is reckoned (by Burley) to be as muct2@80 meters.

The source pushing the hot fluids can come from various mechanisms;
tectonic forces or “thermobaric” drives working on the fluids caused by
diagenetic mechanisms (like hydrocarbonumation or smectite
dehydration).

In any event, the hot fluids are injected, in a slow rhythmic fashion to
higher levels. The incidental evidence for this rhythmic flow is also
recorded in the work of researchers like Hunt (1990), who identified cycles
of fluid “breakout” followed by reealing at intervals of thousands of years.
Hunt's fluid pumps are principally of thermobaric origin and are also
responsible for hydrocarbon migration into zones of lower pressure as the
basin sinks, his ideas follow closely the work of Powley.

Tigert, in his thesisPressure Seals and Their Diagenetic Zebra Structure
Patterns, found alternating cemented and porous bands in transition
zones, while other workers have found slightly fractured pressure seals
infilled with calcite and silica. Tése bands are on the scale of one inch of
cement to each foot of clean sand (Powley). In nearly all cases it appears
that the faults along which the fluids flow and the “valve” area become so
mineralized and sclerotic that they eventually seal up completely.
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General Basin Structure

Most deep basins appear to be divided into two zones. From the surface to
10,000 feet, the systems are widespread, convective and hydrostatic, with
combinations of the various in situ mechanisms causingpmes&sure. This
normally shows up as forms of simple compactioeglislibrium.

Below 10,000 ft. the basins are layered cells or compartments with
boundaries that cut through lithological and stratigraphic boundaries. Itis
in this deep basin setting, at high temperatures and pressures that the real
seismic pumping operates (rather than simple fault charging).

As the basin subsides hydrocarbons mature, collect, and are expelled with
hot fluids repeatedly pumped upwards to create the zoned seals, areas of
abnormally hot fluid, and lateral seals. Some hydrocarbon occurrences
have been linked to breaches in the lateral seals (since hydrocarbons do not
tend to accumulate in areas of high pressure potential). When a
compartment teaches, it tends to be the hydrocarbons that leave and not
the water. This link to the location of hydrocarbons was the main impetus
for the work by several oil companies on pressure compartments. It should
be stressed that the work is best applied on its home territory (i.e. North
America) and is exportable only with care.

Gas Hydrates & Pingos

In deep, cold ceans and in the polar regions a variety of situations exist
where dangerous overpressures can develop.

* Gas hylrates are frozen mixtures of methane contained in cystalline
water. Because of the arrangement of the methane within the ice, it
can store > 160 times more gas per unit volume than free gas. When
drilled, they can rel@se massive amounts of gas.

* Biogenic and seeping gas can also collect below permafrost.

* A well known symptom of water overpressure caused by ice is the
“pingo”, a form of mud-lump in the tuhra, these anticlinal-looking
mounds grow in the winter due to thredzing of shoaling les,
trapping the water and compressing it.

A common piece of advice in permafrost areas is to “never spud on a
pingo”.

When drilling in cold areas the use of a heavy mud with a high heat
capacity can make mats worse by melting the ice around the borehole.

The presence of gasdinates may also cause elevated tempezatin the
well since they act as insulators to the underlying rock.
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Paleopressures, Uplift and the Effects of Structure

“Paleopressure” is old pressure in a new place. The relationship between
depth, pressure and fluid density clearly shows how an sstlout

normally pressured compartment at great depth can be turned into an
“overpressured” one by lifting it to a shallower depth. If ghessure is
maintained at half the previous depth, twice the drilling fluid density is
required to balance it. This phenomenon is relatively rare butin some
areas, locally common.

Since the combination of circumstances required to lift asored
compartment without breaching it aresgecial in garticularly favorable
setting it may happen more than once. Classic settings for this are: (a) In
mountain building zones where thrusts and isostatic adjustmentausa

the rocks to rise. In the South American Andes some very high pressures
have been caused like this; (b) In areas of wrench tectonics where blocks
may be “popped-up” or inverted having previously been in low basins. If
the cover is young and flexible high pressure may be preserved. Some
areas around the British Isles exhibit this and are rendered virtually
undrillable; (c) Inside salt domes.

Halokinesis causes the formation of overpressure in a variety of ways, one
of which is to trap porous rocks and carry them to shallower depths. Salt is
plastic, light and has no porosity so it is the ideal medium to seal porous
rocks. When it flows as a wall, stock or diapir it can develop internal
vortices like a billowing cloud of smoke, which can trap, @socéate and

lift the surrounding country rock. Bse fragments, usually dahite or
anhydrite, are referred to as “rafts” (See Figure 2-13), although they are not
floating they are being swept upwards on a very slow plume. They can
contain gas (including 13), oil or water and may appear quite
unexpectedly. They may be solitary or in clusters. Either way, they are a
significant hazard to drilling and are difficult to control. One common
practice is to bleed them down, since they usually have limited extent. At
the wellsite the observed rate of depletion should give some idea of how
long the process may take. In the worst cases one raft will “blow-out” into
another leaving the rig operator to wait until equilibrium is established.

Generally, no transitions into the raft are observed.

2-22 Baker Hughes INTEQ

Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Origins Of Abnormal Pressure

Uplifted
Paleopressure

SISsoWwso

0sSmosis

Isolated
rafts with
Paleopressure

Figure 2-13: Pore Pressure affected by Halokinisis

Within a completely sealed compartment Pascal’s law states that any
pressure imposed internally is distributed equally around the compartment,
regardless of, and in addition to, hydrostatic pressures.

In this way an equally pressured compartment with amigtstal elevation
will demonstrate higher pressures at the highest (shallowest) point and
from thereon down through the compartment thequres encountered

will equal the overpressure of the fluid within the compartment. This can
occur on the flanks of diapirs or in small lenses of sand on anticlines.

Further complications arise if gas is present, since the overpressure
experierced at the top of the structuresigpplemented by the lack of
hydrostatic control by the gas and the buoyancy of the water below. This
additional pressure is a function of the difference between the density
gradients of water and gas, multiplied by the vertical height. At the base of
the gas column the pressure is the highest overpressure plus the (minimal)
gas hydrostatic. At the base of the system it is the top overpressure value
plus the continued hydrostatic, (i.e. water or oil plus gas).

Evaporite Deposits
Evaporite deposits can play a significant role in the generation of
geopressures, generally by one of three ways:

Sealing Role

Since evaporites are totally impermeable, they become an gieréett

seal to fluid movement. This barrier to the vertical expulsion of fluids from
underlying sediments, together wrttstricted lagral drairage can produce
overpressured zones in formationslenlying evaporite sequees. The
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mobility of these formations, such as halite, also means that any fractures
that develop can be quickly repadl, maintaining the salt’s effectiveness as

a seal. This mobility can have the opposite effect by creating “holes” in the
formation where the salt used to be and allowing some fluid drainage.

Tectonism
Movement of salt domes can affect ppressure in a number of ways:

1. Previously deep lying sediments may be pusheskclio the
surface while maintaining their original pore mee. They are
no longer “normal” when compared to surrounding formations.

2. Isolated rafts of permeable rock may become trapped within the
salt dome and also be transported to higher levels, while
maintaining their original pore pressures.

3. Pierced formations may become isolated and lateral drainage
may become restricted.

4, Osmosis may become important if sediments containing
different pore fluid salinities are brought closer together,
separated by a semi-permeable clay membrane.

Sulphate Diagenesis

Sulphate diagenesis can assist in the generation of geopressured zones in
manner similar to that of montmorillonite dehydrationp&ym is the
precipitated form of Calcium Sulphate. Transformation to anhydrite occurs
fairly early on in the burial process, generally abov&Ahe presence of

salt will lower this temperature to around®@5 with pressure an important
factor). The change from gypsum to anhydnmeoives the production of

free water into pore spaces. If this is limited, andridtdrainage is

restricted, then increases in pore pressure could result. Water amounting to
up to 38% of the original volume may be released, but since the change
often occurs at shallow depths, it is usually possible for most of the
expelled water to escape.
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Hydrocarbon Generation And Migration

The breakdown products ofganic molecules are among the most
significant agents in producing overpressure, particularly in very shallow
and very deep settings. The pressures they ceatargely unrelated to
compaction, and because of this the methods used to detect geopressures
caused by copaction digquilibrium will not work well. The combination

of this, along with the growing number of deep wells, requiring on-site
pressure monitoring, is one of theeatest challenges for the “pressure
engineer” today.

Biogenic Methane

Any organic material trapped withgediments, without previously being
oxidized, is a prime target for bacterial decay and slow cooking. This decay
produces pockets of shallayas since, much like the generation of marsh-
gas, the temperatures are geily too low to produce any oils, and the
organic matter tends to be of terrestrial origin (lignites, peat, etc.). The
bacteria present in the ground water acts to produce this methane gas

Some shallow gas may have originated at greater depths and has seeped as
a plume into the surface sediments, where it becomes trapped under the
surface clays or permafrost.

Cellulose can be broken down into both methane and carbon dioxide
CeH,,Os - CO,+ CH,

The methane and carbon dioxide, if they escape to the surface, can be the
origin of calcareous nodules on the seabed and may form mounds or
diapirs where the gas has displaced the fluid from the recently deposited
clays. this will cause the clays to have extra buoyancy relative to their
surroundings. Any further gas leakage will cause gas plumes into the sea.
Where the gas seepage does not change the clayssthemay beleep

craters and pk-marks in the seabed.

Shallow gas can create significant drilling hazards.

Due to the low fracture gradients within the sediments, diverter lines or
dynamic kill methods are generally used. Avoidance of shallow gas by
close attention to high resolution seismic, or other offset data is important.
The drilling of small diameter pilot holes and the use of MWD resistivity
tools can enhance detection and prevent problems from developing.

Thermochemical Generation

The majority of hydrocarbons in the subsurface are formed yette
burial and thermal maturation of kerogens. This processrgiynoccurs
within a specific “window” of temperatures, and therticular local
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combination of time, temperature and type of organic matter (e.g. is it algal
or terrestrial plant debris) will produce oils (heavy or light), gases (dry or
wet) or condensates plus some other very significant non-hydrocarbon
compounds.

In this last category, the most important to overpressure and well safety are
carbon dioxile, hydrogen sulfide and other acid gases. These can all lead to
quite dramatic changes in pore fluid chemistry, which can radicédgtaf
diagenesis in the surrounding rocks.

The temperature range associated with the normal “oil window” begins at
65°C and proceeds to 18D. Gas occurs as the increasingly smaller

“dryer” moleculesare produced, since the temperature continues to
increase. Ultimately, beyond about 2B0metamorphic processes take
over and any remaining carbon is reduced to graphite. The depths that
correspond to the various windows will vary from basin to basin, and with
time, butit is not unreasonable to say that the oil window starts at about
7000 ft (2000m), peaks at about 14,000 ft and ends about 17,000 ft. This
assumes an average geothermal gradient.

The type of hydrocarbon present has the most dramatic effect on any
overpressure produced. Although oil is lighter than water and will rise
through water because of its buoyancy during secondamatian, it is the
production of gas that has the most serious cpreseces. Gas expands
much more than oil or water, and whenever it is trapped, it reduces the
hydrostatic control.

The production of hydi@arbons from organic matter, and light

hydrocarbons from heavies, also increases the total number of molecules
and therefore increases the space they occupy. If thededgsiate drainage

then no pressure increases wikcar. Wheralrainage is restricted, pore
pressures can increase and with continued compaction, since less water is
expelled, the remaining pore water may become saturated with gas. If the
free gas is unable to escape, then the pore pressure will rise. This increase
in pore pressure may assistin causing small cracks and fissures to form
which may help in migration of hydrocarbons to reservoir rocks (and
results in reduction of pore pressures).

If the hydrocarbons move into permeablek®that have restricted

drainage then they could be subject to increased pore pressure by external
charging (imposed pressures). Some undercompacted claystones show
high gas values, which may help to confirm this mechanism as an origin of
geopressured zones. Where hydrocarboeigdion has occurred there are
often high residual levels of CG@s a result of the original high organic
content of the formation.
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Hydrocarbon Gradient

The presence of hydrocarbons in the pore fluid column will cause
variations in the pore fluid gradients, and therefore in the magnitude of the
pore pressure. Both oil and gas have lower fluid densities than water and
their presence will create lower than expected pore pregsadients.

Where gas is present as a free gas cap, overlainggrnmeable rocks, its
compressibility can result in a higher than expected pore pregsuiient,

until the oil or water column is reached. Then the pore pressures would
return to normal.

In producing fields, reservodtepletion may aase reductions in pore
pressure (below normal for the area) which could result in drilling
problems such as lost circulation or stuck pipe.

Alternatively fluid injection for enhanced recovery may produce higher
than expected pore pressures over limited areas.
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Chapter B

Pressure Engineering

The preceding chapter dealt with the generallgégpted” theories which
tend to provide explanations for the various anomalous pressure-related
phenomena that are encountededng oil exploration. Some of these
theories originated in the laboratory, while some developed from field
experierce. As was seen, much of the context surrounding the pressure-
related theories is geologically oriented.

In order for these ideas to be gainfully employed by the iddati
(geologist or engineer) for geopressure evaluation, it is saget

provide some numerical expressions which will enable those academic
theories to be workable in an engineering environment.

The task at hand then is to apply geological training to an engineering field,
and to in do this geologists and engineers must work closely with one
another. This is not always an easy thing to do, mainly because both
disciplines have different frames of reference. At the wellsite (or in the
office), communication between engineers and geologists i&tgmres
various degrees of tact and diplomacy to get ideas or recommendations
across to the other. Those indivals egaged in geopressure evaluation
must be able to bridge that gap in order to maintain efficient dectiet
communication at all times.

To facilitate this, it is everyone’s responsibility to; 1) observe whatis going
on downhole and how the geological and engineering parameters relate to
one another, 2) learn from those parameters by observing trends and
performing the necessary calculations, and 3) act on the results.

It is an age-old axiom “to know the rig activity at all times”. All of this
involves communication, and it is vital to the success of the operation.
Hydrostatic Pressure

Hydrostatic pressure is defined as the pressure exerted by a column of
water at any given point in that column, with the water at rest. Itis the
pressure due to the density and vertical height of the fluid column.
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In oil field terminology, hydrostatic pressure is determined using:

Equation 3-1

P = 0.0519 xWx D

where
P= hydrostatic pressufpsi)
W = water density (Ib/gal)
D= vertical depth (ft)

The number 0.0519 is a cargionfactor for the oilfield inperial units
(psi, Ib/gal, ft) and is derived as follows:

There are 7.48 gallons in one cubic foot
There are 144 square inches in one square foot

hence
Ib/gal x 7.48 gal/ft3 x ﬁaftzliriz = psifft
therefore
71'745 = psi/ft/Ib/gal
0.0519 = psi/ft/Ib/gal
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So fresh water, having a density of 8.34 Ib/gab2B5 Ib/ff, exerts a
pressure of

8.34 x 0.0519= 0.43psi/ft

Similarly, using S.I. units:

Equation 3-2

P(kPa = W(kgm3) x D(m) x 0.0098

Water

The most important component of the system we are about to investigate is
water. As mentioned earlier, below the local water table (or sea level) the
pore spaces within the rock are not empty, they contain fluids. For the
lucky few explorers it may be oil, gas or condensate but, more commonly,
it will be water (a “dry hole” is in reality a water-wet well).

The importance of the water as a pore fluid is that the “overpressure”
referred to in this manual and other sources, is often generated, transmitted
and expressed by the pore water. With this in mind, the first step in
working out whether a zone is overpressured or underpressured is to define
normality. That is, what is “normal” fluid pressure?

Many sources (especially older ones) state that “normal pressure is 0.465
psi/ft’, which is like saying that all the pore fluids, from surface to T.D. are
1.06 g/cc. This is a sweeping assumption and does not take into account
regional variations in seawater density, or pore water salinity variations
with depth.

In this manual “normal pressure” will be the static pressure exerted by the
pore fluids in a rock when there is no outside influence. The only
contributors to this pressure will be; 1) the density of the fluid, 2) gravity,
and 3) the height of the fluid column. The rock grains within the system
have no effect on the pressure exerted by the pore fluids.

How is the pressure affected by the geometry of the system? In general,
water will always find its own level and exert a pressure, regardless of the
geometry (shape) of the “container” (See Figure 3-1) and for this reason we
can disregard the obviously convoluted interconnections (“tortuosity”) that
make up effective porosity within a rock. Since our interest is in essentially
static, or at least slow moving systems, it is also possible to disregard any
pressure built up by the viscosity of water flowing through the narrow pore
throats within the formations.
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The fluid pressure of most concern is referred to as the “normal hydrostatic
pressure”. Once this normal hydrostatic pressure is detedmirwill

become the baseline for all measurements and estimations. In any well
drilled anywhere in the world, to keep the pore fluids out of the well-bore
and to minimize invasion of the rock by mud filtrate, the hydrostatic
pressure of the drilling fluid must counter-balance the hydrostatic pressure
of the pore fluid. This is known as “balanced drilling”.

For this reason, in order to drill a “normally pressured” well efficiently, a
drilling fluid must be used that produces the same pressure at the bottom as
is exerted by the various pore fluids in the rocks adjacent to the well-bore.

This conceptis best illustrated using a U-tube with symmetrical arms (See
Figure 3-2). One arm is the pore space, the other the well-bore annulus.
Both are filled with fluids of equal density. When feetly balanced there

is no movement from one side to the other, and the level on both sides is
the same.

It takes a little thought to visualize that the “Pore Space” side of the U-tube
would not only be more tortuous but will rarely contain only one fluid
density at a constant temperature. Also, when circulating, the drilling fluid
will exert pressures related to its flow and viscosity.

In offshore wells it is typical to find fluids of sea water density continuing
into the subsurface (if the sediments are of “recent” marine origin) and then
changing (abruptly or gdually) depending on the environment of
deposition, exposure to meteoric or flowing water, mineralization in the
rocks, and temperature and pressure, into fluids of differing densities.

On the well-bore side of the U-tube only temperature and pressure are
variable in the column. The density of the fluid (drilling mud) at surface
conditions should be constant and homogenous.
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HP = 0.0519 x 12 x 5000 = 3114 psi

Figure 3-1: Hydrostatic Pressure
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Simple Balanced U-Tube Multiple Fluid Balanced U-tube

Top of Fluid Column Top of Fluid Column

Mean Sea Level Mean Sea Level
Water Table Water Table

Mud = A Mud=A+B+C

Effect Of Air Gap

Flowline A
Air Gap
D
Mean Sea Level léluld (Forénat(ij(_)n t
Water Table alance Gradient)
MUD A

Figure 3-2: Simple “U” & “J” Tubes

If there is any doubt as to how variable the density of pore water can be,
consider that in the UK North Sea Brent Field, the LoBrent connate

water has a specific gravity of 1.94c, rearly the same as the 1 §/&c of
modern North Sea water. However, in the Southern Gas Basin of the North
Sea, the sea water density is roughly similar, but the connate pore water in
the Rotliegende reservoir is about 1.2 g/cc (about 16% higher).

Therefore, any assumptionsade about “normal pressures” in the Brent

field will not be applicable to (say) the Leman field. This alscedjards

the water-compaction, temperature-expansion pressure effects at depth
(which are relatively small) and any changes related to dissolved gases and
heavy solids (which may be large). Most of the lesser effects tend to
counter one another.
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From this discussion, it is obvious that the first thing a well planner or
pressure engineer must do is establish the nagradient for the well. As
was seen, this will definitely have an impact on the specifications for the
drilling fluid program.

Until now the U-tube analogy consisted of arms of equal heigkeptt
things simple, but few rigs are actually configured this way.

On any rig but a swamp-barge in a delta or a land-rig in a marsh, the return
flow-line (which is the top of the mud-column in the aus)lwill be
considerably higher than the water table or sea-level. In order to model this
situation we need a “J-tube” analogy (See Figure 3-2), where the high side
is the annulus and the low side is the drilled formation. Imagine filling the
J-tube with water, and using basic physics, the water will run out of the
open low-side util it reaches its natural level. This is because we have
unbalanced the equation for hydrostatic pressure at the bottom

Equation 3-3

P = SGx Gravity x D,,

by increasing Din the annulus. To restore equilibrium andke the total
pressure the same on bottes without emptying the high side (lost
circulation), we must increase the confining pressure on the low side “A”
back into equilibrium.

Since we can’t change the force of gravity (9.8 m/s) we must alter the
density of the fluid in the high side (the drilling fluid). This is difficult if

the fluid is pure water (only non-water based solutions are less than 1 g/cc)
but perfectly feasible if the original fluid is a brine.

This is exactly analogous to the situation on mostrigs, since pore fluids and
sea waters are normally brines.

In complete our discussion; to balance the low side of the tube and avoid

displacing it, a slightly lighter fluid is needed on the high side. On rigs, it is

much easier to refer to the pressure that is needed for balanced drilling in
terms of mud density, rather than spend a lot of time in conversion and re-
conversion of units before taking the reguai action.

Another consideration is the effect of the “air-gap” (theadd@hce in

elevation between the top of the mud column and the top of the pore fluid
column). It is the difference in height between the two arms of the “J” tube
and creates the difference in densdaguired to balance the pressure at the
bottom. The required density on the high side will vary when the difference
in height changes.
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The effects of tides or ship ballasting are minor, however a large change in
the air gap can occur when a semi-submersible rig is replaced by a drilling/
production platform with three times the previous air-gap, and hence the
extra length of mud column. For this reason any pre-drilling calculations,
post-well analyses or offset comparisons must; 1) start with the pressure at
the bottom of the U or J-tube, then 2) at any depth in the well, correct for
the new air-gap or distance to the water-table.

This calculation starts with using simple units of pressure.

Units Of Pressure

“Pressure” is measured in a variety of units, and can be expressed in an
even greater variety. At times, this can be a dauntingppobswith plenty

of equations and a plethora of abbreviations andarsion factors. At the
core, however there are some very simple ideas that will serve in any
pressure related task, from killing a well to calculating the “rissngim”.

Pressure is basically a meas of force over a unit area. In the “AP1” or
oilfield system, it is measured in pounds per square inch (psi). In the
metric(SI) system it is in a multiple of the Pascal (Pa), most commonly Bars
(100,000 Pa), the meteorological unit of barometric pressure. A Pascal is
one Newton force per square meter, and a Newton is the force required to
accelerate a 1 kilogram mass at 1 mp&arsecond.

Sometimes “atmospheres” (atm) are used as the units of measurement.
Atmospheres are very close to bars but are different enough to introduce
significant errors if no conversion isate when comparing data pesially

at high pressures).

Figure 3-3 illustrates how measured pressure at any poinasegasteadily
as you move down a column, in direct proportion to the depth and density
of fluid. If the density of the fluid changes, so does the slope of the curve.

Reference Guide 3-7
80824 Rev B /January 1996 Confidential



Pressure Engineering Formation Pressure Evaluation

Depth (meters)

500

1000 w

1500 ==

2000 =

2500 =

3000 =

3500

1 1 1 1 1 1 1
0 100 150 200 250 300 350 400

Pressure
(bars)

Figure 3-3: Pressure Gradients of Water / Oil / Gas

Figure 3-4 shows how a column of three different water densities produces
a stepped curve. Rearrangement of the three alters the local pressure at the
base of each segment but produces the same gwersdiure at the bottom.

If this were an actual wellequiring a single mud density in the annulus to
balance the pressure at the bottom, we would need to know how the total
fluid pressure was related to depth, as if the pore fluid was of one uniform
density.

The slope of each individupressure/depth curve is called fhressure
gradient, and is a measure of the rate of pressure change over depth (psi/ft
or bar/m) and will be constant whenever the fluid density is constant.

In Figure 3-4, the mud density gradient requdito balance the sum of all

three fluid pressures at depth is none of the individual densities, butit is a
fluid required to produce the avage gradient (i.e. a line taken from

surface to the total presre at bottom). So it will be lighter than that of the
densest fluid in the column but denser than the lightest. This is easy to
visualize when remembering the simple U-tube well and J-tube model. The
only difference being that when calculating the mud gradient to be used,
we sum the formation pressures on the low side of the J-tube to get the pore
pressure gradient, and then divide that pressure by the depth of the high-
side (to the flowline) to get the perfect mud dengrgdient.
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This mud gradient is called tl@rmation Balance Gradien{FBG) with
units in psi/ft, bar/m or mud densitquivalent Mud Density EQMW).

The actual mud density to drill the well is generally the FBG plus a safety
margin determined by the operating company.

Hydrostatic Pressure of Single Fluid

A. D
© Hydrostatic Pr re of Multiple Fluids
ﬁ A.
A. Average Density
radients
Q 0 balance at
land?2
B. A+B D \
D @
C. A+B+C @
D p

Figure 3-4: Hydrostatic Pressure of Single & Multiple Fluids

Equivalent Wellsite Units

It is important to realize that the pressure units (g/¢galbpsi/ft) or their
equivalents, express a gradient orsgree per unit depth. However, at the
wellsite it is more common to refer to the drilling mud density as mud
weight (still expresed in Ib/gal or g/cc). Notice thgpecific gravity (9.)

is not a density. Specific gravity is the ratio of a density compared to the
density of water, and hence has no units. Oilfield accuracy tolerances allow
S.g. to be numericallgqual to the material's density in g/cc.

Reference Guide 3-9
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It is convenient to relate various pressures by their resultant gradient
relative to a fixed datum, usually the RKB (rotary kelly bushing) or rig
floor. However, since the mud level (the flowline) is below the RKB, all
gradients should be referenced to the flowline. Normally the distance from
the RKB to flowline is around 5 to 10 feet, and it is important to realize that
this distance is sufficient to cause significant gradient difteemt

shallow depths. At greater depths, the distance from RKB to flowline
becomes insignificant when calculating gradients, but for sake of
consistencyall gradients are calculated from the flowline Also, the FBG is
usually spoken of in pounger gallon or specific gravity (this makes
comparisons with mud density simple). However, when writapprts,

take care to use the correct terminology (i.e. FBG at 10,000 ft is 15.7 Ib/gal
EQMW, pore pressure is 8148 psi).

The gradient that the pore fluid density produces alone is called the normal
pore pressure gradient. Ham thisgradient is dependent upon the density
of the pore waters and will vary from area to area.

Onshore (Rocky Mountain area), the water is relatively fresh, and has a
normal pore pressure gradient of approximatelysig0(8.34 liigal
EQMW).

In the U.S. Gulf Coast area, watare more saline, with a normal pore
pressure gradient of around 1.03 s.g. (8/§dbEQMW).

In other offshore areas, seawater density and pore water density may vary
from slightly saline (8.5 Ib/gal) to satated saline (9.9 Igal). Since

salinity varies with depth and formation, the average value may not be
valid for all depths. Because of this, when planning a well a log-derived
pressure-versudepth profile should be determined.

As stated above, salinity of the formation water can be dependent upon
lithology. In certain evaporites, saturated saltwater has a gradient of 0.520
psi/ft. Therefore, knowldge of the depositional environment is important.
For example, if you were drilling in the Zechstein basin, a calculated
pressure gradient of320 psi/ft would not be very significant, whereas in a
fresh-water basin it would indicate a large overpressure.

Before a well is drilled, an estimate of the normal pore pressure gradient
should be found. This can be obtained from actual density measurements,
direct pressure measurements from offset wells, SP and resistivity log
interpretation (see Appendix C), or by assuming that the density is the
same as seawater (if offshore) or that onshore the water is fresh.

If the well is a rank wildcat and r@yevious data is available, it is assumed
that the normal pore pressure gradiel@®. 84 ligal (onshore) oseawater
density (8.5 to 9 llgal) if offshore.

3-10
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Formation Salinity Normal Pressure Equivalent
Water Chloride ppm NaC1l Gradient Mud weight
Type mg/Liter (psifft) (Ib/gal)

Fresh Water 0 0 0.433 8.34

Brackish 6,098 10,062 0.435 8.37

Water 12,287 20,273 0.438 8.43
24,921 41,120 0.444 8.55

Seawater 33,000 54,450 0.448 8.63

Saltwater 37,912 62,554 0.451 8.67
51,296 84,638 0.457 8.80
64,987 197,228 0.464 8.92

Typical Offshore 65,287 107,709 0.465 8.96

Gradient 79,065 130,457 0.470 9.04

93,507 154,286 0.477 9.17

108,373 178,815 0.484 9.30
123,604 203,946 0.490 9.43
139,320 229,878 0.497 9.56
155,440 256,476 0.504 9.71
171,905 283,643 0.511 9.83
188,895 311,676 0.518 9.97

Saturated 191,600 316,140 0.519 9.99

Seawater

Figure 3-5: Variation of Hydrostatic pressure with formation water salinity

If the normal pore pressure gradient is 8.34 Ib/gal, then the pore pressure at
5000 feetis

5000 x 8.34 x 0.0519= 216psi

If the normal pore pressure gradien8ig l/gal, the pore pssure at 5000
feetis

5000 x 8.7 x 0.0519= 225PBsi

Note that the apparent small change in gradient produces a large change in
pore pressure at depth. This is accentuated as depth increases, therefore it is
very important that accurate normal pore pressure gradients be obtained.
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The Rock

Discussions thus far have centered around pore fluids. This was necessary
because fluid pressures in a normally pressured system act equally in all
directions and only support fluids. They play no significant part in
supporting the rock matrix. If that is the case, what is supporting the rock
grains, the cementing material, and the interstitial material within the rock?
The “rock” is the short answer. The weight of overlying sediment is
supported by thgrain to grain contact and is primarily ade acting
downwards under gravity. A component of the fluid pressure also acts
downwards, and provides a medium in which the grekns gain

buoyancy according to their displacement. So the total grain to grain load is
rock mass minus its buoyancy.

The process of compaction, with the comatant shuffling ofgrains, and
creation of more complegrain boundaries (like prasse sutures), is

driven by a steady increase in matrix pressure with depth.When calculating
this matrix pressure, the raw data used is bulk dersjly (

The total vertical pressure acting on any horizontal plane in the sediment is
referred to as th@verburdenand consists of two components, matrix
pressure and pore pressure.

Equation 3-4

S= P+o o = Matrix Pressure

Total overburden pressure (S) at algpth can be calculated from the
overlying rock bulk densities and cumulative pressures. Since the pore
fluid pressure may be known or closely estimated in a normally pressured
sequence, the matrix pressure can be found by subtraction, without any
need to calculate the buoyant force. By determining bulk density directly,
the need to extract the buoyed matrix density from the rock is removed.

By subtracting P from S, providing that both are either instantaneous
pressures (psi, bar, atm) or from the same datum (sea level, RKB) we can
find the matrix stresso) at any depth, if the rock is normally compacted.

o=S-P

In this calculation th®©verburden Gradienis always taken from the same
datum as the Formation Balance Gradienséat the first interval will be
water, not rock).

Notice that all gradients presentedBgker Hughes INTEQ refer to the
flowline unless otherwise stated.
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Data For Overburden

In order to covert bulk density (g/cc) into a pressure grafiosntt) a
conversion constant is necessary. Since teeage density of a thick
sedimentary sequenceapproximately 2.31 g/cc, and with depth the
overburden gradient will be about 19.2 Ib/gal or 1 psi/ft, the conversion
constant becomes:

1 psi/ft+ 2.31 g/cc = @33 psi/ft /g/cc

Overburden can then be calculated using:

Equation 3-5

Z
S = 0.433[p(2)dz
(0]

As mentioned earlier, the basic data for overburden gradient calculations is
the bulk density of the rodlp,,). This can be either measured directly or
calculated after measuring the other components of the fornsatiman

Equation 3-6

Pp, = U xps+(1-0)py,

where:
Py = formation bulk density (g/cc)
p;= average density of the pore fluid (g/cc)
Pm = matrix density (g/cc)

= porosity (fractional)

From this relationship, it can be seen that as @ approacpgagdproaches
p;, and conversely as @ approacheg,@pproachep,,.

If all densities are known, the porosity can be determined using:
Equation 3-7

_ pm_pb

] =
pm_pf
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Typical matrix and fluid densities are:

. Matrix Density

Lithology (g/co)
Sandstone 2.65
Limestone 2.71
Dolomite 2.87
Anhydrite 2.98
Halite 2.03
Gypsum 2.35
Clay ~2.7-2.8
Fresh Water 1.0
Salt Water 1.15
Oil 0.80

Figure 3-6: Typical Densities of Rocks and Fluids
Several sources of density data uu:

1. Density measurements of rock samples using “shale density”
techniques. This normally involves placing shale cuttings in a
liquid of known density (in a series of jars, or in a fluid column
of a known density gradient). Formation “bulk density” can be
found using a standard mud balance (the “pycnometer” method),
a mercury balance, or by measuring the displacement in water of
small test-tubes full of cuttings.

2. Measurements of rock in situ. Using density logs rteatly
measure the electron density and the bulk density of the rock
around the borehole, or from core samples at surface.

3. Measurements of Porosity. The porosity value can then be put
into Equation 3-6

* Neutron Porosity Logs
* Nuclear Magnetic Resonance studies of cuttings
e Sonic Logs

4, Offset Tables - any of the previously mentioned data or some
curves consticted for theegion before drilling, providing that
the data are not too offset either by stuwetor distance.

Limitations on these data sources are:

1. Shale Density - the density values obtained by jars and columns
is relatively good, but rather dependent upon the state of
hydration of the shales, which can vary with mud type and the
degree of washing. Inorganic (Zinc Bromide) columns are more
susceptible to this thamganic(Bromoform/Neothene) columns.

3-14 Baker Hughes INTEQ
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However, the increase in toxicity is not offset by the slight
improvement in accuracy and range.

2.  The mud balance method is highly dependent on the experience
of the operator.

Measurement of density in situ.

1. This is the best method, since any elastic compression is taken
into account. Allowance can also be made for some of the effects
that can distort density data, like gas filled porosity (which shows
up as a very low density unrelated to the porosity). However, in
most cases it can be read directly from the log, provided the
quality control curve on the log stays withimits. The biggest
drawback with the wireline density log is that most companies
only run it over deeper, critical sections (owing to expense).
MWD density or MWD porosity tools can provide more
continuous data.

In the absence of density log data the next best thing is a
calculation of bulk density using sonic log data.

If porosity is known, and basic data for matrix and water
densities (Figure 3-6) the bulk density can be calculated.

2. Regionakurves (Figure 3-7) and tables are sometimes provided
to the service company by the operating company. When these
are available, caution is advised. When pooled data is used to
construct local overburdegradients, it ismmediately obvious
that the validity of this type of data depends heavily on the
density of offset data. In mature areas the curves should always
be better.

Be very wary of the overburden curvesgiie 3-8) and tables that appear
on some well-programs. They may have been derived from previous well
data, which came from a previous well, which came from the geologists’ or
engineers’ estimates, etc.

Be sure of the provenance of the data, and if you aren’t sure, calculate the
curve. In addition, remember to update and re-calculate when better data
become available. In the first stages of the well the only data may be “shale
densities”. These are fine in the interim but should be checked against log
data at casing points, and if a significant discrepancy exists, the curves
must be re-calculatl.

If this seems too much to ask, imagine having to work with somebody
else’s gradients and not knowing whether the calculated values (areich
used to ensure the safety of the rig)dasved from the best possible data.
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Figure 3-7: Typical Overburden Pressures
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Figure 3-8: Typi cal Overburden Pressure Gradients

Other Pressure Measurements

As previously stated, pore pressures may range from abnormally low,
through hydrostatic (normal) to abnormally high. The various evaluation
techniques for abnormal pore pressures are fully described in Chapter .

While drilling, pore pressures are automatically referenced to the flowline,
but due to the diffrences in height between flowline and the water table
(onshore) and flowline and sea level (offshore), gradients measured during
drilling will not be actual pore pressure gradients but will represent the
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pressure of a fluid reqred to balance the pressures at that depth, from the
flowline. This can be illustrated as follows:

»  Offshore: water depth 450 feet, seawater density 8galb
Assume normal pore pressure gradientis 8.6 Ib/gal, and the
depth of interest is 1000 ft. The RKB to sea level is 60 ft, RKB to
flowline is 5 ft.

actual pore pressure at 1000 ft
940 x 8.6 x 0.0519 =420 psi

actual pore pressure gradient = 8.6 Ib/gal (0.446 psi/ft)

pore pressure gradient from flowline
420+ (995 x 0.0519) = 8.1 Ihal (0.422 psilft)

*  Onshore Depth to water table is 220 feet, water density is 8.34
Ib/gal, flowline to ground level is 45 feet, depth of interest is
1000 feet.

actual pore pressure at 1000
780 x 8.34 x 0.0519 338 psi

actual pore pressure gradient = 8.34 Ib/gal (0.433 psi/ft)

pore pressure gradient from flowline
338+ (1000 x 0.0519) = 6.5 Ial (0.338 psi/ft)

It is clear that at shallow depths, the differences are extremely important.

For this reason, the gradient as measured from the flowline is termed the
Formation Balance Gradient (FBG), and this is equal to the mud density
required to balance the pgoeessure. The values calculated for the
hypothetical cases (both onshore and offshore), 6.5 Ib/gal and 8.1 Ib/gal,
are thus the mud densities needed to balance the pore pressurede¢tl000
for those conditions. Obviously, no water-based drilling mud can be as
light as these, and this represents a major problem in drilling shallow holes
where fracturg@ressures are often approached and exceeded, resulting in
lost circulation and no returns.

The Formation Balance Gradient

As mentioned above, the formation balance gradient is the pore pressure
gradient referenced to the flowline, and when expressed in terms of mud
density (Ib/gal), it expresses the mud density which is sacgs$o balance

the pore pressure at the depth of interest. Figure 3-9 shows an example
worksheet for calculating normal FBG. Figure 3-10 shows the relationship
between the actual fluid density and the FBG (EQMW), which is the
gradient referenced to the flowline.

3-18

Baker Hughes INTEQ

Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pressure Engineering

At the wellsite, some of these terms are used synonymously, which results
in confusion if they are not fully understood:

Local Pressure Gradierst used in this manual to describe the
actual rate of pressure change with depth at a point in the
formation. Where fluid communication exists, itis simply the
hydrostatic pressure gradient. When expressed in units of density
it is equal to the actual fluid density present at the point. Only
when pressure is@neasing at a non-hydrostatic gradient (that is,
in a transition zone) will it be higher. Though the only “true”
gradient (that is, rate of change) term, ttasely drectly

applicable to wellsiteqessure calculations.

The following gross gradient (that is, pressure divided by depth) terms
have more common practical use.

Pore Pressure Gradientpressure per unit /depth, measured
from the top of the formation fluid column. Onshore it is
measured from the level of the water table, and offshore it is
measured from the sea level.

Formation Balance Gradieistpressure per unit depth, measured
from the flowline. Itis precisely equal to Equivalent Mud

Density (EQMW), so the terms may be used interchangeably.
The Formation Balance Gradient is thus always less than the
Pore Pressure Gradient, but is exactjyad to the static mud
density required in the borehole to balance formation pore
pressure. This term was first defined by EXLOG and is standard
in all Baker Hughes INTEQ programs and logs.

Normal Formation Balance Gradiastthe normal hydrostatic
pressure gradient measured from the flowline. The following
examples illustrate the particular relationshipsveen these
gradients.

Reference Guide
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NORMAL FORMATION BALANCE GRADIENT (EQMW)
ACTUAL FORMATION FLUID DENSITY
Figure 3-10: Actual formation fluid dens ity and FBG
To further illustrate these concepts, assume:
* Pore water density: 1.06 g/cc (8.8Jal)
»  Offshore rig with a water depth of: 320 ft
Reference Guide 3-21
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* Air Gap: 60 ft (flowline to sea level)

Then, at the seafloor:
Pore Pressure: 320 x 8.8 x 0.0519 = 146.2 psi
Normal FBG: 146.2 (380x 0.0519) = 7.4 Ilyal
in comparison to the actual fluid peese gradient of 8.8 Ibal

At 3000 ft (below flowline):
Pore Pressure: 2940 x 8.8 x 0.0518343 psi
Normal FBG:1343 (3000 x 0.0519) = 8.6 lpal
in comparison to the actual pore pressure gradie®iBdtygal.

At 10,000 ft (below flowline):
Pore Pressure: 9940 x 8.8 x 0.0514540 psi
Normal FBG: 454G- (10,000 x 0.0519) = 8.7 Agal
in comparison to the actual pore pressure gradie®iBdtygal

With depth, it is apparent that the Normal Formation Bal&redient will
approach the actual pore pressgnadient asymptotically. In the above

case, as the pore pressure gradient remains consjaat {e hydrostatic),

the Normal Formation Balance Gradient is the same as the equivalent mud
density that will precisely balance the pore puesst any point.

Using the same rig situation, but with geopressures:

At 3000 ft (below flowline): Pore pressure gradient: 10.5 Ib/gal
Pore Pressure: 2940 x 10.5 x 0.0519 = 1602 psi
FBG: 1602+ (3000 x 0.0519) = 10.3 Apal

At 10,000 ft (below flowline): Pore pressugeadient:10.5 Ibgal
Pore Pressure: 9940 x 10.5 x 0.0519 = 5417 psi
FBG: 5417+ (10,000 x 0.0519) = 10.4 Al

In these cases, the Formation Balance Gradient equals the Equivalent Mud
Density, but the Normal Formation Balance Gradient remains the same as
in the first example, (i.e. 7.4 Ib/gd.6 I/gal and 8.7 Ib/gal at seabed, 3000
and 10,000 feet).

This is shown schematically in Figure 3-11.

The formation balance gradient at any point in the hole is actually
measured as EQMW. It is thus nesary to convert this gradient to a
pressure (psi or its metraguivalent) by theise of simple equations.

Fracture pressures can also be converteduovalent mud densities.
However, since fracture pressures vary considerably with changing
lithology and pore pressures, the term “fracture pressure gradient” becomes
almost meaningless. Nonetheless, at any point in the hole, the calculated
fracture pressure can be converted to an EQMW (this represents the mud
density necessary tmuse that pressure at that depth). By converting
fracture pressure 8QMW, convenience is gained - particularly for
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immediate well planning - but it should be rememberedethaitvalent
mud density is a gradient referring to the mud in the hole, and not a

property of the formation.
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Figure 3-11: Relationships between normal PP, normal FBG, FBG, and EQMW

Effective Overburden Pressure

The effective overburden pressure is that portion of the overburden
pressure that is not supported by the pore pressure. It is calculated by

80824 Rev B /January 1996
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Equation 3-8
o, =S-P
where:
0, = effective overburden pressure (psi)
S= total overburden pressure (psi)
P= pore pressure (psi)
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The termo; has no application in geopressure evaluadioart from
fracture pressure calculations, nevertheless it is important in understanding
the relationship between pore pressure and overburden pressure.

As the pore pressure increases, more and more of the overburden becomes
supported by the pore fluidgducing the ééctive owerburden pressure.

When the pore pressure is equal to the overburden pressurde thieef
overburden pressure zero; and when this occurs, gravity sliding,

diapirism, and other induced deformation may occur.

The effective overburden pressure is the pressure which causes
compaction. Therefore, even in geopressured formations compaction will
still occur, albeit at a slower rate, unless the pore pressure is equal to the
overburden pressure (Figure 3-12).

If the geopressured zone is thought to be caused by compaction
disequilibrium, the pore pressure will increase at the same rate as the
overburden pressure, and the effective overburden pressure will remain
constant. The expected rate of pore pressure increase can then be calculated
using:

Equation 3-9

P=S5-0,

An example of these calculations follows:

At 5000 feet, the OBG is 17.1 Ib/gal and the formation balance gradient is
equal to 10.0 Ib/gal. If the geopressure was caused by compaction
disequilibrium, what would the pore press be at 10,000 ft?

Overburden Pressure (S) at 5000 ft:

17.1 x 5000 x 0.0519 = 4437 psi
Pore Pressure (P) at 5000 ft:

10 x 5000 x 0.0519 = 2595 psi
Effective Overlorden Pressures()at 5000 ft:

4437 - 2595 = 1842 psi
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Figure 3-12: Effective overburden pressure in normal and geopressured formations

The effective overburden pressure could also be obtained by simply
subtracting the twgradients and converting thesaver to pressure:

o, = (OBG - FBG) x 5000 x 0.0519

However, this method is not recommendedduse the effective
overburden pressure remains constant with compaction disequilibrium, not
the gradient.

At 10,000 ft, OBG = 18.2 ligal
Overburden Pressure (S) at 10,000 ft:

18.2 x 10,000 x 0.0519 = 9446 psi
As the effective overrden pressure remained constant,
Pore Pressure (P) at 10,000 ft:

9446 - 1842 = 7604 psi
Formation Balance Gradient (FBG at 10,000 ft:)

7604+ (10000 x0.0519) = 14.7 Ikgal

Reference Guide 3-25
80824 Rev B /January 1996 Confidential



Pressure Engineering Formation Pressure Evaluation

Effective Circulating Density

In order to make full use of the formation pressures determined in pressure
evaluation work, it is essential that the pressures existing in and imposed
by the mud circulating system be known and fully understood.

The density of the drilling fluid itself does not remain constant throughout
its cycle. For example, the weight of suspended cuttings in the annulus
normally increases the effective density of the mud and therefore the
hydrostatic pressure imposed at the bottom of the hole.

An important factor in consideration of true bottomholespuee is the
effective back pressure imposed on the bottom due to annular pressure
losses. When circulating through an open flowline, the measured mud
pressure at the surface (casing pressure) widebbe. Since a certain
amount of pump pressure was required toutate the diling mud, those
pressure losses must be accounted for.

Frictional effects in the annulus present a restriction to fluid flow, and a
certain amount of pumjressure is required to escome this restriction.

This restriction acts in the same way as a closed-in chygblying a back
pressure to the bottom of the holeatdition to the hydrostatic pressure.
The total pressure at the bottom of the hole during circulation is termed the
BottomHole Circulating Pressure (BHCRanNd its equivalent mud density

is termed thé&ffective Circulating Density (ECD)

The extent of the flow restrictions and pressure losses is dependent upon
the total depth, annular dimensions, fluid viscosity, and flegime,

(laminar or turbulent). Using the conventional Bingham model for drilling
fluids, the pressure losses can be approximated using:

Equation 3-10

LxYP + PVXLxXV

Pla = : : : >
Ax(I.D-0.D) Bx(I.D-0.D)
where:
Pla = annular pressure loss (psi)
L = measured length of section (ft)
YP =vyield point (Ib/100 )
I.D. - O.D. = hole (or casing) I.D. minus pipe (or collar) O.D.(in)
PV = plastic viscosity (centipoise; cps)
\% = annular velocity (ft/min)
A = 225 for drillpipe,200 for annulus
B = 90,000 for drillpipe, 60,000 for annulus
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This equation provides pressure losses in a pipe or annulus containing fluid
moving in laminar flow, and tends to give slightly inflated values.

Equation 3-11

24.51 xgallons per minute
(1.0°-0.D%)

Annular Velocity( ftmin) =

When using tapered strings or in partiallged holes, the total pressure
loss will be the sum of the pressure losses calculated for the individual
annular segments.

Equation 3-12

ZPIa

ECD = W* 50519 XD
where:
ECD = effective circulating density (dpal)
>Pla = total annular pressure loss (psi)
w = mud density (Ib/gal)
D = vertical depth (ft)
Equation 3-13
BHCP = Z Pla+ (Wx D x 0.0519
=ECDx D x 0.0519
where:
BHCP = bottomhole circulating pressure (psi)

Notice that in calculating pressure losses the actual measured length of the
flow path is used. The sum of these will be the total measured depth of the
well. When converting this pressure loss to an equivalent mud density
(Equation 3-12), the vertical depth must be used since a hydrostatic column
of fluid is being considered.
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Using the Power Law Model annular pressure losses can be defined as:

Equation 3-14

Pla = LT
300(1.D -0.D)
where
Pla = annular pressure loss (psi)
L = measured length of section (ft)
T = shear stress (Ib/10F)t

I.D.- O.D.= hole (or casing) I.D. minus pipe (or collar) O.D. (inches)

Since the Power Law Model usually approximates more closely to true
fluid behavior, it will produce a more accurate annular pressure loss.

Swab and Surge Pressures

When the pipe is tripped from the borehole, bottomhole pressure will be
reduced due to the swabbing action of the drillstring. As the pipe moves
upward, frictional forces beten the e, mud and borehole wall will
cause a pressure reduction. The maximuiecebf this pressure reduction
on the mud density will be immediately below the bit. The maximum
overall pressuresduction will occur at the bottom of the hole, due to this
“plunger” effect. An open drillstring will allow some fluid to flow through

the jets, allowing some degree of pressure-relief, but if the drillstring has a

float or downhole B.O.P., swabbing psages will be at a maximum. As a
general rule of thumb, this pressuegluction can be at least the same as
the annular pressure losses. Actual values will depend on pipe pulling
speeds and hole conditionssafe weight to tripcan be determined from
the annular pressure losses using:

Equation 3-15

ZPIa

Wi 0.0519 xD

pSW—

ri

Pressure reductions due to swabbing casel@us when drilling
geopressured intervals, as the lowering of the BHCP/ECD may cause the
well to flow.

See Figure 3-13 for a typical swab/surge printout from EAP programs.

Large changes in mud density or effective mud density should be avoided,
because changes brought about that are unexpected in magnitude may lead

to severe hole problems.
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Riser Margin

In some countries, particularly Neay, regulations state that on floating

rigs, the mud density used must be capable of balancing the formation
pressure when the marine-riser is removed. An example of such an instance
is when surface casing is being run on offshore wells, necessitating (in
some cases) removal of the riser. In this case, the calculations are
performed as if the system were a mixed density U tube (e@&Wwater on

the well-bore side from sea level to seabed, and drilling fluid from the
seabed down).

The following example illustrates a possible series of events.

A floating rig is in 250 ft of wadr. The air gap is 45 ft, RKB to flowline is
5 ft, and 30-inch casing was set at 600 ft. The BOP’s @ed were
installed, and hole was drilled to tB@-inch casing point &at500 ft. High
gas shows were recorded3®0 and 1100 ft, with a mud density of 9.5 Ib/
gal. In order to rur20-inch casing, it is necessary to pull treeri

With 9.5 Ibigal mud in the hole, the following presss are present:

hydrostatic pressure:
at 600 ft: 9.5 x (600-5) x 0.0519 = 293 psi
at 800 ft: 9.5 x (800-5) x 0.0519 = 392 psi
at 1100 ft: 9.5 x (1100-5) x 0.0519 = 540 psi
at 1500 ft: 9.5 x (1500-5) x 0.0519 = 737 psi

In order to pull the riser, it is first ne@@sy to displace it with sevater
(density 8.5 lilgal). When this is done, the resultaneéssures would be:

At seabed, hydrostatic pressure: (250 + 45 - 5) x 8.5 x 0.0519 = 128 psi
... at 600 ft: (600-295) x 9.5 x 0.0519 + 128 = 278 psi
... at 800 ft: (800-295) x 9.5 x 0.0519 + 128 = 377 psi
... at 1100 ft: (1100-295) 9.5 x 0.0519 + 128 = 525 psi
. at 1500 ft: (1500-295) 9.5 x 0.0519 + 128 = 722 psi

Resulting gradients of EQMD are

at 600 ft 9.0 Ib/gal
at 800 ft 9.1 Ib/gal
at 1100 ft 9.2 Ib/gal
at 1500 ft 9.3 Ib/gal

Notice that the gradients &0 ft and 1100 ft (9.1 and 9.2) are now much
less than the original 9.5/tial used when drilling. If these zones are
permeable gas zones of between 9.0 and 9.5 Ib/gal formation balance
gradient, a problem may result when the riser is disconnected.

When the riser is disconnected, the fluid level in the riser falls to sea level,
causing further reduction in pressure:
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At seabed, hydrostatic pressure: 250 x 8.5 x 0.0519 110psi
... at 600 ft: (600-295) 9.5 x 0.0519 + 110 260 psi
... at 800 ft: (800-295) 9.5 x 0.0519 + 110 359 psi
...at 1100 ft: (1100-295) x 9.5 x 0.0519 + 110 =507 psi
...at 1500 ft: (1500-295) x 9.5 x 0.0519 + 110 =704 psi

Resulting gradients of EQMD are

at 600 ft 8.4 Ib/gal
at 800 ft 8.7 Ib/gal
at 1100 ft 8.9 Ib/gal
at 1500 ft 9.1 Ib/gal

Note that the reduction of only 18 psi throughout the column, caused by
disconnecting the riser, lowered t@dients sufficiently to create major
underbalance. The zones at 800 and 1100 ft may flow, and with the riser
disconnected, controlling the well would be extremely difficult.

In order to keep a 9.5 Ib/gal gradient at 1100 ft, it will be necessary to
increase the mud density in the hole before disconnecting the riser. The
new mud density can be calculated as follows.

Equation 3-16

(D x W) —8.5(Dw—BOR,)
D-Dw—A+BOP,

New Mud Density=

where
D = vertical depth of hole (ft, from flowline)
w = mud density in the hole (Ib/gal)
Dw = water depth (ft)
BOR = height of BOP sick from seabed to riser connector (ft)
A = distance from flowline to sea level (ft)
8.5 = density of seawater (Ib/gal)

Using the above example where the height of the B&dk &t 35 ft, in
order to keep 9.5 Ibal gradient at 1100 ft, the new mud density must be

_ (1095 x 9.5 ~8.5(250- 3§ _
W= 1005 250-40+35 - 0-2b/al

This increase in mud density, or riseangin, must be known at diines as

the well is being drilled. Should a situation arise whereby it becomes
necessary to move off locatioa.q., storms, ice movements, rig damage,
etc.), the logging geologist should be able to provide the operator with the
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riser margin whenever necessary. It is important to note that the riser
margin in shallow sediments and very deep water may be too high (the
mud density increase cannot be circulated) as the minimum formation
fracture presure may be exceeded. In these situations a rig may have two
risers, one for drilling top hole, and when surface casing has been set, the
riser is exchanged for the narrower one. It maydmegsary, however, to
attempt to drill surface hole without a riser, but this can be hazardous if
shallow gas is encountered.

Sources Of Fluid Density Data

One aspect of pressure evaluation for well planners is anticipating the basic
pressure gradients for the well. If @ror exists in the basic data set, it will
“infect” (to a greater or lesser extent) all subsequent calculations, which
not only affects rig economics, but also well safety.

When using the Formation Balance Gradient (or Pore Pressure), the normal
curve must come from a set of pore fluid densities measured at or near the
well using some form of sampling that provides unequivocal results.

Unfortunately, this is virtually impossible after the well has been drilled,
let alone while it is being drilled, and certainly not possible before the well
is spudded. In most cases, any errargim on the FBG will be determined
from offset data density.

Several sources of fluid density data, and their usefulnesslelcl

*  Production Samples - Higluality data but usually over very
restricted DST intervals.

* RFT Samples - High quality data but usually only close to the
potential reservoir.

 RFT Pressure - This “average” pressgradient can be
“contaminated” with overpressure and thus cannotdo&-salculated
to give a real fluid density.

*  Mud Chlorides - Shows very gross changes in pore water salinity.

* Formation Resistivity - Logs run over most of the well give the total
resistivity and, if porosity data is available, (usually from sonic in top
and intermediate hole and Neutron-Density logs below) then the
formation water resistivity (Rw) can be calculated. Rw can be used to
deriveparts per million NaCl concentration and thus give an
indication of the density of the fluid.

* Rw Tables - Rw is the total resistivity of the water and can only be
converted to a density by assuming that all the ionic activity is caused
by NaCl, and thus it fails to differentiate between other salts and
dissolved gases with different densities.
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For this reason the resulting density is usualliNaCl equivalent”. In

areas with high concentrations of other ions (i.e. magnesium which is
equivalent to as much as twice the amount of sodium salt in its electrical
conductivity), calculations can lead to an overestimation of fluid density.
Similarly, underestimates can occur where calcium or hydrogen sulphide (a
dense gas) are present in high concentrations.

Despite thesemitations, the Rw data available from tables and catalogues
in mature areas (and while drilling) have a distinct advantage over the other
sources because they are available over entire wells. This enables a more
realistic density profile to be built up. A number of charts and tables are
available which convert Rw to specific gravity at fixed paratures (NaCl
Equivalent) and empirical algorithms are available (see Appendix C).

This considers situations where data is available. What if (as happens in
90% of cases) no data exists. Is it possible to guess?

At sea we can resort to a primitive “wireline” tool - a bucket on a rope.
Sample the seawater and weigh it using a mud balance, and then construct
a Formation Balance Gradient using that value. Onshore, we may not even
know where the water table is until it is drilled, let alone estimate the

salinity of the water. In cases where the densities are not known, a
reasonable estimate can be used and extrapolated. At a later date the values
can be reassessed, providing that the initial estimate is consistent and
justifiable.

Studies of water density variations with depth, in deltaic basins with no
buried aquifers, suggests that the first 10@@mdominated by circulating
meteoric water. The sabquent 2000m by a connate water showing a
gradually increase in salinity and change in ionic compositionel/at
deeper than 3000m@re of a chemicallyeducing nature, with a high but
uniform salinity. The levels of gases dissolved in the waters tends to vary
in direct proportion with salinity. Finally, salinity tends to increase towards
the center of a basin.
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*Notese
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Chapter Il

Pore Pressure Evaluation Technigques

Introduction

Drilling into a geopressured zone will ggally caise a change in a
number of basic formation/drilling relationgisi This change is usually
seen as a reversal of a graddepth-related trend in a lithologically
uniform formation. Several reasons for this change include:

*  Compaction will increase uniformly with depth in a normal pressured
clay rock. A geopressured zone may be poorly compacted relative to
those zones overlying it.

* Porosity and water content decrease uniformly with depth in a normal
pressured clay ak. A geopressured zone in which dewatering has
been slowed will show a reversal in this trend, with an increased water
content and increased porosity.

e Other factors relating to fluid movement, such as ionic concentrations,
hydrocarbon saturations, etc. an beatdéht in geopressured zones.

» Differential pressure across bottom, which increases with depth when
a normal pressured formation is drilled with a constant mud density,
will decrease or even reverse when a geopressured zone is penetrated.

Thus, any measurable parameter which reflects any or all offéeses

can be used as a means of interpreting changes in formation pressure and
eventually for evaluating and obtaining quantitative estimates of formation
pore pressures.

Remember, however, that these properties angatameters that reflect
them vary betweelithologies, and that a drilling break or reversal of a
trend may simply indicate a lithological change has occurred, requiring a
new trend to be established. Similarly, minor lithological variations
introduce minor variations in the individual paramet&are should be
taken in the irgrpretation to account for these lithological variations.

Before the introduction of a Pressure Evaluation Log Suitespedalized
recording systems, there were a number of ways of detecting geopressures.

In one sense, as pressure-related data increases, older methods are being
replaced or revised. This is both desirable and expected. However, it is
crucial not to rely on any methods to such an extent that good logging
practices and experience are ignored. Similarly, when only a Formation
Evaluation Log is being plotted, the logging geologist should be constantly
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alert to the occurrence of these geopressure-indicative phenomena and,
should they occur, report them immediately to the operator and make a
note of the suspected geopressure on the FEL.

Recognizing the existence of geopressure is an essential first stage in
overall well control. By itself, it is an excellent tool for well evaluation,
economics and safety. For optimum well control, it is necessary that not
only the presence but also the magnitude of a pressure abnormality be
known. Complete well control is an ideal that even with the best equipment
and personnel is not normally reached. Drilling activity, lithological
changes, and the type and history of geopressurdedl #ie degree of
accuracy with which its magnitude may be estimated. When reporting this
information, the individual should always specify their confidence level
and never be afraid to express uncertainty.

Pressure determinations by direct measurement also lsadvdntages,
and are generally made only after a pressure abnormality has beeten
and a permeable zone enctared. These methods arertfore severely
limited for real-time well planning, although they may be of value in
preparing future well prognoses.

In areas where sufficient data is available, it is usually possible to prepare
correlation charts and transparent pressure readers which relate trend
deviation to known formation pressure data. These charts can then be used
for future wells, to estimate pressure from trend deviations. Henythey

are reliable only in the area for which they were prepared. Minor variations
within the area result in the @m®ure determination being a vague,

gualitative eemate at best, and attempts to use a chart outside its area of
preparation, even in an area of similar geological setting, can be disastrous.

Attempts to use cap-rock deviation as a pressure indicator &abe r

proved to be of value. laddition to the limitations on the geopressure
deviation methods, the efficiency of the “seal” can be affected by
mineralogical variations and by vertical extent (e.g. a thick seal of
moderate permedlly may be as efficient as a thin seal of low
permeability). Furthermore, the magrde of the pressure abnormality
contained by the seal will be dependent upon the overall thickness of
sediments within the sealed zone, the presence of flow conduits below the
seal, and the age of the formations. In cases where correlation has been
possible between cap-rock deviation and known pressure data, there are
generally thin, dicrete cap rocks above relatively uniform pressure
abnormalities. These cases have proved to be severely restricted
geographically. While the collation of such data should be carried out, and
can prove valuable in certain areas, little faith should &e=pl in the

method.

Before a new well commences, a pre-spud meeting should be arranged.
During this meeting all relevant data from nearby wells, seismic anomalies,
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and geological data should be collected and discusseden that

suspected problem zones can be delineated and analyzed. This opportunity
can also be used to ascertain communication channels, reporting
procedures, and to review the drilling prognosis to ensure that suitable
measures are planned in the event of encountering geopressures.

Geophysical & Other Surface Methods
Geophysical methods fall into three broad categories:
*  Seismic
*  Gravity
 Magnetic

Other physical methods are more chemically based and aim to detect
pressure in a very indirect way. For example, high pressure in a
hydrocarbon reservoir can be the causeadge to the surface, either
through the cap-rock or faults. The seepage of hydrocarbonsgorthee

can be detected by satellite imaging systems (which pick up the
discoloration of vegetation) and, at sea techniques like laser fluorscan may
show up leakages of some hydrocarbons to the sea surface. Another exotic
method is side-scan sonar, which can show plumes of gas leaving the sea-
bed. Deep seismic can also show “gas chimneys” leaking.

Seismic Data

The success and accuracy to which geophysicists can predict formation
boundaries in the subsade through seismic interpretation has been used
to great advamige in determining possible hydrocarbon provinces.
Formations down to 20,000depth can be delineated to about 98%
accuracy, but below this accuracy deteriorates rapidly. However, with a
different geophone spread, greater resolution (better than 1 percent error)
can be consistently obtained for predicting formation tops belc®0Qat.

The highest accuracy can be consistently maintained in an area in which
the geology is relatively well known (e.g. in a Tertiary section of simple
sand/shale sequence, seismic data can not only predict formation
boundaries, but subtle reflections allow interpretation of small fault
movements and unconformities). In rank wildcat areas, the lack of data on
subsurface lithologies and geologige is a major hanchp in inerpreting

even formation boundaries.

The response of reflection seismography techniques to overpressure
depends upon there being an acoustic velocityrashbetveen the
overpressure and the surrounding rock. This can be caused by a change in
lithology, a change in the contained pore fluids, or a change in the
cementation of the same basic lithology.
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Because of these limitations, the only aspect of overpres=aotdy
detectable on a seismic section are those caused by dramatic changes. This
normally means the interpreter is looking for a “bright spot” (the returning
wave has a very high amplitude, caused by reflection from a low velocity
layer). Since the most frequent cause of low density and hence velocity is
gas-filled porosity, this phenomenon is used when searching shallow and
intermediate seismic for signs of shallow gas. If gas is suspected, the rig
can be relocated or precautions can be taken to minimize the risk of a
shallow-gas blowout.

The other source of pressure data from seismic surveys is derived via the
“normal moveout” correction. In this peess, the arrivals at all the
geophones (which may be in the hundreds) from one common depth point
(CDP) are plotted side by side. Because the time taken for the sound to
reach the furthest geophone is much greater than that taken to reach the
closest (even though the reflection is from exactly the same point) the
signals when plotted side by side on a vertical time scale will show a curve.
Since the object of seismic processing is to sum (or “stack”) all the arrivals
from one point (to reinforce the signal and remove noise) égsssary to

have all like peaks corrected to the same time. The correegomed to

bring the furthest signal into line with the closest is done by a computer
using various models. When all the arrivals have been corrected, it is
normally assumed that the velocity profilged by the computer to achieve

the final result has become a good representation of the true situation. The
individual velocities used can then be plotted versus depth. In theory they
should show a steady increase with depth and compaction. Deviation to the
low velocity side of the trend can be interpreted as a change in pore fluid or
porosity, both possible indications of overpressure.

Construction of sesral velocity curves witkdepth, from surrounding areas
should adequately delineate the normal compaction trend for the area. In a
gross sense the resultant curves shoulepeesentative of the sonic

velocity within the formations to be drilled.

A major drawback with this method is theaentain nature of the

subsurface stratigraphy. Unless the lithostratigraphy is well known, it may

be that changes in velocity are indicative of changes in lithology. Based on
the model used to correct the seismic traces, changes in lithology may not
be delineated by these curves.

In order for geopressured intervals torbeognized, a knowledge of the
geology is necessary to increase accuracy. For example, a limestone/
dolomite sequence overlying a thick clay interval will show the
characteristic velocity rersal which also occurs across the normally-
pressured/geopressured transition in shales. Figure 4-1 shows typical
velocity analyses for different lithologicaéctions. A very similar curve
can be produced by the vertical seismic profile (VSP) in a borehole.
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Even though velocity is usually translated into transit time for the
convenience of subsequent correlation with the sonic log, theretation
remains the same, except that an iasesin transit time is spnymous
with a decrease in velocity.

Since sound velocity through a material is mainly dependent upon its
elasticity and density (and considerably modified by porosity, pore
geometry, and other anisotropies), the normal response is for velocity to
increase witldepth. Depatre from this normal trend is generally due
either to gross lithological changes or geopressure, whatifgcally

results in a departure to lower velocities with depth.

In a rank wildcat well it is best to assume that any departure to lower
velocities with depth is due to geopressure. In this way, the well can be
safely planned. In areas of well known geology, a geopressured zone can
be recognized with a far greater degree of certainty, as the lithological
characteristics would be known.

Pennebaker (1968) indicated that if the rock type remains constant (i.e.
uniform clays), the degree of a departure to lower velocities is directly
related to the increase in pore pressure. Figure 4-2 shows this relationship.
A calibration curve (Figure 4-3) was developed for Gulf Coast wells, and
for broad estimates it should suffice for other Tertiary basins.

To estimate the formation balance gradient from velocity analysis, it is
necessary to esdpolate the normal trend developed in hydrostatically
pressured formations. At tlieepth of interest, determine the ratiod¥/
AT, (if the velocity analysis is calibrated in transit time), or convert
velocity to interval transit time using:

Equation 4-1
;.10
Y,
where:
= interval transit timep(sec/ft)
= velocity (1000 ft/sec)
Reference Guide 4-5
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Figure 4-1: Interval transit time var iations with compaction and lithology
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formation balance gradient at tepth of interest. Since the velocity
analyses (inusec/ft) is plotted on a log-log grid: the normal compaction
trend approximates a straight line on a log depth-scale, facilitating normal

Use the resulting ratio with Figure 4-3 to obtain an estimate of the

trend extrapolation.
faults, multiple reflections, curved ray paths, processing, and
interpretation. Usually the best quality velocity analyses is obtained from

Common sources of error in velocity analyses are due to dipping beds,
good quality seismic sections: good reflections give good root mean

squared velocities (Reynolds, 1970).

1000
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2000
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DEPTH, (ft)
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~— AT 145y sec/ft

5000

AT, = 100p secHt—

10000
15000 N
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60 80
AT u seclft
Figure 4-2: Interval transit time variation with pore pressure
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Figure 4-3: Geopressure evaluation from inter  val transit time

Seismic data can also present an ambiguous picture if bands of low density
material (like lignite or cochina) are present. These are often
distinguishable from gas on the basis that they will tend to be parallel with
the local structureysually a gentle anticline. Any gaster contact will be
horizontal, unless distorted by local hydrodynamics.

In the deep subsurface, the gas/oil @/gater contact can show up in a
similar fashion. There is more room for confusion at greater depths, since
some zones of cementation which were influenced by long-lost
hydrocarbons may still show up as velocity contrasts cutting the structure.
If, instead of shallow or intermediate data, a deep section is used to search
for shallow gas, it is preferable to use & amplitude” section (where the
event amplitude has not been progressively adjusted for depth), the gas will
then still show itself as a very vigorous “bright spot”.

Another use of deep seismic sections is to look for the effects of
overpressure or signs that the basin is likely to have caused overpressure.
This can be a simple matter of looking for salt or mud diapirs, or a more
involved process of searching for subsidence, erosion and thermal histories
for conditions conducive to the development of abnormal pressure.

4-8
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Gravity Data

The use of gravity data to pick up geopressure is alsedban the notion
that overpressured rocks will have an abnormally low density and high
fluid content. While this is certainly not always true, it is often dsedn
younger rocks.

Since the indications provided by gravity surveys is usually very coarse
(i.e. is there a basin present or not), its use is limited. High resolution
gravity data can indicate low density diapiric structures belowsuhface.

Magnetic Data

Although listed by some authors as a possible tool for finding overpressure,
it is of very limited use. There is some correlatiowaein hydrocarbons

and the valence state of iron in the soil, which may show up around seeps
from overpressured cqrartments.

Drilling Parameters

Mud Density/Gas Relationship

Differential pressure is the difference Wween the ECD and the formation
balance gradient. In most drilling situations, itlesirable to maintain the
mud density slightly higher than the formation balance gradient. The
resulting differential pressure can then be calculated using:

Equation 4-2

(Wx D x 0.0519 — (FBG x D x 0.0519 = AP

where:
W= mud density (Ib/gal)
D= depth (ft)
FBG = formation balance gradient (Ib/gal)
AP = differential pressur@si)

Substituting ECD for W gives the differential pressure while drillkfg.
should be positive during all drilling operationsfisfore accurate pore
pressure estimations arecessary.

Differential pressure is one of the major factors thiztct$ the amount of

gas that enters the mud, and isrdfore related to the amountgas that

will be measured at the surface. By ipretation of the gas magnitude/
formation/mud density relationships a very good estimate of the formation
balance gradient can be obtained. For example:

Reference Guide 4-9
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A 12.25-inch hole is being drilled at 2000 feet with a mud density of 9 Ib/
gal, and the formation balance gradientis 8.6 Ib/gal.

AP = (9 x 2000 x 0.0519) - (8.6 x 2000 x 0.0519)
=(9 - 8.6) x 2000 x 0.0519
=42 psi

The same paramat at 15,000 ft:

AP = (9 - 8.6) x 15,000 x 0.0519
= 311 psi

Even though the pressure differences in shallow &i@eaelatively small,
hey are nevertheless extremely important.

The volume of gas released from a drilled formation will be dependent
upon the porosity, permeability, gas saturation, and differential pressure.
Thus if the differential pressure is high, less gas will be released from a
sand bed than from a clay bed if all variables (exceptehmeabity) are

the same. Conversely, if the differential pressure is lowegative, far

more gas will be released from a sand than from a clay with the same
porosity, gas saturation and pressure, because permeability is higher.

Negative differential pressure (while drilling) complicates imtetations
because gas influx will be continually occurring. This is shown by
increasing background gas particularly, when jusutating.Negative
differential pressure while tripping magsult in swabbing, a &k, or
severely gas-cut mud upoecirculation. A very small or che-to-zero
differential pressure can cause connection gases to be produced from
permeable formations. Connection gases produced fromanays
indicative of reasonably high negative diéntial pressure.

Figure 4-4 demonstrates the effect of varyingeddhtial presure on gas

show magnitude. The total gas curves for two wells drilled through a
similar section are shown. The data for both wells has been normalized to
reduce the effects of hole diameter, rate of penetration, mud pump output,
and surface extraction efficiency. (This pedure is explained in the
Advanced Logging Procedures Workbpakell A was drilled using a
constant mud density, whereas in well B mud density was controlled to
maintain a constant positive differential pressure (overbalance).
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Figure 4-4: The effect of differential pressure on gas show magnitude

In the upper portion, the two gas curves are similar and the normalized gas
curves overlay almost exactly. In the lower portion, a progressive deviation
between the two wells is seen which is somewhat reduced but remains
evident even in the normalized curves. We can interpret this as being due to
penetration into a transition zone.

In Well A, maintaining a constant mud density results in a decreasing
overbalance and eventually an underbalance (or increasing negative
differential pressure). Connection gases occur and become larger with
deeper penetration. Additionally, gasetl-in from the underbalanced

borehole wall causes an increase in background gas which, since itis not a
product of fresh-cut formation, cannot be accounted for in the
normalization calculation.

Well B, on which a constant overbalance was maintained by increases in
mud density did not show increases in gas background or connection gases.
Indeed, if any zone showed good permeability, the overbalance probably
resulted in flushing gas away from the borehole and a reduction in the
observed total gas.
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By careful observation of these various phenomena, a fairly accurate log of
differential pressure (and hence pore pressure) can be determined. This
information should be used in conjunction with the other pore pressure
determination techniques.

A large gas show iaurface hole is indicative of very high porosity @yas
saturation, since shallow gas does not expand very much before it reaches
the surface. This is in comparison to gas from deep formations which
expands enormously as it approachessthtace.

Gas-Cut Mud

Mud density reduction due to gas cutting isegaHy not acause for
concern. It can however, cause serious problems in top-hole sections.

Most of the gas that causes gas cutting is that liberated from the cuttings. As
the cuttings are circulated up the hole, pressure is reduced, and the gas in the
pores will expand and be released into the mud. The amount of gas entering
the mud system can be determined (Goldsmith, 1972) using:

Equation 4-3
_df . mxR
Gy = a0 X 60 X [0 x Sgx7.48
where:
G, = rate of gas entering the muestim at
reservoir pressure (gal/min)

= rate of penetration (ft/hr)

= hole diameter (inches)

= porosity (fractional)

= gas saturation (fractional)
For example, using:
d=8.5
R=85
@ =0.25
Sg=0.70
with a reservoir pressure H5,000 ft of 7000 psi

4-12 Baker Hughes INTEQ

Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pore Pressure Evaluation Techniques

Equation 4-4

V= %’fgx%o{%x 0.25 x 0.7 X 7.48

Vv = 0.731 gal/min at 7000 psi

The gas volume each minute at atmospheric pressure (14.7 psi), using the
ideal gas law (neglecting temperatureefs) is:

Equation 4-5

_ P 7000 _ :
Gya = Gy X 177 = 0.731 X7~ = 348 gal/min at atm prs

Therefore, when the gas reaches theasarfthe volume of gas flowing
with the mud is about 350 gallons each minute. If the normal flow is 280
gallons per minute, using a 9.2dhl, the gas mixed with 280 gallons of
mud each minute, results in a mud density of:

Equation 4-6
_ mud gpm _ 280 _
W, = mud gpm + gas gpm XxW, = 580+ 350% 9.21b/gal = 4.11b/gal
where:
W, = gas-cut mud density (idpal)
W, = uncut mud density (Ib/gal)

Increasing the mud density will not reduce this gas cutting, as the
hydrostatic pressure of 9.2¢fal mud at 15,000 feet KL62 psi, 162 psi
greater than the reservoir (pore) pressure.

As can be seen, the decrease in bottomhole pressure caused by this drastic
gas cutting is negligible in deep wells, but can be a major problem in
surface hole. For this reason large gas shows and concomitant mud cutting
at shallow depth should be treated with the utmost caution.

The pressure reduction caused by mud-cutting is given by (Goldsmith,
1972):
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0w, O'0 1000 O

AP = 14.7

where:
P = pressure reduction caused by mud cugpsd
W, = gas-cut mud density at the flowline/¢hl)
W, = uncut mud density (Ib/gal)
D = depth of gas zone (ft)

Using information from the previous example:

9.2— 4.1y 8.53 x 9.2 x 15009
0 41 0O 1000 0

AP = 14.7 =113 psi
Therefore, the actual mud gradienfL&t000 feet is
W = (7162 - 113) x 15,000 x 0.0519
=9.1 lbgal

For gas-cut mud in shallow hole, however, the problem becomes greatly
magnified. For example: Hole size is 12.25 inches, rate of penetration is
500 ft/hour, depth is 1000 feet. Formation has 30% porosity with 70% gas
saturation, formation pore pressure is 467 psi /$alhp, mud density i9.2
Ib/gal, and pump rate is 450 gal/min. Gas entering the mud system is:

5124251; X E]TX6SOOEX 0.3x0.7x7.48= 10.gal/min at467 psi

Gas volume each minute at atmospheric pressure is:

Equation 4-7
467 . .
10.7 X127~ 340 gal/min at atmospheric pressure
4-14 Baker Hughes INTEQ
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The resultant mud density is:

Equation 4-8
450 _
250+ 340% 9.2 = 5.2lb/gal
Thus, pressure reduction at 1000 feet is:
Equation 4-9

Ap = 14.72:2= 5.2Hn53.53 X 9.2 X 1009, _

0 5.2 1000 0 39psi

Although the pressure reduction appears to be small, only 39 psi, the
resultant mud gradient at 1000 feet is:

(9.2 x 1000 x 0.0519— 39 = 438psi

438
(1000 x 0.0519

= 8.4 Ib/gal

The mud gradient is reduced fréh® Ib/gal to 8.4 Ifgal by areduction 39
psi at 1000 feet. Clearly, if the formation pore pressure gradient is 9 Ib/gal
at 1000 feet the well will kick if this situation is pettad to occur.

WARNING

Gas-cut mud at shallow depths may be
extremely hazardous as a severe kick and
loss of well control can result!

These calculations do not take into account the effect of temperature on gas
expansion; consequently, the gas volumes calculated at the surface are
slightly larger than actual volumes, and the amount of mud density
reduction is on the high side. Temperature and compressibility have a small
effect on gas expansion when compared to pressure.
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Note: Due to the difficulty of estimating formation temperatures
and obtaining realistic values for gas compressibility, the
calculations above only take pressure into account; the
accuracy is sufficient for this particular application.

At shallow depths, the temperature effect is insignificant and the calculated
values are very close to actual gas expansion. At greater depths where the
temperature change relativesirface conditions is considerable, the
calculated values are optimistic; however, as was shown in the first
example, gas-cut mud from deep sections causes no great difficulties.

Cuttings Character

During normal surface logging predures, drill cuttings are sieved and
graded to a size that is assumed to be representative of the bottom of the
hole. The larger fragments are considered to be cavings from the wall of
the borehole and play no partin the compilation of a lithological log. In
geopressure evaluation, these cavings play a major role.

The presence of cavings in a sample indicates that the borehole wall is
unstable. The most noticeable and usually the most predictive of
geopressures are those of clay and shale. Other lithologies (coal and sand)
will cave as a matter of course, hence interpretations should not include
those cavings. The amount of cavings in the bulk sample is also an
indication of the degree of instability of the borehole walls.

Simply watching the cuttings traverse the shaker screens will give a
reasonable indication of the amount and size of the cavings in relation to
the bulk sample. For this reason it is vital that those individoatdved in
pressure evaluation not only supervise how the samples are collected, but
also regularly check the shakers to see whether cavings are being ignored.
Cavings are produced thugh several mechanisms, the most comaren

* underbalanced drilling
»  stress relief

Abrasion of the walls by the drillpipe will also cause cavings bugigeiy

these will not be discernible from cuttings due to their smad. $f the

pore pressure is higher than the hydrostatic pressure in the borehole, the
pressure differential will cause the pore fluids to mowvearals the

borehole. In impermeable formations, the resultarggune gradient

adjacent to the borehole wall may becomgr&at as to overcome the

tensile strength of the rock. When this occurs, the rock fails in tension, and
cavings are formed. This press isllustrated in Figure 4-5.

Since, all parts of the earth’s crust contain stresses that change with depth,
area, lithology, history, etc., drilling a borehole relieves some stresses other
than those in the vertical plane, while the hole geometry in relation to some

4-16

Baker Hughes INTEQ

Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pore Pressure Evaluation Techniques

stresses acts to concentrate them. If the borehole wall is insufficiently
supported by the mud column, it may fail either in compression due to the
vertical stress, or in tension due to the horizontal stress, or both. This
process is illustrated in Figure 4-6

The drilling process will cause the formation of micro-cracksfeatures

in the rock and these act as areas of stress concentration and potential
initial failure points. Thus it is sometimes noticed that part of a borehole
may cave copiously for a short periodiofie, and then become stable.
This is due to the removal of the damaged zonacadj to the borehole. A
formation which is more coherent is then exposed which will absorb the
extra energy (drillstring interactions and fluid velocity) without failing.

Cavings produced due to underbalanced drilling are typically long, dark,
splintery, concave and delicate. Their typical appearance is illustrated in
Figure 4-7a. Cavings produced due to stress relief tend to be more blocky
and can vary in size tremendously, depending on the formation
characteristics. Examples are shown in Figure 4-7b.

Remember, if the cavings are clays, they may react with the mud and lose
their distinctive morphology. Interpretations based on reactive clays should

be pursued with caution. % /

oy

DROSTATIC
ESSURE = P

DROSTATIC
ESSURE =P

0 <

STABLE CONDITION UNSTBLE CONDITION
WHERE P FORMATION = P MUD WHERE P FORMATION >> P MUD

Figure 4-5: Cavings produced due to underbalanced drilling
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Figure 4-7: Typical cavings produced by unde  rbalance and stress relief

Hole Behavior

When a condition of near balance occurs (for example, ECD will balance
formation pressure but mud density alone will not), there will be a
tendency for fluid to flow into the borehole. If permaigpexists, the well
may kick. If permealbity is low, insufficient fluid will flow to cause a kick,
but there will be large amounts of trip and connection gases.

Where the fluid is unable to flow, spalling or caving occurs. These effects
will be recognized by increased torque when drilling, drag on trips and
connections, and bottom fill after trips. Normal drag after drilling new hole
is of the order of 10,000 to 20,000 pounds, depending upon hole and
drillstring geometries. Drag consistently and significantly greater than the
“normal” is indicative of unstable borehole conditions. Deviated holes will,
of course, incur much higher consistent drag.

The occurrence of connection gas indicates that a condition of imbalance
exists when the hole is swabbed at connections. Similarly, when localized
gas shows (trip gas, connection gas, gas sands) do not fall off rapidly but
linger, often accompanied by a gradual unexplained increase of
background gas, a condition of underbalance is indicated.

Clay rocks are a major source of the hydrbons, thadre normally

flushed out of with the pore water during compaction These will eventually
flow into permeable zones which constitute the reservoir. Since such
flushing does not take place in a geopressured clay rock, the rocks
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generally carry a far higher hydrocarbon saturation than normal. This will
be reflected at surface by an increase in background gas, and, since clay
rocks have low permeabilities, by high cuttings gas or blender gas.

This is not true of all geopressured clay rocks. If a clay contained no
organic debris at deposition, it will contain no hychidons - in either its
normal pressured or geopressured state.

Occasionally an apparent paradox may exist: considerable hole drag
precludes the possibility of pulling out of the hole, and continued
circulation does not release significant debris. An interpretation may be
that a degree of differential sticking is occurring, hence to cure the problem
the mud density should be reduced. Another interpretation may be that part
of the hole is producing cavings that are not immediately circulated out of
the hole (information on cuttings transport can be found ith@nced
Logging ProcedureManual), in which case the mud density should be
increased. @reful analysis of all geopressure evaluation data should
indicate whether the problem is due to overbalance or underbalance. If the
problem remains unsolvable, the mud density should be first increased
slightly to see if the drag is cured; if not, the pipe may become
differentially stuck - but this may be rapidly cured by lowering the mud
density to below the original density.

Drilling Exponents

The rate at which a formation can be drilled is determined by a number of
factors, some of which are:

* Force Applied: This is the effective weight-on-bit per unit area of bit
cutting structure. This factor inglles bit size, tooth shape and
distribution, actual weight-on-bit and thresholdd® (the minimum
force at which the bit will drill)

Note: In areas where the S.I. metric system isdyst is
common to substitute the term force-on-bit for the
traditional weight-on-bit. In this manual we will use the
original term, with the reminder that the terms weight
and force-on-bit are in all cases synonymous and refer to
the sum of the vertical components ofaités acting on
the bit, the most important of which is the buoyed weight
of that portion of the bottom-hole assembly which is in
tension. The quantity is expressed in units of fole,is
pounds-force (lb-f), kilograms-forck&d-f), poundals
(pdl), or newtons (N).

* Rotary Speed The rate at which force is applied and the duration of
the force.
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*  Tooth Efficiency: This is a variable term based on the original cutting
structure efficiency, minimum effective cutting structure (i.e. the
point of tooth wear at which the bit ceases to drill) and the rate at
which the bit loses efficiency.

» Differential Pressure: This affects the efficiency of the drilling
process by controlling the rate at which cuttings are cleared from
bottom of the hole.

»  Drilling Hydraulics : This is controlled by pump pressure, flow rate,
nozzle sizes, and mud rheology. If too little hydraulic acti@pied
there will be inefficient hole cleaning, and penetration rate will suffer.
Hydraulic action in excess of that necessary for efficient hole cleaning
increases penetration rate by the jetting action ahead of the bit.

*  Matrix Strength : Although some of the typical sedimentary rock-
forming minerals possess high compressive strengths, the binding
forces between each mineral grain is generally very weak or even
nonexistent. Hence, an unconsolidated sand has a much lower matrix
strength than a consolidated sand. It is similar with carbonates: pore
geometry may be such that the matrix can be either weak or
competent. Matrix strength may thus be the converse of “drillability”
in the drilling industry.

*  Formation Compaction: This is related to matrix strength in that it
defines porosity distribution; formation compaction simply increases
the ratio of matrix material to pore space. Since it is easier to penetrate
a pore rather than solid matrix, compaction may not change the actual
matrix strength but will affect drilling response as it increases.
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Figure 4-8: How drillability is affected by differential pressure in hard formations
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When a bit’s tooth penetrates a hard formation, it forms a cone of crushed
rock immediately beneath the tooth, and cracks form in the rock (See
Figure 4-8). In plastic formations the material will be gouged rather than
crusted. The formation of cracks alone will not make hole. The cuttings
must be removed as they are formed. The most effective force for the
removal of cuttings is high-velocity jetting by the bit.

The ease with which cuttings are removed (and hence the penetration rate)
depend upon the differential pressaeoss bottom (the ddfence

between bottom hole circulating pressure and formation poreupegs
circulating pressure is much larger than formation pressure (overbalance),
cuttings will be held down against bottom by the excess differential
pressure. As the overbalance is decreased, these effects are reduced,
cuttings will be removed more easily and penetration rate will increase. If
formation pressure increases sufficiently for it to exceed thelating
pressure (underbalance), mud filter cake ceases to form and cuttings are
forced away from the formation, with a consequent increase in penetration
rate.

Large ‘cavings’ can produced, under conditions of very high underbalance,
from beneath the bit resulting from slight tootlpectcausing failire.

Upon logging the hole, the caliper logs may show remarkably in-gauge
hole, even though the volume of these “cavings” was copious during
drilling.

Thus with constant drilling conditions in a uniform lithology, it can be seen
that the rate of penetration can be controlled by differential pressure alone.
Rate of penetration would decrease uniformly with depth as compaction
increases. Upon entering a geoptas transition zone, decreasing
compaction and diffrential pressure across bottom would lead to an
increase in penetration rate.

A number of “drillability” or normalized drill rate formulations have been
proposed to remove the effects of the many drilling variables. For the best
application of these formulationsyeéct data monitoring and computation
equipment are necessary. However, field application has shown that, when
such equipment is not available, the easiest and most reliable method is the
“d-exponent.” This formulation allows control of the major drilling

variables, and has proved so successful that most of the more complex
“drillability” formulations are extensions and refinements of the basic “d-
exponent.”.
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D-exponent

Bingham (1965) proposed that the relationship between penetration rate,
weight on bit, rotary speed, and bit diameter may be expressed in the
following general form:

Equation 4-10

R
B

where:
R = penetration rate (ft/min)
N = rotary speed (rpm)
B = bit diameter (in)
W = weight on bit (Ib)
a = matrix strength constant (dimensionless)
d = formation “drillability” exponent (dimensionless)

Jorden and Shirley (1966) solvEduation 4-10 for “d”, inserted constants
to allow common oilfield units to be used, and plotted the output on semi-
log paper which produced values of d-exponent in a convenient workable
range. Most important, however, they let “a” be unity, removing the need
to derive empirical matrix strength constants, but made the d-exponent
lithology specific:

Equation 4-11

nR O
_ lo9gonT
g E2W
SET T
where:
d = drilling exponent (dimensionless)
R = rate of penetration (ft/hr)
N = rotary speed (rpm)
W = weight on bit (Ibs)
B = bit diameter (inches)

In a constant lithology, the d-exponent should increase as the depth,
compaction and diffrential pressure across bottom increase. Upon
penetration of a geopressured zone, compaction and differentialngress
will decrease and will be reflected by a decrease in the d-exponent
(Figure 4-9).
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Since differential pressure is dependent upon the mud density as well as
formation pore pressure, whenever there is any change in the mud density
this will promote an unwanted change in the d-exponent.

Rehm and McClendon (1971) proposed this correction:

Equation 4-12

N.FBG
Dxc = dx ECD
where:
d = d-exponent
Dxc = corrected d-exponent
N.FBG = normal formation balance gradient - EQMD (Ib/gal)
ECD = effective circulating density (dpal)

This correction was empirically derived but has bagplied worldwide
with much success. The use of actual mud density in place of ECD has
been found to be acceptable within normal limits of accuracy. The ECD
should, however, be used when available.

Factors not considered by the Dxc in its basic form are drilling hydraulics,
tooth efficiency and matrix strength:

»  Dirilling hydraulics become important in large holesenénefficient
hole cleaning is impossible, and in soft formations where jetting will
make a large contribution to drilling.

*  Matrix strength controls both magnitude and rate of change of the Dxc
with depth.

* Tooth efficiency affects the Dxc in two possible ways: (1) tooth wear
will cause a gradual increase in the Dxc (i.e. decrease in ROP), and (2)
a change of bit type may produce a change in the Dxc, especially if the
change is a radical one (from a roller cone bit to a fixed cutter bit).

» If differential pressure becomes too large, the simple rati@cion
will not completely compensate for its effect on the drill rate.

In addition, the relationships amongdeapplied (WB), rotary speed (N),
differential pressure (N.FBG/ECD), and rate of penetratiora(R)nore
complex than the Dxc formulation would imply. While working within
“normal” working ranges, radical changes in any of these parameters (for
example, change in hole size after setting casing) may result in a change in
the Dxc.
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DEPTH (FT)

NORMAL PORE PRESSURE
/ TRANSITION ZONE A\ T
GEOPRESSUR ZONE
P P
INCREASE INCREASE
Differential Pressure Rate of Penetration Dy
Across bottom (PSI) (Constant N:W:B:ECD)

Figure 4-9: Highly stylized curves showing typi  cal response in
transition and geopressured zones

When more advanced formulations and computational equipment are
available, allowances can be made for the unwanted changes in the Dxc.
By plotting Dxc’s manually, it is possible to remove their effect by plotting
smoothed curves. However, it is better practice is to annotate trend offsets
with notes explaining their origin.

The Dxc can be plotted on either semi-log or rectangular coordinate grids,
and in either case will produce an approximately linear, normal,
compaction trend line. Practice has shown that the segaritbmic grid

gives a more efficient data display and is a more suitable format when
formation pressure estimates are made from Dxc values.
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Equation 4-13

IogDiD
[60ONL  N.FBG

Dxc = X
ECD
IogD 12W
{103B)U
where:
Dxc = corrected d-exponent (dimensionless)
R = rate of penetration (ft/hr)
N = rotary speed (rpm)
B = hole diameter (inches)
N.FBG = normal formation balance gradient (Ib/gal)
ECD = effective circulating density (dpal)
W = weight on bit (1000 Ibs)
or in the metric form:
Equation 4-14
|OQDLD
[(18.2NU N.FBG
Dxc = W X E CD
IogD—D
[14.880
with
R in m/hr
N in rpm
W in tonnes (1000 Kg)
Bincm

N.FBG and ECD in g/cc

A Dxc plot should be commenced as soon as drilling beginsgaatly
should be calculated and plotted every 5 to 10 feet. If penetration rates are
too fast, it may be necessary to work in 20-ft intervals.

Major causes of “scatter” in a Dxc plate:

» Lithological variation: The Dxc value is dependent upon matrix
strength and will therefore change when ever the lithology changes.
Where lithological variations are relatively minor (e.g. silty
laminations in claystone) it may be necessary to adjust the normal
trend line in compensate for the changes. Where there are major
lithological variations (e.g. interbedded sands and shales), it may be
necessary to develop a normal compaction trend line for each
lithology (See Figure 4-10).
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Figure 4-10: Schematic Dxc Responses
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»  Drilling hydraulics: When ever the drilling dyaulicsare changed, or
there is a change in the susceptibility of the formation to jetting, there
will be a change in the Dxc. It is usual for shallow unconsolidated
sediments will be jetted rather tharlldd, and pump pressure should
be plotted along side the Dxc in shallow formations, to show how
fluctuations in pump pressure are related to the change in Dxc.

*  Bit types: Different drilling mechanisms with different bits cause
changes in drilling response which is reflected by Dxc scatter and
trend offsets.

Offsets caused by bit wear are geally disregarded (after careful
evaluation). When drilling into a transition zone with a dull bit will make
evaluation difficult, since changes in rate of penetration will be less
marked, and the decrease in the Dxc due to decreaseckdtfél pressure
may be partially or even totally masked by the increase due to bit wear.

Modern, high-speed, soft formation journal-bearirgem bits drill just as

fast and last longer than comparable milled tooth bits. A past convention,
when insert type bits were used, was to subtract 1 inch off the diameter of
the bit, in order to avoid shifting trend lines. This practice is not necessatry,
because insert bits now drill just as efficiently as milled-tooth evpatts.
Furthermore, since diamond bits drill by scraping action alone (rotary
speed will be directly proportional to rate of penetration), the Dxc model
should be more applicable to diamond bits than to roller cone types; again,
the practice of subtracting 1 inch from the bit diameter should be avoided.

As will all pressure evaluatigparameters, it is essential that the Dxc not be
considered in isolation. An instantaneoesision baed on the Dxc should

be conditional upon confirmation (after lag time) by other parameters, and
that there has been no change in lithology. Therefore, it is not normally
sufficient to trip on the basis of Dxc alone. Returns should be circulated
whenever a Dxc deviation is seen and before any trip, when ever:

. A transition zone is drilled with a dull bit
. No decrease in Dxc is seen

* A geopressured sand is penetrated with a pore pressure which is just
balanced by the mud density

because,

* An abrasive sand can remove the last of the bit's effective cutting
structure and the bateases to drill

* Ithas been deded to trip the bit without otulating since no pressure
indications have been seen

*  When the trip begins, swabbing action reduces bottomhole pressure
and the sand kicks
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The above situations may be construed as a failure of pressure methods, but
in fact they are a failure @pply the methods cactly.

The geologist should make full use of all available information including
geological prognoses and offset drilling data (i.e. expected bit life, bit
grades when pulled, etc.), and must fully understand the limitations of
individual data and the value of data combinations.

Large variations in weight-on-bit will not be fully accounted for in the Dxc
formulation and will result in offsets in the normal trend line. A trend shift
may also occur at hole size changes. It is recommended that when
geopressures are expected, the drilling parameters (W, N, B, ECD) should
be changed as little as possible.

The contribution of formation compaction may be less than that of other
paramegrs since formations of similar age and lithology may produce
normal compaction trend lines with remarkably constant slopes, while
variations in lithology may produce different slopes. Similarly, a radical
difference in age may produce some change in slope, especially where
uplift and erosion have occurred between periodiepbsition. For

example, in the northern North Sea Basin, shale trends in the Tertiary and
Cretaceous will not exhibit full continuity.

Using a simple ratio method, it is possible to relate Dxc deviations (on a
semi-log plot) to the magnitude of geopressure:

Equation 4-15

where:
P, = actual pore pressure at depth of intefes) or formation
balance gradient (Ib/gal EQMD)
P, = normal pore pressure (psi) or FBG/¢il EQMD)
Dxc, = observed Dxc at depth of interest
Dxc, = expected Dxc on normal trend line at depth of interest.

By rearranging this equation in the form

Equation 4-16

n
Dxc, = Dxc, x 5~
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with known values of Dxgand R at two depths, it is possible to substitute
values of B and calculate the equivalent Rxc

Using the two calculated Dywalues it is possible to plot formation
balance gradient lines onto the Dxc plot which will be parallel to the
normal trend line (Figure 4-11).

Note: Certain transparent overlays (pressure readers) are
available, ready-maed wth equal formation balance
gradient lines, so that formation balance gradients can
be read directly from the plot. These overlays are
prepared using Equation 4-16, using a standard depth
scale and log cycle. Use of a different depth scale or log
cycle will alter the slope and spacing of the equal
formation balance gradient lines and render the overlay
useless. Because of the possibility of such errors, Baker
Hughes INTEQ suggests that transparent pressure
readers never be used.

Dxc trend lines should be established as soon as possible, and as drilling
progresses (based additional evideoe) it will be necesary to alter those
predetermined gradients. As such, the position of “normal” trends should
be established with great care, though personal selection may be in conflict
with another’s interpretation. Modification of trends does not detract from
the role of Dxc as a geopressure indicator, it only changes its quantitative
meaning. When additional information is available, it is possible that the
normal trends will have to be changed, theseassitating reietrpretation

of the magnitude of geopressure zones. When displacing the trend to lower
values; however, justification must be found for the apparendy-ov
compacted lithologies above the anomaly. For maxirorgdibility to be
maintained in Dxc interpretations, all other geopressure indicators must
support, as far as possible, conclusions drawn from the plot.

Dxc trend lines are normally placed using two different techniques, which
may not be apparent to the individual geologist. Some geologistsrittar
normal trend in shallow formations and then extrapolate this trend to
greater depths. Others interpret normal trendsdecific intervals only,
changing position and slope to coincide with the majority of points in a
particular lithology. Both methods contain inherent pitfalls, some of which
can make pore pressure evaluation rather difficult.

It was stated above that the normal Dxc trend is approximately linear.
While this is true over short depth intervals, attempting to extend a linear
trend over a long interval is not mathematically correct. Doing so assumes
that Dxc is an exponential function of depth, when in actuality it is
probably closer to a logarithmic function. This being the case, a normal
trend on semi-logarithmic paper will ghace a curve that gradually
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steepens witlepth. In a normally pressured area, this curved normal Dxc
trend line is almost universally observed.

If the above is true, then as the normal trend steepens with depth, on a
semi-log grid, it will be necessary to change the straight line trend to a line
of greater gradient, but an overall “shift” should not be necessary.
Therefore, extrapolation of a normal treedtablished in shallow

formations) to greater depths may diverge from the actual normal trend;
and if geopressures are encountered, the calculated pore pressure will be in
excess of the actual magnitude. Geologists who are thus in favor of
extrapolating normal trends should be aware of the possibility that their
“normal” trend may not be representative at depth.

Geologists who change normal trends with lithological variations generally
inadvertently steepen trends with depth, reflecting the true behavior of the
normal trend on semi-log paper. Hence these trends may be more accurate,
and pore pressure calculations may be more meaningful. The best rule to
follow in trend placement is to make the trend fit the data - not to some
preconceived idea of how the data should behave.

With Dxc scatter and normal trend changes aside, tbakbyplacement of

a normal trend (for example, during the lattegstaof a well) may be

largely dependent on the previously encountered lithologies. As shown in
(Figure 4-10(a)), the normal trend for claystones passes through the
majority of Dxc points but falls above the silty zone and below the calcitic
horizons. Also, the shallow unconsolidated clays were subject to jetting
(resulting in considerably lower Dxc values). Note that the upward
extrapolation of the normal trend passes to the right of these points.
However, a curved normal trend, briefly described above, fits this
schematic data well. (Figure 4-10(b)) illustrates normal trend development
in alternating sands and shales. This diagram represents an exdasame c
and the actual Dxc response in such sequences usually shows an increase in
scatter, rather than distinct trend development.

These problems with placing a normal trend only accentuate the rule that
geopressure magnitude should not be based on Dxc calculations alone.

Moreover, interpretation techques must also contain the proviso that the
normal trend may steepen widlepth, but shifting trends should not be
necessary. lfact, theoretical justification for a shifted trend is not
available.
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Figure 4-11: Example of the formation pore pressure gradients from the Dxc plot

Second Generation Exponents

Because the Dxc is still affected by smal drilling factors, which are not

taken into account by the Dxc formula, several oil-field service companies
and authors have derived equations and formulas to try and compensate for
those other drilling factors. Several of these “second generation”
normalized drill rate formulas include:

* Nx & Nxb (EXLOG)

* Sigmalog (Geoservices & AGIP)
Combs formula (1968)

* Normalized Drill Rate (1980)

* LNDR (Baroid)

*  Aexponent (Anadrill)

These are basically refined Dxc'’s that attempts to more closely reflect the
various drilling/formation interactions. Where Dxc assumes a linear
response between RPM and rate of penetration, the above try to model the
interaction to a non-linear relationship modified by tooth efficiency and an
effective RPM term. Also, the contribution that hydraulics makes in the
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drilling process may also be normalized, resulting in a drilling exponent
that changes more as a result of lithological or pore pressure change, rather
than fluctuation caused by bit wear or simplistic drilling parameter
modeling.

These second generation exponents arergly location specific, and the
derivation of the information to determine pore pressure is usually not
available to the public. As such, they should be used with care. Discussion
of these formation evaluation tools is limited due to their proprietary
nature.

Shale Density

Shale density determination has often proved very effective in determining
the degree of undercompaction and egpugent abnormal pore pressure in
shale bodies. The shale density kits provided by Baker HUNA€X) are
intended for the rapid determination shale density from drilled cuttings.
The three methods of determining shale density from cuttings are:

1.  Single-solution
2. Multi-solution
3. Mercury pump

The single-and multi-solution shale density kits work on the same principle
(Archimedes Buoyancy Principle), which states that a liquid exerts an
upward force on an immersed body equal to the weight of liquid displaced.

The kits consist either of a variable-density single solution, or a set of
liquids of varying densities. By placing a piece of shalguich a liquid, its
density can be determined as it either sinks or floats through the liquid.

An accurate determination of shale bulk density can be obtained utilizing a
mercury pump. It is known as the “Kobe Method.” In essence, the
difference between the reference volume and the sample volume will
determine the bulk density.

Shale density determination can be of great value since it provides
information on the compaction of the shale. Under normal conditions,

shale density should increase with depth. Any deviation from this
consistent trend can indicate that geopressures exist. The magnitude of the
bulk density change will vary with the type and magnitude of the
geopressure. Bulk density may also decrease, but it may remain constant
(due to lithology) or continue to increase at a lower rate than the previously
established trend due to the geopressure mechanism (see Figure 4-12).

It has been observed that shale density can decrease as much as 0.5 g/cc or
more. When this reduction occurs over a significant depth interval, the
calculated overburden gradient may reverse.
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A low density zone may also be the result of a change in lithologic
character. Fissility, plasticity, carbonate content, color change and other
differences may or may not be apparent, unless the sample is observed
under a microscope prior to it being placed in the density solution.

Measurementsdsed on cuttings in water-based muds usually are too low,
simply due to the adsorption characteristics of clayjieewise, density
measurements taken from wireline/MWD logs can also give false
indications. Specifically, the density logs can be affected by a rugose hole,
and the shallow depth of investigation may not read beyond the hydrated
zone. The result is erroneously low readings, causing excessively high
calculated porosities. The sonic log will also be greatly affected by
hydrated clays, resulting in very high transit times, high porosities and low
calculated bulk densities.

Values may be successfully obtained from these logs when water-based
muds are used, but caution should bereised as errors may exist as
explained above.

The best densities are those obtained from wells drilled with less reactive
muds such as dsel types. Both actual cutting densities and log densities
should be more accurate, as the clay should remain in their virgin state.

Several methodare used for meairement of shale bulk density:

*  Pycnometer methadJsing a container with repeatable volume, this
involves masuring change of weigldue to displacement of fluid by
sample. The most practical application of this method at the wellsite is
to use a mud balance.

Place enough cuttings in the cup so that the balance indicates 8.34 Ib/
gal (density of fresh water) with the cap on. Fill the cup with water
and weigh again. The new reading is Wthe following equation:

Equation 4-17

8.34

Bulk Density( dec) = eec—w
L))

*  Mercury pump methodThe bulk volume of a known weight of
sample is measured. The bulk weight of a prepared sample is first
established using an accurate chemical balance. The bulk volume of
selected cuttings is then determined using a high-pressure mercury
pump by the Kobe system (Boyle’s Law Principle) at a pressure of
about 24 psi, which is recorded on the attached pressure gauge.
Mercury is used to compress the air around the cuttings but does not
contact the sample material.
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Note: This is contrary to the older procedure in which bulk
volume is measured under atmospheric pressitretie
bleed-off valve open at the top of the sample chamber,
allowing the mercury to contact the sample. This method
should not be used.

The accuracy of this instrument and the large amount of sampl€2isgd
(12000 indivdual shale cuttings) give good consistent results. Due to the
high degree of accuracy and convenience in operation, this method should
be used whenever possible; however, very careful and consistent sample
handling is necessary for best results.

*  Buoyancy methodThe sample is weighed in air and in liquid of
known density.

* Density comparison method3he simplest of these is the “Float-and-
Sink” method. Shale cuttings are immersed in fluid mixtures of
different densities in which they will either float or sink, depending on
relative densities. This method is cheap and quick, butis limited in
sensitivity due to large défence in densities of available fluids
(approximately 0.1 to 0.05 g/cc), and ease of contamination of
calibrated fluids.

» Density gradient methadThis consists of a fluid column in which
density varies uniformly with depth. This is prepared by the partial
mixing of a light and a heavy fluid (water and zinc bromide) in which
beads of known density arespermled. A calibration curve of density
versus depth is prepared. Shale cuttings immersed in the column will
sink to the level at which their density is the same as the fluid. Depth
is recorded and density read off from the calibratiorve. A major
disadvantage of this method is the rapid deterioration of the column
due to vibration eperienced on some offshorgsi the expense and
time consumption of reproducing the column due to the large
volumes.

Both heavy liquid methods, while being quick and simple, have the
disadvantage of determining the density of individual cgétispecial care
must be taken to ensure that cuttings are true bottomhole cuttings, and
several determinations should be made for each interval in order to avoid
anomalous results. Six or eight cuttings should be chosen which are
representative and free of dust or cracks which may trap air, and of water
film which will cause enough surface tension between the water and
density fluid to cause erroneous readings.

4-36

Baker Hughes INTEQ

Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pore Pressure Evaluation Techniques

SHALE DENSITY
R

Dept
pth, Normal

‘Geopressure

Compaction Montmorillonite  Aquathermal Tectonic
Disequilibrium  Dehydration

Figure 4-12: ldeal clay density responses in geopressured zones caused
by different mechanisms

Increases in density beyond the normal trend, due to decreased porosity or
calcification should be carefully noted as these may constiyteocks

above geopressures. Precipitation of pyrite or high iron concentrations
result in abnormally high bulk densities in clays and shales. In some wells
it has been postulated that the occurrence of pyrite in shales can mask the
density reduction caused by the porosity increaaeefGl microscopic
examination of clays will indicate the occurrence of very fine pyrite, and
high iron concentrations will be indicated by a red/brown color. Pore
pressure int@retations cannot be accomplished utilizing shale density if
heavy minerals are present. However, since shale density is mainly used
for qualitative purposes in geopressure evaluation, the role of the other
geopressure indicators remains unchanged.

Any decrease in density (without change in clay character) should be
recognized as a pressure transition zone.

Recognition of a normal bulk density trend line may be difficult due to the
degree of scatter in the rectangular coordinate plot. A semi-log plot
considerably reduces this scatter, but since the normal bulk density range is
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between 1.6 and®.7 g/cc, it results in a more distorted trend line and
difficulty in recognizing deviations.

Shale Factor

In Chapter it was shown that various clay types have different cation
exchange capacities and consequently different adsorption capacities. It
was also shown that a smectite-type clay witlengo dagenesis tdlite

with increasing temperature and ionic exchange. In orderdgedesis to
proceed, water must be flushed from the clays. If exchange cations are not
available(i.e. potassium) a montmorillonite clay will lose its water but will
not convert to illite. Thus if this type of clay is drilled with a water-based
mud, the clay will hydrate and cause drilling problems.

Shale factor is a measure of the cation exchange capacity (CEC) of clays.
This cation exchange capacity will decrease as clays convert from
montmorillonite-type to illite-type (with temperature and thus with depth).
Pure montmorillonite clays have a CEC of approximately 100 meq/100 g,
while pure illites (showing no swelling characteristics), have a CEC
generally between 10 and 4@qgi100 g. Kaolinites have a CEC of
approximately 10 meq/100 g.

It is only the smectite group (which includes bentonite and
montmorillonite) that have an affinity for water. Thus any clay/shale zone
that contains smectites will have an affinity for water in an amount
generally proportional to the montmorillonite content. This will be shown
by a proportional value in shale factor. Note that the shale factor as
measured at the wellsite will not give values corresponding to actual
chemical cation exchange capacity. This is due fumties in the sample,
methodology, experimental error, and the fact that the methylene blue dye
(used in the titration) is a very large realile and is not readily absorbed

into interlayer sites.

A reasonably fast method for shale factor determination is:

1. Take representative clay/shale cuttings from the sample and dry
it in the oven.

2. Grind the clay to a fine powder with the motar and pestle.

3.  Weigh approximately 0.5 g of the powder on a balance, and add
this to a solution of distilled water and a few drops of 5N sulfuric
acid in a metal blender rasuringcup.

4. Heat the clay suspension to boiling on the hot plate, stirring
continuously.

5.  Add methylene blue dye slowly, and regularly remove a drop of
the solution on the stirrer and place the drop on filter paper,
noting whether the fluid is colored. Generally, the solids in the
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droplet remain in a localized spot on the filter paper while the
water spreads away from the central spot, so any coloration in the
halo may be readily seen.

6. Add methylene blue dye until the end-pointis reached. This
occurs when the halo of blue dye first occurs.

7.  Calculate the shale factor, using:

Equation 4-18

100
shale factor= ————— x vol mlx (normality of methylene blue solutign
sample mass g

where:
vol = volume of methylene blue used when end-point was
reached

For example:
sample mass =05¢g
volume of titrate = 25 ml
normality of dye =0.01

shale factor :%)%)x 25 x 0.01

=50 meq/100 g
A more accurate, but more time-consuming procedure is:

1. Take aclay sample, add about 20 ml of water, and disintegrate
sample in the blender.

2. Acidize the suspension with a few drops of 5N sulfuric acid. If
there are polymers in the drilling fluid, it will be necessary to add
several drops of hydrogen peroxide to the sample.

3.  Sieve the solution through a 180-mesh screen in order to remove
sand, lime, etc.

4. Put the suspension into the mud filter press, and allow the water
to almost cease flowing from the press before disconnecting the
pressured air supply.

5. Weigh 0.5 g of the filter cake that is on the filter paper.
6. Proceed with the titration in the same manner as described above.

This latter method may be more accurate in gumbo clays.
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If the clay is calcareous, and calcimetry is also being run, shale factor may
be corrected for carbonate content.

Equation 4-19

B 100
true shale factor= 100—carbonated X (apparent shale factgr

For example:

A calcareous clay has a carbonate content of 37%, and an apparent shale
factor of 16:

100

true shale factor= 100— 37

X 16 = 25meq100g

Shale factor can be a useful lithologic indicator, as shown in Figure 4-13.

The abrupt shift in shale factor from the normaldésinale sequences to a
much more compact sediment at 6705 ft, along with the break in the
compaction trend, defined the top of a 3000-ft section of missing sediments
(15 million years), was thought to be caused by continental movement and
erosion in the shallower continental shelf at that time in the geologic
history of Australia. Even in the normally-pressured low sledéar

shales and carbonatesgreater geologic age, there can beastonal
anomalies from pressured shale stringers (as at 11,500 ft).

Theoretically, shale factor should t&pable of indicating whether
montmorillonite dehydration or compaction disequilibrium was the major
mechanism in generating an apparent geopressure.

Geopressures caused by compaction disequilibrium indicate that the
pressured zone is immature with respect to the shallower, normally
pressured sediments. This implies that diagenesis has been restricted by the
inefficiency of the dewatering process, resulting in clays containing a

larger proportion of montmorillonite within the geopressure zone. Shale
factor would thus indicate a decrease at the top of the geopressured zone,
an increase within the zone, then a decrease as the pore pressure gradients
decline (Figuret-14). Any oerall increase in shale factor within a
geopressured zone is indicative that compaction disequilibrium has played
a part in its formation.
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Figure 4-13:

Shale factor can be a good indicator of large changes in clay
composition, aiding in geological interpretation

If, however, a ggaressured zone was caused by montmorillonite
dehydration, then upon entering the interval a sharp decrease in
montmorillonite content should be observed. Hence the geopressured zone
will contain less montmorillonite, as it has been converted to illite,

releasing to the pore spaces water which been unable to escape fast enough
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Depth

and resulting in a pore pressure increase. Shale factor will thus decrease in
the pressured zone (Figure 4-14).

Shale factor cannot be a quantitativegessure indicator. The differing
responses described above are not definitive, and geopressure has to be
indicated from other sources before an interpretation using shale factor can
be achieved. Also, geopressures caused by montmorillonite dehydration
and compaction disequilibrium may not cause a change in shale factor. If
geopressures were caused by processes (i.e. aquathermaatipggsvhich

are independent of matrix composition, a change may not be reflected in
shale factor with depth.

In the past, the consensus was that shale factor willaser@

geopressured zones and can act as an indicator. Re-evaluation of the
various geopressure mechanisms show that this is not necessarily the case.
However, as was seen, shale factor shoulchpable of delineating

between comaction digquilibrium and montmdionite dehydration as

the major geopressure mechanism.

Shale Factor——pp- Shale Factor— g

Depth

______ - Monmorillonite — — = — = _ Monmorillonite T
‘ Content Increase + Content Decreade

Geopressures Geopressures

Shale factor indicates Shale factor indicates
Compaction Disequilibrium Montmorillonite Dehydration

Figure 4-14: Sh ale factor response in geopressures, caused by
compaction disequilibrium or montmorillonite dehydration
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Temperature

The geothermal gradient, or the rate at which subsurface temperatures
increase witldepth, can be calculated from:

Equation 4-20

(Te,= Te)
G = 100—==
where:
G = geothermal gradient (°C/100 ft)
T = temperature (°C at depth Dt)
Te = temperature (°C at depth,,Bt)

For any given area, the geothermal gradient is usually assumed to be
constant. While the average gradiantoss normally pressured formations
may be constant, pressured formations exhibit abnormally high geothermal
gradients. This is due to heat flow through the various substances.

There is a constant flow of heat from the earth’s core teutace, and the
total flow of heat across any depth increment will be constant. However,
the temperature differential across acrament depends upon the thermal
conductivity of the material. Since enall heat-flow to the earth’s surface
is generally constant within arparticular area, the heat flux through the
various formations with depth is in equilibrium. The rate of change of
temperature across a formation with a low thermal conductivity (due
mainly to high porosity) will be high; conversely, a low geothermal
gradient is indicative of high thermal conductivity formations (i.e., lower
porosity).

Water and hydrocarbon migration to shaléy depths may also affect the
geothermal gradient. Pore fluids, as insuigtoetain heat, so during
migration these hot fluids will modify the temperatures of the formations
they pass through and ultimately become trapped in. Note that this
mechanism changes the geothermal gradient due to the relocation of hot
fluids, rather than attributing gradient fluctuation to porosity. Fowler
(1980) cited examples from the Middle East, Canada, and Alaska and other
U.S. oilfields, having geothermal gradient bulges which possibly indicates
the entrapment of hot fluids frogreater depths. The mechanism may also
be related to montmorillonite dehydration, in that the huge volumes of
water released from the clays can provide the impetus for migration.
“Dead” basins (no source rocks) have been shown to exhibit normal
geothermal gradients, hence on initial exploration wells the geothermal
gradient may well indicate the potential of the whole area.
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Any insulating zone will produce a distortion in the isothermal lines which
normally run perpendicular to the lines of heat flow (Figure 4-15; Lewis
and Rose, 1970). Because of the high geothegnadient, these will be

more closely spaced in this insulating zone. In the zones above and below,
the isothermal lines are more widely spaced, in compensation, and these
zones exhibit a reduced geothermidient. The converse occurs in beds

of high thermal conductivity, like sands and some limestones.

EARTH'S SURFACE

| HEATFLOW LINES EQUITEMPERATURE LINES

Figure 4-15: Distribution of heat-flow and isotherms around an

insulating (geopressured) zone

Since water has a thermal conductivity of about one-third ¢esotth that

of most matrix materials, it can be seen that the thermaluobrity will

be directly related to the degree of formation compaction. The higher-than-
normal water content of geopressured shales reduces this thermal
conductivity. Tlerefore, the top of a geopsesed zone is marked by a

sharp increase in geotherngahdient, and as such, the f@anature of the

mud at the flowline may reflect the geotemperature change.

Monitoring and recording flowline temperature ipractical method to
determine temperatuggadient, provided variable factors such as pump
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rate, lag time, ambient temperature, lithology, and temperature changes at
the surface (due to mud mixing and chemical treatments), can be accounted
for. In areas where large annual temperature variations occur, considerable
differences may be noted in flowline temperatures. Even diurnal
temperature fluctuations can cause a 10°C variation in flowline
temperature while drilling.

Prior to reaching a geopressured zone, a temperature transition zone will be
encountered in which, due to distortion of the isothermal lines, there will

be a reduction in geothermgriadient (Figure 4-16). It has been found in
practice that this effect is reflected in the flowline temperajtadient,

even to the extent of a fall in flowline temperature (i.e. a neggitadient),
followed by an extremely large increase in flowline tempgeagés the
geopressured zone is penetrated (Figure 4-17).

- GEOTHERMAL GRADIENT
e GEOTEMPERATURE

~@——— DEPTH

Figure 4-16: Theoreti cal change of geothermal gradient through an
insulating (high porosity/geopressured) zone

A dual tenperature probe system with sensors in the flowline and suction
pit is effective in removing surfacefetts, if lagged differential
temperature is plotted.

It is normally sufficient for the points to be plotted at 30-ft intervals unless
more frequent temperature variations are noticed. Points plotted at 10-ft
intervals allow more accurate data and better resolution for improved
interpretation. Note should be made o#dks in circulation, mud additive
additions, water additions, or other significant events.
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<— DEPTH

4

GEOPRESSURED ZONE

FLOWLINE TEMPERATURE >

Figure 4-17: Expected flowline temperature response on drilling

through a geopressured interval

It has been found that the temperature curve will be broken when the bitis
changedduring short trips or other dowme, and a certain time is
necessary for the mud system to reestablish peesmtureaquilibrium

when circulation resumes. The rate at which this theeapailibrium is re-
established may be significant, as a more rapid reestablishment may
indicate an increased geothermal gradient.

A fluid variable which can affect the rate of reestablishment is total mud
volume. The practice of reducing the active pit volume to a minimum,
dictated by hole size, aids in reducing the time meglio attain

equilibrium after tripping andeduces the circulation time needed to
stabilize flowline temperature.

A discontinuity in the plot also occurs at eaasingdepth, which

corresponds to a change in hole size. A higher annular velocity in open
hole reduces the amount of heat gained from exposed formations, and a
lower annular velocity in the marine riser increases the amount of heat lost
to the sea. However, these factors only lead to a change in measured
temperature; the rate of change of temperature should remain unchanged.
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Since pressure predictioase based on temperature gradient rather than on
temperature magnitudeachdepth segment between discontinuities can be
analyzed separately for gradient trends. It is also helpfelpiot a

smoothed curve of segments end-to-end without regard for absolute
temperature values. In certain cases it has been found that, instead of
plotting the individual segments as an end-to-end smoothed curve, end-to-
end plotting of the indindual segment trend lines may be ofual This
trend-to-trend smoothed curve is merelyraphical method of removing
irrelevant scatter from the plot. However, due to geopressures, the change
in flowline temperature may be so that this curve smoothing may cause the
anomaly to disappear. It is therefore suggested that both plots be prepared
in order to facilitate interpretations (Figure 4-18).

The reduction in temperature gradient caused by the distortion of
isothermal lines may be noticed before the geopressured zone is
encountered; that is, an advance warning of geopressure may be given.
Thus a fall in flowline temperature gradient followed by a sharp rise when
the geopressure transition zone is drilled provides a warning that even
closer attention must be paid to other drillpagameters inraer to

achieve confirmation of possible geopressures. However, like other
methods of pressure evaluation, flowline temperature reflects a varying
physical parameter in an assumed constant rock type; therefore, changes in
lithology must be closely monitored in order to avoid false indications.

Wilson and Bush (1973) proposed that flowline temperature gradients can
predict geopressure occurrence by use of a gradient factor:

Equation 4-21

GF = =
n
where:
GF = gradient factor
G = flowline temperature gradient
Gn = normal geothermal gradient

This gradienfactor can be calculated for each 100-ft interval, then
averaged every 100 feet for the preceding 200-ft interval. Zero and
negative temperature gradients are recorded as zero values. Apparently, a
gradient factor of 2.0 or more is indicative of a geopressure. However, due
to the unreliability of most flowline temperature plots in reflecting actual
geothermal gradients, and the posigibthat gradient factor may not be
representative within a particular area, this method should be treated with
caution. It may be more valuable for onshore wells.
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OEPTH

FLOWLINE TEMPERATURE

Figure 4-18: Plots of flowline temperature, smoothed
end-to-end plot and trend-to-trend

After a trip, mud temperature will reach a maximum on bottamsA plot

of this maximum temperature (after regainingugiation from a period of
downtime) can closely approximate geothermal trends. Monitoring these
peaks may aid in geothermal trend interpretations.

Wireline log temperature data and Temp-Plate data can also be included on
temperature plots, in addition to:

* flowline temperature

» end-to-end flowline temperature

» trend-to-trend flowline temperature
» differential mud temperate QAT)

Most wireline logging tools contain a maximum-recording thermometer,
and the temperature recorded is included on eacheladjing. This
temperature will usually increase with time as the loggingrara
progresses.

Using a modified Horner plot, it is possible to estimate true formation
temperature. It is assumed that the maximum temperature will occur at
total depth (TD). The Horner pression was originally developed for
pressure build-up predictions for reservoir (DST) analysis, but was
modified by Dowdle and Cob{d975) to model temperature build-up.
Although mathematically incorrect, actual formation temperature can be
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closely estimated, particularly wherrailation periodsare short. The
theory of the calculation is that, during drilling and circulation, the cool
mud reduces the temperature of the formation. rBsislts in a tempenate
gradient that increases away from the borehole, to a point where the
formation temperature is undisturbed. Whaoudation ceases, heatis
transferred into the mud in the borehole, thegeratureggradient
surrounding the borehole decreases, andaitli@s of disturbance
decreases. Hence by egiolating the temperature increase to infinite time,
it should be possible to calculate the actual formation temperature. This
expression is:

Equation 4-22

t.+1
T = T;-Clog
I
where:

T; = true formation temperature
T = measured temperature
C = constant
te = circulation time at TD
t, = time since aiculation stopped

Thus a plot of T against(t t) /t, on semi-log paper should be linear, and
when extrapolated to a time ratio of unity, the result should be a close
estimate of formation temperature (Figure 4-19).

The same points from Figure 4-19 have besgtotted on Figure 20,

showing a possibly easier method of displaying the data. Note that the grid
on Figure 4-19 is semi-log, whereas it ieln in Figuret-20. Points on

Figure 4-20 were plotted using the relation

Equation 4-23

t.+1,

L

log

against neasured temperature. Extrapolation of points using the latter
relationship allows a smaller margin of error when drawing lines through a
scatter of points. The near normal intercept of the gradient with the
temperature axis allowsecise terperature determinations.
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Figure 4-19: Horner-type plot for graphic solution of true bottomhole temperature
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Figure 4-20: Horner-type plot of linear X-axis. Note less scatter in points
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A mathematical method was proposed by Nwachukwu (1976) which
utilizes a modified Lachenbruch-Brewer equation, which basically states
that if three temperature points are available, this can prove to be a useful
cross-check with the Horner plot. Teguation must be solved fof. T

Equation 4-24

Te(t, —ty) + [(Tyxty) = (T, xt,)] _ Te(tg—ty) + [(Tyxty) = (Tgxtg)]

Uy =T Ug—Tg
where:
T, =recorded BHT, logrun 1
T, =recorded BHT, log run 2
T, =recorded BHT, log run 3
t; = time since aiculation stopped, log run 1
t, = time since aiculation stopped, log run 2
ta = time since aiculation stopped, log run 3
T; = true formation temperature
For example,

log run 1, time since circulation stopped = 4 hours
log run 2, time since circulation stopped = 7 hours, 50 minutes
log run 3, time since circulation stopped = 11 hours, 10 minutes

Measured temperatures w&E)°F, 219°F and 225°F.
Hence,

T;(7.83— 4) + [ (4 x210) — (7.83 x 219)] _ T¢(11.26— 4) + [ (4 x 210) — (11.16 x 229

219— 210 225— 210

Tf x 3.83— 874.8 Tf X 7.16— 1671

9 15

_ (15 x 874.9 — (9 x 1671)
f ™ (15x3.89 —(9x 7.16)

Tf = 274.2
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Depending on the particular environment, one method may be found to be
more accurate than the other, but for wildcat use they both should be
sufficiently close to actual formation temperature.

After each logging run, the estimated bottomhole temperature should be
plotted, and between the successive depths, the average geothermal
gradient can be calculated from Equation 4-20. Between logging runs, a
useful cleck on geothermal gradient can be achieved by using Temp
Plates. These can be more accurate than flowlinpdeature andT
monitoring, particularly on offshore rigs.

Temp Plates are self-adhesive sensors containing hermetically sealed heat-
sensitive elements which change chemical structure at given calibrated
temperatures. When exposed to the rated temperature, the indicator turns
from pastel grey to bBkk. This chemical reaction is completed in less than

1 second and is accurate to within 1% of the calibrated temperature. The
change is also permanent and irreversible.

The Temp Plate can be attached to a survey tool as shown in &glire
ensuring that the Temp Plate does not come adrift, by wrapping it with
tape. Itis advisable to put a higher range Temp Plate on the clock when the
present Temp Plate has two spots exposed.

The Temp Plate should be left on the survey tool until all spots are
exposed. The spots may turn light grey with repeated exposure to near
reactive temperature, but they will not turn black until the reference
temperature has been exceeded.

Note: Do not place the Temp Plates on the exterior of the go-
devil, wireline tool, etc. Field testing has shown that
contact with diesel muds and high pressures (greater
than 2000 psi) render measurements useless. They must
be placed in a sealed environment, isolated from pressure
and reactive fluids.

Use caution when evaluating the Temp Ptasglings since the condition

of the mud system and the plate’s position in the drillstring will affect its
performarce. The length of time @ulationwas terminated prior to

running the Temp Plate affects mud temperature stabilization, and this time
period increases wittlepth. Since steel is a relatively good conductor of
heat when compared to mud, high temperatures generated by a rotating
drilling assembly and bit can produce atrtificially hrgladirgs, particularly

if there has not been sufficient circulation time to dissipate it. Although the
Temp Plates turn black upon reaching the reactive temperature, they will
pass through darkening shades of grey before reaching this point, but this
transition is very rapid.
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The adhesive strength of Temp Plates is very good. This means that a wide
range of plates can be stuck onto the survey tool early irptratmon, and

they need be removed only when all the heat sensors on a plate have been
exposed. This ensures that minimal interference occurs with the running of
the survey and that a successful reading is achieved.

Temp Plates are available in various ranges with a resolution of 1% of their
reactive value, and each contains four calibrated temperature indicator
disks. Each Temp Plate has a 20°C range. The total temperature interval
including all the Temp Plates is from 35°C to 215°C.

Since the resolution of each temperature range is 5°C, this range may be
too small to detect the anomalous geothermal gradients due to
geopressures, and when compounded with the problem cdécwtling

actual mud temperature (because the plate is inside the survey tool), actual
temperature measurements may be questionable. However, gross trends
should still be recognizable, and one of the major advantages of using
Temp Plates is to delineate the “oil window.”

Today, drilling occurs offshore in increasing water depths and colder
environments, resulting in reduced effectiveness of FLT data. Additionally,
in deeper sections of some wells, small hole sizes and reduced pump rates
mean that the circulating mud at the surface does not truly reflect changes
in geothermal gradient as indicated by other downholgéeature

measuring techgues.
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Mud Resistivity/Conductivity

The standard units for fluid electrical properties are ohnerador
resistivity and mmhos/meter for conductivity. The usual range for drilling
fluids and formation waters is between 0.01 and 10 ohm-meters.

Equation 4-25

_ 1000
R="7¢
where:
R = resistivity (ohm-meters)
C = conductivity (mmhos/m)

If conductivity is monitored at the flowline and the mud pits, a conversion
can be made to chlorides, and a differenfi@ll, can be plotted and used as
an indicator of geopressures. Schmidt (1973) surveyed pore water
chemistry from sidewall cores in Louisiana and found that dissolved solid
concentrations in normally pressured sandstones were around 600 to
180,000 mg/l; and in geopressured sands the range W% 16,26,000

mg/l. The average range for normal pressure sands was 120,000 to 170,000
mg/l, and shales had ranges of 10,000 and 70,000 mg/l. In geopressured
sections, the shale and sand pore water composition is similar at
approximately 2@00 mgl/l. If these changes could be detected in the
returning mud, the meter would indicate low resistivity in normal-
pressured sands, higbsistivity in normalpressured shales, and high
resistivity in geopressured sands and shales.

Past theory had suggested that geopressured sands should be highly saline
and thus produce low resisties. Data from the area tested by Schmidt
suggested otherwise; however, this does not mean that the results obtained
are universal.

For a change to be measured in drilling muedtdtshould be a large

salinity contrast between mud filtrate and formation fluids. It would appear
that a change would be more apparent when fresh water muds are in use.
Saline muds would sevely mask small changes caused by fluctuating

pore water chemistry. It is strongly doubted whether a flowline
conductivity sensor could detect changes in formation water concentrations
simply due to the fact that the volume of pore water released from cuttings
is infinitesimal in comparison to the mud volume. Hoegwnflux from
permeable formations may be seen as changes either way, depending on
relative salinities, and warnings of underbalance can be given. th$he

Gulf Coast, differential mud coluctivity or “delta chlorides” appears to be
reliable in pinpointing slight pore water influxes, and cab be a valuable
differential pressure indicator (Figure 4-22). If sufficient difference exists
between mud and formation water salinity, the responsmikasito ditch
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gas, showing influx at connections or increasieggdfindue to
underbalance.

A MUD CONDUCTIVITY
A MUD CHLORIDE

INFLUX AT

'ﬁ CONNECTION

CONTINUOUSINFLUX

INCREASE MUD
DENSITY

PR

A MUD CONDUCTIVITY »
A MUD CHLORIDE

Figure 4-22: Differential mud conductivity and delta chloride log
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Wireline Log Parameters

Sonic/Acoustic Log

A sonic/ acoustic device measures the interval transit tef the
formation. As the distance between the traittems and receivers is fixed,
the only variable is time, hence interval transit time is measunesei/ft

A compressional wave travels at approximately twice the velocity of other
sound wave types. The reciprocal of this velocitytjrae in seconds
necessary for the compressional wave to travel a unit distance is:

7. = [P+
c 3Mp(1—1)

Equation 4-26

where:
Tc =time
p = density of the material
M, = bulk modulus of elasticity (compression)
VI = Poisson’s Ratio

Acoustic travel time is therefore explicitly dependent upon the density and
elasticity of the material. Since different minerals posses different densities
and elasticities, laboratory measurements must dertaken to determine
their particular properties. Once these are knownsiés that the interval
transit time for a particular rock will be a measure of its porosity. Porosity
may be calculated from:

Equation 4-27

At—At
T At At
where:
7] = porosity (fractional)
At = transit time of particular formation
At = transit time of pore fluids (or filtrate, as the sonic tool only
measures approximately 1 inch into borehole wall)

At = transit time of matrix

Though porosity is usually expressed as percent, the value used in log
analysis equations is always fractional.
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Figure 4-23 shows some typical matrix and fluid transit times.

Formation

At p sec/ftt

Sandstone

Unconsolidated 58.8 or more

Semi-Consolidated 55.6

Consolidated 52.6
Limestone 47.6
Dolomite 43.5
Clay/Shale 167-62.5
Anhydrite 50.0
Gypsum 52.6
Quartz 55.6
Salt 66.7
Granite 50.0
Iron (casing) 57.0
Fluids

At;,p sec/ftt

Salt Water 189
Fresh Water 218
Oil 238
Methane 626
Air 910

Figure 4-23: Transit times for matrices and fluids

Since geopressures mainly originate in clays, it can be seen from

Figure 4-23 that attempting to calculate porosity could be a problem. The
very high transit times apply to the “house of cards” type of structure in
montmorillonite clays typical in shallow, wet sediments; the lower transit
times are for the more consolidated types. Porosities calculated for clays
tend to be slightly high, and corrective factors are not yet available.

A sonic log run in a geopressured clay interval will show increasing transit
time, (At), (increasing porosity) with an increasing pore pressure gradient.
In the transition zone (if it exists), ti curve, on the log, will be seen to
steadily move to the left (higher values) wilipth. Typically, however,

clays hydrate and wash out in pressured zones, and borehole rugosity may
affect the sonic values if it is severe, to the extent of causing “cycle-
skipping”. Modern tools are self-compensating for hole washout, but the
problem cannot totally be removed. A useful cross-check to see if the sonic
values are representative is to correlate the values with those from a
seismic velocity analysis.

The theory behind quantitative geopressure evaluation using the sonic tool
is fortunately independent of the amount of porosity. Since the sonic log
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can be a reasonable geopressure indicator: an increase in transit time, with
depth, in a constant clay lithology, is due to a change (increase) in porosity
(pore pressure gradient). A quantitative iptetation, based on Gulf Coast
methodology, may not be as accurate in other areas, but it has been found
to be a very useful tool.

As clays compact and lose porosity with depth, the measured sonic transit
time also decreases. As was seen, typical values for unconsolidated clays
lie between 150-20Ces/ft. A plot of clay transit times on semi-log grid
should produce a linear “normal” trend wikpth. Hottman and Johnson
(1965) correlated transit time deviations from the normal trend to adjacent
reservoir pressures, but this method was specific to Gulf Gasetvoirs.

The Equivalent Depth Method, using sonic data, camskd for most
geopressure determinations. Figure 4-24 illustrates the procedure.

A normal trend is extrapolated to the depth oéiest. (Note: on placing

the normal trend, remember that the minimum transit time is equal to the
matrix transit time (zero porosity). Since rocks of zero poroargly exist,

the slope of the normal gradient musencept at values greater than the
matrix transit time.

The formation pressure is then determined using:

Equation 4-28

P = (OBG,xD,)-D,(OBG,—N.FBG)

where:

P = pore pressure (psi)

OBG, = overburden pressureaglient at ) (psi/ft)
OBG, = overburden pressureaglient at ) (psi/ft)

D, = depth of interest in geopressure (ft)

D, = normal equivalent depth (ft)

N.FBG = normal formation balance gradient (psi/ft)

For example,

OBG, =0.920 psifft at R

OBG, =0.830psifftatlp

N.FBG =0.465 psifft

P =0.92 x 10870 - 3300 (0.83 - 0.465)
P = 8796 psi, or 15.6 lpal at D,
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Figure 4-24: Geopressure evaluation using Equivalent Depth Method and sonic plot
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Another application for the sonic log is its use for estimating overburden
gradient and pressures through porosities and bulk densities. AGIP
engineers Bellotti and Giacca (1978) published an empirical relationship
that enabled bulk densities to be established directly from interval transit
times. By calculating porosity from transit times a matrix and fluid are
assumed, the densities corresponding to that particular matrix and fluid are
known, and hence a bulk density can be estimated using:

Equation 4-29

_ 0At =53
pb= 2.75- %'llllt + 2000

Since porosities vary with lithological change and pore pressure,
calculations should be made in each lithology with depth. Note that all
rocks contribute to the overburden pressure: not just clays, hence readings
should be taken from all rock types.

Another method used to obtain bulk densities is to perform the following:

1. Identify lithological changes from the mud log (or other log) and
correlate with the sonic log.

Average transit times for each interval (eyeball is sufficient).

3. Identify matrix and obtain matrix transit time from Figure 4-23
for each interval.

For each of these intervals:

4, Calculate porosity using (Equation 4-27), using [188c/ft for
fluid transit time. Suggested matrix transit times for very
shallow, wet clays; sub-compact clays and compact clays are
100, 70, and 6fisec/ft, rspectively. Local eperience may
dictate otherwise.

5. Correlate rock density with those used with the matrix and fluid
densities in Figure 3-6.

6.  Calculate bulk density using:

Equation 4-30

Pp, = Ups+(1-0)py,
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where:
Py = bulk density (g/cc)
7] = porosity (fractional)
Pm = matrix density (g/cc)
o} = fluid density (g/cc)

7. Overburden pressure gradients may then be calculated using
equations, or by using the GeoPress Application.

Calculated porosities will be abnormally high in clay intervals that have
hydrated due to mud reaction. As the depth of investigation of the sonic
tool is extremely small (approximately 1 inch beyond the borehole),
hydrated clays will be measured, not the true formation. Care must be
taken in these situations as a low calculated overburden gradient may
result; however, no quantitative correction is available.

Resistivity

Common rock-forming minerals cduct very little electricity, and

effectively have zero conductivity. Any chges in the resistivity of a rock

will then be dependent upon the amount of water, its salinity, the amount of
hydrocarbons, and the distribution of the fluids within the rock. Thus
changes in porosity, water salinity, hydrocarbon content, and porosity
distribution within the same rock will cause changes in the resistivity
measured by the various tools. The resistivity tools currently in use are:

 Normal and lateral types
*  Micrologs

* Focused resistivity types
* Induction devices

Each has a particular use aqplication in petrophysical analysis. For
geopressure evaluation purposes, the best logs to use are the induction and
microlog types. Induction logs are intended to read the true conductivity of
the undisturbed formation (. Values @aken from this log are thus a
function of porosity, porosity distribution and water salinity. Micrologs
measures two areg4.) a micro-lateral which is affected by moake, and

(2) a micro-normal that measures the resistivity of the flushed zone. Since
the resistivity of the mud filtrate is known and is should be the same for all
flushed formations (temperature corrected), the resistivity of the flushed
zone (R,) is a function of porosity and pore geometry only. However, the
latter device is restricted in its use to formations of greater than 5%
porosity and less than 0.5 inch of filter cake.

Whatever device is available, Gulf Coast experience has shown that a
resistivity plot on semi-log scale of clean clay beds produces an increasing
trend with depth. The manner in which this trend iases is not
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predictable in wildcat areas, but in areas of intensive drilling, normal
resistivity trends should be available. Typical normal trends are shown in
Figure 4-25.

The porosity increase in geopressured clays is reflected by a decrease in
resistivity (provided the resistivity of the pore water has not increased).
The latter proviso is not predictable in wildcat areas, hence the resistivity
log must be used with caution, both as a geopressure indicator and
evaluation tool. In well known areas, however, the resistivity device has
been found to be a reliable indicator and quantifier.

Calculation of pore pressures are facilitated by the use efjngalent
depth expression, where deviations from the normal resistivity trend are
utilized instead of transit times.
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TYPICAL AREA TREND LINES
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Figure 4-25: Formation resistivity typical area trend lines
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Density And Neutron Logs

The density log (FDC, Densilog etc.) measures formation density by
bombarding the formation with gamma rays from a cesium 137 source, and
detecting the energy and amount of radiated gamma rays returning from
the formation. If it is assumed that the Mass Absorption Coefficient is
constant for all rocks and fluids at a specified energy level, then the amount
and relative energy of returning gamma rays is a measure of the density of
the material.

A neutron log bombards the formation with highly energetic neutrons. The
neutrons gradually lose energy as thegnaiie from the source, and at very
low energy levels they are captured by nuclei of the formation. The
detector on the tool senses gamma radiation of absorption or low energy
neutrons. The greatest energy is lost when neutrons collide with a hydrogen
nucleus, because they have similar mass. Hence, the slowing of neutrons
depends largely on the amount of hydrogen in the formation. In clean
formations saturated with water or oil, the neutron log reflects the amount
of fluid-filled porosity. Since there is a concentration of hydrogen atoms in
gas, the log indicates a very low porosity. In clays, the neutron log reads all
the water: bound water and pore water, hence, neutron porosities measured
in clay are high.

If a density log is run, bulk density values can be takesctly off the log

and used in overburden calculations. There is usually a correction curve in
the density track, but this correction is one that hasdy been applied,

and it is plotted for the sake of completeness only. The correction will be
seen to be greatest in a washed-out hole, and the larger the correction, the
less reliable the density values are. A plot of density with depth on a linear
grid should display a gradually increasing trend with depth. Upon entering
a transition or geopressured zone in shales, the density curve may be seen
to decrease. If the lithology is constant, this is a definitive indication of a
porosity increase. The depth of investigation of a density tool is about eight
inches into the formation, hence, hydrated clay will affect the readings by
causing low density values to terorded. Calculation of porosity from the
density tool produces the most accurate values overal Etjsation 4-34

and Figure 3-6.

Equation 4-31

0 = pm_pb
pm - pf
where:
7] = porosity (fractional)
Pm = density of matrix (g/cc)
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Po = density from log (g/cc)
[o8 = fluid density (g/cc)

Pore pressures can be calculated in a geopressured zone using the density
log with readings taken in clean sésl The equivalerttepth method can
be used in the same manner as that described for the sonic log.

The neutron log is not a geopressure indicator or quantifier; however, it
may show changes in the clay porosity index that may be used to indicate a
predominant geopressure mechanism. Montmorillonite clays will cause
rapid neutron adsorption due to their very high bound water content; hence,
the porosity index will be very large. lllitic clays have much less absorbed
water, hence, the porosity index should be correspondingly lower. As
stated in Chapter 2, clay composition changes through a geopressured
section, depending on the predominant mecha&uatron response may
indicate:

»  Compaction diequilibrium: clays within the geopresred zone are
immature relative to shallower clays, hence, the neutron porosity
index will increase markedly within the zone,

*  Montmorillonite dehydration: clays in geopressured zones have
changed to illite, releasing water to the pores; much of this water must
be released otherwise the pore pressure balances the overburden and
any subsequent increase will promote the formation of horizontal
fractures, allowing the pressure to dissipate. The neutron response
would thus be constant through the zone, or a sharp decrease at the top
of the geopressure if the excess water had been released.

* Aguathermal: since this press involves compactionsgiquilibrium,
the neutron response will increase within the geopressured zone.

MWD Logs

The development of MWD (Measurement While Drilling) technology
during the 1980's has been one of the landmark events in drilling
optimization and formation evaluation since rotary drilligén. The
continued refinement and development of MWD services has produced
benefits in wellsite safety, drilling efficiency, lithology and hydrocarbon
interpretation, and formatigoressure evaluation.

MWD data includes information gaghed downhole, then stored and/or
transmitted to the surface for inpeetation and analysis. At present MWD
services are divided intore categories:

. Directional Services
- Borehole Inclination
- Borehole Azimuth
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- Tool Face Reference
- Circulating Temperature

*  Dirilling Performance Monitoring
- True Torque-on-Bit
- True Weight-on-Bit

 Formation Evaluation
- Short Normal Resistivity
- Dual Propagation Resistivity
- Gamma Ray
- Neutron Porosity
- Density Lithology

Pore Pressure Evaluation

MWD data is used in much the same way as wireline log data for detection
and evaluation of formation pressures. MWD information, however, has
the advantage that the data sets are transmitted to the slufae

drilling, making the information available for integration with offset and
mud log data as the well is being drilled.

Even when the data is not transmitted, the information is available after a
bit trip, as opposed to wireline information being available only at casing
points. The increased use of fixed cutter bits, downhole motors and
specialized mud systems in today’s drilling programs means fewer trips,
making the use of transmitted MWD data much more attractive.

The evaluation of pore pressure is made more efficient when offset well
logs and information are readily available to MWD fiplefsonnel. This
allows for better real-time analysis of the pressure parameters. For
example, if offset information such as wireline resistivity, density and
sonic logs are accessible, wellsite programs can derive overburden tables
and pre-well pressure plots which can be used as a guide until real-time
information is available.

During drilling, the earlier the downhole information is processed, the
better the chances of making correct decisions pertaining to muitieens
casing points and drilling practices.

As with all pressure parameters, the effectiveness of MWD data as an aid
to pore pressure evaluation depends on the quality of correlation data, the
types of MWD logs being produced, the geological sequence being
evaluated and the mechanism which generated th@egsure zone.

A common method for quantitative pore pressure determination is
provided in Appendix D.
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For formation pressure analysis, the following MWD information can be
evaluated:

*  Short Normal Resistivity

* Phase Difference Resistivity
*  Amplitude Ratio Resistivity
*  Neutron Porosity

»  Density Lithology

« Gamma Ray

As stated earlier, if a geopressured zone occurs in a predominately
claystone/shale sequence, caused by compactiequilirium (rapid
loading), then any data that reflects compaction (i.e. density, porosity,
resistivity) can be used. As with other drilling and logging parameters, it is
necessary to establish the behavioral patterns of the parameter while
drilling a normally compacted gaerce, then extrapolating that behavior

to greater depths, and looking for deviations from that established trend.

In other lithologies (i.e. carbonates and evaporites), the link between
porosity, compaction and pore pressure is less obvious, theredpiiess
greater caution when evaluating the data. Cap rocks, seals and pressure
charging from below due to hydrocarbon generation, may not generate
transition zones that are easily identified by looking at trend lines. If there
IS no undercompaction or in@ses in porosity, then density and porosity
will follow the normal trend lines. Since the pressure is caused by
variations in fluid type, MWD resistivity would be most useful in
determining formation pressures and could be used with those other
paramegrs that are affected by clgas in differential presure.

MWD Resistivity Devices

Historically, most MWD resistivity data has come from 16-inch Short
Normal tools. Due to invasion characteristics, this one resistivity value was
limited in its effectiveness when used in evaluating Rt and water saturation.
However, as a pore pressure and transition zone indicator, Short Normal
data is useful because fluid invasion is restricted due tpévmeabity
lithologies.

With the addition of the Dual Propagation Resistivily’R) tool to MWD
services, a two curve resistivity log is possible. This tool transmits a radio
wave with a frequency of 2 MHz into the formation, and the phase
differences and amplitude ratios of the signal are measureddretwo
receivers, from which resistivity information can be derived. The phase
and amplitude deriverksistivities have different vertice¢solutions and
depths of investigation, givindual resistivity readings, milar to a dual
induction wireline tool.
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This MWD resistivity data will normally have a better depth resolution
than equivalent wireline logs and have superior ventesblution.

Resistivities derived from DPR tools are generally much closer to true
formation resistivity (Rt) than the resistivity obtained from the MWD 16-
inch SN, and is less affected by borehole condition and mud type.

Pore Pressure and MWD Resistivity

Using MWD resistivity data for pore pressure evaluatioregaty follows

the same methods as using wireline resistivity data. Geopressured zones
caused by the wlercompaction of claystoskshales will have an excess of
trapped pore fluids compared to normally pressured sections at similar
depths.

Those shales and claystones showing normal compaction will develop
formation resistivity values increasing with depth, as the amount of pore
fluid is reduced and the flow paths become more tortuous. A plot of shale
resistivity versus depth on semi-log paper (Figure 4-26) will show a linear
increase witldepth and this behavior can be extrapolated to a greater
depth. Deviations from this trend will indicate either a change in lithology
or a change in pore pressure. Changes in lithology can be distinguished by
using Gamma Ray information.

Lower resistivity values can be a reflection of a change in pore fluid
salinity, going from a less saline solution to a more saline solution
(common when drilling near salt domes). While indicating a change in the
normal hydrostatic pore pressure, it does not necessarily indicate a
geopressured zone.

Evaluation of geopressures in other lithologies, using Miédbstivity,

where the pressures have not been caused by undercompaction is a little
more difficult. Geopressures trapped by apemmeablecap rock will not
show gradual movement tover resistivities away from the established
trend, but will show the increased resistivity of the cap rock followed by an
abrupt change to lower resistivities upon entering thergssured

interval.
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Figure 4-26: A Shale Resistivity Plot used for Pore Pressure Calculations.
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MWD Resistivity and Shallow Gas

MWD resistivity has been found to be particularly useful in identifying
shallow gas zones while drilling offshore wells. Shallow gas is a significant
problem because the gas is contained in loose, undercompacted formations
at shallow depths, which have very low fracture gradients. Due to the
compressibility of gas, the zone can be at higher pressures than the normal
fluid gradients.

Detection of shallow gas zones is difficult because there is no opportunity
to establish pressure trends. Also, the high drill rates and controlled drilling
techniques tend to mask drilling and logging pressure parameters. If kick's
occur in these shallow gas zones, they cannot be shut-in due to the low
fracture presures, and are usually controlled by using diverter lines.

Good offset data, close attention to the seismic interpretation, and drilling a
small diameter pilot hole can minimize the risks. The use of MWD data can
be invaluable; the sands will be identified using the Gamma Ray and the
gas will be indicated by the high resistivity values.

MWD Resistivity Pore Pressure Methods

Several methods have been depelbto assist in the quantification of pore
pressure using MWD resistivity data. The availability of “real-time”
resistivity information has allowed another quantification technique for
comparison with the Dxc Ratio meti& All of these methods require an
accurate overburden (S) calculation.

The method developed by Eaton is essentially an Equivalent Depth
Method, which uses resistivity ratios as tjualifier.

Eaton’s technique involves both the MWD Gamma Ray and Resistivity
logs. The GR log is used to identify and verify shales zones. Shale sections
of between 20 to 3feet are then chosen and the true vertical depth is
noted. The resistivity value (Rsh) for tlepth is then noted, corrected for
any borehole effects, then recorded. Shale resistivities should be sampled
as frequently as possible (at least once perfd€X), then plotted on semi-

log paper on a 1-inch to 1000 feet vertical depth scale.

Based on experiee, shale resistivitiassually range:
*  between 1.0 t@.0 ohm-meters for normal compaction
 aslow as 0.3 ohm-mat for geopressured shales
* as high as 10.0 ohm-meters for cap rocks, silty and pyritic shales

Once the plot of observed shale resigég is made (which is continually
updated during diting), a normal compaction shale resistivity tend line is
constructed. This trend line is often a “best fit” line through the shale
resistivity values in a normally-pressured section of the well (see
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Figure 4-26). As with drilling exponents, all observed shedestivities

that fall on this trend line are representative of the normal pore pressure.
Shale resistivities values which fall to the left of this trend usually
represent geopressured shales, and values which fall to the right usually
represent hard, cemented shales. Pore pressure is quantified using an
equation similar to that used for drilling exponents:

o e E])[%TZ

where:

P = formation pore pressureglbal, psi, psi/ft)

S = overburden pressure (Ibs/gal, psi, psi/ft)

P, = Normal Pore Pressure (Ibs/gal, psi, psi/ft)

R, = Observed Resistivity (ohm-meters)

R, = Normal Resistivity (ohm-meters)
Eaton's method can also be used with other pressure parameters, for
example:

DxcC 1.2 Atn 3.0

P=S—(S %)[DXCZJ and P= S—(S- a)[m}
where:

Dxco = Observed Dxc

Atn = Normal Sonic Transit Time

Dxce = Expected Dxc

Ato = Observed Sonic Transit Time

This method, although very useful when used in areasenhe pressure
generating mechanism is compaction relé@ulf of Mexico), the

exponents require modification when useaiea of “older” rocks and

when compaction-related mechanisms are not the major source of the
geopressures. For example, in the wegtam of Colombia, the exponents

must be halved (1.2 becomes 0.6) to provide accurate pore pressure values.

Several recent methods which use MWD resistivity for pore pressure
determination are uque in that they do not require a “normal” trend.
Realizing the difficulty in drawing a normal trend from plotted datas¢h
methods “go around” the determination of normal trends by concentrating
on the matrix component in the standard overburden equation. These
authors feel that if overburden (S) is determined, and if matrix stss (
found, the pore pressure (P) can be easily calculated.
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Therefore, much of the emphasis on MWD resistivity has shifted from
determining the resistivity in a normal shale vs an abnormal shale to how
the resistivity is affected by the matrix (i.e. trying to determine the matrix
porosity from shale Rw and shale volume calculations).

The most common methods used are PPFG (Pore Pressure and Fracture
Gradient) model (1987), Dual Sh#Rryant’s) mode[(1989) and Alixant’s
method (1991). These methadsjuire various MWD curve data, sl

tables of reference and each contains various “constants” which must be
determined. As such, a great deal of computer power iseeqia run the
models.

The Bryant and Alixant methods can be found in GeoPress.

MWD Gamma Ray

Pore pressure evaluation can be accomplished using MWD Gamma Ray
information. The method is based on the type of lithology and the method
of geopressure gemation and the reasoning behind the model is that
undercompacted shales geally have more porosity and lower volumetric
amounts of clay minerals when compared to normally compacted shales at
similar depths. The undercompacted shales continue with the same amount
of clay minerals, compositionally, they are just displaced by the increased
porosity (which is water-fi#d). Therefore, in the same volume of rock as
compacted shales, the gamma ray count appears less due to the
displacement by water-filled porosity, or in other words, there is a
volumetric difference in Shale Content.

It has been determined that with increasilegth the gamma ray intensity
tends to increase as compaction occurs and porosity decreases. When the
gamma ray measurements of shales aregolp#t “normal trend” can be
established and extrapolated. Deviations from the established trend, in the
same lithology, can indicate a geopressured zone (Zoeller, 1983).

Severalfactors will also result in changes in gamma ray counts, which are
not directly related to pore pressure. Changes in mineralogy within the
shales/claystones can result in changes to the APl gamma ray counts,
without indicating increasing pore pressure. The change from a
montmorillonite-rich to an illite-rich shale will result in an increase in the
gamma ray counts due to the increased potassium content of the illite clay.
An increased montmorillonite content with depth woulel¢fiore lead to a
reduction of gamma ray counts, possibly giving a false indication of
increasing pore pressure.

This natural tendency for a clay to change from a monliorate-type

clay to an illite-type clay, with icreasingdepth and temperature, has been
discussed in Chapter 2. Increasing montmorillonite is normally indicative
of immature claystones and shales showing undercompaction and
subsequently higher thanpected pore pressures.
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The MWD gamma ray logs are best used for the differentiation of sand/
shale lithologies. This provides excellent back-up information to other pore
pressure parameters.

MWD Porosity

MWD density and neutron porosity data can be used in the same manner as
wireline data to detect geopressured zones caused by undercompaction. A
normal trend line can be established for both parameters, and deviations
towards lower density or increased porosity, in the same lithology, can
indicate an overpressured section.

The Modular Neutron Porosity (MNP) tool can be used as an indicator of
hydrogen, and changes in clay mineralogy can be confused witheshisn
porosity. The high amount of bound water in montmorillonite clays can be
interpreted as kreased porosity, and therefore changes in the illite and
montmorillonite content will cause shifts from the normal trend, and
should not be confused with pore pressure changes. With that in mind, the
use of the Neutron Porosity measurement for pore pressure detection
should be avoided.

When dealing with undercompacted shales and claystones, geopressure
guantification using the Modular Density Lithology (MDL) data can be
accomplished using EatorEguivalent Depth method. Howex; the

biggest benefit of using density data is for calculation of a “local”
overburden gradient, if there is sufficient information

Where geopressures are contained benegtbrmeable barriers, a long
transition zone will not exist. The MWD's high density readings and
reduced porosity values can indicate potential cap rocks, and should be
evaluated closely while drilling. The drill rate and formation gas
information can be integrated with this MWD information to provide an
early warning to an extremely dgerous situation.
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Factors Affecting Formation Pressure Evaluation

Lithology

The classic sand/shale sequence of ma&aements is perhaps the easiest

to evaluate for geopressures. Such lithological sequences are recognizable
when displayed on the drill rate curve, Dxc plot, total gas plot, cavings
occurrence, temperature plot and NIMWireline logs. Thick shale

sequences allow normal trend development, permeable sandstones provide
good differential pressure estimations using the mud density/gas
relationship, and geopressure trends can be constructed in shale intervals.

Massively thick clays provide excellent opportunities for drilling exponent
evaluation and cavings analysis.

Thick sand/arenaceous lithologies cannot be evaluated by textbook
exponent methods; great thicknesses of turbidites, greywacke, volcanics
and terrigenous clastics with few intercalated argillaceous horizonglexcl
the possibility of developing normal shale trends; however, these sediment
types will exhibit normal trends in Dxc, density, and temperature plots. As
most of the geopressure evaluation techniques are based on clay analyses,
arenaceous lithologies severely restrict evaluation ndstidevertheless,
differential pressure is a major clue for evaluation, and mud density/gas
relationships must be utilized to the utmost. With these tools, geopressure
evaluation can be achieved with confidence, albeit at a degree of detail
somewhat less than that possible in argilliteseYeélpermeability is

restricted in arenaceous sediments, the possibility of a geopressure
occurring below becomes increased. The change in differential pressure
upon entering a higher pore pressure zone will be monitored by the Dxc:
the Dxc will decrease, as it would in geopressured clays. Evaluation,
however, may not be of the same order as that in clays. The ratio method
(Equation 4-15) will provide a very vague estimate, as empirical
justification for pressure evaluation in sand types is not yet available. Thus,
geopressure techniques may be used in thick sands, but the emphasis of
evaluation must be shifted from Dxc analysis to mud density/gas/
differential pressure methods, that is a qualitative evaluation of the
magnitude of under- or over-balance.

Geopressure evaluation in carbonates can be the most difficult and
frustrating task. Carbonasediments can encompass the whole gamut of
porosity rangepermealblity range, and pore geometries from huge caverns
through open fractures to sedamy solution types in microfossils. The
characteristic variability of carbonates causes concomitant variability in
geopressure plots. Argillaceous limestone and calcareous claystones can
generally be evaluated (in the majority of cases) in the same manner as
clays (where all the evaluation techniques apply). Clasti&stones,

without a high degree of cementation, may be evaluated as sand type
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sequences (increase emphasis on differential pressure evaluation
techniques). Well cemented, massive types (i.e. micrite, dagon
cemented fossiliferous limestone etc.) can be extremely difficult to
evaluate. These limestone types have highly variable permeabilities, and
this is what makes evaluation difficult. If a limestone is without
permeability, a transition zonergaot exist. Totally impermeable types
(porous but the pores are not connected) may have extremely high pore
pressures, probably caused by aquathermal mechanisms, but should not
cause major drilling problems due to their impermeability. It is the
permeability barrier below which is a highly psased porous zone that
provides the greatest potential danger.

As cemented limestones have a relatively high tensile strength, cavings do
not appear until the degree of underbalance is large. Changes in differential
pressure will affect the Dxc, but to an unpredictable extent. Bulk density
measurements on cuttings should reflect the actual densitydestiby
problems do not occur; hence, density measurements in limestone will
indicate porosity changes; but due to the competent nature of the rock, a
porosity increase does not nesasly indicate a corresponding increase in
pore pressure.

Probably the only techniques of anticipating the probable occurrence of a
geopressure within highly competent, massive limestones, are the various
temperature plots. Again, however, the assumption is that tipeegsored
interval will be porous and water-filled, so that it may act as an insulator to
heat. If a temperature gradient eesal doesaur with depth, it can be
assumed that it is a zone of considerable porosity (fluid-filled), but this
could either be a fracturedygular, dolomitized or granular interval of

high or low pore pressure. In any event, drilling should proceedgnett
caution until the character of the anomaly is determined.

Apart from the above disssion, tlere can be no hard-and-fast rules laid
down for geopressure evaluation in carbonates. A rgereence should

be developed in areas of intensive drilling in carbonates; but at all times,
drilling rank wildcat wells in carbonate lithologies calls for the most
diligent observations and interpretation on the part of the geologist.
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Controlled Drilling

Controlled drilling offshore in top-hole sediments is commonplace and
desirable. It does, howeveause problems with exponent analysis.
Because the bit is not wholly drilling, and the jetting action of the bit is the
major drilling mechanism, drilling exponents cannot be used in their
accepted role. Itis probably best to consider the as Dxc a differential
pressure indicator, no matter what the drilling mechanism is, because the
rate of penetration will increase as the differential pressure decreases.
Since the penetration rate is controlled, and rotary speed is kept constant,
Dxc changes become a function of bit weight which is allowed to vary. Bit
weight should then change with formation type and character. In soft,
unconsolidated clays, jetting will proceed with vigor and will be
considerably aided by aneasing pore pressure. Rate of penetration being
controlled allows bit weight to reduce to negligible quantities, which will
cause the Dxc to deflect to the left on the plot.

Thus in soft top-hole sediments, geopressure indications may well be
exhibited by the Dxc plot, and this is of particular importance in attempting
to ascertain the presence of shallow, pressured, gas reservoirs. However,
pore pressure quantification cannot be performed from the Dxc plot in
these situations, because:

»  Establishment of a normal trend in top-hole is difficult

*  The bitis not truly drilling, hence, the Dxc values are not
indicative of actual “drilling” values

» Deviation of the Dxc points to the left may indicate increasing
pore pressure but the ratio method cannot be applied in
unconsolidated sediments

Mud density/gas relationships should provide a reasonably accurate
estimate of pore pressure magnitude and changes.

Whether the overall drill rate is controlled by manipulating the penetration
rate or by circulating between singles, a shallow gakgican rake its
presence known without warning. The client and drilling personnel must be
made aware of the limitations of geopressure evaluation in shallow
sediments, particularly the quéative aspect. An unconsolidated sand
containing pressured biogenic gas will not bealied by a transition zone:

the surprise element thus becomes magnified to startling proportions, so for
safe top-hole drilling, drilling crew diligence must be tuned accordingly.
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Hydraulics

The rate of penetration, and hence drilling exponents, are a function of the
various hydraulic forces at the bit. Current exponents do not take into
account the effect of changingdraulic parameters: they assume

hydraulics are 100 percent efficient and optimized. Pump efficiency,
surface pressure losses and the various down-hole frictional losses can be
calculated, but there really no very accurate method of measuring them

at present, in order that standard calculations can be checked.

Inefficient drilling hydraulics will suppress the drill rate and will cause
inflated exponent values. Overly energetiditaulics promote washouts,
pump failure, increased bit wear and hole problems. The optimum
conditions are between 60 and 70 percent of totdladwic horsepwer for
maximum bit hydraulic horsep@r. For maximum jet impact force,
pressure loss at the bit shoulddmproximately 50 percent of the total.

The different hydraulics involved in turbine and PDM drilling contribute to
shifts in the various trends, but how much of the shift is due to the change
in drilling mechanism cannot be determined.

Roller Cone Bit Selection and Bit Wear

If a bit is selected that cannot drill the formation efficiently, exponent trend
response will be considerably masked. A common error is opting for an
insert bit in moderately hard formations, only to find that the bit produces
very sluggish drill rags. Gises are known where a geopressure transition
zone was drilled with an inefficient bit; the result was a normal or slightly
shallower Dxc trend, completely masking the increasing pore pressure. If
this is pernitted to continue, loss of the hole could occur duaitimien
sloughing, or a kick taking place.

The decision to change frommalled-tooth to an insert bit is a difficult one,
particularly in wildcat areas. When the change is madgrgssure

indicators other than drilling exponents should be monitored with
increased concentration, as the situation could be such that the different bit
type can mask a transition zone.

New bit selection is partly dependent on the amount of wear that the
previous bit sustained. Unfortunately, the accepted “eyeball” technology,
favored by drilling crews can be so affected by extraneous phenomena that
the result recorded on the drilling report may bear little resemblance to the
bit in question.

By using the standard IADC grading scheme and a simplditatam

method, bit grading becomes meaningful and may be gainfully employed
when using second generation exponents. The method is not rigorous, but
provides consistency and reasonable accuracy in the time-frame available.

The suggested method is as follows (See Figure 4-27)
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1. Before the new bit is run, measure the height on one tooth on
each row (use cone number 2 or 3).

2. Count the number of teeth on each row of that cone, and multiply
the tooth height pertaining to that row by the number of teeth in
that row.

3. Multiply this result by the number of cones.

Note that most bits have positional tooth and row variations, so the result
will not be the actual total tooth height.

When the old bit becomes available, perform the same measurements on
the same cone, and calculate the quantitative teetr as shown in
Figure 4-27.

NEW BIT

Using Number 3 Cone

Heel Row: 24 Teeth
Tooth Height: 1"
Total Height: 24"

Middle Row: 18 Teeth
Tooth Height: 0.8”
2 Total Height:  4.4”

Nose Row: 10 Teeth
Tooth Height: 0.8”
Total Height: 8"

Total Tooth Height for Cone: 46.4"
Total Tooth Height for Bit:

' \N5 NOSE ROW 3x46.4"=139.2"
\ MIDDLE ROW
HEEL ROW

WORN BIT Heel Row: 22 Teeth (2 missing)
Tooth Height: .7”
Total Height: 5.4”

Using Number 3 Cone

Middle Row: 18 Teeth
Tooth Height: 0.5”
Total Height:  9”

Nose Row: 9 Teeth (1 missing)
Tooth Height: 0.5”
Total Height:  4.5”

Total Tooth Height for Cone: 28.9”
Total Tooth Height for Bit:

3x28.9"=86.7"

Bit Wear = (139.2 - 86.7) 139.2x 100 = 37.7%
Tooth Grade = 8x 37.7+ 100 =T3

Figure 4-27: Estimation of tooth Wear
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Fixed Cutter Bits (PDC, TSP, ND)

The use of fixed cutter bits, particularly the PDC type, has increased
dramatically over the last few years. There are sound reasons for this,
namely increased drill rates and reduceduaiar over more traditional

insert type roller cone bits. There are, however problems with formation
evaluation because the drilled cuttings produced by fixed cutter bits are
rarely representative of the formations drilled, due to a variety of bit
generated rock textures caused by the drilling action. These effects are
compounded by the high rotary speeds and temperatures from downhole
mud motors.

Their use also causes problems in geopressure evaluation. PDC bits drill
medium-soft to medium-hard formations by a shearing action controlled
largely by the efficiency of the cutters and use of the appropriate rotary
speed and hydraulics. Harder formations, such as limestones or chert
stringers are drilled by selecting TSP or ND bits which include pointed as
well as round cutters and thus also have an element of crushing produced
by weights similar to roller cone drilling.

In the softer rocks where shearing is the dominant action, the relationship
between compaction, porosity andldrg paramegrs is not the same as in
roller cone bits, and neither is the role of differential pressure and its hold
down of cuttings beneath the bit. As a consequence drill rate and Dxc
evaluation when using fixed cutter bits is not such a reliable indicator of
pore pressures as they are when using roller cone bits. Dxc trends when
using fixed cutter bits tend to be near vertical so that identifying deviations
becomes very difficult, and any movement is less easily attributable to pore
pressure changes.

Those fixed cutter bits designed forlling harder formations and those

with pointed cutters have an increased element of crushing and gouging in
their drilling mechanism and mayettefore show trends and behavior

similar to roller cone bits. In this case pore pressure evaluation is more
reliable.

Drilling Fluid Type

In all situations, the drilling fluid must be compatible with the formation.
Specific muds can be developed for indival wells, so that formation
reaction, reservoir interaction, temperature effects and rig problems can be
minimized. Quite often though, it is not possible for one mud system to
achieve all these goals, and itis common for mud systems to be changed
during the course of the well. Again, fluid-related problems can be
accentuated in wildcat areas. Complete information on the various mud
systems can be obtained from manuals provided by the mud company, so it
is sufficient here to simply outline possible occurrences that could hinder
geopressure interpretation.
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Water-based mud systems, fresh or salinereact with hydratable clays.

If a reaction does occur, clay cuttings will swell, lose their morphology and
even dissolve in the mud. The result is a rapidly increasing viscosity, mud
density and solids content, and a distinct absence of clay cuttings. Bulk
density measurements cannot be performed on this “gumbo,” but shale
factor can be perforad. Clay cavings from a transition zone may not be
apparent. Sonic and density log readings in clay zones will also be
anomalous: sonic transit times may be high and bulk densities may be
extremely low, particularly if the hole is washed out which is usual in these
situations.

Inhibitive muds will combat clay hydration and help reduce hole and mud-
related problems. Calcium, gypsum, spersenaraad salt (NaCl), and
ligno-sulphonate all control clay hydration to various extents, and the
choice of a particular mud type is commonly made depending on their
other properties. Probably the most effective clay inhibitor water-based
mud is a potassium-chloride (KCI) type. This mud serves to provide
potassium cations for adsorption onto the available lattice sites of
montmorillonite, which collapses the expanded lattice and renders the clay
non-reactive. Good clay cuttings and cavings can be obtained when these
muds are used. Shale factor values from clays that have been drilled with a
KCIl mud type will be considerably less than the original exchange
capacity. If the KCI system leept efficient, the change in clay nermalogy

may be completely masked and shale factor trends rendered meaningless.
However, adsorption of potassium by montmorillonite never seems total,
and some degree of hydration will occur.

Oil-based and synthetic muds are by far the best drilling fluid for aiding
geopressure evaluation. All cuttings and cavings are preserved in their
original form. Since no hydration occurs, shale factors and bulk density
measurementsre accurate, and sonic and density log curves are
representative. Gas interpretation, however, is made more difficult due to
the background level caused by the base oil, and slugs of fresh oil may
cause further problems.

Deviated and Horizontal Wells

Pore pressure evaluation when drilling highly deviated or horizontal wells
is made more difficult by the uncertainty of the actual weight-on-bit
estimations used in normalized drill rate and Dxc interpretation. Surface
WOB can be much higher than actual weight being applied at the bit due to
drillstring friction around the collars and stabilizers. The true weight-on-bit
is governed by the hole angle and the nature of the bottom hole assembly.
Actual weight-on-bit measurements are even more difficult wherstiérs

are used.

In deviated wells there is also the increased likelihood of a downhole mud
motor being used which also adds uncertainty to the Dxc calculation.
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These factors are more pronounced while drilling the build sectisucbf
wells, and are less of a problem when drilling straight or tangent sections.

Extreme caution must be exised if attempting to use drill rate or Dxc in
these situations, and again more reliance may have to be placed on mud
density/gas relationships and general borehole behavior.

When attempting to evaluate drilling or logging parameters in deviated
wells it is also necessary to realize that pastion trends should be plotted
against TVD and not measured lengthe@dured Depth) of the borehole.
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Chapter E

Fracture Pressure

Past and Current Technology

Hydraulic fracturing techigues for well stimulation have been in use since
the 1940s. During these operations, this process and the similar, costly and
time-consuming occurrence of lost circulation whildlidg with high mud
densities, were thought to occur due to the formation of horizontal or
bedding plane fractures. Lifting the overburden in this manner was the
explanation put forward, totally disregarding thet that most of the

pressures in the borehole at the time of fracturing were considerably less
than the total weight of the overburden.

Some theoretical studies and accurate pressuaeurements made during
squeeze cementing operations raised questions as to the validity of this
argument of lost circulation, caused by horizontatfures. Pressures
required in boreholes are generally less than the overburden, so the only
explanation was that orientation of the fractures must be vertical.

In 1949, Clark (Stanolind Oil & Gas Co.) showed how fluid flow through
hydraulic fractures could be greatly increased by pumping sand with the
fracturing fluid. The sand (a gppant) prevented the fractures from
closing, thus providing a conduit from the reservoir into the well.

Hubbert and Willis

Among most engineers of this time there existed stubborn belief that the
majority of fractures created during and after drilling wezdding-plane
fractures. The Shell Oil Company, in 1955, employed M. K. Hubbert to
provide a critical review of the situation, and the result was the classic
paper, “Mechanics of Hyraulic Fracturing,” published in 1957.

Using accepted engeering theory, Hubbert andillis showed that a
subsurface stresegime is such that, when normal faultsar (60° to the
horizontal), the minimum horizontal compressive stress is of the order of
one-third to one-half of the maximum vertical compressive stress.

In the subsurface environment, there exists a system of stresses. At any
point in that environment, the stresses acting upon a point can be resolved
into three mutually perpendicular stresses (a maximum, intermediate, and
minimum stress)g,, 0, andag, respectively. (Geologists use the notation
that compressive stresses are positive, engineers use the convention that
tensile stresses are positive; hence in the latter cagethe maximum
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compressive stress.) Stress is a pressure, or force per unit area, and always
acts normal to a selected plane.

In the simplest subsurface environment (horizongalsh horizontal
topography, elastic rocks, and horizontal constraint), the maximum
compressive stresgy) is vertical and equal to the pressure of the

overlying rocks. Since rocks are assumed to be isotropic, the horizontal
stresses will be equal and will act in all directions in a horizontal plane, and
are caused by a function of Poisson'’s ratio of the rock type aritlan
additional horizontal stress is imgeExl on the system (i.e. a tectonic stress),
the horizontal stresses will become unequal and directisuneth, that, is
parallel to the tectonic stress amglis normal tao, in the horizontal plane.

When pressures are applied in a borehole, they will create tensile stresses
around the walls. If this tensile stress exceeds the horizontal compressive
stress in the surrounding rocks and also overcomes the rock’s tensile
strength, a tensile fracture will form along the path of minimum resistance
(i.e. normal taoz and parallel tw, andaoy).

If o4 is vertical (the basin is relaxed) the tensile fractures will be vertical
and oriented parallel t, (if 0, is greater thaw,). If a superposed

tectonic stress is imposed such that it is greater than the overburden
pressure, thea, is horizontal and parallel to the tectonic stressayid
vertical. To cause fracture in this case, the pressure in the hole must be
slightly in excess of the total pressure of the overburden, and the fracture
will be horizontal.

Hubbert and Willis overcame the problem of attempting to predict the
tensile strengths of rocks in situ by observing that many closed cracks,
joints and partings intersect many sections of the borehole. When this
occurs, the effective tensile strength of the rocks over that interval are thus
close to zero.

When an interval is hydraulicalfyactured, the pressure in the borehole

must balance the minimum stress holding any preexisting cracks closed,
and must provide an additional amount of energy to extencrélcg&s. If a

crack exists in a compressive stress field and pressapplied within the
cracksuch that it balances the compressive stress acting normal to the sides
of the crack, a slight increase in the pressure should produce a high tensile
stress at the tip of the crack. This tensile stress eaglgomes the tensile
strength of the rock, and the crack rapidly propagates.

Utilizing these assumptions, Hubbert and Willis showed that fracturing
will occur when:

Equation 5-1

5-2
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F= (S; Dp
WRere:
F = pressure in the borehole at point of fracture (psi)
S = total pressure of the overburden (psi)
P = pore pressure (psi)

Thus the minimum injection pressure raedi per unit depth (D) in an area
of incipient normal faulting is

Equation 5-2

Olw
+
o|%

Il

oOlm
w

This expression provided an estimate for the minimum fracture pressure
that will occur in a relaxed basin, that is on the point of normal faulting.
Hubbert and Willis concluded that fracture pressures will teetd by; 1)
the magnitude of thpreexisting regional stresses, 2) the hole geometry
(including any preexisting fissures), and 3) the penetrating quality of the
fracturing fluid.

To simplify the calculation, they assumed that if the value of S/D is equal
to 1 psi/ft, under normal hydrostatic conditiongPof 0465 psi/ft, the
minimum fracture pressure would be 0.64 psifft.

Hubbert and Willis’ paper thus provided the theoretical and technical basis
for predicting minimum facture pressures (as well as a meanseoi gt
fracture presures in tectonic environments and abnormal pressure zones)
if the relevant parameters could be measured. However, though very
important, it was not sufficient for the industry since wells drilled in areas
of active normal faulting are very few and fanke¢n. The need to predict
fracture presures at any point in a boreholechme necessary to plan

casing programs - especiallyaneas where, due to high poregaere and/

or tectonic stresses, abnormal hole conditions were the norm.
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Matthews and Kelly

Depth (ft)

In 1967, Matthews and Kelly published a study in which fracture pressures
could be predicted in some Gulf Coast sand reservoirs using empirical data.
Since this area was undergoing extensive exploration, their data allowed
safer and more economical well completions. Unfortunately, Matthews and
Kelly did not further the progress made by Hubbert and Willis. They chose
the minimum fracture pressure as being equal to the pore pressure, and the
maximum fracture pressure equal to the pressure of the overburden. A
fracturepressure that was observed to be greater than the pore pressure was
thought to be due to the forceaessary to @rcome the “matrix load” or

the “cohesive nature of the matrix.” By “using the assumption that the
cohesive property of the matrix can be related to the matrix stress and
hence will vary only with the degree of compaction, a relationship could be
developed for calculating the fracture gradient of sedimentary formations”.
This is illustrated in Figure 5-1.
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ki (matrix stress coefficient)

Figure 5-1: Matrix stress coefficient (ki) for Gulf Coast Sands
(Matthews and Kelly, 1967)
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Equation 5-3
F Nej
—_— = — + —
D KI5
where:
o = matrix stress at the point of interest (psi)
ki = matrix stress coefficient for the depth at which the value of

would be the normal matrix stress

In developing their method, Matthews and Kelly assumed that the average
normal hydrostatic gradient is 0.465 psi/ft and that the average overburden
gradientis 1.0 psi/ft. In abnormally pressure zones, the increase in pore
pressure (P) will produce a corresponding decrease in the matrix stress (s),
sincec =S - P.

The value for ki is taken from treepth at which i® normal.

2000

4000

This depth used
to find ki from

figure 5-1 Pore
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Figure 5-2: How ki is obtained from the depth at which o is normal
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These empirical values and relationships are limited solely to the area of
study.

Eaton

In 1969, Eaton published a more adaptable method that took into account a
variable overburden gradient. Eaton also introduced Poisson’s ratio as a
variable that controlled fracture pressure gradient. Poisson’s [itis (
formally defined as “The ratio of the lateral unit strain to the longitudinal
strain in a body that has been stressed longitudinally within its elastic limit.
It is an elastic constant.”

0 [ . } "
N \V Gulf Coast
! Variable
2000 \\! Overburden
4000 \\
- Overburden
6000 equals 1.0 psi/ft
shales . \ \
8000 =
-
« \ 2
= 10000 >
g \ 2
West Texa$_(’ E
overburden
12000 4—-- equals 1.0 psifft
Producing
formations
14000 :
16000
18000
20000
0 0.1 0.2 0.3 0.4 0.5 0.6

Poisson’s Ratio p

Figure 5-3: Empiri cal “Poisson’s ratio” curves with depth for Gulf Coast Sands
(Eaton, 1969)
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It is thus a property of the rock itself. Easurmounted the problem of
predicting or measuring Poisson’s ratio of every in-situ rock in a borehole
by resorting to an empirical relationship. Further, Eaton’s “Poisson’s ratio”
is not a function the rock but of the regional stress field - the horizontal-to-
vertical stress ratio. Thus, since Hubbert and Willis assumed that the
minimum horizontal stress ia approximatély it corresponds to a
“Poisson’s ratio” of 0.25 through the relationship

Equation 5-4
F_©S_PmkH P
D D pHM1-pud D
when:
S _ .
D~ 1.0 psi/ft
and
VI =0.25
Then
Equation 5-5
2P[
F %.0+ D0l
D 3

which is the same as Hubbert and Willis’ minimum fracgraaient
relation. A “Poisson’s ratio” of 0.25 wipredict values thadre usually too
low when compared with vaés from field data; also, the assumption that
S/D = 1.0 psi will generallyelad to errors (except in West Texas wells
where fracturgradientsare a minimum apredicted by Hubbert and
Willis). Eaton presented empirical curves for “Poisson’s ratio versus
depth” calculated from Gulf Coast data. With depth, these curves will
approach an upper limit of 0.5; that is, a longitudinal strain produces an
equal lateral strain, which occurs in materials with a zero shear modulus
(e.g. liquids) and in incompressible materials. These curves are thus
independent of rock type, and illustrated in FighH&.

The major contribution of Eaton’s paper was the concept of the variable
overburden. The assumption of 1 psi/ft for an overburden gradient was
inaccurategradients were found to vary from about 0.6 psi/ft at shallow
depth to slightly greater than 1.0 psi/ft at greater depths. Since overburden
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pressures play a major role in fracture gradient estimations, the increase in
accuracy of this variable allowed better fracture gradient estimations.

Eaton’s technique can be applied in other areas if the “Poisson’s ratio
curve” is known. Thus it is limited to areas of concentrated exploration in
tectonically relaxed regions and cannot be used reliably on wildcat wells.

Eaton’s assumption that Poisson’s ratio was the sole “stress ratio” factor
appears to be unfounded when the values of Poisson’s ratio for normal
sedimentary rockare compared to those obtained fronddaylic

fracturing. It is not uncommon tabk-calculate a Poisson’s ratio from a
fracture test that has a value somemhbetween 0.45 ard8.

Experimental determination of Poisson’s ratio produces values from 0 to
less than 0.5. Itis important to realize that Poisson’s ratio is a measure of
the ability of a rock to deform (within its elastic limit) defined as the
greatest stress than can be developed in a material without permanent
deformation (strain) remaining when the stress is released.

Surface clays are generally so wet that they behave as liquidsd &)

the rock grains themselvase responsible for a unique Poisson’s ratio, but,
as compaction increases, thek®become more dense, more brittle, and
elastic. This is largely due to the closure of cracks and creep of tbeatsin

so that the rock becomes increasingly isotropic with depth. Since elastic
rocks transmit seismic energy efficiently, and “plastic” rocks may transmit
compressional acoustic waves but not shear waves, it may be realized that
“plastic” rocks will not be encountered within drillaldepths.

Anderson et al

Another empirical method was published by Anderson et al in 1973. Their
aim was to derive all the necessary paramseto estimate fracture

pressures from electric logs. Utilizing Biot’s stress/strain relationships for
porous media, they developed the following relationship

Equation 5-6
F_p2ep S d-3ug ap
D O-pu"D"01-p D
where:
a =1-Cr/Cb
Cr = compressibility of the solid matrix material
Cb = compressibility of the porous rock skeleton

and can be approximated by
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Equation 5-7

= 1-(1-0Op)r

If n = 1, the best fit is obtained for the theoretical models.

Hence,

Equation 5-8

a=0p

Thereforeq is also dependent upon porosity, but is an immeasurable
guantity in a drilling environment. Terzaghi experimentally found that if
=1, then the relationship becomes

Equation 5-9

which is independent of porosity.

But the problem still remains for obtainipgvalues for in-situ rocks.
Theoretically ) can be obtained from sonic shear and compressional
velocities (Vs and Vc) in a formation, using:

Equation 5-10

Vst
1= 2E/CD
=
Vsﬁ
2%1 Vcl

However, recognition of shear wave arrivals in most sedimentary sections
is usually impossible. Inrder to obtain Poisson’s ratio for Gulf Coast

sands, Anderson et al made the broad assumption that “Poisson’s ratio is a
function of the shaliness of the sand since the shale would act essentially as
a plastic bonding agent.” The estimation of the shale content of the sand
from sonic and density logs was accomplished using a shale index:
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Equation 5-11

DS_DD
lsh: DS

where:
lsh = shaliness index
aS = porosity from sonic log
0D = porosity from density log

For a shaliness index between 0 and 40 percent, Poisson’s ratio was found
to vary from 0.27 to 0.33, in Gulf Coast sands. This linear relationship can
be used to solve fqr

Equation 5-12

H=Axl,,+B
where:
lsh = shaliness index
A = the slope of the line
B = the intercept on the y axis

A relationship has been developed for the data collected (i.e., from the Gulf
Coast sands), and obviously other relationships occur in other sands with
different clay, clay struare, sad/clay relationship, and sand types.

Additional Fracture Pressure Applications

Christman, in 1973, accented the problemssuaing a 1 psi/ft

overburden gradient when drilling offshore. On offshore rigs, a high
flowline elevation above sea level and drilling in deep water were shown to
cause important modifications to calculated overburden and other pressure
gradients.

Bradley (1979 a, b) published a complicated theoretical concept that could
provide limits for borehole stability when a significant angle exists

between the borehole and the regional stressestsLare set for failure in
compression (sloughing) and failure in tension (fracture). Due to the very
large number of variables involved, a computer is used to calculate and plot
all the possible states of stress for all hole angles aadtdins. The result

is an area, or “stress cloud.” Changes in the variables producgeshan

the shape of the stress cloud and a movement of the cloud across the mean
shear stress/mean normal stress plane. A failure envelope experimentally
obtained from rock failure at different confining pressures defines the limit
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of stability within the “stress cloud”. Oragplication of this model is on
development platforms where deviated wells are drilled.

Limitations and Advantages of Accepted Models

Hubbert and Willis

The fact that this theoretical model does not use empirical constants or
relationships is a point in its favor. Unfortunately, howeveappears that

the industry has chosen to misinterpret the object of this work - that is, to
provide a means by which minimum fracture gradients may be obtained.
Also, the theory may be applied in any location, providing that all the
provisions are met (i.e., an area characterized by normal faulting, simple
topography, and horizontal beds). The main disadvantage of this model is
that it is imprecise. When hole conditics® such that very accurate
fracture gradients areenessary, a minimum value is not sufficient.

Matthews and Kelly’s Method

Application of this model is limited to the Gulf Coast area since it was
developed on wells in the Gulf Coagpésifically, in producing sais).
Empirical values of ki can be back-calculated from a succession of fracture
tests in an area, and then curves constructed so that ki can be plotted
againsdepth. Thepresent Matthews and Kelly curve should not be used
outside the Gulf of Mexico because it relates only to Gulf Coast reservoir
sands. This method can be only used within a single field in which
sufficient fracture data is available to plot a ki curve which will be unique
to that field.

Eaton’'s Method

Eaton attempted to define the problem of determining actual subsurface
stress regimes by use of “Poisson’s ratio”. Basically, the reasoning is
precisely the same as Hubbert and Willis’ except that Eaton endeavors to
account for a higher-than-minimum horizontal stress. He found empirically
that, with a variable overburden gradient, their “stress rati®/al) or ki
varied non-linearly with depth. As with Matthews and Kelly’s method, ki
curves have to be back-calculated from a multitude of data within a single
field before accurate predictions can be made.

Anderson et al

Again, Poisson’s ratio is a necessary variable; however, in this model the
ratio is a function of the rock, and not a “stress ratio” independent of rock
type. Because of the difficulty of recognizing shear arrivals on sonic logs,
it is empirically related to the percent clay in reservoir sands of the Gulf
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Coast. Also, the rock compressibility parametelis defined by a
relationship which ia also empirically related to these sands;

Equation 5-13

a=1-(1-0p)"

where:
n =1, and gives a best fit to the data
Db = porosity from the density log

If n=1, the relationship is approximatedited, which can be applied only
to those particular sands. In combination withgbestionable relationship
betweenu and shaliness again, this metholinsted to the area in which it
was developed. Use in other areas weltessitate differempt and shaliness
relationships to be developed, and possibly the determinationvidr
have to be reevaluated.

It must be noted that the last two methods were developed for sandstones.
Limestones, shales and other typical sedimentary rocks could produce
spurious results simply bagse their properties were not considered.

Estimation Of Fracture Pressure

With drilling now extending to deep waters and high latitudes, the costs of
these wells are becoming exceedingly high. Deep wildcatting in areas of
poor geological control can be extremely hazardous and costly for lack of
adequate pore pressure aratfure presure information. If abnormally

high pore pressures are encountered, a further casing string may be
necessary; and if the psese zone is shallow in relation to the target,
completion of the well can be jeopardized.

Of prime importance in these wells is an accurate assessment of kick
tolerance. For this to be achieved, knowledge of the fracture pressures at
any depth in the open hole is necessary. The predictioaatife

pressures in the Gulf Coast and other areas that have been extensively
drilled is accomplished using empirical formulae. These can only be
applied with confidence in othareas of similar geological and tectonic
regime when sufficient drilling has allowed the calculations of the
necessary empirical constants. However, the absence of any method by
which fracturegpressures may be predicted indaét areas has oessitated

the use of the empirical formulae, with the general result that actual
fracturepressures can be very different from the calculated pressures. This
is due to thepplication of those empirically derived constants (usually
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representing the “stress ratio”) which are unrelated to the wildcat area.
Accurate information on the in-situ principal stresses is vital for the
solution of the fracture pressure problem. None of the empirical formulae
can accuratelpredict stresses in localized regions.

One hypothesis was proposed that had #pacity to resolve and
extrapolate the local principal stresses, subsequent to thedokire test

in compact formation. The word “compact” can be defined as the point at
which the sediment can transmit an applied stress througjnatime

contacts. Along with other pertinent data usually calculated on rank
wildcats (overburdenrgdients and pore pressuresacture presures

could then be obtained for any point within the drilled hole. Kick tolerance
calculations then become more realistic when they are based on fracture
pressure calculations for that specific well, so when abnormal hole
conditions are encountered, the chances of completing the well are greater
than if reliance is placed upon formulae containing unrelated empirical
constants.

In order to hgraulically facture the formation, it is sessary to overcome

the minimum compressive stress. General formulae describe the minimum
horizontal compressivefefctive stress as a function of the effective
overburden pressure, which is empiricalgrived:

Equation 5-14

F=o03;+P

where:

F = fracture pressure

P = pore pressure

O3 = minimum compressive effective stress
and

Equation 5-15
0; = K(S-P)

where:

K = empirical “stress ratio” constant

S = overburden pressure

As stated earlier, overburden pressure is obtained égrating bulk
density values with respect depth:
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Equation 5-16

z

S = [(gx p)dz
0

where:
g

p
z

accetration due tgravity
density

= depth
The in-situ stress regime can be calculated from

Equation 5-17

= superpeed horizontal tectonic stress
= maximum compressive effective stress

= Poisson’s ratio

Equation 5-18

o, =S-P
Equation 5-19
Oy
— =B
0,
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Subsurface Stress States

Effective Stresses

The concept of effective stresses was first introduced by Terzaghi in 1923
and has subsequently been used extensively in mechanical applications.
Basically, a hydrostatic stress (P) within a pore fluid has no influence on
deformation, which is controlled by the effectiveesses. This hydrostatic
stress is a “neutral” stress, one that acts in all directions and in the same
amount. This stress is regarded to exist in both the solid and the liquid, so
the effective sesses arise exclusively from the solid skeleton. Major
studies on rock deformation (Handin et al, 1963) have shown that
fracturing is controlled by the effectiveaesses, provided the rocks have a
connected pore system:

Equation 5-20

where:
0, 0,03 = principal maximum, intermediate and minimum
compressive stresses
P = pore pressure
0, 0, 05'= principal compressive &ctive stresses

To apply this concept to the subsurface environment it must be assumed
that the permeability is sufficient to allow movement of fluid and that the
pore fluid is inert, so that the effects preely mechanical.

To illustrate the effect of pore pressure on the vertical stress, assume the
overburden pressure at 10,000 ft is 9500 psi, and the pore pressure is 4671
psi. The effective vertical stress is then 9500 - 4671 = 4829 psi. If the pore
pressure at 10,000 ft was 8304 psi, then thext¥e vertical stress would

be only 1196 psi.

Theoretical Subsurface Stress States

There are two major schools of thought regarding the state of stress within
the earth’s crust:

1. That the stress state is hydrostatic - the three principal stresses
are equal.

2. The horizontal principal stresses are a function of the effective
vertical stress and Poisson’s ratio.
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The first hypothesis is generally termed Heim’s rule and was described by
Anderson (1942) as the “standard state.” It was stated that stresses in rock
tend to become equal because of their ability to creep, causing any stress
differences to be eventually allewaat This hypothesis is best illustrated

by visualizing a scale model of the earth (Hubbert, 1945). Although the
earth as a whole has the strength of cold steel, if it is modeled as a 4-ft-
diameter sphere, it would have the strength of pancake batter and a
viscosity about twice that of honey, and would weigh 6.6 tons.

The second hypothesis describes the state of stress in an elastic, flat-lying
stratum of semi-infinite extent that is laterally constainf the weight of

the overlying strata is the only source oéss$, and the elongation in the
horizontal directions are zero, then the relation

Equation 5-21

is derived, wiereo ando’ ; represent the horizontal and vertical effective
stress components apds Poisson’s ratio. If, for example, Poisson’s ratio

for a particular rock type is 0.25, then the horizontal stresses would be one-
third that of the vertical stress, provided the theoretical conditions were
satisfied. In contrast, Heim'’s rule states that the horizontal stresses should
be equal to the vertical stress.

Common to both theoretical discussions are; 1) the assumptions that one
principal total stress is vertical and equal to the wepgntunit area of the
overlying rocks, and 2) the horizontal normal total stress is the same in any
direction in the horizontal principal plane.

The notion that the crustal stress statangdly non-hydrostatic is

illustrated by the number of structures and deformation processes that
necessitate unequal stress states for their formation and maggenan
Jeffreys (1952) suggested that significant stress differences occur within
the upper 50 km of the earth’s crust due to the existence of mountains and
deep geans.

The occurrence of large-scale structures sugmazens, shear zones, dike
swarms, nappes, folds, thrust and s@nrent faults suggest that not only

did large stress differences occur in the past, but the that stresses are still in
a state of flux, as suggested by the occurreneamiiquakes. Some

external stress, or tectonic stress, is necessary to produce pesefty
structures. Even in seismically inactive areas it is possible to infer a
particular orientation of a tectonic stress, and it is reasonaldsuma that
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even in the absence of tectonic stawes and seismicity, a region may be
subject to some tectonic stress (Jaeger and Cook, 1976).

Hafner (1951) showed that in order to obtain a hydrostatic type stress
system (or “standard state”) within a flat-lying stratum of infinite

horizontal extent in which lateral extension is prevented, the stress system
must be composed of two parts:

1. The effect of gravity (described by the second hypothesis)

2. A superpeed horizontal stress which is constant in any
horizontal plane butincreasing uniformly with depth

Moreover, for faulting and folding to occur, the superposed horizontal
stress must occur ingarticular orientation within the horizontal plane. If it
exists, it would be a tectonic stress, and should also increase uniformly
with depth (assuming that the strata were isotropic and elastic).

The horizontal stress can be a minimum when there is no tectonic stress,
such that:

Equation 5-22

wheread’ 5 is the minimum principal horizontal effective stress,is the
maximum principal effective stss, which is equal to thefettive pressure
of the overlying rocks, angd is Poisson’s ratio for the particular rock type.
The largest magnitude that the horizontal effectiuesses can reach is
approximately three times the vertical effective stress, at which point
failure accurs in the form of reverse faulting (Hubbert, 1951).

The superposed horizontal tectonic stregscan therefore vary between
the limits:

Equation 5-23

0 <o, <30,-0, Ell%u%

Sinceo,’ is calculated by subtracting the pore pressure from the total
weight the overlying strata, it can be calculated for any point in the drilled
hole. The superposed horizontal stress, if present, will increase uniformly
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with depth, or witho;’. Hence it may be assumed that thé;’ ratio
remains constant.

Ideally, Poisson’s ratio for the rock type that is being drilled should be
known at that moment in time, but this is not possible. However, Poisson’s
ratio has been experimentally measured for many rock types and is shown
to be unique for a particular lithology. Poisson’s ratio cannot be measured
for each and every rockpe, but if it is possible to divide lithological types

into a grouping that can be described by a Poisson’s ratio, then there exists
a means by which experimental results can be applied to the same in situ
lithology types.

To be able to describe the minimum horizontal stress, it is necessary to
measure the magnitude of the superposed tectonic sjrdsss can be
achieved by a fracture test. Hence, afidnas been determined, the total
horizontal minimum stress state can beaxblated to any point in the
drilled hole.

Zero Tensile Strength Concept

Accurate estimation of actual tensile strengths irssiface sediments is
probably impossible. Fortunately, this problem disappears if the common
assumption that any interval of sediment is intersected by joints and
partings, is employed. Across theseunaltdiscontinuities the tensile

strength is effectively zero. However, the occurrence of open joints or
fissures is generally quite rare and is restrictedgaracular zone or

lithology. Cracks in competent sediments can form duringpeation and
diagenetic processes as a result of very localized stress differences. Micro-
cracks are also formed due to the drilling process anckhdtant stress-
release at the borehole walls. Cracks that are held closed by the in-situ
compressive stresses require a pressure within the borehole equal to the
compressive stress, so that the pressure holding the crack closed is reduced
to zero. Any incrase in presge in the borehole should allow entrance of
fluid into the crack so that pressure is transmitted to the sides. This pressure
will extend the crack indefinitely, provided it can be transmitted to the
leading elge.

This phenomenon can be illustrated by considering a perfectly smooth,
cylindrical borehole within an elastic medium, in which a crack extends to
the wall of the hole. Upon an application of stress within the borehole that
is slightly greater than the stress acting normal to the crack, a tensile stress
is developed at the tip of the crack that approaches an infinite magnitude,
as illustrated in Figure 5-4 (Hubbert and Willis, 1957).
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P= o] “0“3
+0.50'5

Figure 5-4: Tensile Stress produced at the tip of a crack

The minimum fracture pressure (F) within the borehole to hold open and
extend an existing fracture is therefore slightly in excess of the regional
horizontal stress normal to the plane of ttzefure:

Equation 5-24

— g o L O
where:
P = pore pressure
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The plane along which a fracture will start to form will be that plane across
which the compressive stress is a minimum, and thus will first be reduced
to zero with icreasing pressure in the borehole. In the caszewe
horizontal compressive stress is less than the vertical compressive stress,
this plane will be vertical; if the horizontal stresses are greater than the
vertical stress, the plane would be horizontal.

Method

All data necessary to estimate fracture pressures can be obtained from
interpretation of the first fracture test in a compact formapammeters

that are normally measured or calculated when drilling wells, and typical
values for Poisson’s ratio. Values of Poisson’s ratio (shown in Figure 5-5),
were obtained by sonic testing (Weurker, 1963). Poisson’s ratio is not
measured directly, but is calculated from the modulus of elasticity and
modulus of rigidity:

Equation 5-25

Modulus of Elasticity
2(Modulus of Rigidity

Poissors Ratig u =

The calculated ratio is a dynamic result and mafedffom static elastic
properties. This can be explained by pointing out that dynamic results which
differ markedly from the static resulése indicative of zones of weakness,
anisotropy, or directional differences in the properties of the material (U.S.
Bureau ofReclamation1953). These dynamic ratios should be more

realistic when attempting to determine horizontal stresses at depth because
of observed anisotrogs, rather than static Poisson’s ratios determined on
carefully selected and prepared specimens. Each rock type (particularly in-
situ) has its own unique Poisson’s ratio (and other mechanical properties),
and this will vary when the influencing parameters change.

Thus the tabulated values are presented only as an approximate guide;
however, they should serve to provide reasonable estimates. When two or
more minerals are intermixed (i.e. sandy clay, shaleg)séme matrix-

forming rock type must be determined. If the lithology is a sand with the
grains in contact with one another, and clay is the matrix (clay content is less
than 30%), the Poisson’s ratiodespendent on the sanggy If the clay

content is greater than 30%, so that the sand grains are not in contact but are
supported in the clay matrix, then Poisson’s ratio is dependent on the clay

type.
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Rock Type Poisson’s Ratio
Clay, very wet 0.50
Clay 0.17
Conglomerate 0.20
Dolomite 0.21
Greywacke:coarse 0.07
fine 0.23
medium 0.24
Limestone:fine, micritic 0.28
medium, calcarenitic 0.31
porous 0.20
stylolytic 0.27
fossiliferous 0.09
bedded fossils 0.17
shaley 0.17
Sandstone:coarse 0.05
coarse, cement 0.10
fine 0.03
very fine 0.04
medium 0.06
poorly sorted, clayey 0.24
fossiliferous 0.01
Shale:calcareous (< 50% CagO 0.14
dolomitic 0.28
siliceous 0.12
silty (< 70% silt) 0.17
sandy (< 70% sand) 0.12
kerogenaceous 0.25
Siltstone 0.08
Slate 0.13
Tuff: glass 0.34

Figure 5-5: Suggested Poisson’s ratios for different lithologies

Likewise, if a clay is highly cakareous (greater than 50%), tabonate
content may have a significant effect on the mechanical properties, so the
Poisson’s ratio for shaley limestone should be used. Greater than 80%
carbonate content in a shale, or ra@%o clay in a calcareous lithologies
indicates that the gradation has progressed essentially from shale to a fine
limestone. Careful analysis and interpretation of cuttings and logs should
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provide a sound basis for selecting the correct Poisson’s ratiovddieest
interval in the borehole will be that which has the lowest pore pressure and
lowest Poisson’s ratio. A low pore pressure in a zone that has a higher
Poisson’s ratio may have a higher calculated fracture pressure than another
zone that has a higher pore pressure and lower Poisson’s ratio. Fracture
pressures calculated at changes in lithology and pore pressures will show
the weakest interval in the borehole.

The result of the first fracture test in a qmaat formation is used to
calculate the effectiverstss ratio of the superposed tectonic stress, if
present:

Equation 5-26

o, = F—[a' DLDJ P

0 -pd

o; remains directly proportional @', providing the strata remain close to
the horizontal and the basin structure does not change significantly with
depth. Since

Equation 5-27

St
04

=B

wheref defines the stress ratio of to 0’1, and remains constant with
depth, then ag;' is known at any point within the drilled hole,

Equation 5-28

where S and P are the overburden pressure and pore pressure, respectively:
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Equation 5-29

o, =0 Xp

The overburden pressure should be accurately determined from a density
log or measured bulk densities for the first fracpnessure test. It is
particularly important on offshore wildcats to take into account the air gap
and water depth when calculating overburden gradients (Christman, 1973).
Pore pressures can be reliably estimated from drilling exponent plots, mud
density/gas relationships, and sonic logs.

Accuracy of the paramets when obtaining; from the first fracture test is
of prime consideration, as any significant error at this point will render
inaccurate fracture pregres withdepth.

Since the local effective stress ratio has been determined, fracture pressures
can be calculated as the well progresses, and as chatigfes gy
(Poisson’s ratio), pore pressure, and overburden pressure occur:

Equation 5-30

F=o0,+ 0'1%E+ P

Between log runs the overburden gradient should ramiated with a
reasonable degree of accuracy by plotting overburden pressurdepith
(Figure 5-6). It will be seen that the relation is approximately linear, except
for the upper portion of the curve which is affected by water depth,
uncompactedediments and the ayap. Linear extrapolation of the trend
may be achieved with confidence, providing the upper overbgmrdeient
obtained from logs or bulk densities was accurate. Correction of the
extrapolated trend may be necessary aftesesgient logging runs, or
continuously updated from bulk density measurements.
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A continuous, real-time plot of calculated fracture pressures with depth is
thus made possible, providing the various Poisson’s ratios can be
adequately determined from drill cuttings. If complex or interrelated
lithologies are encountered, assignment of a unique Poisson’s ratio may not
be immediately apparent. If ssnal lithologies occur in the same sample,

the one with the lowest Poisson’s ratio should be used until confirmation is
obtained from logs. If the pore pressure gradient remains constant with
depth, then the’ ;, 0, andoy (with constant lithology) gradientse

constant. Fluctuating pore pressure causes significant changes in all the
stress gradients.

A problem that may be encountered when using this method in the field is
with personnel who are familiar with Eaton’s method and the use of
empirical, Gulf Coast variable overburden Poisson’s ratios. It will be
necessary to explain to these personnel the difference in the value of
Poisson’s ratio used in each method. This may be done by substituting
Equations (Equation 5-28 and Equation 5-29) into Equation 5-30 and
dividing by vertical depth to obtagradients, thus obtaining tleguation

in the form:

Equation 5-31

F_@® Po M O P
D~ O b [D_—HD+BJ+D

which is directly comparable to Eaton’s method.

Equation 5-32

F_S_Pm#e P
D™D DIMy_pel D
where:
VI = lithology dependent Poisson’s ratio
Me = Eaton’s empirically derived Poisson’s ratio

It is obvious that these two quantities are unlike and cannot be used
interchangeably. The Eaton Poisson’s ratio will be a function of the true
Poisson’s ratio and the regional stress ratio
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Equation 5-33

_ (568
He = 1+[%D B}

When applying thiZero Tensile Strength method you must make sure that
the client is familiar with its derivation. It must be explained that the
method uses Poisson’s ratio values dependent only upon lithology and a
regional stress ratio is determined for that particular well and basin. Unlike
the empirically derived Eaton quantity, the Poisson’s ratio for a particular
lithology does not include igional stress component and will not vary
with depth or betveen basins.

Severalfactors affect fracture test pseses, besides formation
characteristics:

1. Higher mud densities appear to cause higher fracture pressures
(MacPrerson and Berry, 1972), although this may be due to a
related increase in viscosity.

2. Smaller hole diameters may cause higher fragiigssures
(Haimson and Fairhurst, 1969).

3.  The rate of pressirization afects fracture pressures: high pump
rates produce inflated fracture pressijigEmson and Fainrst,
1969). This effect is smaller than that in (2) above.

4. High mud gel strengths require higher poess to initiate
circulation. Correction for thipressure loss can be obtained
from Chenevert and McClure, 1978.

5. Hole deviation significantly affects fracture gpsares (Bradley,
1979).

6. Rig and sensor instrumentation probably are accurate to within
5% (Taylor and Smith, 1970).c&uracy of predictettacture
pressures is therefore limited to this range.

7. Mud penetrability does not alter the actual breakdown pressure,
but it will affect the shape of the fracture pressure slich that
the point at which the total horizontal minimum stress is
balanced may be obscured.

A combination of these mechanisms is probably responsible for a
considerable scatter of data points. Howeveraitiire test procedures are
kept as consistent as possible on any one well, theeghls obtained
should lie within the 5% instrumentation error margin.
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Summary

This theoretical model attempts to describe the principal stress system
within a basin of simple topography ancusture. If a well is drilled early
vertically, then the well should be approximately parallel to one of the
principal stress, which is equal to théeetive pressure of the overlying
strata. The horizontal stresses are a combination of the stress caused by
gravity and a superposed horizontal tectonic stress. The latter may be
nonexistent or may reach a maximum of two or three times the vertical
stress (Hubbert and Willis, 1957). The minimum horizontal stress is
measured by the first frage test in a competent formation, and as the
vertical stress increases relative wdtpth, then the tectonic horizontal
stress should increase linearly witbpth(defined by a constant stress
ratio, 3). Since this ratio is obtained from the first fracture test, at any
subsequerdepth the fracture pressure can be calculated, providing pore
pressure, overburden pressure and lithological relationships are known.
The following may be concluded:

1. Fracture pressures may be estimated when drilling rank wildcat
wells to within an error margin of approximately 5%.

2. Fracture pressures are dependent on the total minimum
horizontal stress (a combination of a stress caused by gravity and
a superposed tectonic stress) and the pore pressure.

3. Factors affecting actual fractyseessures can be minimized by
conducting fracture tests as consistently as possible. A correction
is available for gel strength (usually < 0.1gdl), but changes in
mud types or large changes in properties naase significant
deviation from calculated fracture pressures. It is also suggested
that at least onerculation be done prior to conductindracture
test, in order to minimize any inconsistencies in the mud column.

4.  The theoretical fracture pressure formula provides an explanation
for fracture pressures that equal the oueatbn pressure in
shallow wet clays, and also indicates that if a sandstone reservoir
is fractured, the fracture should not extend into or through the
seal. An inherent pperty of apermeability seal may be the
relatively high Poisson’s ratio: these rock types require a higher
pressure within the borehole to balance the horizontal
compressive stress, so a hydraulic fracture within an underlying
permeable stratum should be confined to that stratum.
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Example Calculation

For an offshore well, al1%;-inch pilot hole has been drilled to 1500 feet.
The water depth is 200 feet, and RKB to sea levED@sfeet. The entire
sequence is soft, unconsolidated clays. After drilling, the hole is opened to
26 inches, and 20-inch casing is run and cemented at 1460 feet. After
drilling out the shoe, the rat hole is cleaned, a full mud circulation is
allowed before pulling the bit up into the casing shoe, the annular preventer
is closed and a fracture testis performed.

Fracture occurred at 14.3¢fal EQMW. Analysis of the data indicated that
the test result is normal. The formation balance gradient was 8.6 Ib/gal and
the calculated overburden gradient at 1460d$ 14.1 lilgal. The

Poisson’s ratio for the wet clay would be close to 0.®rdfore:

Equation 5-34

F=o0,+ 0'1DLD+ P

1 —pd
where:
O, =0 (the rock is effectively water-supported)
o', =(14.1-8.6)=5.5
VI =05
P =8.6
predicted
F = 14.1 ligal.

Any fractures would be horizontal.

Note: This example cannot be used to predict further fracture
tests with depth, ast is nonexistent due to the fact that
the wet, unconsolidated clays have a negligible shear
strength and could not support an applied tectonic stress.

At 3300 feet, 13%g-inch casing is run to 327@et. The formation balance
gradient is still 8.6 Ib/gal, the estimated overburden gradient atf82713
16.4 Ib/gal, and the lithology in the 30 feet of open hole is clay with a
sandstone bed at 3290 feet. The sandstone is coarse grained and well
sorted. A suggested Poisson ratio for this sand is 0.05. Assuming no
tectonic stress (i.@; = 0), then the predicted frare pressure would be:
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Foao = 0+133 9‘8%5% 1469 psi
Fealc = 1539psi
= 9.0Ib/gal

If the actual fracture pressure was 1911 psi, it indicates that a
tectonic stress is present.is found from:

Oy = F- I:calc

= 1911- 1539

o, = 372psi

This o, value of 372 psi, indicates that a tectonic stress is
apparent. In order to estimatadture pressure with depth, thé
0, ratio has to be found:

Equation 5-35

St
04

B:

372
1332

= 0.279

Utilizing, pore pressure estimations, estimated overburden pressure, and
Poisson’s ratios for subsequent lithologies, ftheturepressure may now
be estimated at any point. The tectonic stress at any depth can be found by:

Equation 5-36

o, = 0'y X, psi
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Selection of Casing Seats

During the well planning process, correct determination of pore pressure
and fracturggradient is important for selecting tepths for casing seats.
While drilling, real-time knowledge of formation pressures will allow the
engineer to deviate from the well plan, if conditigesmit.

Pre-Well Planning

During initial planning stages, estimates of pore pressure, mud density and
ECD are made to enre that drilling can proceed without problems.
Correlation wells can be used to obtain the pore pressure values used in the
casing seat selection process. Values are obtained from several sources:

*  Mud Logs (FEL) or other pressure logs

» Direct Pressure Measurements (DST, wireline tests and kicks)
* Semi-log plots of shale resistivity and pressure readers

* Rw calculations and salinity charts

A mud density is then chosen so that it exceeds the formation pore pressure
by some “safety factor” and also prdes an acceptable pressure margin
when not drilling. This safety factor is generdl$ Ilygal or200 to 500 psi
above pore pressure (whichever is lower).

In addition to balancing formation pressures, the mud density should
maintain borehole integrity, specifically:

*  Prevent formations from sloughing

* Reduce the swab and surgéeefs when tripping or when
making connections

* Preventlost circulation
*  Minimize the possibility of differential sticking

Once the mud density is determined, it is plotted versus fracture gradient.
This is done so that mud density does not exceed the formation fracture
gradient at any point in the open hole. Fracgreglient can be calculated
using several industry standard formulas (Eaton, Matthews & Kelly,
Daines, etc.). Information for these formulas includes overburden pressure
(S), pore pressure (P), depth (D) and Poisson’'s [gtib.¢ak-off tests and

any post-wellfacture data from correlation wells should be included in the
fracture gradient determination.

Many companies like to subtract a “kickecdnce” from the fracture
gradient, to ensure that if a kick is taken the annular pressures do not
fracture the formation anchase an underground blowout.

An example of the tabulated data is shown in Figure 5-7.
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Casing Seat Selection

Once the data is tabulated, the mud density, pore pressure and fracture
pressure are plotted againdsfpth (see Figure 5-8).

Once plotted, the selection of casing seats begins at the bottom of the
borehole and moves towards the surfé&n@ing driling, the mud density

(hydrostatic pressure) and ECD must nate®d the formation fracture
gradient.

As shown in Figure 5-8, starting at TD (point 1), a vertical line is drawn
upwards until it intersects the fracture gradient curve (point 2). It will be
necessary to set casing or a liner atdeisth 0200 ft). Depending on the

safety factor or kick tolerae, the casing may be set higher or lower than

this depth.

Depth Below | Pore  Pressure P) Mud Density  (MD)* Fracture Gradient (FG)

Sea Level (ft) psi psi/ft Ib/gal psi psi/ft Ib/gal psi psi/ft Ib/gal

2500 1109 0.444 8.55 1174 0.469 9.05 1431 0.572 11.08
3000 1378 0.459 8.85 1456 0.485 9.35 1790 0.597 11.50
5000 2564 0.513 9.88 2694 0.539 10.38 3285 0.657 12.66
7000 4029 0.575 11.09 4211 0.602 11.59 5584 0.798 15.37
9000 5932 0.659 12.70 6132 0.681 13.12 7408 0.823 15.86
11000 7844 0.713 13.11 7770 0.706 13.61 9317 0.847 16.82
12000 9055 0.755 14.55 9255 0.771 14.86 10550 0.879 16.94
13000 10276 | 0.790 15.23 10476  0.806 15.53 11814 0.909 17451
13500 10937 | 0.810 15.61 11137 0.825 15.89 12472 0.924 17,80

* Mud density = Pore Pressure + 0.Fgld or Pore Presse+200 psi (whichever is
lower)

Figure 5-7: Casing Seat Selection Data

Casing seat selection continues by moving horizontally to a new mud
density (point 3), then vertically to the next casing seat (point 4). Again,
move horizontally to the mud density curve (point 5) and finally vertically
to the fracture gradient curve at point 6. The fracguaelient curve is not
intersected at any point above 1400 ft.

After the depths have been chosen, itdsassary to determine what type
of formation/rock type occurs at that depth. @aily, rocks thaare
relatively competent, resistant to wash-outs, have low periigainid

high fracture pressures are chosen as the place to set the casing seat.
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Such rock types include, limestone, dolomite, shales and shaley
sandstones, thoughgarience in &ertain area will be a better model as to
where to set casin@uring the carse of a well, as drilling nears the
projected casing depth, the mud loggers and wellsite geologist should be
looking for a desirable rock where casing can be set.

For the near-surface casing sgisnthere are usually statederal and
national regulations which dictate the maximum and minimum setting
depths for drive pipe amirface casing. These should be consulted before
the final decision is made concerning the casing program.

Casing Sizes

Once the number of casing strings is deteeajnt is time to plan the

casing sizes for the well. Casing diameters (both internal and external) will
be determined by the size and type (single or dual) of completion tubing,
and the production plans for the well. To enable the production casing to be
set, the bit size used to drill the last section must be at least 1.5-inches
larger than the O.D. of the casing to allow for the circulation of drilling

fluid and cement once the casing is landed. This bit must also fit inside the
last string of casing.

In the example casing plan shown in Figure 5-8, if a dual completion is
planned, then the 7-inch production casing is satisfactory, and the final
hole section should be drilled with an 8.5-inch bit.

To drill to TD (point 1), a 15.89 Ib/gal mud will be necessary. This, in turn
requires that intermediate casing or a drilling liner be set at point 3 to
prevent fracturing of the formations above point 3. The same procedure is
followed when determining casing sizes, bit sizes and mud densities that
arerequred to drill to points 3 and 5.

Leak-Off Tests

A leak-off test is performed after setting casing tewuga that a competent
casing seat has been found and that this formation can withstand the mud
density requied toreach the next casing point.

After casing has been set and the cement has drie@atkeff test is
conducted. The open hole formation will be pressure tested to either; 1) a
pre-determined pressure which is below the fracture pressure, 2) a leak-off
pressure, or 3) formation breakdown and fluid injection pressure (see
Figure 5-9).

Regardless of the type of test, the test pressure generally does not exceed
80% of the minimum yield of the weakest casing.
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Predetermined Pressure Limit

Pressurg ' <@—— Shut Down

Volume Pumped

(A)

Extrapolated Trend

/

/

/ Leak-off Pressure
4#: “(Point of Divergence)
Pressure :

;4——Shut Down

Volume Pumped

(B)

y— Breakdown Pressure

44— Injection Pressure
Pressurg

: <¢—— Shut Down

Volume Pumped

(©)

Figure 5-9: Leak-Off Test Pressure Limits
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Gauge Pressure, PSI

An example of the leak-off test procedures casdsn in Figure 5-10

Pump Stopped

Yo

Bleed Off

Total Pressure at B, (Gauge
pressure + pressure exerted by mud)

B:0t+OH+P

Total pressure at C,

C =B + Crack Pressure losses
C = Crack extension pressure

Total Pressure at D,
D=B
Time, Minutes
1 2 3 4
| | | |

I I I
1 2 3

Bbl Pumped

Figure 5-10: Typical Leak-Off Test Plot
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Pre-Test Procedures

For a leak-off test to be preformed @mtly, three parameters must be
closely monitored. They are mud volume, surface pressure and pump rate.
Prior to any testing, thequipment required for the monitoring of these
paramegrs must be checked out.

1.

Most cementing companies have 10 barrel tanks. This tank
should be calibrated in 0.25 bbthrements.

Most rig pressure gauges are not accurate enough to monitor
pressure in 20 psi increments. An accugstege or pressure
recorder is requed.

Pump rates for leak-off tests aiually0.25 bbl/min. When mud
volumes are less than one barrel, a pump rate of 1/8 bbl/min is
required. Ensure the pumps can operate at that speed.

After casing is set and cemented, but beforedhk-bff test is conducted,
several calculations concerning “anticipated” results shoufgeldernmed.
These pre-test results will ensure that procedures are carried i@ctlyor
and the values obtained are correct. The pre-test calculations include:

1 Anticipated leak-off test pressure

2. Annulus, drillstring and open hole volumes

3 Anticipated slope (minimum volume line) of the leak-off test

4. Frictional pressure loss to initiate circulation

Figure 5-8 will be referenced as the example:

1. The anticipated leak-off pressure is calculated using the fracture
pressure derived from the empirical means during drilling or
from the pre-well planning sheet (Figure 5-7) if those pressures
are accurate. For examlesing Figure 8B), a 9°/g-inch (8.835-
inch ID) casing is set at 9200 ft with a mud density of 13dalb
and a fracture pressure of 15.9#d.

P.o = (PF— MW) x 0.0519 x D
where:
Po = Anticipated leak-off pressure (psi)
PF = Fracture pressure at casing shoe depfma()b
MW = Mud Density (Ib/gal)
D = Depth of casing shoe (feet)
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In the example well, the anticipated leak-off pressure is:
Plo = (15.9-13.3 x 0.0519 x 9200= 1289 psi

2. In our example well, the leak-off test will be conducted using the
following drillstring:

*  5-inch drillpipe (4.276-inch ID)
* 400 feet of 6.5-inch drill collars (3-inch ID)
»  8.5-inch bit size (20 feet of open hole)
The mud volume during the leak-off is 628.4 bbls:

Annulus (8.835-6.5%) x 0.000971 x 400= 13.9 bbls
(8.83% —5.0%) x 0.000971 x 8800= 453.4 bbls

Drillpipe (3.0%) x 0.000971 x 400= 3.5 bbls
(4.276) x 0.000971 x 8800= 156.2 bbls

Open Hole ( 8.8) x 0.000971 x 20= 1.4 bbls

3.  The anticipated slope or minimum volume line represents the
pressure required to compress th#idg fluid in the casing until
either the open hole section fractures or leak-off into the
formation occurs. The two variables which must be taken into
consideration are:

* the compressibility of the components of the mud system
* the compressibility caused by the expansion of the casing
The compressibility of the drilling fluid components is shown in

Figure 5-11.
Fluid Compressibility
Component (vol/vol/psi)
Water 3.0x 10
oil 5.0 x 10°
Solids 0.2x 10

Figure 5-11: Compressibility Factors of Various Drilling Fluid Components
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The volume of drilling fluid that must be pumped due to the expansion of
the casing is based on the expansion of uncemented sections due to the
surface presure during the leak-off test. This volume is calculated using:

0.52+ 1.3 R?
AVol = 2.59 x 104 x (Rr)ZRZ—_fFa
where:
AVol = Increased volume due to uncemerdasing, (bl#1000 psi
x 1000 ft)
R =D,/ D; (D,=0D of casing, b= ID of casing), in inches
R, = Internal casing radius (inches)

To continue with the example, the 13.2 Ib/gallicig fluid during the leak-
off test has a solids content of 15.5% (no oil), and that the upper 2000 feet
of the casing/open hole is uncemented.

Drilling Fluid Compressibility:

C, = 0.2x10%x0.155= 0.031 x 1P
C, = 3.0x10%x0.845= 2.535 x 1f

C., = 2.566 x 106

m
Casing Expansion Volume:

0.52+ 1. 1.089
(1.0892-1

AVol = 2.59 x 104(4.41752 x

AVol = (0.005054 x 11.08Px 2 (2000 ft of uncemented section)

AVol = 0.11 bbls

The minimum drilling fluid volume becomes:

[628.4 x(2.566 x 168) x 1000 + 0.11 = 1.72 bbl/1000 psi

or if monitoring pressure per barrel, the reciprocal is used: 581 psi/bbl
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4.  The frictional pressure loss to initiate circulation must be
subtracted from the test results. This puge loss is determined

using:
_ TyX D
AP = 300x d
where:

AP, = frictional pressure loss (psi)
Ty = gel strength (Ibs/10Gt
D = depth (feet)
d = 1D of drillpipe (inches)

In the example well, if the 10 minute gel strength is 11.2 Ibs/20thén
the frictional pressure loss is:

Ap. = 112400, 11.2 x 8800_
i = 7300x3 300 x 4.276

82 psi

Once calculated, this pre-test information (anticipated fracture pressure and
minimum volume line) is plotted on the leak-off test graph (Figure 5-12) to
be compared with the actual test information. With the information plotted,

it becomes apparent that@quires only a small volume of timg fluid

(2.22 bbls) to be pumped before the fracture pressure is reached. Since the
volume is small, close attention to the pump rate, pressure build-up and
mud volume pumped is important. To ensure close scrutiny, a pump rate of
0.25 bbls/min is about the lowest practical rate for a leak-off test.

Leak-Off Test Procedures

In order to acquire good leak-off test data and perform a good test, there are
many details that must be watched carefully. Though standard procedures
vary among oil companies, the following procedures should permit a leak-
off test to be carried out effectively and with problems kept to a minimum.

1. Once the casing equipment (plugs, float collar, casing shoe) and
rat hole have been drilled and cleaned, drill another 10 to 30 feet
of new hole.

2. Circulate enough to clean the hole of cuttings and monitor the
mud density. Ensure that the mud density throughout the hole is
known.

3. Pull the bit inside the casing and close the BOP's or set the
packer.

5-40

Baker Hughes INTEQ

Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Fracture Pressure

4.

10.

Have the cementing unit hook up to pump either down the
drillpipe or down the annulus.

Slowly pump into the drillpipe or annulus (0.25 bbl/min) until

bleed-off or until the pre-test fracture pressuneahed. Never

exceed the pre-test fracture pressure or 80% of the minimum
yield of the weakest exposed casing.

Record the mud volume pumped versus pressure. Monitoring can
either be every 0.25 to 0.50 barrel pumped or for each 50 psi
increase in annular pressure.

During the test, the plot of pressure versus mud volume should
be a straight line until leak-off ireach, then it will deviate to the
right (Figure 5-10).

The type of test will dictate when the pumps are shut down
(Figure 5-9).

When the maximum test pressure is reached and the pumps shut
down, the pressure is recorded every two minutes for up to
twenty minutes.

The pressure is released by opening the BOP'seasief) the
packer. Record the volume of mud reerad from the test.

Interpretation of Leak-Off Tests

When leak-off tests are conductedpmedy, curve chracteristics should be
similar to the curve seen in Figure 5-10. Deviations from this curve could
indicate one of several conditions, such as:

1.
2.
3.
4.
5.

leaks in the cementing lines

the pump changing speeds

a high fluid loss mud system

variable mud densities in the borehole

a bad cement job

To properly interpret the variations in curve characteristics, @psoof
elimination may be necessary to pin-point the cause. This usually means
re-running the test and carefully monitoring the surface variables, and
doing so until the surface variables are eliminated.

Figure 5-13 contains several examples that illustrates deviations from the
expected curve.
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1.  This example shows a typical casing test. Such a test is usually
conducted before the float equipment is drilled.

2. A*control capability test” to ensure that ttesing shoe will
withstand a pre-tegtquivalent mud density.

3.  This examples shows a leak-off test being conducted until there
is a deviation from the straight line, regardless ofptteetest
fracture presure calculation.

4.  When more than 30 feet of open hole are drilled, the pressure
curve may vandue topermeable formations taking mud then
becoming tighter as a filter cake builds up on the formation.

5.  This examples illustrates a typical formation fracture and mud
being pumped into the formation before the pumps are stopped.
The maximum pressure this formation can now withstand is the
hydrostatic pressure plus the pressure recorded after the pumps
were shut down.

6. When a bend appears in the curve soon after pumping has
started, it can mean a bad cement job, high filtration into a
permeable zone or fluid being pped into a formation. If the
pumps are shut down and the pressure stabilizes, the test can
continue. If there is an increase in pressure, then the cement job
is okay.

7.  When the condition shown in “6” occurs and there is no
improvement in the pressure after restarting, the most probable
answer is a poor cement job and a squeeze job is required.

8. When a hard, tight shale is exposed in the open hole, the leak-off
test can appear as a casing test, with the pressure going above the
pre-test fracture pressure.

9.  This example show only shale exposed in the open hole and the
leak-off test carried out to formation fracture pressure.

These examples should be taken only as a guide to leak-off tests.
Experience in @ertain area covering pressure testing over various
formations will enhance the information provided by these examples.

Other Considerations

The assumption that the results edk-off tests, when converted to an
equivalent mud densitare aken to be the maximum mud density that the
next hole section can withstand without losing circulation, is valid only in a
certain set of ecumstaces.

If the last casing shoe was cemented in an abnormally high pore pressure
zone and the pore pressure gradient then decreases significantgptih
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the fracturepressure gradient will decrease also. Limestone has a high
Poisson's ratio, which will result in a higher fracture pressure than if the
casing was set in a rock with a lower Poisson's ratio. Drilling out of a
limestone into a sand at the same or lower pore pressure gradieaswuliil

in the sand having a lower fractymeessure gradient.

Generally, the point in angection of the open hole that has the lowest
fracture pressure gradient will be that which has the lowest pore pressure
gradient and lowest Poisson's ratio. Maximum mud densities for further
drilling are thus dependent on thgemaameters in thaection, not on a
unique value that was determined at the casing shoe.

Once a formation has been fractured, it will beassary to apply that same
pressure to causeaicturing again. On any fracture test, when the

horizontal stresses become balanced by the pressure within the borehole,
the pressures will remain the same, whether the test is repeated or not.
However, if a permeable formation is tested during the leak-off test, the
fracture presure plot will probably not be linear (mud volume increases
produces a smaller pressure increase) due to the invasion of fluid into the
formation. This has the effect of raising the pore pressure of the formation
immediately adjacent to the borehole. The increase in porgupedsas the
result of reducing the stress concentration at the borehole wall (resulting in
a lower pressure ne@zgy for fracturing). Once tHeacture is started and

is extending into the undisturbed stress field, the pressure for this extension
is the same as if no invasion has occurred (Hubbert and Willis, 1957).

Fracture tests conducted offshore at shallow depths, in unconsolidated
clays, can produce abnormally high fracture pressures. Wet clays can
behave as liquids, such that the Poisson's ratio can approach 0.5. Also, as
the pore water and absorbed water surround each clay platelet, the platelets
will not be in contact with each other, but will be supported by the water.
These clays will then have a negligible shear strength. The effective pore
pressure would then approach the pressure exerted by the weight of the
overlying sediments. When combined with a very high Poisson's ratio, it
can be seen that the calculated fracturespres may eceed the

overburden pressure by a significant amount. In these instances, a
horizontal fracture will form, lifting the overburden, so that the fracture
pressure will be approximately equal to the overburden pressure.

At some depth, the weight of the overburden will squeeze out sufficient
pore water so that the clay platelets will come into contact with one
another. When this occurs, the sediment can support a superposed
horizontal stress. At this stage, the Poisson's ratio for the clay will be very
similar to that of a more compact clay. Fracture tests in a clay at this stage
of dewatering can be used for the calculation ofaditional horizontal
stresses.
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Unconsolidated sands at shallow depths having very good permeability can
cause lost circulation problems. Although the sand may be unconsolidated,
the individual grains will be in contact, so that a superposed stress can be
supported, independent of the pore pressure. Poisson's ratio will be normal,
depending on the sand type.

For example, if an unconsolidated sand is drilled at 2000 ft, the overburden
pressure 1453 psi, and the pore pressure is hormal at 892 psi. If the sand is
fossiliferous, the Poisson's ratio is 0.01. Assuming the horizontal stress
ratio is normal (i.ec,/0,) at 0.2, then the calculated fracture pressure for
these parameters is:

{(1453— 893x02}+[(1453 892)x88$ +892

F = 1010 psior 9.7 Ibs/gal at 2000 ft

It can be see that in shallow, unconsolidated sediments with a high water
content (normally encountered offshore), fracturequre=s can vary from
overburden magnitude (in wet clays) to a little more than the pore pressure
(in unconsolidated sands).

To better illustrate this phenomenon, again refer to Figure 5-10. The linear
portion of the curve (AB) indicates elastic pesties; presure increases
(stress) is diectly proportional to volume pumped (strain). At point B, the
pressure within the borehole is equal to the pore pressure plus the total
minimum horizontal effective stress.

All cracks, joints angbartings (within the section of open hole being tested)
that lie on a vertical plane normal to this minimum horizontal stress now
have no compressional forces holding them closed. From points B to C, the
stress/strain proportionality no longer exists (i.e. for each unit stress a
greater proportion of strain is produced). The pressure difference (C - B) is
that pressure necessary to push fluids into the cracks. When the pressure
within the borehole is approximately 5% greater than the total minimum
horizontal stresses, an almost infinite tensile stress occurs at the tips of the
cracks.

At this point the cracks extend rapidly along the path of minimum
resistance (in a vertical borehole with horizontal beds it will be in a vertical
plane normal to the minimum compressive stress).

If the pumps are stopped at that moment, fracture propagation will cease
and the pressure will fall to point D. When the pressure in the borehole has
fallen (due to the increase in volume caused byrémres) to a pressure
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equal to the pore pressure plus the total minimum horizontal stresses, it
should stabilize at a pressure equal to point B.

When the excess pressure is bled off, the amount of returning mud should
be almost equal to the amount pumped. If the shut-in pressure (point D) is
lower than point B, it would be reasonable to assume that the fractures are
still open, possibly being propped opened by mud contaminants or
cuttings. The larger volume produced by the open fractaneses a

decrease in pressure (such that B - D > 0).

In this case, the amount of mud returned or bled-off is less than the amount
pumped. If this occurs in permeable formations, then it is possible that
significant mud losses may occur due to the highly increased surface area
in the fractured zone.
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Chapter Ii

Pressure Related Problems

Introduction

In general, the speed and efficiency with which a well can be drilled is
dependent upon the formation balance gradient/mud density relationship.
Many of the engineering safety factors also depend on this relationship.
With the costs of wells continually escalating (particularly offshore),

drilling time and material costs are mingad through engeering

practices which attempt to produce maximum penetration rates as cheaply
as possible. Instances will occur when these safety margins are negated and
preference was given to cost/time activities rather than to established safety
practices. Because safety should always come first, knowledge of pressure
related problems is of paramount importance.

When planning exploration or wildcat wells, pre-drilling information is
nonexistent or at best scarce and open to question. Accurate geologic data,
engineering measurements and puessterpretations on these types of

wells is paramount. Though drilling development or delineation wells

within a known province may remove the surprise element to some degree,
this should never be taken for granted.

The economic aspects of drilling a well should be a prime concern for all
personnel at the wellsite. Even with this in mind, the safety aspects must
not be overlooked. Recognizing underbalanced conditions, reporting
unexplained pit level changes, and the careful monitoring of alarm set-
points are important contributions to rig safety.

Generally, the safest and most economical methodlt@aavell is to
continuously monitor those “safety facsbwhich will prevent or control
wellbore problems. One of these safety factor is kick tolerance, and
ensuring that the estimated kick tolerance is never deceén order to
calculate this kick tolerare, it will be neessary to know the following
parameters: potential lost circulation esnhylraulic fracture presures,
and pore pressure.
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Lost Circulation

Causes

Lost circulation occurs when whole mud is lost to the formation. The rate
at which mud is lost will be dependent upon the type of formation and the
mud density. Knowing this will give some idea of the severity of the
situation. The six major causes for lost circulation are:

» the bit has penetrated a cavernous, vuggy formation

* the bit has penetrated open fractures or faults that are associated with
a lower pressure potential

» the circulating pressure of the mud has exceeded the fracture pressure
of a formation

* very poor hole-cleaning, resulting in packing-off the annugd
pressure rises until fracturing occurs below the pack-off

* azone of subnormal pore pressure has been penetrated so that either
the formation has been fractured or the significant overbalance has
brought about mud loss through massive filtration into the permeable
formation

* the formation fractured while tripping in, or while casing was run at
excessive rates

Other mud losses, which are less drastic can lead to hole problems if left
unchecked. These are not wholesale losses, but rather the result of
excessive filtration, due to:

*  high overbalance

*  high fluid loss

* weak filter cake

* highly permeable formations

The result is a continual slight loss of drilling fluid while drilling.
Extensive permeality reduction in potential reservoirs, termed “skin
damage,” is the result of mudugiging the porepaces and filtrate
interaction with sensitive clays in the pore spaces. Unchecked, this can
render false reservoir pararaet during testing; hence, all effort must be
made to counteract this process.
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Effects

Depending on the rate and mechanism of fluid loss, its effect can vary from
a complete loss of returns to a minor reduction in return flow. ligay
formation is penetrated, and communication exists, the effective volume of
the macro-porosity may be so great that no volume of mud may fill it. Mud
losses will continue until preventive measures akert.

A faulted or jointed formation with considerable fracture permeability
causes varying rates of mud loss, depending on the permeability and the
fluid pressure potential between the fractured formation and the borehole.
However, the reverse may also occur: fluid pressures ifnabires may

be higher than the pressure in the borehole, and the well may kick. Usually,
if an extensively fractured formation is encountered, mud lossrenesly

rapid and will not cease until preventive measures are performed.

If the mud density is high, in relation to the pore pressure and overburden
pressure, the formation can be fractured. Mud loszpisl, but circulation

may easily be restored by reducing the mud density until the pressure
reduction allows the fractures to close. This was a problem ieatie

days of wildcatting, and was overcome by reducing the mud density. As a
result, unintentional hydraulicacturing resulting in major fluid loss

occurs less frequently today. However, experimental work with the
borehole televiewer (a downholelewall sonar device) indicates that most
of the well bores have some degree of minor hydraulic fracturing, probably
caused by pressure surges when running pipe.

If a subnormal pore pressure zone is encountered, there is a good
possibility that hdraulicfracturing will occur, due to the fact that the
reduced pore pressure will produce a lofxacture pressure.

Continual hole fill-up and increased hoolatts while tripping are an

indication that the formation has been fractured at some point below the bit
or last casing shoe (if running casing). This is caused by the combination of
mud density and surge pressures. Usually the fractures will close when the
trip is completed or when surge pressures are minimized. Losing
circulation while running casing can be particularly hazardous because a
poor cement job may result, allowing communication behind the casing.
Many well problems occur after casing operations, and losriaglation

while running or cementing the casing is often a contribdtotpr.

Solutions

Rapid and continual fluid loss while circulating can beseal by two
different mechanisms: 1) fracturing, and 2) loss througéreohnected

vugs or preexisting opdractures. The first mechanism may be arrested by
reducing the pump rate (thus lowering th@y or by modifying the mud
properties (if the fracturpressure has been slightly exceeded) or
alternatively, reducing the mud density. This solution also requires the
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addition of lost-circulation material (LCM) to attempt todge the vugs. If
this fails, then a cement squeeze operation magbessary.

Losing returns into a highly fractured formation can be minimized by
injecting pellets or sand of decreasing size, causinfyabtires to become
bridged and packed. If this succeeds, then by injecting increasingly-fine
material will improve the ability of the packed pellets to reduce lost
circulation. Ultimately a mud filter cake may form, allowing normal
drilling to resume without further losses. If packing and bridging of the
fractures are wuccessful, then the interval must be cemented off and re-
drilled.

Penetration into a zone of subnormal pressure may cause other problems in
addition to formation fracturing. Hse zones are permeable, so pipe

sticking is a real danger. It may be necessarydoae the mud density as
much as possible, taking into account the open hole above this low pressure
zone. Depending on their permeabilities, the formations higher up in the
borehole may kick or slough severellye to the decrease in mud density.

If the amount of pressure reduction is such that further drilling will cause
increased borehole instability, it may be necessary to seal that zone with
cement. In rare mumstages this operation can cause the cement to flash-
set, and no improvement in he situation. An impermeable seal, however,
must be made before drilling can fesuned. If all else fails casing must

be run, and this may necessitate several cementing operations.

Mud losses to a formatiattue to vugs or open fractures should not be
confused with exeeding theracturepressure. If the formation is such that
a high differential pressure existsWween the borehole and the fluids
within the fracture or vug porosity, then mud losses will occur (providing
there is ample permeability) until the pressure potential is equalized.
Normally, if the vugs anttactures are interconnected, the volueeuired

for pressure gualization idar in excess of the available mud volume. In
this case, returns will not be gained until the thief zone is sealed off or the
mud density is reduced so that it equals the fluid pressure iratttares.
Also, if a normally-pressureduiggy orfractured formation has very high
permeability, therdue to the enormous volume available in the formation,
a mud at very slightly higher pressure will preferentially flow into this
formation. No fracturing is involved; the formation acts as a sponge.

A formation will fracture within a fairly well-defined limit, if all the
necessary conditions are present. Thus formationatéahief zones (e.g.

a 10 Ib/gal mud is continually lost and losses continue even when the mud
density is reduced to 8.6/4al) due to enormous fracture or vug porosity

will have normal fracture pressures depending on the pore pressure, rock
type and overburden pressure. Losses will begin when the mud pressure
exceeds the fluid pressure in fn@ctures or vugs. The actual p@ressure
within the rock itself will be very similar to the fluid pressure in the

fracture unless the fracturing (i.e. fault brecciations) has occurred
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“recently” and the permeability of the formation is such that pore pressure/
pore fracture pressure equilibrium has yet to occur. Thus for thief zones,
fracture pressure determination for that formation will be meaningless
unless the flow zones are sealed

If lost circulation doesacur, every attempt should be made to keep the
hole full through continuous additions of drilling fluid or water. Allowing

the hydrostatic pressure to fall below the pore pressure in other permeable
formations can result in a kick or an underground blowout, which is
exceedingly difficult to control.

In summary, lost circulation zones have enormous permeability and
porosity, and mud losses will continue until the mud pressure in the
borehole equals the fluid pressure in the formation. If the borphedsure
falls below the fluid pressure, the flow will reverse itself. When the thief
zone is sealed by either plugging or fileake, mud losses will cease and
mud densities can then be raised to a value below the estimated fracture
pressure, without further loss.

Massive Hydraulic Fracturing and Stimulation

Stimulation of a well is undeaaken to allow the increased passage of fluids
through the formation by; 1) the creation of fractures, Zrgimg existing
openings in the rocks adjacent to the wekh@r 3) removing deposits that
have partially blocked the openings during earliedpotion. Fractures

may be created or widened bydngulicfracturing and then kept open by
injecting a suitable “proppant”, which is held in suspension by a viscous
gel. The gel is later recovered, leaving a permeable conduit from the
formation to the wellbore. Explosives may also be used to create fractures.

Those intervals to be fractured are isolated by removable packers, and
usually a low-viscosity, highly penetrating fluid is injecteaiteate the

initial fractures. This fluid is rapidly followed by a large volume of gel
containing suitable proppants (usually very well rounded, well-sorted sand,
or pellets with high crushing strength). The height and length of the created
fractures can be controlled by the rate and volume of material pumped into
the formation. Common fracture dimensions (cal@dafor a 100-ft

reservoir unit would bapproximately 400 feet in length and 80 to 100 feet
in vertical extent.

Acid may be injected to widen present openings through solution of the
rock, and organic solvents can be used to remove clogging waxy and
asphalticdeposits, or to remove filtrate and mud invasion from the well
bore wall. Occasionally, reservoir perm#igpadjacent to the borehole is
severely impaired during drilling due to excessive overbalance and
fractures can be induced in these zones which will greatly improve flow
without the need to restore the damaged zone to its undamaged condition.
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Kicks

A kick is a well problem that should not occur. The penalty for failing to

control a well can be the loss of the well, and occasionally the loss of the

rig and the lives of the crew. Unreasonable procedures can in themselves

cause hazardous conditions thatesely jeopardize safety. Blowoldse a

disaster from the viewpoint of people, economics, politics, and the

environment.

Standard kick control procedures vary from rig to rig, but generally four

simultaneous operations are considered.

* Rig Control: includes the blowout preventers, pumps, drawworks,
and other rig operatingguipment that is necessary. Rig control is the
responsibility of the driller, and any blowout control procedure should
assign these operations to the driller.

*  Mud Control : involves adding barite for increasing the mud density,
but also includes adding chemicals to thdidg mud and proper
operation of the mixing systems. The mud control operations are
generally the responsility of the derrick man and mud engineer.

*  Choke Control: includes calculating the proper pressures and time
relationships as well as correctly operating the choke and monitoring
the pump rate. The choke operator should be the best trained man on
the rig from the viewpoint of kick control. He is required to give
procedural guidance during the well killing operation.

*  Supervision the final element of control during a well kick. The tool
pusher is the normal rig and creupgrvisor and this should be his
task. To assign the job of choke operator to the tool pusher is
undesirable bcause he would then be restricted to the rig floor. The
rig, during the critical well control procedure aus a general evall
supervisor, and this job is best undertaken by the tool pusher who
knows both the rig and the crew.

Decisions made uter kick conditions depends upon the knowledge,

attitude, and judgement of the supervisor. They can be confusadvay

change problems and divided responsibilitiesvieet the tool pusher and
drilling foreman, or drilling engineer. So one of the most important
elements of a kick control package is the establishment of a policy and
procedure outlined in whatever degree of detail rezogs These

procedures must be known by all members of the logging crew: it is the

responsibility of the logging geologist or Unit Supervisor to obtain this

information.
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Causes of Kicks

There are five major causes of kicks during wellsite operations:

Failure To Keep The Hole Full

The majority of kicks occur when the bit is of bottom while tripping. When
the pumps are shut down prior to tripping, there is a pressduoetion in

the borehole equal to the annular pressure losses. If the mud hydrostatic
pressure and the pore pressure aaaly equal, flow mayaur when
circulation stops. As pipe is removed, the mud-level in the borehole falls,
causing a further reduction in hydrostatic pressure. The pipadespent

must be converted into pump strokes so that the correct number of strokes
to fill the bore-hole is known.

Swabbing

When pipe is pulled it acts like a piston, more so below than above the bit.
Both gel strength and viscosity of the mud have a large effeswalnbing.
Swabbing is further increased if the mud cake iskiithe bit is balled-up,

or the nozzles are blocked and a back-pressure valve is in the drillstring.
The speed at which pipe is pulled has a great effect on swabbing.

In computerized logging units, an EAP Swab & Surggm@m provdes a
range of pipe pulling speeds and their corresponding swab and surge
pressures. Figure 3-13 is an example of the EAP swab and surge analysis
report. If swabbing does occur, pipe should be run back to bottom and the
invading fluid circulated ouSurge pressures, when running into the hole
(pipe or casing), may be sufficient to overcome the fragrgssure of a

weak formation. The swab/surge pressure printout should be @mhsult

and the pipe run at a speed that produces surge pressures below the
minimum fracture pressure. Itis important to remember that this is
necessary anyvane in borehole, as pressuegs transmitted to the open

hole even when the bit is inside the casing.

Insufficient Mud Density

Fewer kickgesult from a low mud density than the previous two causes. If
a kick occurs while drilling, due to insufficient mud density, it is possible
that an oversight has occed or that poor engineering practices were
employed. In any event, trends and plots will have to be re-evaluated.
Penetration into a geopressured formation without prior indication may
have occurred, or a fault or unconformity may have been crossed. Also
changes in lithology or drilling practices may havasked the transition
zone.
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Poor Well Planning

Both mud and casing programs hawgeat learing on kick control. These
programs must be flexible enough to allow progressigelper casing

strings to be set; other-wise a situation may arise where it is not possible to
control kicks or lost circulation. Kick control is an important part of well
planning, but it should not be overstated to the point that overall drilling
effectiveness is reduced.

Lost Circulation

Raising the mud density to a value that exceeds the lowest fracture
pressure, for fear of a kick, is naarly as prevalent as it was in the 40's or
50's. A kick may still occur, butitis more likely to be due to fracturing a
formation of lower pore pressure than an abnormally pressured zone.
Rather than setting casing after drilling through a geopressured zone, the
mud density is kept high to balance these formations. If the pore pressure
decreases significantly, those lower pressured formations become
susceptible to fracturing. If fracturing occurs, the fluid level in the annulus
will drop due to lost eculation and the resulting loss in hydrostatic
pressure may allow an influx of formation fluids, resulting inckKi he
existence of arabnormally pore pressured zone and a l@stiation zone

in the same hole section are ingredients for a kick. The utmost care
combined with diligent observation are necessary to successfully drill this
type of well.

Recognition of Kicks

The only time a kick can occur without warning is when drilling offshore
and there is no annular connection between the wellhead and the rig.
However, there is never lack of indications that a kick or blowout is
occurring. In the majority of situations the borehole and mud pits are a
closed circulating system, and the addition of any fluid from the formation
will result in a change in return flow and a change in the active pit volume.

One rare occurrence whsuarface recognition may be delayed is during
lost circulation. The annulus is not filled and cannot be filled. When the
rate of loss is greater than the rate at which fluid can be pumped into the
hole, it is not possible to monitor the fluid level. A major influx may occur
and not be detected at sagé. To prevent this possibility the well should
be shut in, and the shut-in pressures monitored. Pipe movement can be
made by stripping through the BOP's and the hole filled using the choke
and kill lines.

Sequence of Events

In most cases, the following distinct series of events geneealtl/tb a
kick while drilling. Some indications may not occur while others may be
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accentuatedRecognition of the changing trends at an early stage should
allow remedial action to be taken, thus minimizing the potential hazards
and costs.

1.

The first indication of a kick is usually a drilling break. The
increased drill rate need not necessarily indicate an increase in
porosity, permeability and pressure, but it is prudent to assume
that it does. The magnitude of the drillinggéak will vary
depending on many drillinfactors, but any significant drilling
break should be checked for flow.

Flow checks are performed by: (1) picking up the kelly so the
kelly bushing is about 10 feet above the rig floor, (2) stopping the
pumps, and (3) observing the fluid level in the bell nipple or flow
line to see if the well is flowing. This may be difficult on floating
rigs, because the level will fluctuate with the heave of the rig. In
these instances the flow check should last at least five minutes or
be conducted by circulating thugh the trip tank and the trip

tank volume observed for a gain. If the well is flowing, it should
be shut-in and any resultant pressures kba.c

The second indication of a kick, or first confirmation that a kick
is taking place, is an increase in the return flowrate in the
flowline. The entrance of any formation fluid into the wellbore
causes the return flowrate to increase, and this will occur
concurrently with, or shortly after the drill break. The invading
fluid is normally lighter than the mud, so continual influxes will
further lighten the mud column and furthey reduce the
bottomhole pressure. This, in turn, allows the rate of influx to
increase. Once formation flow begins, the flow rate will be
proportional to the depth of penetration into the formation.

Hookload may be seen to increase as a result of the lower density
of the invading fluid and fluid-cut mud. If the mass flow of
invading fluid is great enough, it may result in a decrease in
hookload, as the drillstring is lifted by it.

An increase in pit volume can be the result of two separate
mechanisms: (1) the increased flow rate translates into an
increase in mud volume, aif2)) if the kick contains gas, gas
expansion will further increases the flow rate and pit volume.

A pump pressure decrease, along with a pump stroke rate
increase becomes noticeable only when the kick fluid has been
displaced some distance up the annulus.

A reduction in flowline mud density occurs as the invading
material reaches the surface. This reduction is severe with a gas
kick, but may be large or unnogiable with a water &k,
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depending on the mud density. Higas concentrations can be
dissolved in oil-based drilling fluids, and as the kick fluid
reaches the surface, high gas shows can occur.

It is vital that alarms be set on as many drilling parameters as possible.
However, there are sufficient exceptions to the rule tladenit unwise to
depend upon one factor alone when observing the sequence of events. For
example, continual mud mixing in the active system can mask a volume
increase, and partial returns may so mask the effects of flowrate and
volume increases as to make kick detection very difficult.

During Connections

When drilling close to balance conditionswe¢n mud hydrostatic

pressure and pore pressure, flow into the annulus may occur when the
pumps are shut off. This results from the removal of the annular pressure
losses which increases the hydrostatic pressure while circulating. When the
drillstring is lifted, swab pressures will further reduce the bottomhole
pressure. An increase in hookload may indicate that a lighter fluid has
invaded the hole. The lower the density of the invading fluid the less
buoyancy it will exert on the drillstring, hence the higher hookload.

A kick taken during a connection is signaled by a sequence of events much
the same as while drilling.

1.  The well may flow when the pumps are first shut off. This can be
monitored by the return flow sensor and a Pit Volume Totalizer.

2. Anincrease in pit volume may be noticed only after the
connection. Usually, when the pumps are shut off, some mud
from the surface equipment will flow back into the active pit.
When the levels have stabilized after the pumps are restarted, an
increase in level from before the connection indicates that a flow
has occurred. The volume of mud from the surface equipment
should be established at the start of each new job and re-
established periodically as the well progregses. a 2 bbl
increase on a connection may be normal, while a 3 bbl rise may
be significant).

3. Pump pressure and rate changes similar to thepezierced
while drilling may be noted after successive connections.
However, the flow will increase during each connection.

4. Mud density reductions may be similar to that while drilling.

Recognition of kicks during connections requires careful monitoring of the
return flow sensor. After the pumps have been shut down, the flow sensor
should indicate an absoluteo flow” condition. However on some rigs a
long sloping flowline may cause mud to slowly trickle down after the
pumps have been shut off. If this is the case, an increase in this flow will
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indicate a kick. Also a record of flowline mud density will disclose small
mud cuts caused during connections, and may be accompanied by
connection gases. Note that connection gases alone are not an indication of
fluid influx during a connection.

While Tripping

Since kick control procedures are greatly simplified when the bit is near the
bottom of the hole, kicks during a trip have gneatest potential danger. In
addition, with the pipe out of the hole it is impossible to get heavier mud to
bottom. During tps, an identical annular pressure drop occurs when the
pumps are shut off.

However, because pipe is being removed, the hole must be topped up with
mud regularly. If the hole does nake enough mud t@place the volume

of pipe withdrawn, it is an indication that formation fluid is displacing the
drilling fluid and the well is kicking. To alleviate this problem, it is

common offshore to continually circulate through a trip tank while tripping
out. By careful monitoring of trip tank volume against the calculated pipe
displacement any disepancy can be noticed immediately. In logging

units, trip monitoring programs provide comparisons of volumes for every
stand pulled. Alternatively a “trip condition log” provides a summary of

the hole condition and fill uguring trips.

Older offshore rigs and many land rigs may not have a trip tank, so reliance
for volume checks is placed on monitoring one of the active pits and pump
strokes. Pit volume monitoring provides the nseeg cross-obck, but

because of the large surface area of the active pits, precision may be
limited. The mud pumps are a reasonably efficient degshent monitor at

low pressures and stroke-rates, and pump strokes are often used to measure
the proper amount of fluid disptement.

It is normal for the hole to take slightly more mud than the volume of the
pipe removed, due to static filtration into the formation. If a kick occurs
when the bit is not on bottom, every effort must be made to run back in the
hole. Modern BOP'are designed for reliable stripping through the annular
preventer or ram sets, enabling the bit to be run back to bottom.

Shutting In A Kick

Kick tolerance is defined as the maximum Formation Balance Gradient
that may be encountered if a kick is taken at the preksgh, with the
present mud density and the well is shut-in without downhole fracturing
occurring.

During drilling, kick tolerance must not be exceededhbee if a kick
occurs there will be a considerable chance that an underground blowout
will occur if the well is shut-in.
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Kick Control

There are three industrgcognized kick control procedures. The selection
of the one to kill a well depends upon; 1) the amount and type of kick fluids
that have entered the hole, 2) the rig's equipment capabilities, 3) the
minimum fracture pressure in the open hole, and 4) the drilling and
operating companies policies. Determination of the most suitable and
safest method (assuming their company policy allows flexibility of
procedures determined by the demands of the situation) involves several
important considerations. These include:

* the time equred to execute the complex kill medures

» surface presures that will occur whenrculating out the kick
fluids.

* downhole stresses that are applied to the formationeg the
kill operation.

* the complexity of the procedure itself relative to its
implementation, rig capdlly and rig crew experience.

It is the responsibility of the tool pusher or operator's representative to
decide which method to use when killing the welldenno circumstance
should Baker Hughd®&ITEQ personnel become involved in thlscision.

Each of the above points must be assessed and their relative importance to
the kick situation evaluated before implementing the selected method. In
the following paragraphs, elaboration of these points illustrates the
reasoning behind their importance on individual situations.

The Time Factor

The total amount of time taken to implement and complete kill procedures

is important if the kicking fluid is gas, because it ywiircolate up the

annulus, increasing the annular pressure. There may be a danger of the pipe
sticking, especially if a fresh water mud system igsa. Invading saline

pore water may cause the mud cake to flocculate, so the bit, stabilizers and
collars would be in danger of sticking.

Considerable time is involved in weighting up the mud, but more
importantly is the time for the kill operation to be completed. The strains
and pressures on the well, surface equipment and personnel should be
minimized in the interests of safety and cost. Therettl@pending on the
kick situation, the decision as to what method should be used must be
based on these priorities.

The kick procedures that involve the least amount of initial waiting time
are (1) the two cculation, or ditler's method and (2) the concurrent
method. In both of these procedures, pumping begins immediately after the
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shut-in pressures are recorded. However, if the time taken to weight up the
mud is less than one circulation then the engineers, or mudation

method may be prefad. In certain situations the extra tineguired for

the two circulation method may be seriously detrimental to hole stability or
may cause excessive BOP wear.

Surface Pressures

If a gas kick is taken, the annular pressures may become alarmingly high
during the course of the kill operation. This is due to the properties of gas
as it nears the surface. If expansion is nowatlb to occur, severe

pressures will be placed on the annulus and surface equipment. For this
reason the most reliable well killing procedures utilize a constant drillpipe
pressure and variable annular pressure (through a variable choke) method.

The kill procedure that involves the least surface pressures must be used if
the kick tolerance is low. Figure 6-1 shows the diffesemtace pressure
requirements for two different kick situations using the one and two
circulation methods.

The first difference is noted immediately after the drillpipe is displaced

with kill mud. Whenkeeping the drillpipe pressure constant, with the

constant pump rate, the casing pressure begins to decrease as a result of the
higher kill mud hydrostatic pressure in the one circulation procedure. This
initial decrease is not seen in the twi@elation method, since the mud

density has not changed, the casing pressure increases as the gas expansion
displaces mud from the hole. The second pressure difference is noted when
the gas approaches the surface. The two circulation method, again, has the
higher pressures. The result of circulating the original mud density.
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Casing Pressure (psi)
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Kill Mud Pumped (bbl)

Figure 6-1: Different surface pressures produced
during the one and two circulation kill methods

Also, after one complete circulation has been made, the mngation
method has killed the well, resultingzero surfac@ressure, whereas the
two circulation method #lthas pressures on the casing equal to that of the
shut in drillpipe pressure.

Downhole Stresses

During kill operations, stresses in the borehole is a prime concern. If the
extra stresses imposed by the kick are greater than the minimum fracture
pressure in the open hofeacturing will occurresulting in a possible
underground blowout. Similarly, a kill procedure which through its
implementation, places high stresses on the wellbore should not be used in
preference to others which impose lower stresses on the wellbore.
Reference to these points illustrates that the one circulation method places
the minimum stresses on both the wellbore and surface equipment. When a
kick is circulated out the maximum stressesuw very early in the

circulation - particularly in deep wells with higher gsares. At any point

in the borehole, the maximum stress is imposed when the top of the kick
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fluid reaches that point. Generally in most cases, if fracture and lost
circulation does not occur on initial shut-in, they will not occur through the
kill process, if the caect procedure is chosen and implemented.

Procedural Complexity

The suitability of any process is dependent on the ease with which it may
be reliably executed. If a kill procedure is difficult to comprehend and
implement, its reliability is negated. The one and tweutation methods

are simple in both theory and execution. Choice/ben the two is

dependent upon the previously mentioned points, and any other limitations
provided by the situation. The concurrent method is complex in operation
and its reliability may be reduced through its icagy. Because of this,

many operators have discontinued its use.

It is important to repeat that pressures calculated on deviated wells must
use vertical depths not measured depths. Measured lamgtbsly used in
ECD calculations, so that the resultant pressure losses be added to the
hydrostatic pressure calculated from the vertical depths.

Situations can arise when the shut-in casing pressurapptbach or

slightly exceed the actual or estimated minimum formation fracture
pressure. In this case the well cannot be shut-in, and an alternate method of
kill control must be attempted. The maximum casing pressure at the
surface is determined by three fast

1. The maximum pressure the wellhead will hold
2. The maximum pressure the casing will holdréb pressure)

3.  The maximum pressure the formation will hold
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Formulae Used In Kick And Kill Procedures

1.

10.

11.

12.

Hydrostatic Pressure

(psi): MW(Ib/gal) x TVD(ft) x0.0519
(Kpa):  MW(sg) x TVD(m) x0.0098
MW = Mud Weight

TVD = True Vertical Depth

Circulating Pressure (psi):
(MW x TVD x 0.0519) + R
Pa = Annular Pressure Loss

Initial Circulating Pressure (psi):

SPR + SIDP

SPR =  System pressure loss at kill (@) usually taken at
varying slow circulating rates

SIDP =  Shut-in Drillpipe Pressure (psi)

Final Circul ating Pressure (psi):
(KMW / MW) x SPR
KMW = Kill mud weight

Kill Mud Weight (Ib/gal):
MW + (SIDP / (TVD x 0.0519))

Formation Pressure (psi):
SIDP + (MW x TVD x 0.0519)

Density of influx (ppg):

MW - [(SICP - SIDP)/(L x 0.0519)]
SICP = Shutin casing pressure (psi)
L = Length of influx (ft)

Length of kick around drill collars (ft):
Pit Gain (bbls)/ Annular Volume around collars (bbls/ft)

Length of kick, drill collars and drill pipe (ft):

Collar Length + (Pit Gain - Collar Annular Volume) /,{D D,?
x 0.000971)

D, = hole diameter (inches)

D, = drillpipe diameter (inches)

Gas bubble migration rate (psi/hr):
APa /(0.0519 x MW)
APa = pressure change over time interval / time interval (hr)

Barite required (sk/100 bbls mud):
1490 x (KMW - MW) / (35.8 - KMW)

Volume increase caused by weighting up:
100 x (KMW - MW) / (35.8 - KMW)
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The drill pipe pressure is used as a downhole pressure gauge. The casing
pressure is &tcted by the type and amount of fluid influx.

When the density of the kick fluid is known the composition may be
approximately determined;

Influx Density (psifft) Influx Type
0.05-0.2 gas
0.2-04 combination of gas/oil and or seawater
04-05 oil or seawater

Kick Control Methods

All kick procedures require the knosdge of drillstring geometry, hole
geometry, mud density, pump rates, pressure losses and fracture pressure.
Particular information is required prior to initiating kill procedures.

1. Circulating pressure at kill rate

Surface to bit time at kill rate (in strokes and minutes)
Bit to surface time at kill rate (in strokes and minutes)
Maximum allowable surface annular pressure

Formula for calculating the kill mud density

IR

Formula for calculating the change in circulating presduesto
the effect of the heavier mud

7. The clients policies on safety factors and trgrgms

For a well to be killed successfully the pressure in the formation must be
kept under control during the entire operation. Except in cases when the
maximum allowable surface annular pressure will be exceeded, this policy
should be strictly adhered to. The simplest method of doing this is to
control the drillpipe pressure by running the pump at a constant rate and
controlling the pressure begulating the choke on the annulus.

Currently there are three main methods in practice:
1.  The Driller's Method (two circulations)
2. The Wait and Weight (Engineers) method (omeutation)
3.  The Concurrent Method

The EAP-PC kick and kill analysis and DrillByte kill monitor programs
provide calculation of the data required in these procedures and a record of
progress during their accomplishment.
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The Driller's Method

When a kick occurs, the drill crew should proceed as follows:

1. Pick up the kelly and note the position of tool joints in relation to
the pipe rams.

Stop the pumps.
Open the choke line.
Close the annular preventer or rams.

Close the choke.

o gk~ N

Record the pit gain.
7. Record the SIDP and SICP when they are stabilized.

Calculate the kill mud density, initial and finafailating presures, and

the kick fluid gradient. If the kick is gas the bubble may start to percolate
up the annulus; this causes a slow rise in pressure on the drillpipe and
casing. If the pressures are seen to rise, a small amount of fluid is bled from
the choke to release the “trapped pressure”. This process is repeated until
the drillpipe pressure has stabilized.

The first circulation is performed using the original mud. The choke is
opened slightly, at the same time the pumps are started up to kill rate.
When the pumps have reached kill rate the choke is manipulated to
maintain the pressure on the drillpipe at the original SIDP + thelating
pressure. As the kick fluids approach seface, the annular pressure will
rise drastically if the kick is gas. If the kick is saltwater the annular pressure
will drop slightly.

When all the influx has been circulated out, the pump is stopped and the
choke closed. The drillpipe pressure should be the same as the casing
pressure.

During the first circulation the mud density in the pits should have been
raised to the necessary kill mud density. The kill mud is circulated during
the second circulation. The choke is opened slowly and the pump speed is
increased to the kill rate, as the annulus pressure is kept constant. The
annular pressure is kept constant by manipulating the choke until the kill
mud has reached the bit. The drillpipe pressure will dechaseg this
operation from the initial eculating presure to the final circulating

pressure
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Figure 6-2: Drillpipe/pressure plot when kill mud is pumped down the drillpipe

It is good practice at this point to close the well in. The drillpipe pressure
should fall to zero; if it doesn't, a few more barrels should be pumped to
ensure that the kill mud hasached the bit. If the drillpipe pressure is still
greater than zero when the pump is stopped and the choke closed, the kick
control figures should be checked. Pumping is restarted, but now the
drillpipe pressure is kept constant as the kill mud degddhat in the
annulus. When the kick fluids and original mud have been displaced the
choke will be wide open; the pump should be shut down and the SIDP
should be zero. If so the well should then be observed for flow. The kick
will be killed and mud should be circulated to condition the hole, and at the
same time the trip margin (if any) should be added.
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Drillpipe Pressure Casing Pressure
Start Finish Start Finish
Circulating Pressure Constant
Pressure At Gas Influx/
Reduced Rat
Drillpipe b e
Closed In Annulari Water Influx
Pressure Pressur
Time or Pump Strokes Time or Pump Strokes

Figure 6-3: First circulation pressures during the drillers method.

Drillpipe Pressure Casing Pressure
Start Finish Start Finish
Circulating | ~“-./Pressure Constant
Pressure At Cir. Press. With
Reduced Rat Kill Mud
o Constant
Drillpipe WellDeadln |7
Closed In ? Drillpipe Annulari
Pressure Pressur
Surface—» Bit To Surface—» Bit To
To Bit Surface To Bit Surface
Time or Pump Strokes Time or Pump Strokes

Figure 6-4: Second circulation during the drillers method.

The Engineer's Method

This is usually a more effective method of killing a kick than the driller's
method, if time is not a prime concern. Kill mud is pumped into the

drillpipe as soon as it is ready, which reduces the high annular pressures
associated with gas kicks. The same shut-in procedures should be used as
outlined in the previous paragraph.

When all the calculations have been performed, the mud density is raised
immediately to the calculated kill mud density. When the kill mud is ready,
the pump is started and the choke is slowly opened, wdping the

annular pressure constant until the pump has reached kill rate. The choke is

6-20 Baker Hughes INTEQ

Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation

Pressure Related Problems

Circulating
Pressure At
Reduced Rat

Drillpipe
Closed In
Pressure

i

then regulated in such a way as to decrease the drillpipe pressiltieeun
kill mud reaches the bit, at which point the final circulating presss
reached.

Gas ExpandingKill Mud In Annulus; GpKill Mud
In Annulus, Gas At Choke | OuRisplacing
KilMudin | 1 ~T'old Mud
|Pressure Constant Drillpipe DF‘IrIO'm
Cir. Press. With riipipe
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Drillpipe | |
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To Bit Surface
Time or Pump Strokes
Annular -
To Bit Surface

Time or Pump Strokes

Figure 6-5: Drillpipe and annular pressure curves during the engineer's kill method

Pumping is continued, holding the drillpipe pressure constant by adjusting
the choke. When the kick fluids have been displaced, and further volume
has been displaced equal to the pipe volume, The SIDP should be zero. The
kick should be killed and the well checked for flow. Further circulations
should be performed to condition the hole anddd the trip margin.

Figure 6-6 shows the variations of drillpipe aradingpressures as the kill
procedure is implemented.
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Well Depth Feet x 1000
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Gas Out
Displacing
Original Mud
Kill Operation
Complete

Figure 6-6: Shows diagrammatically the displacement of the original mud

with kill mud, with example pressures, using the engineers method.

The Concurrent Method

This is the most complicated and unpredictable method of the three. Its
main value lies in the fact that it combines the driller's and engineer's
methods, so that the kill operation may be initiated upon immediedgt

of the shut-in pressures. Instead of waiting until all theasarmud has

been weighted up, pumping begins immediately at the kill rate and the mud
is pumped down as the density is increased. The rate at which the mud
density is raised is dependant upon the mixing facilities available and the
capability of thecrew. The main complication of this method is that the
drillpipe can be filled with muds of increasing density, making calculation
of the bottomhole hydrostatic pressure (and drillpipe pressure) difficult.

Provided there is adequatepervision and communication, and the

method is completely understood, this can be the most effective way of
killing a kick. Figure 6-7 illustrates the @gularities in drillpipe pressure

with kill mud volume, caused by the increasing density of the kil.ifhe
shut-in procedure is the same as that outlined previously. When all the kick
information has been recorded the pump is activated slowly until the initial
circulating pressure has been reached at the designated kill rate. The mud
should be weighted up at the maximum possible rate, and, as the mud
density changes in the suction pit the choke operator is informed. The
pump strokes already passing arealted on the drillpipe pressure chart
when the new density is pumped, adjusting the choke to suit the new
drillpipe conditions as pre-recorded on the surface to bit graph.
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Figure 6-7: Typ ical irregular drillpipe pressure reductions during concurrent method

When the final kill mud reaches the bit, the final circulating gues will
be reached and from this point on the drillpipe pressure should be kept
constant until the operation is completed.

Kick Tolerance

Kick tolerance is defined as the maximum Formation Balance Gradient
that may be encountered when a kick taken at the présptit, using the
present mud density, and the well shut-in, without downhole fracturing
resulting. If the pore, fracture (actual or theoretical) and hydrostatic
pressures are continually monitored, then in the majority of cases kick
tolerance may be closely estimated. The limit of this pressure is usually set
by the minimum fracture presre in open hole.

It is of paramount importance that the estimated kick tolerance not be
exceeded. A well cannot be drilled safely if it is exceeded because, when a
kick is taken, there is considerable chance of an underground blowout
when the well is shut in. The maximum € pressure (SICPmax) will be

a function of the mud density, and the depth and Fracture Pressure Gradient
of the weakest formation in the open hole.
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Equation 6-1

SICP,

max

= 0.0519 x(FG,,,;,—MW) x D

The Formation Balance Gradient which will produce this maximum shut-in
casing pressure can be calculated for a particular depth and mud density.

Equation 6-2
0.0519 XK x Dg = SICR, ,,+0.0519 XMW x Dg
where:
SICR, .« = maximum shut-in casing pressure (psi)
FG,n, = fracture pressurgradient of weakest formation (tal)
MW = mud density (Ib/gal)
Dy = vertical depth of wakest formation (ft)
Which can be restated as:
Equation 6-3

D
K = [D—;(FGmin—MW)+MW}

where:
K = kick tolerance (Ib/gal)
Dg = vertical depth of bit (ft)

This defines the maximum formation balance gradient that may be
encountered at that depth so that the well may be shut in without exceeding
the lowest fracturgradient. Howeer, this epression assumes that the

kick will be detected and the well shut-in with zero influx of formation

fluid. In reality, the kick tolerance will be reduced by a temvoiving the
density and volume of invading fluid. This can be calculated from the
following formula.
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Equation 6-4

Ko = [B—B(Femm—mvw}—[g—:(mw— V\M + MW

where:
Kmin = minimum kick tolerance (Ib/gal)
Ly = length of kick (ft)
W, = density of kick fluids (Ib/gal)

The kick fluid density will vary, but will be a minimum in a gas kick. The
expected influx prior to detecting a kick waleépend upon theesolution of
the pit-level monitoring apparatus (the equipnaedign and the height-to-
surface area ratio of the pit). It will also depend upon the speed and
efficiency of the rig crew anequipment. This value cannot be calculated
but must be determined by tests, such as pit drills.

A large influx of gas will significantly decrease the kicketalrce.

Therefore, if the kick tolerance with no influx is beiagproached, the
minimum kick tolerance can be determined by the resolution of the pit-
level monitoring apparatus. For safetyaks it should always be assumed
that the kick will be gas. Thus the minimum noticeable pit gain (i.e. 15
bbl), should be added to the estimated pit gain that will occur (due to the
time lapse from first observing the flow) to when the well is finally shut in.
This shut-in period is critical, and it is usual practice to run through a pit
drills and hang-off procedures regularly. An additional delay of, say, 1
minute may allow a further 20-bbl pit rise. Thus (in this case) the total
minimum pit gain before the well could be shut in would be 35 bbl. This
value then defines the “minimum expected kick length” in a particular hole
section; thus, with a particular mud density, the reduction of kiekaonte
due to gas influx can also be continually estedator example:

If 12-1/,inch hole is being drilled and 642 feet of 8-inch collars are being
used,

Equation 6-5

length of kick= 1029 x 35 = 418feet

(12.25 - 82)

If a 15 Ib/gal mud is in the hole, and assuming a kick would be gas having
a density of 2 Ib/gal, at a curreggpth of 15,000 ft and a minimum fracture
pressure gradient of 16.0/dal at 7,500 ft, then:
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Equation 6-6

K. —[&(FGmm W)J [12330(150 3J+MW

7500
[1500616 0- 15. 0] 0.36+ 15.0lb/gal

A
I

min = 15.141Ib/gal

If the kick tolerance calculations did not take into account the minimum
expected influx, then:,

_ 7500
K = 75504 16-0- 15.0 +15.0
K = 15.501b/gal

which may appear to be a reasonable safegm if the pore presire at
15,000 ft was estimated to be just overbalanced. But if the minimum kick
influx is taken into account, the actual kick tolerance would be only 15.14
Ib/gal. Furthermore, if for some reason a kick was taken and a total pit gain
of 50 bbl occurred, so that the kick length was 598 ft, then the total kick
tolerance would be

598

Kmin = 0-5= 75000

x (15.0- 2.0 + 15.0

= 0.5-0.52+ 15.0

Kmin = 14.981b/gal
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This example serves to illustrate the highly important functions of
correcting the kick tolerance for influx. In this case, kick tolerance is less
than mud density (i.e., the well cannot be shutin) as the skasing
pressure would be such that the formation would&etdred a7500 ft

and an underground blowout would occur.

It is important that the ‘minimum expected influx’ be utilized in kick
tolerance estimations so that the well can be safely shutin if a gas kick is
taken.

Note: The policy of Baker Hughes INTEQ in its Pressure
Evaluation and DrillByte services is to calculate and plot
Kick Tolerance as K in Equation 6-3. This is a defined,
calculable quantity, which does not rely upon subjective
assessments of rig performance.

The “minimum kick tolerance” (K;,, in Equation 6-4), corrected for the
invading fluid volume and density, can be calculated and reported only
when the volume and density apesified by the dtiing supervisor, oil
company standard operating procedure, @galatory agency. In such
circumstances Baker Hughi®$TEQ personnel may assist the drilling
supervisor in determining the volume and density estimates to be used, but
the authorization for their use must come from a representative of the oil
company.

This “minimum expected influx” will vary during the course of the well
and should be re-established with regular plisdiwhen it is reported on
the daily Report Form, the expected influx volume and density must be
reported with it, for example:

Kick Tolerance: 15.2 Ib/gal with a 25l of 2 Ib/gal influx

Plots of Kick Tolerance on Pressure Evaluatiogd,should be of the true
(zero influx) Kick Tolerance (K) only.

Operational situations may arise which will cause the kiakaoice to be
exceeded. If a shut-in occuasch that the actual kick tolerance is 0.1 Ib/gal
above the current mud density, the well should not be killed by accepted
methods if the kick is calculated to be gas. After the shragdadings have
been taken, it may be possible to kill the well by slowly pumping a large
barite or gunk plug down the well (Low Choke Method), or by pumping
the original mud at a high rate against a small choke backpressure
(bullheading).

Since gas does not start to expand significantly until the pressure on the
influx is reduced to less than 6000 psi, if a gas kick is taken, gas expansion
and pressure increases will not be rapid until the influx has been circulated
(or percolated) up to a level in the borehole where the pressure is less than
6000 psi. For example, if kick tolerance is becoming marginadieeg
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well where casing is set at 7500 ft, as long as the mud density is greater
than 15.4 ligal, gas expansion will notour until the gas is inside the
casing.

The accuracy of kick tolerance calculations is dependent upon the accuracy
of the other geopressure evaluation techniques. In actuality, kick tolerance
is the goal toward which the geopressure evaluation service is directed.
Consider the terms that make up the relationship, and their description:

De = Vertical depth of the weakest formationgassitates
knowledge of formation type (i.e., Poisson’s Ratio) and pore
pressures.

Dg = Vertical depth of the bit; if the hole is deviated, we need to
be able to calculate (through survey analysis) the vertical
depth.

FGnin = Minimum fracture pressure gradient necessitates estimation

of the overburden pressureadient, pore presire gradient
(for o;’) interpretation of the first fracture test in compact

formation and back-calculation of. Then, it requires

monitoring of pore pressure changes, lithological changes,
and overburden pressuremytolation as the well progresses
in order to delineate the weakest formation in the borehole,
and to estimate its fracture pressure.

Field personnel must be aware, either through their own experiences or
through this manual, of the importance of their measurements and
interpretations. Communication of the results to clients must be concise
and unambiguous so that full use may be made of them. Since current
safety levels are coming under greater scrutiny, government agencies are
involving themselves in rig practices that have the potential to endanger
lives and the environment. The establishment of kick tolerance safety
levels is one of these criteria, and in some countries these laws have been
established for some years. As more countries follow suit, under the
impetus of more energetic exploration in hazardous areas, kecknck
calculations will become one of the most important aspects of Baker
Hughes INTEQ'’s Pressure Evaluation Service and DrillByte involvement
at the wellsite.
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“Differential” Kick Tolerance

It is conventional oilfield practice to compute and report pressure-related
guantities as gradients relative to the flowline (see Ch&ptdihis is a
convenience which allows direct comparison of thequesquantities to

the mud density currently in use.

In some areas this convention is modified whegporting kick toérarce. A
figure known as “differential kick tolerance”iisported, which is the
actual kick tolerance minus the actual mud density.

Equation 6-7
_ D
Kick tolerance K = [—(FGrnln VV)J + MW

The “differential” kick tolerance = (K - MW), or:

Equation 6-8
D
AK = —(FGrnln MW)

Minimum kick tolerance is:

Equation 6-9

K. = [D—(FGmm VV)}—L;—:(MW— V\MH\AW

The “differential” minimum kick tolerance = (¢, - MW) is then:

Equation 6-10

MK, = [D—(FGmm \/\/)}—[I[;—I"S(MW—V\{()}

The rationale for this method of reporting is that tuantity will decline
as the hole is deepened and when mud density is increased. When it
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reaches zero, the well can no longer be shut-in. Thidiamatic
representation of declining, safety margins. On the other hand, it removes
the direct comparability of the quantity pesially when plotted.

Baker Hughes INTEQ does not encourage the reporting of kietatate

in this form. Field personnel who are requested to do so by a client must of
course comply but should be careful to discriminate between the
differential being reported and the actual term being plotted on any log or
placed on any reports.

Pressures in Carbonates

As mentioned in Chapter &4ctors Affecting Formation Pressure

Evaluation - Lithology, carbonates can cause problems when evaluating
formation pressures. Three situations must be considered when evaluating
abnormal pressure in carbonates:

* The role of carbonates are seals, cap rockeneability barriers

»  Carbonate reservoirs entrapped within overpressured shale zones will
behave as any other pressured aquifer or potential reservoir

* The development of pressure within carbonate formations

Formation Pressure Development

The study of abnormgressure development and detection in carbonates
will have many aspects which are different from thaescribed for
clastics (especially argdteous rocks). The most important being:

* The total difference in mineralogy, and chemical and physical
behavior, requires that all developmental mechanismsaunshl
relationships be carefully examined

 The immense variation in carbonate lithologies requires a greater
geological study, in 1) the development of pressure and 2) the use of
normal trends in uniform lithologies

To ensure that all personnel are “familiar” with these aspects of carbonates,
a review of carbonates is necessary. Moweipth information ca be found

in theAdvanced Logging Procedures Workba@midAdvanced Geological
Procedures Workbook.

Sedimentology

Carbonate classification is too large a subject to be coveredand is
documented sufficiently in the above refared workbooks. It is however
necessary, in amarbonate work, to work with an agreed upon
classification system. The most commonly used carbonate classification in
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the oil fields is the Dunham textural classification. This wibune
uniformity in sample description.

In addition to the normal sample description, the use ofs#utions can be
particularly valuable.

Mineralogy

Nearly all carbonatesre of a mieralogically mixed caracter. However,
identification of the species of damates can be invaluable in determining
both the present state and clues to the developmental history of the
formation. The presence of non-carbonate material plays an important role
in modifying, perhaps extensively, the behavior of the carbonate rocks.

For wellsite work, the use of dilute hydrochloric acid as a diagnostic tool
should not be overlooked. Also there are various types of staining
techniques which are also useful. Finally, a little used piece of secondary
equipment, the autocalcimeter, can be used to assist in determining the
mineralogical content of the carbonate rock.

Porosity and Permeability

It is obvious that both porosity and permiigbare factors ofgreat

importance in abnormal pressure development and behavior. Itis the
absence of permeability and hence dewatering ability that is the major
cause of overpressure. Similarly, the availability and distribution of pore
space in the matrix will be in close interrelationship with the degrees of
pore pressure abnormality encountered. Unfortunately, in carbonates, these
two functions are most elusive.

When dealing with clastic sediments, it is often acceptable to generalize
that porosity and permeiiby are in a close consistent relationship.
Similarly, shales, though often having good porosity, have infinitesimal
(though not insignificant) permeidity. Such gemralizations rarely hold

true for carbonates. the lack of uniformity in size, shape, type and
distribution of porosity may lead to a highly porous rock having extremely
low permeabity. Conversely, the importance of fracturing in carbonates
may lead to a rock which, from cuttings evaluation and even wireline/
MWD logs, appears to be tight, provides excellent permeability.

The assumption that compaction uniformly irages and porosity
reciprocally decreases (with depth of burial) mussérgously doubted

when giving consideration to carbonates. Although younger sedimentary
carbonates (depending on thearticle type) exhibit trends analogous to

clay dewatering and compaction, or sand reordering and cementation, this
is not a continuous or general process. Thecef of dagenesis upon
carbonates, sediments or evaporites is sufficient to totallyecduiet any
younger porosity trends. In geral, it may be observed that age of burial,
rather than depth, is the controlling influence upon carbonates. However,

Reference Guide 6-31
80824 Rev B /January 1996 Confidential



Pressure Related Problems Formation Pressure Evaluation

this too may be brought into doubt by secondary recrystallization
processes.

Fluid Movement

The major differences between carbonates and all other rockaxges
results of the solubility of the matrix material. Therefat cannot be
deduced that a present lack of matrix porosity and permeability precludes
any previous fluid migration. it is possible that recrystallization, post-
dating the dewatering and migration, has removed initial porosity and
permeability. On the other hand, it is known that migrations of water, and
accompanying hydrocarbons, may takacel through effectively
impermeable carbonates by a mechanism of pressure solution. This may
lead to the depletion of overpressured formations or to the formation of
transition zones similar to those encountereatgillaceous rocks. In other
circumstances it could lead to the overptesg of a normally pressured
formation.

Matrix Strength

In the study of overpressuring in shales dues to the phenomenon of
subcompaction, an important factor has been the comparatively low matrix
strength leading to a decrease in matrix volume due to sedimentary
loading. Such a mechanism will lead to the transfer of matrix loading onto
pore fluids and hence overpressuring.

It has been observed in many areas (i.e.Anadarko Basin) that removal of
overburden loading will lead to a reversal of the process. Here, uplift and
erosion of the commonly overpressured Morrow-Springer has produced a
substantial reduction in total overburden. This reduction in loading is
accompanied by an elastic expansion due to low matrix strength. the
resultant increase in pore volume, accompanied by a decrease in fluid
volume (due to cooling), causes a decrease in fluid pressure from
overpressure to normal and eventually subnormal pressures. Matrix
strength with carbonates varies with age. However, that strength will be
such that changes in matrix volume widlcor only in terms of
recrystallization with material loss or gain.

Furthermore, early in diagenesis, carbonates may develop sufficient
lithification to prevent later significant bulk volume change. Assailt,
development or removal of sedimentary loading can leadhtkedly
different efects compared to those seen in shales.

During normal uniform sedimentation, compaction and lithification
proceeds normally at such a rate as to ensure dewatering will accompany
porosity reduction. However, having reached a certain level of lithification,
a sufficient degree of rigidity will have been achieved to prevent any
elastic volume change. Any later change in loading will produce no change
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in volume and hence pressure. Later, downwarp and sedimentation will
produce an increased loading which may produce the followfagtsf

Fixed Volume/Fluid Connection: Load transmitted normally,
formation remains normally pressured

Fixed Volume/Zone Seat/No Temperature Change: Load
transmitted to underlying formations in entirety. Formation fluid
pressure remains unchanged (i.e. pressure gradient becomes
subnormal as depth of burial increases)dé&ftying shales may
therefore become overpressured from transmitted load

Fixed Volume/Zone Sealed/Terarature Rise: If increased depth of
burial is accompanied by a rise in temperature, there will be a total
increase in volumdue to thermal expansion. Since the coefficient of
expansion of a fluid will be greater than that of the matrix, there will
be an increase in porosity volume less than that required to
accommodate fluid expansion (there may even be a netloss in
porosity). Therefce, prevention of further fluid expansion may lead
to the formation becoming abnormally pressured. Underlying shales
may or may not become overpressured according to their ability to
dewater.

Conversely, later uplift and erosion will ghace the following effects:

Fixed Volume/Fluid Connection: Load relieved uniformly, and the
formation remains normally pressured

Fixed Volume/Zone Seat/No Temperature Chga: Removal of
loading will produce no change in formation fluid pressure (i.s. the
pressure gradient becomes abnormal as depth of buriabdesje
Underlying shales amy therefore become subnormally ymedss
load is relieved.

Fixed Volume/Zone Sealed/Terarature Fall: If removal of overlying
sediment results in a drop in tparature, there will be a resultant
decrease in fluid volume and pressure subnormality

Differential Pressure Across Bottom

Although the marked difference in matrix strength and porosity will result
in marked differences b&éen shale and carbonatdldates (and even
between differing carbonates), differential pressom®ss bottom will
remain the controlling influence.

Reference Guide
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Formation Pore Pressure Indicators

The following section reviews the technigues of pressure detection, and
their applicality to carbonates are camisted with those methods outlined
in Chapter 4.

Direct Pressure Measurements

Such measurements are equally applicable to carbonates. The lack of
interrelationship between porosity and pernilggimay resultin a
variation of results within an apparent uniform section

Seismic Velocity

This method is effective for carbonates. However, extensive knowledge of
lithology type, porosity distribution and fluid content is required for
accurate determination.

Wireline/MWD Resistivity

This method, which depends upon a change in fluid content in
overpressured sections, responds to carbonates in the same way as in
shales. However, in argillaceous rocks, the effect is substantially magnified
by the change in ionic concentration encountered at a transition zone due to
the geochemistry of the clays. This phenomenon will not occur in
carbonates; thereffle, any response seen will bankedly less than that

seen in an equivalently pressured shale section. Furtherthe

variability of porosity and permeability (both in amount and distribution)
and the presence of clay minerals in carbonates will lead to extensive data
scatter. The consequent difficulty in establishing trend linesdaaistb

minimal use of this method in carbona¢gsences.

It is suggested that resistivity (short normal) or conductivity (induction-
type) plots be made on all wells (carbonate or otherwise) as a means of
accumulating information which may later prove to have@aDnly after
sufficient data has been gathered and cros®leded, will significant

events become evident.

Wireline/MWD Porosity Logs

These logs indicate zones of abnormally high porosity which may be
overpressured. Results are not so conclusive nor so quantitative as those
derived from shale plots.

Shaliness

The Spontaneous Potential curve is not a “Shale Indicator”, its response is
determined by the relative salinity difference between the borehole and the
formation, and the permedity of the formation. In a simple sand-shale
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sequence, th8.P. and Gamma Rayrves will therefore agree in their
response to the (high potassium/low perniggpshales, the (low
potassium/high permeability) clean sands, and the (median potassium/
median permeability) dirty sands.

In carbonate sequences, it is necessary to compare the response of the two
curves in order to determine:

*  High Potassium/Low Permeability Shale
Low Potassium/Low Permetiby Tight Carbonate
* Low Potassium/High Permeability Permeable Carbonate

Medianresponses may be similarly interpreted, and this will assist in
interpreting the pressure distribution in the section of interest. Carbonates
need not be tight in order to be pressured, and they will messarily be
pressured to the same degree as surrounding shales. For example, an
overpressured carbonate may occur within an underpressured shale, or
vice-versa.

A further consideration when studying evaporitic carbonates (e.g.
Zechstein of the North Sea) is that high gamma ray response may be due to
potassium minerals other than clay minerals.

Flowline Temperature

Thermal conductivities in shales are relatively low, in fact they are quite
close to those of common pore fluids:

Thermal Coductivitycal/cm.se€C)

* Gas 0.1
« Qi 0.3

«  Water 14
« Clay 2.4

Therefore, it is not surprising that although a change in geothermal (and
hence flowline temperature) gradient is seen with the marked change in
porosity in a subcompacted zone, there is little noticeable change with the
gradual (corparatively) small decrease in porosity with depth and
compaction.

Thermal conductivities in Quatrzose rocks are substantially higher and
appear to be functional upon a combination of porosity and clay content,
expressed as a percentage of total bulk volume
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Thermal conductivities in Quatrzose rocks are substantially higher and

Table 1: Thermal Corductivities of Quartzose Rocks

Quartz Clay Fluid Thermal Conductivities
(Matrix %) (Vc %) (9 %) (cal/cm. sec®C)
80 -85 0 15 - 20 6.50
81 4 15 4.05
75 10 15 5.20
74.5 8 175 4.90
73.5 6.5 20 4.35
73 11 16 4.35
72 10 18 4.60
71 11 18 3.95
71 10 19 3.80
64 18.5 175 4.35
56.5 25 18.5 4.85
56 26.5 175 4.15
40 45 15 2.55
40 40 20 2.50
25 56.5 18.5 2.50

Anomalies in the table result from the slight, but significant differences
between the thermal cduactivities of the differing reservoir fluids and the
clay. Furthermore, the distribution of clay (i.e. laminar, sttt

dispersed) will affect thermal conductivity. This is because the clay will act
both as a surrogate “pore fluid” filling in porosity and as an insulator
decreasing grain-to-grain contact in the matrix

It is this comparatively uniform response to porosity and clay content that
allows the flowline temperature technique to be used an indicator of both
porosity and permeability when potential reservoirs are encountered. It is
also responsible foe the importance of assurindithatogical evaluation
plays a critical role when interpreting temperature data.

In carbonates, it has been found that the thermal conductivity of the matrix
material is so far in excess of that of pore-fill material that porosity is only
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a factor inasmuch as it affects graingt@in contact. The material

contained in the pore space, be it fluid or clay, is irrelevant. thermal
conductivity of carbonate cfis varies with porosity and is an empirical
factor analogous to the “cementation factor” used in log analysis. In effect,
this is he degree of cementation (of a particular sediment) or crystallinity
(in a crystalline rock). In mixedarbonates and evaporites, thermal
conductivity increases learly with bulk density. Thus thermal

conductivity increases as porosity falls or as matrix density increases (from
calcite to dolomite). it will be a maximum where anhydrite is also present
in significant amounts.

This responsiveness to porosity, magnified by the extreme difference in
thermal conductivity between matrix and pore-fill maten@sults in the
flowline temperature pucing fargreater changes in response to pressure
(an hence porosity) anomalies than those seen in clay rocks. Furthermore,
formation temperature beinmervasive will be little (if at all) &écted by
porosity distribution. Flowline temperature will therefore nofexufas do
other techniques) as a result of variation in porosity size and distribution
within a carbonate. it will respond only to quantitative porosity and
lithological character. The latter factor can be estimated visually. However,
a far moresuccessful method is autocalcimetry. With the aid of calcimerty,
it is possible to quantitatively determine relative amounts of differing
carbonates and noncarbonates.

The combination of these two data sources will lead to sensitive
determination of carbonate zones of abnormal permeability, which may be
overpressured. It also gives rise to he possibility that, given further study,
the method may have quantitative value in the determination of formation
porosities and pressures in carbonates.

Rate of Penetration

There is no theoretical reason why those methods that normalize drill rates
would fail to work in carbonate sections, as long as a normally pressured
carbonate trend is sufficiently established. Angctical limitations to its

use are the results of changes in “drillability”, which may be described as
matrix strength, porosity and tooth efficiency

Matrix Strength

This factor is of course related to the empirical “cementation/crystallinity”
factor discussed above (see Flowline Tempeet Because of this, it is
important to remember that differing carbonates will produce characteristic
drilling rates showing as much difference as thosedwt a sandstone and

a shale. It is important therefore in establishing trend lines such that
different carbonates be considered as different lithologies, with different
trend lines.
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It is unfortunate that a pressure abnormality with its accompanying
porosity change may result in or accompany a modification in this
“cementation/crystallinity” factor. On the other hand, the pressure
abnormality itself may be the result of recrystallization. In this case,
gualitative determination of formation pressure gradient may prove
difficult or even impossible. In such a situation it will be necessary to
derive empiricalithology factors in order to compensate for matrix
strength variations

Porosity

Porosity will of course affect drill rates, and so long as it is matrix-defined
and compaction controlled, it will accompany matrix strength.

However, in carbonates, porosity is commonly not matrix-defined.
Furthermore, porosity and compaction (or more correctly lithification) are
not so much depth-controlled as they are age-controliechu&e of these
factors, itis common to encounter in carbonate successions sudden
changes in porosity type, size and distribution, leading to equally sudden
changes in the rate of penetration. This of couespires the

establishment of a new trend line. Secondly, the randomness of
distribution, size and type of carbonate porosity leads to considerable
fluctuation of drilling rates, even in lithologically uniform formations.
Recognition an placement of trend lines is thus more difficult than in more
homogeneous lithologies.

Tooth Efficiency

When drilled with milled tooth bits, carbonates can cause serious loss in
tooth efficiency. This may be due to a sudedany lossdue to tooth

breakage in &rd crystalline carbonates. More importantly may be the
continuous, almost linear, efficiency loss due to abrasion from the cuttings
and formation. This leads to a greater-thapeeted decline in the drill rate
(and hence increases in Dxc) with depth on a bit run. A new bit will, of
course, commence at a rate of penetration in excess of that at the end of the
previous bit run, and this will decline as did that of the previous bit. The
Dxc will develop a “saw-tooth” character, the initial and (if bits are run
consistently) final values for each run, defining two parallel normal trend
lines. With the aid of this and the pattern of previous drilling, it should be
possible to estimate bit efficiency (and expected Dxc) at any point and to
judge whether an expected pattern is being followed or if an abnormality is
being indicated by the Dxc when it falls below its anticipated value.

Attempting to do this while dealing with other variations (previously
discussed) is extremely difficult. In addition, remember that dullbloés
generally unesponsive, thus adding to the difficulties in this type of
situation. When such abrasive @art conditions are expected, it is now
common practice to run insert or diamond bits, sometimes with downhole
motors. With these bits, tooth wear, other than by loss or breakage, will be
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minor and can safely be ignored during the bulk of a bit run. Due to he
difference in drilling mechanisms, Dxc trends from these bits will be offset
from those of milled-tooth bits.

Certain misconceptions should be discarded:

* Insert bits always drill more slowly than milled-tooth bits: WRONG.
Depending upon lithology and bit selection, insert bits drill as fact, if
not faster than the equivalent rati-tooth bit.

» Dxc’s for insert and fixed-cutter bits should be corrected by
subtracting 1-inch from the bit diameter: WRONG. This is aresge
that has been disproved, whigsults in the calculation of a number
which is not a Dxc. It may or may not have worked in the past, but
will definitely not work for modern insert and fixed cutter bits. Any
correction which may be necessary is achieved by simply shifting the
trend line to align with the data from the bit in question.

»  The Dxc cannot be used with a fixed cutter bit/downhole motor
combination (turbine/PDM): WRONG. Since a fixed cutter bit is
simply a scraping tool, the rate of penetration will be more or less
linear with the rotary speed.

Bulk Density

Like all other porosity tools, bulk density (in combination with calcimetry)
will work well in carbonates. In fact, the normally good condition of
carbonate cuttings will result in more consistent data with less secondary
scatter (i.e. hydration efects).

Geological Markers

In addition to those markers for clastics, one may expect pressure
abnormalities in carbonates at points in the section where relative
positional changes, erosion or interruption in sedimentation have occurred
(i.e. faults, unconformities, etc.).

Borehole and Cuttings Condition

All of the factors resulting from an underbalanced conditigply equally
to carbonates, with the following modifications:

» If a carbonate hgsermealdity, it will of course kick. If it does not
have permeability, it may cave. However, the greater matrix strength
of the carbonate may decrease the degree of caving, and hard
crystalline carbonates may not cave at all, even though they are
substantially underbalanced.

 Akick may be more difficult to anticipate in a carbonate since a
change in effective porosity (and hermpsgmeallity) may occur
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without a change in absolute porosity, and perhaps little or no change
in the rate of penetration.

Geochemical Methods

Geochemical phenomena which occur as a consequence of the mineralogy
of clays cannot be expected to occur in carbonates. However, any pressure
seal can be expected to prevent migration of ions as well as fluids. Thus
two methods which are worthy of further study are FlowlinedCotivity

and Bicarbonate lon Concentration.

Conclusion

In a study oforessures in carbonates, it is inevitable that more questions
arise than answers. However, the following conclusions are drawn:

Pressure detection can be carried out in carbonate sections.

Under certain circumstances, some parameters may work as well in
carbonates as in clays/sés Flowline Temperature may work better
in carbonates.

Confidence levels would be set considerable lower in ¢paghitative
and quantitative work.

The key to a good pressure evaluation in carbonates is complete and
rigorous lithological classification using visual teaiures and
calcimetry.

All data-gathering systems, regardless of their prassfulness,
should be applied inrder to sipply information for further study.
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Appendix “

Glossary of Terms

Abnormal Pore Pressure:Pressure contained within a pore system that is
in excess of the normal hydrostatic pore pressure. General usage is
limited to description of excess pressure (see Subnormal pore
pressure).

Allochthon: A mass of rocks that has been moved from its site of origin by
tectonic forces, as in a thrust sheet or nappe; i.e., of foreign origin, or
introduced.

Annular Pressure Loss:That pressure which is nesasy to oercome the
frictional forces between the annulus, drilling assembly and drilling
fluid.

Aquathermal Pressure: A term proposed by Bker (1972), describing a
hypothetical geopressure mechanism. If pore volume remains constant
with burial and temperature increase, the thermal expansion of water
(being approximately 300 times that of typical sedimentaneralr)
can cause extremely rapid pore pressure increase. Water density, by
definition, must remain constant.

Aquifer: A body of rock that contains sufficient saturated permeable
material to conduct groundwater and to yield significprantities of
groundwater to wells and springs.

Blowout: Loss of control of a well due to an uncontrolled kick.

Bulk Denstty: The weight of an object (i.e. drill cuttings) divided by its
volume, including the volume of its pore spaces. Theggmunits of
measurement is g/cc. This can be determined at the wellsite using a
mud cup. Similar information can be obtained from MWD or wireline
density logs.

Cap Rock: Originally defined to describe that rock overlying the top of a
salt body, composed of anhydrite anghgiym, with minor calcite and
sulfur, resulting from accumulation of the less soluble minerals of the
salt body during leaching of its top. The term was used irspres
evaluation to provide an explanation for entrapment of porersat
during burial, providing a seal, thus allowing pore pressure to increase.
It has been found that cap rocks are the exception rather than the rule:
examination of the principles involved will show that, for a cap rock to
form, a geopressure must have existed previously and undergone
leakage in ader to precipitate marals above the anomaly.
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Casing SeatThe setting depth for a string of casing. It is determined using
geological and pressure-related information.

Cation Exchange Capacity (C.E.C.)A measure of the total amount of
exchange cations of a mineral. Exchange sites are most prolific in clay
minerals, particularly the smectite group. Actual cation exchange
capacity varies witlparticle size and with the nature of the cation.

Compaction Disequilibrium: Synonymous with subcompaction is a
process by which the delicate balance between rate of sedimentation,
burial, porosity reductions and expulsion of pore fluids become upset
by a change in any of the contributing factors, resulting in a pore
pressure increase. Overall, a pressure increase is caused by the
effective decrease in dewatering efficiency.

Degraded lllite: lllite that has had much of its potassium removed from
the interlayer position as a result of leaching.

Diapirism: The process of rupturing domed or uplifted rocks by plastic
core material, caused by the effect of geostatic load or large density
differences.

Differential Pressure: At any point in the wellbore, whether the mud is
circulating or static, it is the difference between the pore pressure and
the pressure exerted by the mud column. Overbalance occurs when the
mud pressure is greater than the pore pressure, dedoahance occurs
when the mud pressure is less than the pore pressure.

Drillability: Describes the interaction between a particular bit in a
particular lithology. Thus, when the correct bitised for garticular
lithology, rate of penetration is proportional to drillability.

Driller’'s Method : A kick control method, using two circulations to kill the
well. The first circulation circulates the kicking fluid from the
wellbore, while the secondrculation flls the well with kill mud.

Drilling Exponents: Methods used to normalize the drill rate in order to
determine the pore pressure of the formations being drilled. Early
drilling exponents took into account the basic drilling parameters.
Second generation exponerdke into account bit wear and formation
characteristics.

Effective Circulating Density (ECD): ECD is the combination of the
hydrostatic pressure of the mud in a static condition, plus the fractional
forces caused by mud moving up the annulus: the annular pressure loss.
Converting the sum of the pressures to a gradient gives the total
effective mud density (EMD) at TD.

Effective Overburden Pressure ¢,’): The difference between the total
overburden pressure and the pore pressure gtatigular point in the
formation is the effective overburden pressure. It is a stress that acts
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vertically downwards. It is this stress that is largely responsible for
compaction. Effective overburden pressure is also referred to as matrix
stress, rock-grain stse, and rock-skeleton stress.

Effective Permeability: The observed permeability of a porous medium to
one fluid phase which is under conditions of physical interaction (i.e.,
friction, surface tension) with another fluid phgsesent in the same
pore system.

Effective Stress ¢’): Any principle stress, tensional or compressive,
minus the pore pressure.

Elastic: Describe the ability of a material to return to its original shape and
dimensions when the deforming forces are removed.

Electro-Osmosis:The motion of a liquid through a membrane under the
influence of an applied electric field.

Engineer’s Method: A kick control method, using one circulation to kill
the well. This method produces the least amount of stress on the
borehole. Also known as the Wait & Weight Method

Equivalent Mud Density (EQMW): A convenient reference by which
any downhole or subsurface pase, when converted to a gradient
referenced to the flowline, describes the equivalent mud density that
would produce that particulagressure at thatarticular depth.

Failure Envelope: An envelope of a series of Mohr circles, the locus of
points whose coordinates on a differential stress/shear plot represent
the stresses causing failure. Failure envelope is synonymous with Mohr
envelope and rupture envelope.

Finite Strain: The total amount of strain (deformatiaeorded by a
particular structure, irrespective of episodic deformational events.

Formation Balance Gradient (FBG): The formation pore pressure
gradient at a particular point sxerced to the flowline. Beause of the
air gap and water depth, the FBG offshore is always less than the actual
pore pressure gradient, becoming asymptotiteath.

Formation-Volume Factor: The volume of a liquid at reservoir
conditions divided by the volume at surface conditions.

Fracture Pressure:ls the pressure in the borehole at which whole mud is
injected into the formation due to the initiation and extension ofalat
and pressure-inducdihctures.

Gas Hydrate: Solid inclusion compounds in which the gas molecules are
contained within a crystalline (ice like) framework of water molecules.
The most common gas hydrate is methane.
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Geopressure:A term introduced by 8art, describing any porous
formation in which the pore pressure is itess of the normal
hydrostatic pressure (see Abnormal Pore Pressure).

Geothermal Gradient The rate of increase of temperature within the
Earth with depth. Thgradient will dffer from place to gce based
upon the heat flow within the region and the thermatlactivities of
the rocks and fluids.

Hydraulic Conductivity: The rate of flow of water through unit cross-
sectional area under unit hydraulic gradient at the prevailing
temperature. Synonymous wipermeabity coefficient.

Hydrostatic Pressure:The pressure exerted by the water (fluid) at any
given point in a body of water (fluid) at rest. The hydrostatic pressure
of groundwater is generaltjue to the density of the water and the
vertical height of the water column.

lllite: A general name for a group of three-layer, mica-like clay minerals
which are intermediate in composition and structure between
muscovite and montmorillonite, and which have 10-angstrom c-axis
spacings that show essentially no lattice expanding characteristics.
lllite contains less potassium and more water than true micas.

Interval Transit Time (At): The reciprocal of sonic compressional wave
velocity over a fixed distance, measured in micro-seconds per foot

lonic Filtration: A process of concentrating ions on one side of a
semipermeable membrane as fluid passes through the membrane. The
efficiency of the membrane in restricting ions or certain ions is a
function of clay mineralogy, pore geometry, porosity, etc.

Isotropic: Describing a medium, the properties of whach the same in all
directions.

Kick: An unexpected influx of formation fluids into the borehole that
displaces drilling fluid and is noticed at the surface. It may be
controlled by closing the blowout preventers.

Kick Tolerance: Estimated as the maximum pressure or the mud density
that the weakest part of the borehole (formation, casing or surface
equipment) can withstand in the event that a kick is taken.

Laminar Flow: Fluid flow in which the streamlines remain distinct and in
which the flow direction at every point remains unchanged with time.

Leak-Off T est: A pressure test made at the casing seat to determine the
“actual” fracture pressure of the formation. The well is shut-in and
small amounts of drilling fluid is pumped into the borehole resulting in
a pressure increase. The pressure which causes crack propagation is
converted into an EQMW.
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Formation Pressure Evaluation Glossary of Terms

Matrix Stress: Synonymous with effective overburden stress or pressure.

Measurement-While-Drilling (MWD): Specialized downhole tools
which measure certain formation and borehole parameters. Usually
divided into two groups; Directional (D) MWD and Formation
Evaluation (FE) MWD.

Montmorillonite: A member of the smectite group of swelling clays.
Montmorillonite is a subgroup of expanding lattice clay minerals
characterized by a three-layer crystal lattice, by deficiencies in charge
in the tetrahedral and octahedral positions balanced by cations subject
to exchange, and by swelling or wetting due to the adsorption of
considerable interlayer water. Montmorillonita® the chief
constituents of bentonite. In some terminology, montmorillonite and
smectite are synonymous.

Montmorillonite Dehydration: A hypothetical geopressure-generating
mechanism (initiated by temperature) that involves the release of
structured monometular hydrogen-bated water from
montmorillonite interlayer sites to the pores, resulting in a net
expansion of the water as it undergoes the phasgehisperimental
evidence has shown that structured water has slightly higher density
than normal water so that, upon desorption, the released water expands
- resulting in pressure increase in theseld pore system.

Mylonitization: Deformation of a rock by extreme micro-brecciation
without chemical reconstitution of the granulated enats.
Characteristic appearance is flinty, banded or streaked, and may
contain undestroyed augen of the parent rock in a granulated matrix.

Normal Fault: A fault in which the hanging wall appears to have moved
downward relative to the footwall. These are usually tensional faults
with angles between 45 and 90 degrees.

Normal Formation Balance Gradient (N.FBG): The normal pore
pressure gradient referenced to the flowline.

OsmosisThe spontaneous movement of water through a semipermeable
membrane which separates two solutions of different concentrations,
until the concentration of each solution becomes equal.

Overburden Pressure(S): The total vertical stress exerted by the weight
of the overlying rocks and their contained fluids.

Permeability: A measure of the relative ease of fluid flow under unequal
pressure; normal unit of measurement is the aaitty (md).

Piezometric (Potentiometric) Surface:An imaginary surface
representing the static head of groundwater and defined by the level to
which water will rise in a well. The water table is a particular
potentiometric surface.
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Pingo: An overpressure condition which forms in permafrost areas. It
occurs when unfrozen ground (taliks) are surrounded by frozen ground.
When the talik begins to freeze, the pressure will cause the expanding
water to uplift a permafrost luge.

Poisson’s Ratio 1 or v): The ratio of the lateral unit strain to the
longitudinal strain in a body that has been stressed longitudinally
within its elastic limit.

Pore PressureThe pressure within a formation caused by the fluids
within the pore spaces.

Porosity (¢): The percentage of bulk volume of a rock that is occupied by
interstices, whether isolated or connected.

Pressure Potential:ln an aquifer, the rate of change of pressure pead
unit of distance of flow at a given point and in a given direction.
Synonymous with hydraulic gradient, hydraulic potential.

Pressure ReadersClear plastic overlays used to determine pressure
trends. They use a pressure parameter (Dxduaivity, travel time,
etc.) versus depth to determine formation pressure.

Pseudotachylite:A dense rock produced in the compression and shear
conditions associated with intense and extensive fault movements,
involving extreme mylonitization and partial melting. Frictional
melting occurs when water is absent, and the expansion upon the phase
change allows the resultant glass to be intrusive.

Reverse Fault:A fault in which the hanging wall appears to have moved
upwards relative to the footwall. These are usually compressional faults
with angles generally greater than 45 degrees.

Semipermeable Membrane:A membrane that is partially but noeély
or wholly permeable tparticular solutions.

Shale Density:A measurement of clay or shale to assess its density with
depth. It is based on the principle that the density of shale in an under-
compacted zone will increase leapidly than in a “normally
pressured” environment.

Shale Factor: A measurement of the cation-exchange-capacity (CEC) of
shale cuttings. Itis based on the principle of decreasing smectite-type
clays with depth.

Smectite: A clay group containing the minerals montitonite,
beidellite, nontronite, saponite, hectorite and sauconite. All are
swelling clay minerals.

Subcompaction:See compaction sequilibrium.
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Subnormal Pore PressureThat pressure contained within a pore system
that is less than normal hydrostatic pore pressure.

Tectonic Stress:An additional applied stress, independent of gravity
stresses, that is responsible ultimately for producing tectonic
deformation structures.

Thrust Fault: A fault with a dip of 48 or less over much of its extent, on
which the hanging wall appears to have moved upward relative to the
footwall. Horizontal compression rather than vertical displacement is
its characteristic feature.

Transition Zone: The interval over which the normal pressure gradient
increases from hydrostatic to “abnormal” pne. It is gearally the
result of the abnormal pressure “leaking” into less pressured
formations.

Undercompacted:Compaction of sedimentary rock less than that normal
for the existing overburden pressure. Synonymous with
underconsolidation. Refer to compactioregjsilibrium.

Weight: The force produced by the action of gravity on a mass.
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Appendix I:

Formulae

Related Pressure Equations

Formation Volume Factor B = (1—dVWp) x (1+dVwt)
- XU XL
Darcy’s Law for Permeability (Darcy) K = [Q%AP)E
10°

Interval Transit Time ( psec/ft) At = —-

P = LxYP + PVx LxV
LA Ax(lD—OD) Bx(lD—OD)Z

Annular Pressure Loss (psi)

Velocity (ft/min) V= %
(ID"-0D")
. DTFZ_TF1D
Temperature Gradient ( °C/100 ft) G = 100DD D. [
2~ Y1
Mud Resistivity (ohm-meters) R = %OO
. . . _ AtIog Atma
Sonic Log Porosity (fractional) Q= At Bt
. . . _ Pma— plog
Density Log Porosity (fractional) Q=
Pma— Ps
Reference Guide B-1

80824 Rev B /January 1996 Confidential



Formulae Formation Pressure Evaluation

General Pressure Equations

Hydrostatic Pressure (psi) P = 0.0519x MW x TVD
Hydrostatic Pressure (kPa) P = 0.0098x MW x TVD

Bottomhole Circulating Pressure (psi) BHCP = ECDx0.0519x TVD

Z PLa

Equivalent Circulating Density (Ib/gal) ECD = MW+ 00519 TVD

Differential Pressure (psi)
AP = (MWx TVDx 0.0519 — (FBGx TVDx 0.0519

Overburden
Log Derived Bulk Density (g/cc) Pp = s+ (L—0)Ppa
Bulk Density from Sonic Log (g/cc) = 2.75- 2 1%%—_47D
ty g(g Pp = 2. 1Rt #2000
Bulk Density from Cuttings (g/cc) Py = __834
b 16.68—W,
Overburden Pressure (psi) S = 0.433x pby,4 % Djn

Z (0-433X pbavg X Dint)

Z Dint

Overburden Gradient (psi/ft) OBG =

Effective Overburden (psi) ¢, =S-P
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Formation Pressure Evaluation Formulae

Pore Pressure R

IogE;D .
[6ONLU NFBG

o [12W" ECD

I °g0

Corected Drilling Exponent Dxc =

IogEiD
EI.S.ZQ\IDX NEBG

IogD W ECD
[14.880

Dxc (metric) Dxc =

Dxc,
Pore Pressure (Ib/gal) P, = P, % Bxc,

Equivalent Depth Method P, = (OBG,xD,)-D,(0OBG,-NFBG)

Fracture Pressure

Hubbert & Willis (psi/ft) P = BS%P% P
Matthews & Kelly (psi) Pr = (Kixo)+P
Eaton (psi/ft) P. = (S- P)%% P
Daines (psi) Pr =0+ [(S— P)El%ﬂ +P
Reference Guide B-3
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Formulae Formation Pressure Evaluation

Kick Tolerance

Maximum Shut-In Casing Pressure (psi)
SICPR, .« = (FG,i;;,—MW) x 0.0519% D;

max min

Kick Tolerance (lb/gal) Kiol = [g—;gFGmm— MW)} + MW

Minimum Kick Tolerance (Ib/gal)

K = ﬁ%gmmm—mwﬂ —[EE':BMW— \/\4()} §+ MW

Well Control

Formation Pressure (psi) Fp = SIDP+(MWx 0.0519% TVD)

SIDP+ SF

Kmw = g.0519x TvD T MW

Kill Mud Density (Ib/gal)

Initial Circulating Pressure (psi) ICP = SPL+ SIDP
. . . . _ Kmw
Final Circulating Pressure (psi) FCP = SPLx MW
. Voly
Length of Kick Around Collars (ft) Ly =

~ (ID?-0D?) x 0.000971

Length of Kick Around Collars and Pipe (ft)

0 Volg—AnnVol 0O
Ly = C +G— > O
[{ID"-0OD") x 0.000971]

B-4 Baker Hughes INTEQ

Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Formulae

D, = Mw- [SICP=SIDR,

Density of Influx (Ib/gal) OL. x0.0519 0
k X 0.

Gas Bubble Migration Rate (psi/hr) Gy = m

—MW
Ba = 1490x o =MW

Barite Required (sk/100 bbls mud) [85.8— K, 1 L]
O~ Ryvw

Eaton’'s Method of Pore Pressure Evaluation

Normal Trend Values

— 0.333
R

Sonic Travel Time Aty = AMyrs—p
n
E_ P, 0833
Resistivity Rn = Rogs—p -
n
E_ P, 0.833
Conductivity Ch = CorgTp %
n
— P, -0.833
DxcC Dxc, = DXCOES— PO
n
Determination of Isodensity Lines 0.333
§_ Po ’

Sonic Travel Time Ato = Atn

o
|
)
ﬁ”
e
oo
3-0
Do,

Resistivity o~ Tn[g_p
n
— P, -0.833
Conductivity C, = CnESDS—_ =0

n
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Formulae

Formation Pressure Evaluation

Dxc

Dxc, =

Pore Pressure Calculation

Sonic Travel Time

Resistivity

Conductivity

Dxc

-
I
ik
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Appendix Ia

Rw Determination Using The SP

One relatively easy and accurate method for determining Rw is from the
use of the Spontaneous Potential (SP). When valueaka® from the SP
curve across various water-bearing permeable zones, it is possible to define
the density of the pore waters by using simple formulas and conversion
charts.

Since many of the pressure evaluation methods requiresthef a

“normal” trend, determining the value of that normal trend should be the
first exercise irpressure evaluation. Rw data is invaluable for providing
information on trend data and precise normal hydrostatic gradients.

The procedure for determining fluid density from wireline log data is:

Establish the Shale Baseline

Establishing the shale baseline on the SP curve is necessatginm
select shale formations from the permeable sdhwai$ng the logging run,
the logging engineer will try to place the shale baseline on the second
division in Track 1, or as close as possible to that second division.

Draw a line on the curve connecting the shale points. This will provide a
starting point for determining the SP value in the sand z®hesSP value
is read from the shalebaseline,not the track baseline.

Correct the SP for Bed Thickness

Once the shale baseline is drawn, the SP value is determined. This is
accomplished by counting the divisions in Track 1 from the shale baseline
to the SP curve (to maximum constant deflection). The log header will
provide the amount, in millivolts, that each division represents (the scale
will generally be 20 mV, with egative values going from right to left).

Make sure that SP values are read from water-wet zones only. Using the
resistivity curves in Track 2 will help. Sand zones with very low
ressitivities (high conductivities) will genally be water-wet.

If the SP curve comes to a po{as opposed to having a blocky
appearance), it will have to be pected for bed thickness.

Bed boundaries from the SP are taken from points of maximum inflection
on the top and bottom of the bed. If the bed is less than 30 feet thick or if
the SP curve is pointed, it will requireroection.
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Rw Determination Using The SP Formation Pressure Evaluation

For correction, you will need the Ri/Rm ratio. The Ri valueak@h from
the shallow reading resistivity device (short normal, SFL, LL8, etc.) and
the Rm is the mud resistivity (temperature corrected).

Bed thickness and the Ri/Rm ratio are used on the logging companies
correction chart, an example is chart C-2.

Determine Formation Temperature

To determine the formation temperature of the zones of interest, you will
need the surface temperature (Ts), bottom hole temperature (BHT), total
depth (TD) and the depth of the zones of interest. This information is
obtained from the log header.

Geothermal gradient can be determined using the logging company charts
or using the standard linear regression equation:

y=mx+Db
where: y = formation temperature
m = slope (geothermal gradient)
x = depth
b = constant (surface temperature)

The geothermal gradient is first determined&@grranging the formula to
solve for m:

m = (BHT - Ts)/ TD

The gradient9F/ft) is then used in the formula to determine formation
temperature:

y = CFftx TD) + Ts

Correct Rmf and Rm to Format ion Temperature

Since the first few inches of formation adjacent to the borehole will usually
be flushed with drilling fluid filtrate, itsesistivity (Rmf) must be corrected

to formation temperature. The drilling fluid’s resistivity (Rm) at formation
temperature must also be determined, in case the SP value must be
corrected. The Rm and Rmf values, at surface temperatre obtained

from the log header.

These values can be corrected using a logging company correction chart or
by using the Arps formula. An example can be seen on chart C-3.
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Formation Pressure Evaluation Rw Determination Using The SP

Rw Equivalent

Once all known fluid-related resistivities have been corrected to formation
temperature and the SP value is determined, the Rw equivalent, or Rweq, is
determined. It involves using the SP value at formation temperature to
obtain the Rmf/Rweq ratio. This is done using logging company charts, as
shown in C-5.

When the Rmf/Rweq ratio is found, the Rweq is determined by dividing
the Rmf by the Rmf/Rweq ratio.

A mathematical relationship can also be used:
Rweq = Rmf x antilog (SP/K)
where: K =60 + [0.133(Tf)]

Water Resistivity to NaCl Equivalent

Once Rweq is found, it is converted to Rw, using a logging company chart.
An example being chart C-4.

The Rw value is converted to NaCl ppm equivalents using another logging
company chart very similar to C-3.
Fluid Density
The parts-per-milliorfppm) NaCl equivalent is converted into a fluid
density (Ib/gal) angressure gradierfpsi/ft) using Fgure 3-5.
Other Sources of Rw Information

As mentioned earlier, the Rw information is used to determine the fluid

density and hence the value of the normal hydrostatic pressure (normal
trend line). If SP data is not available or cannot be used to calculate an
accurate value of Rw, water resistivity data can also be derived from a

number of other sources:

» Direct resistivity measurement of a formation water sample
»  Catalogues of regional watessistivity data
* Calculated from water zone test data

*  Conversion from water analysis

The charts and nomograms iig&res C-1,C-2,C-3, C-4, and C-5 are
reproduced with permission from Schlumberger “Log imtetation
Charts”, copyright 1979, Schlumberger Limited.
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Figure C-1: SP Correction Charts (for representative cases)
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Formation Pressure Evaluation
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Figure C-3: Resistivity nomograph for NaCl solutions
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Rw Determination Using The SP
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Appendix I:I

MWD & Eaton’s Method

Several of the more accepted methods of porespresvaluation are those
developed by Dr. Ben Eaton. Using several readily available parameters,
Eaton’s methods incorporate easy to use formulas, and have been shown to
be applicable to most world-wide oil fields.

One of Eaton’s pore pressure evaluation methods requires formation
resistivity, which can be determined by both wireline and MWD services.
Using MWD resistivity, pore pressure can be determined as soon as the
information can be pulsed to tharface. To use this method several
specific tasks must be performed. These tasks include:

 Determine a variable overburden pressure (S)

*  Select “good” shale resistivity values from the MWD log

*  Plot the shale resistivity value vs TVD on semi-log graph paper
» Establish the correct position of the “normal” trend line

»  Calculate pore pressure at the depth of interest

Overburden Pressure

In most pore pressure equations, overburden pressure must be determined
before any pressure calculations can begin. The bulk density data used in
constructing the overburden pressure curve can be obtained from:

* Regional Tables

e Drill Cuttings

e MWD or Wireline Density Logs
*  Calculated from Sonic Log Data

As mentioned in Chapter 3, once the bulk density of the rock, for a
specified interval, has been determined the overburden pressure can be
calculated from:

S =0.433 xpb x Depth Interval

Regional Overburden Tables

It is often the case that quantitative overburden vauesampered by the
lack of current or offset well data. As a temgy aid to assist in such
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MWD & Eaton’s Method Formation Pressure Evaluation

situations, regional overburden tab#&se generally available that have
been constructed for various areas, and can be used as a starting point until
well data is available.

Several such curves can be found in GeoPress.

Even though these regional tables will yield gapgroximations, they
must be used with a bit of discretion.

Many regional tables have one thing in common, they do not include a
water depth. Therefore, before they can be used offshore, adjustments must
be made in the data to include the effects of water depth, water density, and
the rigs air gap.

Drill Cuttings

Bulk density from drill cuttings can be determined usingessvtechmjues

(these are detailed in Chapter 3). Regardless of the method, it must be
stressed that whenever drill cuttings are used, there must be consistency in
the method and the manner of cuttings preparation.

Drilling fluid type, cavings, and collection frequency will also affect the
values derived from this analysis method.

Whichever method is used, consistency is the key.

Density Logs

MWD and wireline density logs contain bulk density data that can be read
directly from the log and used in overburden calculations. Though some
caution is advised (i.evashouts, mixed lithologies, etc.), density log data
is much superior to drill cuttings data or sonic log data.

Unfortunately, density logs are not commonly run from surface to total
depth.
Sonic Logs

The use of sonic transit time to determine bulk density is based on the
principle that the speed of a sound wave through a formation is a function
of the formations’s density.

Based on laboratory tests, the following formula has been derived and will
yield values sufficient to use in overburden calculations:

o, —At
Py = 2.75—[2.11>< MD}

DAt +At O
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Formation Pressure Evaluation MWD & Eaton’s Method

In normal practice the matriA{ma) is considered to be shale/clay, having
a travel time of 4jdsec/ft, and the fluidAtf) is considered to be 2(06ec/ft.

One valuable aspect of sonic log data is the fact that it is usually available
throughout the entire well.

Shale Resistivity Values

Selection of data points from the resistivity curve requires great scrutiny.
Severalfactors that can ask resistivity values are:

*  Temperature: since this will increase with depth, the resistivity
will decrease for a water of a given salinity as depth increases

* Hydrocarbons: the presence of hydrocarbons in a formation will
dramatically increase its resistivity

* Lithology: minor inclusions of sand or silt in a shale will cause
its resistivity to change

* Undercompaction: in shallow formations, tiesistivity is likely
to be low

e Washouts: increases in hole diameter will cause considerable
errors in resistivity values

* Organic Matter: large amounts of organic matter in shales
(source rocks) will have the same effect as hydrocarbons

Since pore pressure determination requires “good’ shale resistivity values,
several precautions are necessary:

 Use MWD or wireline TVD logs only.

*  When selecting resistivity values in shales, impermeable “good”
shales can be identified by examining the GR or SP curve.

* To help identify shales, draw a “shale baseline” for the GR or SP
curve.

* Once a shale has been identified, record the amplified resistivity
of that shale. Make sure the shale is at least 12 feet thick. Since
the resistivity of the shale is likely to vary, use the minimum
resistivity value. Using the minimum value provides the
maximum pore pressure estimate.

As mentioned above, whenever the resistivity value is being taken from the
16-inch SN tool (RGD), the amplified resistivity curve is used. If the value
is being taken from a deeper reading deyizéR, Dual Induction), the
deepereading, Amplified Ratio (AR) or Deepduction (ILD) curve

should be used.
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In addition to having the shales be at leasie®2 thick, another important
factor is their proximity to sands. If possible, there should be no sand
formations within 50 feet of the shales under consideration.

Though most resistivity values will not correspond “exactly” to a point on
the Gamma Ray'’s shale baseline, when comparing the resistivity curve to
the shale baseline, the points selected from the resistiwitae should not
deviate more than 10 units from the shale baseline.

Formations that deviate to the right of the shale baseline may be cap rocks.
The resistivity points from these intervals should be included in the
resistivity plot.

Plotting Resistivity Data

Resistivity values are plotted versligD on 2 or 3 cycle semi-log paper.
The vertical scale is linear with a 1-inch = 1000 ft scale.

The horizontal (logarithmic) scale will be used for resistivity. On 2 cycle
semi-log paper the scale wilsually begin at 0.1 ohm-neet on 3 cycle
paper the scale will begin at 0.01 ohm-meter.

This pore pressure plot should contain:
* the normal trend line
*  resistivity data
» additional/confirmation data.@. gas, cuttings bulk density, etc.)
e casing points and hole size
*  known pressure data (i.e. kicks, leak-off tests, DST/RFT)
* geological factors that may affect the ppressure (i.e. faults)

Isodensity lines, using the normal trend line, can be drawn on the plot to
assist in pressure evaluation. Equations for the construction of isodensity
lines can be found in Appendix B.

The Normal Trend Line

The value of the “normal” trend will be based upon the fluid density in the
water-wet formations. Though this will generally be the density of

seawater (offshore) and fresh water (onshore), it is not always the case. The
normal gradient is generally determined from the Rw, either using regional
tables, analysis of test samples or calculating it from the SP curve.

The position of the trend line value can be found by calculating the normal
resistivity (Rn) at a depth where the poresgree is known (i.e. frofiRw,
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Formation Pressure Evaluation MWD & Eaton’s Method

kicks, formation tests). Calculating the normal value is done by rearranging
Eaton’s equation to solve for Rn:

_ 5— quo-833
Rn = Rox 5— Pr

In order to correctly position the normal trend line, both the Y-intercept
(relative position) and the slope must be known. If two known points are
available, the Y-intercept can be determined by calculating Rn at two
points and drawing a straight line between them. If only one pointis
available, the trend line cannot be correctly positioned, until more data
exits to confirm the slope. However, one value of Rn based on a known
pressure will help establish its position.

More often than not, the normal trend line will have to be adjusted or re-
positioned during the cose of the well. This is genally caused by some
circumstance (i.e. a kick, a formation test) pointing out that the normal
trend has not been correctly established. If this occurs, the known pressure
point can be used to back out the Rn value, and with this value, the normal
trend line can be reestablished. The most acceptable ways the normal trend
line can be adjusted are:

*  Move the entire trend line, while maintaining the same slope
- When moving the entire line, make sure the pore pressure
estimates in the upper part of the hole do not over-estimate the
actual pore pressure.

*  Modify the slope of the trend line so that is passes through
the backed-out Rn- When changing the slope of the trend line,
make sure it does not produce under-estimated pressures.

*  Create two normal trend lines- If the two previous choices
produce unrealisticrpssure values in the upper hole section, it
may be necessary to create another normal trend line. This action
may be necessary when geologic factors have affected the
subsurface (fault, fold, unconformity). Before stating geologic
factors as the reason for the additional normal trend line, verify it
using additional data (i.e. drill rate changes, cuttings changes,
reoccurrence of previously drilled formations, etc.).

Offset data can be used to assist in determining the slope of the normal
trend. If offset well data is plotted, the slope should closely approximate
the well in question. The position may have to be adjusted left or right
(depending on mud type and resistivity dewised). Of course, if some
type of geological event has occurred (faulting, unconformity, etc.)
between the offset well and the well in question, offset data may not be
useful.

Reference Guide D-5
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Pore Pressure Calculations

If the normal trendline has been established correctly, any deviations from
the trend should be monitored closely. Movement to the left (decreasing
resistivity) generally means increasing pore pressure. Movement to the
right may indicate changes in the geologic environment or geologic
structure, or both.

Eaton’s method, using resistivity values from MWD tools is an accurate
and reliable method to determine pore pressure. Once an overburden curve
has been generated and a normal trend line established, pore pressure is
calculated using:

Po = s—[(& ng—‘r’gﬁ

Once the pore pressure is calculated, it must be reviewed to ensure that it is
correct. This generally means getting confirmation from other sources (i.e.
gas content in the mud, unstable borehole conditions, large cavings, etc.).

When satisfied that the value calculated is acceptable, the company-man
should be notified at once.

D-6
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Regional Plot Examples

Appendix

| DrillByte Pressure Evaluation
Evaluation ¥ ] Inputs ] Recalculate ] Pore Pressure.. ] Fracture Pressure.. | Kick Toleranca... | Help v
1.0 1250 2500 3750 5000 6250 7500 750 0] 0,00 ft
Sea Floor —
k
F 250000
h
F 500000
k
750000
Fare Presﬁ\l——
k
1000000 ft
g, psi 10000 psi
well: GRI sfe #3 Eval: GRI_exper

Figure E-1: GeoPress Evaluation Display — Screen shot from DrillByte
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Regional Plot Examples

Formation Pressure Evaluation

&

Pore Pressure Determination

Calculate ) Fit =)

Discrimination =) Trend

Move \‘)

Zoom In | oo

—

L{4] »

5500.00

5750.00

6000.00

Gz50.00

G500.00

Curve Yalue API

0.010 10.000

Curve Yalue Ohrm—m

L]

000 20,00
Results Track ppg

well: 16/26—A15, Method Resistivity: Ratio

Figure E-2: GeoPress Pore Pressure Analysis — Screen shot from DrillByte
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Regional Plot Examples

rLI Kill Monitor E
Shut \n...) Kick Analysis...) Properties...) Monitor r) F\\arms...) Hard Copy...) b Help =
Casing DP Schedule HAASP Status: Killing
2000
Depth: 16000.00 ft
1750
% TVYD: 1600000 ft
1500 ‘\
o \ Influx At: 14529.13 ft
grasof-\ .
Z \ Kill Mud At: -2730.12 ft
[T
§1"““ \\ Shut In At:
uw
g 0L Begin Kill At: Dec 19 14:40
N
50011 Flow In: 653 gal/min
250 Stroke Rate: 168 SPM
0 ; .
0 2500 5000 7500 10000 12500 Kill Strokes: 212
0 236 471 707 943 1179 : . :
STROKES & YOLUNE (bb1) Casing Pressure: 417 psi
DP Pressure: 3941 psi
— Pit Volume Gas DP Scheduled: 1605 .
750 100 cheduled: psi
Pit Volume: 0 bbl
725 83
Pit Gain: 0 bbl
5 700 67 Gas: 0.0000 %
w g H .
§ 675 w0 Mud Weight In: 14.50 ppg
4 ] 3 | Mud weight Out: 1050  ppg
-
5 650 33 surface to Bit: 1237
625 17 Bit to Shoe: 205
Bit to Chokeline: 10035
600 0
0 2500 5000 7500 10000 12500 Chokeline to Choke: 0
0 236 471 707 943 1179
STROKES & VOLUME (bb1) :
Depth : 16000.0 Ft Surface to Surface: 11332
]
Figure E-3: Kill Monitor Display — Screen shot from DrillByte
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Formation Pressure Evaluation

o Kick Analysis
Hard Copy.. | View Results., | - Hahe Acthee
KICK DATA WAIT AND WEIGHT METHOD
. bbl strokes mins
Pore Pressure at TD MM psT O ki1l Hud At Bit 1?7 1297 1
Pore Pressure EQHD 1.4 ppg & gick At Shoe 9 99 2
Length of Influx 590.85 ft % kick At Surface 837 888 22
Est. Influx Density 2.23pp3 <1 ki1l Hud At Surface 94 1024 25
Influx Fluid Type GAS
Kick Tolerance 14.81 ppg
Mininum Kick Tolerance 14.45 ppg 2000
New Kick Tolerance 14.90 ppg :
New Mininun Kick Tolerance 14.49 ppg 17504
KILL DATA g ST
Ki1l Hud Density needed 13.45ppg 125004
Max Alloved Annular Surface Press 2338 psi g R &
Initial Circulating Pressure 1800 psi @ 1000
Final Circulating Pressure 672 psi i
Barite required to weight up 1545 sacks & opp
Volune increase due to barite 105 bbl g
g 5007
25~
0 I S S S S S S S S
MINUTES O 50 1000 150 200 250 300
STROKES 0 2000 4000 GOOO 800D 10000 12000
bbl 0 18 36 564 752 940 129
Figure E-4: Kick Analysis Display — Screen shot from Drill Byte
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Regional Plot Examples

Hydraulics:Results

=<Tue Dec 19 15:01:19 1995>=

]

At 2 Flow rate qf 495 galsmin F]Uw.1‘im‘itel?l byw Maximum &11owed Surfacg Pressure

"
==DRILLEYTE EAP Hydraulics==
CLIENT : Flores and Rucks
WELL South Pass, P Original Path
==INPUT DAT, = = ===
Bit Depth : GO00.00 Ft Hy
wWeakest Fmtn Depth 2572.00 ft
Fracture Gradient 12.90 ppg
Max &llowed Flow Rate g00 galsmin
Max Allowed Pressure 5000 psi Pow
Aactual Flow Rate 435 gal/min Pow
Rate of Penetration : 46.0 ftrhr
Cuttings Density 2.10 spe_gry
Cuttings Diameter 0.700 in 300
Cuttings Shape Spherical 500
Cuttings Thickness : -
Bit TF& @ 0.4510 1in~2
Bit MNozzles 12.12.12.13
==RESULTS= ===
Section  HOLE PIFE WOLUMES/CAPACTIT.
Top diam [es} I Hole Pipe Ann
ft in in in bh1
Surface 10.050 4.500 3.958 252 39
2572.00 39.875 4.500 3.958 228 3E
M976.37 9.875 3.380 32.060 17 2
5152.77 8.875 E.380 3.060 73 7
0921.62 9.87% E.750 1.477 [ 1]
5987.96 9.875 6.750 1.306 1 u}
Arnular Volume 443 bbl Pipe Ca
Circulating Volume 527 bhl Pipe Di
[Total Hole Wolume 577 bbl Hydrost
CMINIMUMD
Flow Rate galsmin 203
Flow Regime at TD LAHIMAR
Tet welocity ftfsec 141.3
Impact Force 1bf 144 .1
Hydraulic Power hhp 20.5
Fower/Area hpsfinaz 0.3
Eit Loss psi 1732
Bit Loss 21.7
Pipe Loss psi 424
Annular Loss psi 72
Cuttings Loss psi 122
Surface Loss psi 2
MWD Loss psi 14
Motor/Turbine Loss psi 45
[Total Loss psi 200
Circ Pressure psi 3214
ECD @ TD ppg 9.93
ECh @ Shoe ppg 9.91
ECD @ Weakest Depth ppg 9.91
ECD @ TD {cuttings) ppa 10.32
Recommended Minimum Flow to maintain cuttings transport is 203 galimin

'f.s‘ Hydraulics Results
Pressure Plot ECD Plot Hard Copy.. | View Results.. )
Minimum Flow to maintain Cuttings Transport
_— Required Flow Rate
Flov Timited by Maximum Allowed Surface Pressure
5000
45004
4000
—,
"m2500]
a3 .
10004
50
o
(1] 100 200 300 400 500 600 700 800
FLOW RATE (gal/min)
Flow Rate 435, 221 il 1 EE4
ROP 4B.0 0.0 1 | 1500
1
T T
3005 49595
3126 3122
9.96 .97
9.893 9.94
9.93 9.94
10.0<4 10,03

Figure E-5: Hydraulics Analysis Display — Screen shot from DrillByte
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e EapHyd:Hydraulics
- —
File =) ) Hydraulics:Results
==DRILLEYTE EAP Hydraulics= ==<Tue Dec 139 15:01:13 1995:= f
Hydraulics Mol|c L TENT : Flores and Rucks
WE L L South DOTH - Medpimgl Dotlh _ -
EBit De " Hyvdraulics Results
==IMPUT DATA=4
Weakest Fmtn De i1|p Plat ECD Plot Hard Copy.. View Results..
Weakest Fmi ressure Blo i J J
Fract Gradi Fracture
racture Gradi Mz A1Towed FJ Minimum Flow to maintain Cuttings Transport
i Max Allowed H| ——— Required Flow Rate
Maximum Flow R Actual F1 Flow Timited by Maximum Allowed Surface Pressure
i Rate of Pend
Maximum Pump Press Cuttings
A Cuttings [
Maximum H (;utt'i nd 5000 7
Cuttings Deng Cuttings T BT 111 [CETTETTE ETTTTIOS IOUURPS SOPURP YOO UOOPORE SURPOTS FOPTRIOS PPN SRS SR SO /
Cuttings Diamd sit||  ggool i /
=
Cuttings Sh ESSIJI} .............................................................................
Cuttings Thickn F3and OSSO
=
Mud Dend — 25001
=
=2000
Specify Rheology Us B e
=41
o ) ) ££1 500
Plastic Viscosity {Pi||2587. 36 3.879 = L.
. . . 10004 -
vield Point (pi||Annular ¥olumg
Circulating W
Power k (pi|[Total Hole wal
Power n (Pi Flow Rate |"l:l 100 200 200 400 500 600 F00 200
Flow Regime af FLOW RATE (gal/min)
Specify Bit Us|fTet velocity
Impact_ Force I
Alydrautic powd| Flow Rate 435, 221 J _t 1564
Power/Area
Total Fluid A 31‘831,'E0fgss
Fipe Loss ROP 4E5.0 0.0 il _— 1500
aglAnnular Loss
—|cuttings Loss
surface Loss |
MWD Loss psi 144 EE1 1095
Motor/Turbine Loss psi 45 213 254
[Total Loss psi 200 3005 4995
Circ Pressure psi 3214 3126 322
ECh @ TD ppg 3.9z 9.496 g.4a7
ECD @ Shoe ppg 9.91 9.893 9.94
ECD @ Weakest Depth ppa 9.91 9.92 9. 94
ECD @ TD (cuttingsl PP9 10.32 10.04 10,032
bt 2 Flow rate of 435 galsmin Flow Timited by Maximum Allowed Surface Pressure
Recommended Hinimum Flow to maintain cuttings transport is 203 galimin L
!

Figure E-6: Hydraulics Worksheet - Screen shot from DrillByte
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